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ABSTRACT: Magnetic particle spectroscopy (MPS), also called magnet-
ization response spectroscopy (MRS), is a versatile measurement tool derived
from magnetic particle imaging (MPI). It can be interpreted as a zero-
dimensional MPI scanner. MPS was primarily designed for characterizing
superparamagnetic iron oxide nanoparticles (SPIONs) regarding their
applicability for MPL. In recent years, it has evolved into an independent,
versatile, highly sensitive, inexpensive platform for biological and biomedical
assays, cell labeling and tracking, and blood analysis. MPS has also developed
into an auxiliary tool for magnetic imaging and hyperthermia by providing high
spatial and temporal mappings of temperature and viscosity. Furthermore,
other MPS-based applications are being explored such as magnetic fingerprints
for target tracking and identification. There are a variety of MPS-based
applications being reported and demonstrated by many groups. In this short

Excitation fields Magnetic responses

review, we highlight some of the representative applications based on the MPS platform, thereby providing a roadmap of this

technology and our insights for researchers in this area.

KEYWORDS: magnetic particle spectroscopy, superparamagnetic iron oxide nanoparticles, magnetic particle imaging, bioassay,

cell labeling and tracking

1. INTRODUCTION

Magnetic particle spectroscopy (MPS) is a flourishing research
area that closely relates to magnetic particle imaging (MPI).
While MPI directly measures and maps the concentration of
superparamagnetic iron oxide nanoparticles (SPIONSs) over a
spatial position, MPS is interpreted as a zero-dimensional MPI
scanner that conducts spectroscopic studies on SPIONS.
Although high-moment magnetic nanoparticles (MNPs) such
as iron nanoparticles can provide higher magnetic signals than
SPIONs of the same size and enhance the sensitivity, the
biocompatibility of these types of high-moment MNPs needs
to be further investigated.'~® Herein, in this work we only
focus on the MPS-based applications using SPIONs. Primarily,
the MPS platform was dedicated to assessing the performance
of the SPION magnetic tracers regarding their applicability for
MPL’™"® Over the years, it has developed into a highly
sensitive, fast, and versatile sensing platform for a wide variety
of biological and biomedical assays.'®™*° In MPS, sinusoidal
magnetic fields are applied to periodically magnetize SPIONS.
The magnetic moments of SPIONs tend to align with the
applied fields through relaxation processes (Néel and Brownian
processes), which are countered by thermal fluctuation. In
addition, the relaxation processes are directly linked to physical
conditions such as the viscosity and temperature of a SPION
aqueous medium as well as the states of target analytes

© 2020 American Chemical Society

7 ACS Publications

4972

(chemicals/biological compounds) bound to the
SPIONs.'®#'92173!1 Op the other hand, SPIONs, with sizes
comparable to those of chemical/biological compounds, have
been the subject of increasing interest in the areas of medical
diagnostics and therapy. In general, a SPION consists of a
magnetic core (magnetite/maghemite) coated with inorganic
and/or organic capping layers (e.g., dextran, chitosan, silica,
etc.) to prevent aggregation and to improve the physicochem-
ical stability under various physiological environments, as
shown in Figure 1A. In addition, suitable surface functionaliza-
tion of ligands/antibodies/aptamers/proteins onto SPIONs
allows for highly selective chemical interactions with biological
systems. Because of the negligible magnetic background from
biological samples, highly sensitive detection could be achieved
by using SPIONSs as contrasts/markers/tracers.

In MPS, the dynamic magnetic responses of SPIONs, which
contain unique higher odd harmonics, are harvested by a pair
of pick-up coils. The MPS spectra (higher harmonic amplitude
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Figure 1. (A) Schematic drawing of a multifunctional SPION. Higher odd harmonics are generated by the dynamic magnetic responses of SPIONs
under external excitation magnetic fields. (B) Spectrum of a monofrequency excitation field and the resulting MPS spectra. (C) Spectrum of a dual-

frequency excitation field and the resulting MPS spectra.

and phase) are obtained by Fourier transform infrared of the
detected time domain signal, as shown in Figure 1B,C. There
are two type of MPS platforms reported in the literature: single
and dual driving fields based MPS. In the single-driving-field-
based MPS, one driving magnetic field with frequency f is
applied to periodically magnetize the SPIONs,'®*%**~%7
Because of the nonlinear dynamic magnetic responses from
SPIONS, higher odd harmonics at 3f (the third harmonic), Sf
(the fifth harmonic), 7f (the seventh harmonic), etc., are
harvested as metrics for different applications, as shown in
Figure 1B. In the dual-driving-field-based MPS, one low-
frequency field, f;, with sufficiently large magnitude is applied
to periodically magnetize the SPIONs, while the other high-
frequency field, fy, with small magnitude is applied to
modulate the odd harmonics into the high-frequency range
in order to reduce the 1/f noise,>%30:31,38=42 Thus, the odd
harmonics are found at fy; + 2f; (the third harmonics), f; + 4f;
(the fifth harmonics), fy = 6f; (the seventh harmonics), etc., as
shown in Figure 1C. These two MPS modalities have been
theoretically studied, experimentally proven, and compared in
many literatures. A variant of the MPS platform has also been
reported by using one alternating magnetic field with low
amplitude combined with a gradual direct-current (dc)
offset.”> Another review paper published by the authors has
extensively explained the underlying theories of both MPS
modalities as well as system setups. The literatures reporting
their immunoassay applications before the year of 2016 were
also covered, which can be found in ref 16. In this review, we
will focus on the applications of MPS for immunoassays, cell
and blood analysis, viscosity, temperature, and mechanical
force monitoring, as well as magnetic fingerprint tools for
target tracking and identification. Some representative
literatures between the years 2015 and 2020 are also covered.

Because the harmonic amplitude is largely dependent on the
quantity of SPIONs in the testing sample, the MPS results
could be biased by deviations of the SPION quantities in each
sample, especially for the scenarios of detecting very low
abundancy of target analytes.'® Because of this concern, other
SPION quantity-independent metrics have been reported and
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demonstrated for bioassays, such as magnetic susceptibility,
harmonic phase angle (or phase lag), and harmonic amplitude
ratios (the third over the fifth harmonic ratio R35 or the fifth
over the third harmonic ratio R53)."”*"**~** In recent years,
MPS has shown a strong capability of sensing the subtle
changes in any property influencing the Néel and/or Brownian
processes of the SPIONs within seconds.

MPS bears superior advantages over conventional magneto-
meters by providing fast and simple measurement procedures
for SPION systems without the need for cooling the device.
The working mechanisms and theories of the MPS platform
have been extensively reported by several papers.”'®%*
Herein, in this review, we focus on the MPS-derived
applications. We at first reviewed the MPS-based applications
for biological and biomedical assays using surface-function-
alized SPIONs as magnetic markers, followed by MPS-based
cell analysis, where the SPIONSs are used as contrast agents to
monitor cell uptake, passage, and cell vitality.'”"*>?7°%>1
Benefiting from the ease of surface-coating strategies (such as
silica, polymer, dextran, etc.), nowadays, SPIONSs with superior
biocompatibility, biodegradability, and superparamagnetic
nature are much desired magnetic markers/tracers for the
aforementioned applications.”* > In addition, MPS has also
been exploited as an auxiliary tool for applications such as
magnetic imaging and hyperthermia by providing real-time
viscosity and temperature mapping, as well as a mechanical
force sensor in ball mills.'”****%° Furthermore, other MPS-
based applications that are sometimes overlooked but own
great market potential are characterization of SPIONSs from an
aqueous medium, marking/tracking of products in the complex
global resource and supply chains, determination of the total
blood volume, and evaluation of blood clot progres-
171866770 1y this short review, we are only able to list
some of the representative applications, and the MPS-based
applications are not limited to this paper. We hope this review
can provide insights into the great potential of MPS and serve

sion.

as a roadmap for researchers in this area.
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Figure 2. (A) Streptavidin- and biotin-functionalized SPIONS. As the quantity of streptavidin increases in the SPION liquid medium, the SPIONs
are likely to form clusters. The dashed lines represent the hydrodynamic sizes of the SPIONs due to clustering. As the SPION clustering level
increases, the hydrodynamic size increases and the harmonic amplitude decreases. (B) Harmonic ratio R3S collected from six SPION samples
added with different concentrations (quantities) of streptavidin, plotted as a function of the driving-field frequency. The inset figure summarizes
R3S under a driving-field frequency of 10 kHz. (C) Left: Bright-field TEM images of six SPION samples. Different SPION cluster models are given.
Right: TEM images of SPION samples [15 M, 7.5 uM, 3.8 uM, 75 nM, and control (0 nM)] showing that the degree of particle clustering
increases as the quantity (concentration) of streptavidin increases. (D) Harmonic ratio RS3 from two populations of SPIONS, conjugated with 15-
and 29-mer antithrombin aptamers, as a function of the thrombin concentration. (A—C) Reprinted with permission from ref 31. Copyright 2019
American Chemical Society. (D) Reprinted with permission from ref 19. Copyright 2013 Elsevier.

2. MPS-BASED BIOLOGICAL AND BIOMEDICAL
ASSAYS

2.1. MPS-Based Immunoassays. Following the discus-

sion in the previous section, the magnetic moments of SPIONs
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relax to align with the external magnetic field through a joint
Neéel and Brownian process. The Néel process is the internal
flipping of magnetic moment inside a stational SPION, while
the Brownian process is the physical rotation of the entire
SPION along with its magnetic moment. While both processes
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Figure 3. (A) Harmonic ratio R3$ collected from nine SPION samples added with different concentrations (quantities) of HIN1 NP, plotted as a
function of the driving-field frequency. Insets highlight the R35 measured at 1, 5, 10, and 20 kHz, respectively. (B) Multiplexed quantitative lateral
flow assay. B1: Test strip design based on a sandwich-lateral flow assay with antibody-conjugated SPIONSs as labels. B2: Multiplexed assay setup:
several single-plex test strips with dissimilar positions of the test lines are combined in a miniature cartridge. The cartridge with a sample deposited
onto its front end is inserted into the portable MPQ_(also called MPS) reader. Simultaneous readout of magnetic signals from all participating test
strips as seen at the bottom. (A) Reprinted with permission from ref 38. Copyright 2020 American Chemical Society. (B) Reprinted with

permission from ref 90. Copyright 2016 American Chemical Society.

are countered by thermal fluctuation, the Néel process is also
affected by the effective magnetic anisotropy (including
magnetocrystalline anisotropy, shape anisotropy, surface
anisotropy, etc.) and volume of the magnetic core. On the
other hand, the Brownian process is affected by the liquid-
medium viscosity and hydrodynamic volume of the SPION
(volume of the magnetic core and surface attachments). For
free and noninteracting SPIONs with magnetic core size below
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D, the Néel process guides the dynamic magnetic responses of
SPIONS, while the Brownian process becomes the dominating
factor when the magnetic core size of the SPION is above D,
(D, < D,). In addition, these values vary between different
literatures and depend on several factors such as the effective
magnetic anisotropy, medium viscosity and temperature,
surface shell (organic and/or inorganic layers) thickness,
etc.’”% For the applications of MPS-based immunoassays,

https://dx.doi.org/10.1021/acsanm.0c00890
ACS Appl. Nano Mater. 2020, 3, 4972—4989
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Brownian-process-dominated SPION’s are most sensitive to the
binding events of target analytes and, thus, are frequently used
for this purpose. Sasayama et al. have systematically studied the
effect of immobilization of SPIONs (where the Brownian
process is blocked because of immobilization) on the
alternating-current hysteresis loop and harmonics under
different excitation magnetic field frequencies and ampli-
tudes.”’ In addition, the magnetic core size distribution,
alignment of easy axes, anisotropy of SPIONSs, and driving-field
frequency and amplitude can largely affect the harmonics.””~"”

Herein, a streptavidin and biotin system with high binding
affinity is at first demonstrated as the model system, as shown
in Figure 2A.°" Streptavidin is a crystalline tetrameric protein
with a molecular weight of 4 X 15 kDa. SPIONSs are surface-
functionalized with biotins. Each streptavidin molecule can
bind up to four biotins with high binding affinity, which allows
interaction with multiple biotin moieties from different
SPIONSs and, as a result, forms SPION clusters. Six SPION
samples are prepared, and each sample is added with
streptavidin of different concentrations. The harmonic ratio
R35 is plotted as a function of the driving-field frequency,
which increases as the concentration/quantity of streptavidin
increases, as shown in Figure 2B. Transmission electron
microscopy (TEM) images are taken to investigate the SPION
clusters in six samples. Well-dispersed SPIONs are observed
from the negative control group (0 nM streptavidin), whereas
bigger SPION clusters are observed from TEM images as the
concentration of streptavidin increases, as shown in Figure 2C.
In addition, different bound state models are presented.
Because each tetrameric streptavidin hosts up to four biotin
binding sites, SPIONs could form clusters, chains, tetramers,
trimers, dimers, and so forth. In this kind of MPS-based
immunoassay, SPION clustering (or agglomeration) caused by
the target analyte can prolong the Brownian relaxation time
significantly. Thus, the bound and freely rotating SPIONs are
easily differentiated through the magnetic responses. Akiyoshi
et al. and Enpuku et al. have reported this method for the
detection of C-reactive proteins (CRPs).”*7?

Zhang et al. reported a MPS-based bioassay using an
aptamer—thrombin system.w Two antithrombin aptamers (15-
and 29-mer) that can specifically bind to two different epitopes
from thrombin are selected. Two groups of SPIONs are
prepared, and each group is surface-functionalized with one
type of antithrombin aptamer, as shown in Figure 2D. Each
thrombin hosts two heterobinding domains that allows two
SPIONSs with different aptamers to bind with. Harmonic ratio
R53 is collected as a SPION quantity-independent metric.
Results show that adding a high concentration of thrombin to
either the 15- or 29-mer aptamer-functionalized SPIONSs alone
produces a very limited change in the R3S metric. Larger R35
changes are observed in the presence of both groups of
SPIONS, when 15- and 29-mer aptamers bind to heterobinding
domains from thrombin, resulting in SPION clusters.

In December 2019, a novel strain of coronavirus belonging
to the same family of viruses that cause severe acute respiratory
syndrome (SARS) and Middle East respiratory syndrome
(MERS) occurred in Wuhan, Hubei Province, China. Later,
this causative virus has been named as severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), and the relevant
infected disease has been named as coronavirus disease 2019
(COVID-19) by the World Health Organization. SARS-CoV-2
is an enveloped, positive-strand RNA virus with a large RNA
genome of ~30 kb.** The major structural proteins of
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coronavirus are spike (S), envelope (E), membrane (M), and
nucleocapsid (N). Infection with the SARS-CoV-2 can be
asymptomatic or can result in mild-to-severe symptomatic
disease. There is currently no medication to treat COVID-
19.8'7% Testing for early detection of the virus is essential to
slow down the spread of COVID-19 and for eflicient
implementation of control and containment strategies. Current
diagnostic tests for COVID-19 are based on real-time reverse
transcription polymerase-chain-reaction (RT-PCR) as-
says.**™" Although this test is sensitive, it requires expensive
equipment, trained technicians to perform the test, and a
turnaround time of at least 48 h. In addition, there are signs
that the demand for PCR reagents may exceed supply during
the current emergency. In view of this public health
emergency, we added discussions reviewing MPS platforms
for the detection of nucleic acids and protein biomarkers from
viruses and pathogens.

Wu et al. reported a MPS-based bioassay design using a
polyclonal antibody—antigen system for the quantitative
detection of Influenza A Virus (IAV) subtype HINL.>® In
their design, the MPS platform monitors the harmonics of
SPIONs as a metric for the freedom of rotational process,
which indicates the states of SPIONs bound to the target
analyte. In order to artificially induce SPION clusters, IgG
polyclonal antibodies are anchored onto SPION surfaces. The
target analyte, HIN1 nucleoprotein (NP), hosts multiple
different epitopes for these IgG polyclonal antibodies. In the
presence of HIN1 NP, cross-linking takes place between
SPIONs (IgG from the particle surface) and HIN1 NP, which
forms SPION clusters, as shown in Figure 3A. Harmonic ratio
R3S is collected, and this system is reported to detect as low as
44 nM (4.4 pmol) HIN1 NP. The feasibility of using MPS and
target-analyte-induced SPION clustering provides a new
direction for detecting ultralow concentrations of target
analytes, which can be employed as a rapid, sensitive, and
wash-free magnetic bioassay technique.

Orlov et al. reported a multiplexed quantitative lateral flow
assay for the on-site detection of botulinum neurotoxin
(BoNT) types A, B, and E from complex matrixes.”
Multiplexing is achieved by a multichannel MPS technique
[in their work, it is called a magnetic particle quantification
(MPQ) technique]. As shown in Figure 3B (B1 and B2), three
single-plex text strips (A-strip, B-strip, and E-strip) are
combined in a cartridge. The assay procedures are the same
as single-plex strip testing. The biofluid sample is dropped onto
the front end of the cartridge, and then after ~25 min, it is
inserted into the three-channel MPS reader for measurements.
The MPS reader records the magnetic responses from SPIONSs
within the measuring coils, as shown in Figure 3B (B3). This
platform achieves the detection limits of 0.22, 0.11, and 0.32
ng/mL for BoNT-A, -B, and -E, respectively. The multiplexed
bioassay performance has also been successfully validated by
detecting BoNT from milk, apple, and orange juices. This
developed multiplex assay can analyze media regardless of the
optical properties and offers rapid, on-site, and sensitive
detection.

It is already known that the binding events of target analytes
affect the Brownian process and dynamic magnetic responses
of SPIONs under external fields. While this detection
mechanism yields detectable changes in the harmonic
amplitudes, phases, and harmonic ratios, larger changes in
these metrics can be achieved by designing multiple ligands/
antibodies/aptamers/proteins on SPIONs that could bind to

https://dx.doi.org/10.1021/acsanm.0c00890
ACS Appl. Nano Mater. 2020, 3, 4972—4989


www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c00890?ref=pdf

ACS Applied Nano Materials Www.acsanm.org

A e e :
10_6: ® CD021110 E %D()ZI_IIIO d 200 | = low exposure CD021110 i
TR E ® 7 ] OW exposure . 3 I high exposure CD021110
Ng : B Feraheme i 10 o0 ® ® @ highexposure r
< 10L& Resovist” i J o0 ) i: 160 |-
3:(” F 3Ig 10 05 1 Feraheme” =1
. 10°L o O lowexposure 2 120 L
+~ E 3 X 0 = o
5 E g 10 {1 B highexposure & |
g 100 18 <
O E 3 g 10™ . PRV = 80 -
= 10 =l H Criection fimit e :
E detection limit __3 — 40 Y
3 Sa et T L o 2 L]
vl Al il = |§|,:|
0.01 0.1 1 10 100 10" . 0 t =
Total Tron Amount, 1, (ug) Hela  Jurkat HeLa Jurkat

Spectrum - odd Harmonics
T T T

Progress of cell
degradation

Moment [Am?]

1000 nm

0 5'0 1 ll)U 1 éO 200 2;0 300 3;0 400
Frequency [kHz]
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SPIONSs. (C) Cellular uptake of CD021110 SPIONSs by HeLa and Jurkat cells quantified by MPS. The higher the dose of nanoparticles, the more
the particles that have been resorbed by the cells. (D) Prussian blue staining that verifies the presence of SPIONs. Nuclei appear in light red. (E)
TEM showing extracellular localization of SPIONs adhering to the cell’s surface: C, cytoplasm; N, nucleus; P, SPIONs. (F) MPS spectra of
degradation and degraded (gray/green line) stem cells measured at 20 kHz and 37 °C. The degradation process was continuously monitored. (A—
C) Reprinted with permission from ref 3S. Copyright 2012 IEEE. (D—F) Reprinted with permission from ref 51. Copyright 2015 IEEE.

heterobinding domains on the same biomarker, assembling the try.'%°7'% Despite the extensive work done to quantify iron
SPIONSs into clusters or aggregates. This kind of detection in an aqueous matrix, these techniques suffer from an inability
mechanism greatly increased the hydrodynamic sizes of the to distinguish between exogenous SPIONs and endogenous
SPIONS, resulting in increased relaxation time, which can be iron, a narrow detectable range, and 110nlinearity.35’105
sensed by the MPS system. Recently, MPS is reported as an alternative to measure the
Nonspecific binding (NSB) between other molecules/ iron content (or to quantify SPIONs) from an aqueous matrix,
chemicals to the SPIONSs is a critical problem in the design where MPS utilizes the nonlinear magnetic responses from

of MPS-based immunoassays because the purpose of MPS SPIONSs exposed to an excitation magnetic field.
bioassays is to measure only the binding events between the Loewa et al. reported the quantification of SPIONs uptaken
target analytes and SPIONS, instead of the background. Some in cells using a MPS platform,”> where they took the third-
frequently used methods to prevent NSB are suggested herein harmonic amplitude as a measure for the SPION content. To
as below: (1) adjust the pH of the SPION liquid medium; (2) this end, the harmonic amplitudes of known SPION (iron)
use protein blockers such as bovine serum albumin to block content under the same excitation field condition are recorded.
spare binding sites on SPIONS; (3) use surfactants such as As shown in Figure 4A, the calibration curves are highly linear
Tween 20 to disrupt hydrophobic interactions between target for all types of SPIONs. Two tumor cell lines, HeLa and Jurkat,
analytes and SPIONS; (4) adjust the salt concentration in the were incubated with SPIONSs of different concentrations, for
SPION liquid medium to prevent charges on the target 30 h, followed by the harvesting of ~10° cells for MPS
analytes from interacting with charges on the SPIONS. measurements. The third-harmonic amplitudes from these
2.2. MPS-Based Cell Analysis. SPIONs have been used harvested cells are recorded in Figure 4B, indicating that the
for a wide variety of applications such as molecular and cell SPIONs were uptaken by cells. Using the calibration curves,
separation, drug delivery, hyperthermia, magnetic resonance the calculated iron content uptaken by cells is given in Figure
imaging (MRI), MPI, etc.'””' ™' The need for quantitative 4C. Although this is a preliminary work without considering
methods to evaluate the SPION (or iron) content from the impact of a SPION aqueous matrix (viscosity, binding,
contrast media solutions and biological matrixes is thus aggregations, etc.) and the influence of size-selective cellular
obvious. Various tools reported to measure the SPION (or uptake of SPIONS, this method provides the basis for the
iron) content such as spectrophotometric elemental analysis practical implementation of in vivo studies of the SPION
techniques (e.g., Perls’ Prussian blue colorimetry), fluoro- (iron) content from tissue samples. Besides the harmonic
phores/radionuclides-labeled SPIONs, and Rl relaxome- amplitude, harmonic ratio RS3 is also reported to be an
4977 https://dx.doi.org/10.1021/acsanm.0c00890
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indicator to reveal distinct changes in the magnetic behavior of
SPIONS in response to cellular uptake.*

Grife et al. established an in vitro testing system to
investigate SPION transport across cellular layers as well as
examine MPS for reliable SPION quantification.”” A blood—
brain barrier (BBB) representing a human brain microvascular
endothelial cell (HBMEC) model was chosen. Their experi-
ment confirms the excellent suitability of MPS for sensitive
SPION quantification at different stages of particles passing
cellular layers, indicating a promising future method to pass
SPION-loaded drugs across a BBB without disturbing its
integrity. As a result, the drug loading and release efficiency can
be monitored by the MPS approach.

Fidler et al. reported MPS for in vitro cell vitality
monitoring, where human mesenchymal stem cells (hMSCs)
are labeled with SPIONs and tracked.”’ hMSCs are a
promising tool in regenerative medicine and are able to repair
damaged tissue. However, tissue healing using hMSCs will only
be possible if cells can be homed to their target and are still
vital. This challenge calls for a long-term, noninvasive method
to label and monitor the cells. Fidler et al. labeled hMSCs with
SPIONS, and the verification of SPION-labeled hMSCs by
Prussian blue staining and TEM is shown in Figure 4D,E. For
cell vitality assessment, the MPS spectra were continuously
monitored during a cell degradation process initiated by
adding sodium dodecyl (lauryl) sulfate (SDS; which dissolves
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the cells). As shown in Figure 4F, during dissolution of the
cells by SDS, the MPS harmonic amplitudes increase and
larger changes are observed from higher harmonics. The
increase of the harmonic amplitudes can be attributed to a
change in the Brownian relaxation, where, during the cell
degradation process, cells are dissolved and SPIONs are
released to a lower-viscosity extracellular environment (or from
bound to unbound status). This work demonstrated the
feasibility of using SPIONs with a MPS platform as reporters
for cell homing and cell vitality, in an aqueous environment.

In summary, efficient noninvasive techniques for tracking
cells in cell-based therapies and diagnostics are crucial
SPIONSs, with superior biocompatible, biodegradable, and
superparamagnetic nature, are much desired magnetic markers
for labeling cells. Upon interaction with biological materials
such as cells, SPIONs undergo physicochemical changes that
alter their dynamic magnetic responses and eventually the
MPS spectra.’® Currently, there are many established
techniques, including chromatographic and colorimetric iron
assays and electron microscopy, that are not feasible with living
cells. MPS may help to overcome these limitations.

3. MPS AS AN AUXILIARY TOOL

3.1. MPS for Viscosity and Temperature Monitoring.
The Brownian relaxation process is affected by the viscosity of
the SPION liquid medium. Thus, this property has been

https://dx.doi.org/10.1021/acsanm.0c00890
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applied for in vivo and in vitro viscosity monitoring using feasibility of using MPS and SPIONs to measure the human
Brownian-process-dominated SPIONs.'**~>*19%110 Ag shown serum viscosity in real time.”> A standard calibration curve of
in Figure SA, SPIONS are dispersed in different aqueous media third-harmonic amplitude versus viscosity was plotted for the
of varying viscosities. At a driving-field frequency of 500 Hz, estimation of any aqueous media with unknown viscosities.
SPIONs from a low-viscosity medium show more higher In addition, the temperature information on the SPIONSs’
harmonics and the slope of the harmonic curve increases as the aqueous media can also be extracted from their magnetic
viscosity increases. Under low-frequency excitation fields, responses because the Brownian relaxation process is also
magnetic moments of SPIONs can follow the field directions modulated by the temperature (thermal fluctuation). Several
almost instantaneously via Brownian relaxation. The only groups have reported the in vivo temperature measurements
countering force is the friction force from a high-viscosity using MPS and SPIONs, where correlations between the
medium. Therefore, there is a phase lag between magnetic temperature and Brownian relaxation time are obtained by
moments (due to the slow response of the Brownian relaxation measuring the MPS spectra (magnetic responses) across a
process) and the excitation field. The SPIONs do not reach range of frequencies and temperatures. Calibration curves are
equilibrium states before the excitation field changes direction. plotted to subsequently estimate the temperatures.””"'"'"
This relationship is reflected in the series of dynamic M—H In short, the temperature and viscosity information on the
curves in Figure SA. Using this property of the Brownian aqueous medium can be separated from the magnetic
relaxation process, Wu et al. proposed and demonstrated the responses of SPIONs. In recent years, there are several
4979 https://dx.doi.org/10.1021/acsanm.0c00890
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research groups reporting the methods of simultaneous MPI
and temperature/viscosity mapping using multi-SPION

contrasts. In these studies, MPI provides SPION distribution
images with high temporal and spatial resolution; meanwhile,
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the temperature/viscosity information is also separated from
the MPS spectra. In 2016, Stehning et al. reported
simultaneous MPI and temperature imaging using a multicolor
reconstruction approach.* The proof of principle for the
experimental setup is shown in Figure SB. Two SPION
samples (one supplied with tempered distilled water and the
other with a nontempered reference) were mounted on a
plastic hose at 15 mm. The reconstructed SPION amounts
from both samples with the same size, Crgp and Crpyp, were
equivalent. The temperature signal of the nontempered
reference SPION sample, Trgp, remained constant over the
imaging experiment. The temperature signal of the tempered
SPION sample, Trgyp, declined as the circulating water
temperature was lowered, as shown in Figure SC. Furthermore,
the spatially resolved MPI and temperature mappings are
depicted in Figure 5D. The initial frames acquired at 37 °C are
shown in the upper row, while the final frames acquired after
the circulation of water when the tempered sample is at 12 °C
are shown in the lower row. The color-coded subtraction
images in Figure SD (e and f) represent the temperature map.
This method may allow for real-time temperature monitoring
in image-guided interventions, such as interstitial hyper-
thermia, following the direct injection of nanoparticles. Later
Moddel et al. reported a viscosity quantification method using
multicontrast MPL>*

In 2014, Zhong et al. reported a new approach for a high-
accuracy, remote temperature probing method by measuring
the magnetization curves of SPIONs, where the theoretical
models and inverse temperature calculations are described in
ref 113. In 2016, Xu et al. reported a noninvasive, nanosecond-
resolved temperature measurement using SPIONs with a
nominal particle diameter of 10 nm (EMG 1300M, Ferrotec,
Tokyo, Japan).""* This method is based on the instantaneous
change of the magnetic susceptibilities of SPIONs under a
transient change in temperature. It was shown that temper-
ature measurement can also be conducted on the SPION
powders in addition to SPIONs dispersed in an aqueous
medium. This design could be potentially applied for rapid
acquisition of the internal temperature of materials in the
industry and biomedical laser applications. Later in 2019, Guo
et al. extended this method for remote temperature measure-
ment from SPIONs in metal containers, extending the
applicability of SPIONs from a nonmagnetic medium to a
magnetic medium. Achieving an accuracy of 2 K in the
temperature range of 320 to 400 K.'"> Zhong et al. reported a
temperature imaging platform using SPIONs and a scanning
MPS system, which shows great potential for noninvasive, in
vivo temperature imaging beneath the surface of objects.''® In
their work, a system consisting of a mechanical scanner and a
MPS was reported to measure the spatial distribution of the
fundamental frequency f and the third harmonic 3f from
SPIONs. Temperature imaging on a phantom with different
temperature profiles was carried out, and a spatial resolution of
3.5 mm and a temperature resolution of 1 K were achieved.

Because both the temperature and viscosity modulate the
magnetic responses of SPIONSs, measuring one of these two
parameters requires special attention to control (or remove)
the effect of the other parameter. Elrefai et al. investigated the
effects of viscosity on the harmonic signals of SPIONs for
thermometry applications. In this work, they proposed a
method to accurately estimate both the viscosity and
temperature of a SPION sample even when the ViSCOSit_?’ is
unknown in advance, allowing for precise thermometry.""
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3.2. MPS for Mechanical Force Monitoring. Wintz-
heimer et al. reported the application of MPS and SPIONs as
sensors for mechanical stress.”” The as-assembled SPIONs
yield hollow microballoons (as shown in Figure 6A). This kind
of structure is continuously fragmented when subjected to
mechanical forces. By using MPS spectra, this structure
deformation can be readily detected and enables quantification
of the applied mechanical forces in ball mills. Parts B and C of
Figure 6 depict the MPS harmonic amplitudes of the
microballoons after the application of quasi-static compression
or dynamic shear and impact forces, respectively. In both cases,
the relative amplitude intensities drop with increasing
mechanical energy, which proves that the MPS spectra of
these hollow microballoon supraparticles are clearly distin-
guishable in the course of mechanical forces. This type of
mechanical force sensor does not necessarily have to be
removed from the processed material for measurements;
furthermore, its magnetic property allows for easy removal
after milling.

4. OTHER APPLICATIONS

4.1. MPS for SPION Characterization. As the sinusoidal
magnetic fields excite SPIONSs into their nonlinear saturation
magnetization, the dynamic magnetic responses, represented
by higher harmonics in the frequency domain, provide
information about the physical and magnetic properties of
the SPIONS. It has been reported that harmonic ratio R3S5 is
inversely proportional to the saturation magnetization M; and
magnetic core diameter D of the SPION.'7°*'%*!'% The
harmonic phase angle (lag) of the magnetic moment to the
excitation field carries the information on the hydrodynamic
size of SPION. Numerical simulations were carried out to
reveal the correlation between the harmonic ratio and M; as
well as D. As shown in Figure 7A (Al and A2), a SPION
system is assumed, with a log-normal size distribution, the
effective anisotropy constant K = 1.8 X 10° erg/cm® (1.8 X
10* J/m?), and M, and D varied. The results show that, for
SPIONSs with identical core sizes, a smaller harmonic ratio R35
corresponds to higher M, while for SPIONSs with identical M,,
a smaller core size yields a larger harmonic ratio R35. This
conclusion is further proven by experimentally measuring the
harmonic ratios from four commercially available SPION
samples, as shown in Figure 7A (A3). For the SMG30-1 and -II
samples, with identical magnetic core size, a smaller harmonic
ratio R3S from SMG30-II indicates a higher M, over SMG30-],
which is further proven by the vibrating-sample magnetometry
(VSM) results and high-angle annular dark-field scanning
transmission electron microscogy—energy-dispersive X-ray
spectroscopy mapping images.”’ In addition, the third
harmonic phase lag to the excitation field recorded in Figure
7A (A4) shows that SMG30-I and -II SPIONs have similar
hydrodynamic sizes and are larger than SHP2S. On the other
hand, for the multicore MACS SPIONs, the SPIONSs are
embedded in a polymer and the Néel process is dominating,
which is a different scenario compared to those of single-core
SPIONs (SHP2S and SMG30-I and -1I).

In addition to the magnetic and physical properties of
SPIONS that affect the MPS spectra (harmonic amplitudes and
phases), the excitation fields should also be taken into
consideration. Draack et al. reported the field-dependent
MPS spectra by measuring SPIONs under different exaction
field amplitudes and frequencies.'” The field-dependent
harmonic amplitudes are measured at a constant excitation
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Figure 8. (A) Al: Normalized VSM magnetization curves of different supraparticles. A2: Relative amplitude intensity as a function of the higher
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from ref 67. Copyright 2019 Wiley. (B) Reprinted with permission from ref 68. Copyright 2019 American Chemical Society.

frequency, f = 1 kHz, with varying amplitudes from 5 to 25
mT, as shown in Figure 7A (AS). The dynamic M—H curves
are plotted in Figure 7A (A6). A higher magnetic field strength
results in more saturated magnetization and a more
pronounced hysteresis of the magnetization loops.

4.2. MPS for Magnetic Fingerprints. On the basis of the
aforementioned phenomenon, each type of SPION with
different magnetic core size D, hydrodynamic size, and
saturation magnetization M; shows unique MPS spectra,
which could be used as magnetic fingerprints for target
tracking and identification. Tu et al. reported a MPS method
for the simultaneous characterization of two kinds of SPIONs
with 20 and 35 nm core sizes.”> The magnetic responses of
each kind of SPION are recorded in both time and frequency
domains. Then, the magnetic spectrum of each SPION is
defined as the complex magnetization of the SPION. A phasor
theory is proposed to allow for the quantification of each kind
of SPION mixed at different ratios in solution. This study can
potentially serve as a method for future magnetic multicolor
labeling. In addition, Rahmer et al. reported a multicolor MP],
in which they experimentally demonstrated the ability to
separate MPI signals from different types of SPIONs."'” A
reconstruction approach is proposed to reconstruct separate
images for different SPIONS, which is combined into a single
color-coded image. As shown in Figure 7B, a simple phantom
is assembled by combining three kinds of SPIONs: 0.8 yuL of
undiluted Resovist [22 pg(Fe)], 3.1 uL of undiluted MM4 [9
ug(Fe)], and about 0.8 uL of dried MM4 powder [4S ug(Fe)].
The cylindrical cavities with diameters of 1, 1, and 2 mm are
drilled for Resovist, MM4 powder, and fluid MM4 SPIONS.
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For experiments, all three SPIONs are measured simulta-
neously, whereas one of three is removed at a time so that only
pairs of SPIONs are scanned simultaneously. Parts a—c of
Figure 7C show the system functions (SFs) of each SPION
material, and parts d—f of Figure 7C show two SPION material
reconstructions by concatenation of three individual SFs. A
color overlay of parts d—f of Figure 7C is displayed in Figure
7C (g). This multicolor MPI design could be very useful for
many applications in the fields of medical imaging and therapy.

Miissig et al. reported the specially engineered magnetic
supraparticles that exhibit a unique magnetic signature in MPS,
proving its potential for marker applications.6 In their work,
the supraparticles are formed by assembling SPIONs with SiO,
nanoparticles with different ratios, as shown in Figure 8A (A3—
A6). They prepared different kinds of supraparticles by mixing
SPIONs (~10 nm) and SiO, nanoparticles (~20 nm) in
weight ratios of 1:0, 1:1, 1:2, and 1:4. The M—H curves
measured by VSM are plotted in Figure 8A (Al), yet the
differences with respect to hysteresis loops can hardly be
quantified. However, clearly distinguishable MPS spectra are
observed in Figure 8A (A2). In contrast to VSM, MPS spectra
of various supraparticles are easily quantified by determining
the amplitudes of higher harmonics. In addition to mixing
SPIONs with nonmagnetic SiO, nanoparticles, changing the
interparticle distance by surface modification of SPIONs with
OCTEO can also modify the MPS spectra [as shown in Figure
8A (Al and A2), the “Fe;O, part/full OCTEO-modified”
curves]. This work shows that such supraparticles along with
MPS could enable easy and versatile tracking and identification
for products. By the mixing of different amounts of SiO,
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ACS Appl. Nano Mater. 2020, 3, 4972—4989


https://pubs.acs.org/doi/10.1021/acsanm.0c00890?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00890?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00890?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00890?fig=fig8&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c00890?ref=pdf

www.acsanm.org

ACS Applied Nano Materials

0L
81

69
89
L9
LT

99
S9

LTT
A

1481

9

€T

LI

LE
s
0S

S¢

8L

6L

8¢
61

1£3

JoI

poojq uewny
poojq Sid

Poojq jex

1pnq sdd

19nq S4d
19Pnq S9d

Ire

wnids uewny

SaINjXTW
[01904[8—197EM

wnipauw aInjynd J[ad
wnrpaur aInjynd a3

ESM@QE wus:ﬂu ﬁmu
EB_UUE Q.HDH—SU ﬁmu

vatﬂﬂ wnIas
209 STITH
2pnq $4d

19pnq S4d
wpnq Sgd

L1809 Sdd

XIyewr

DHNEH

SOSINY

S[[®> T-dH.L
(3eym [ pue

el ) soul| [[20 Iowmy

ID
fik:i0]

dN INTH
urquioIy}

urpaeydans

9)Aeue

su
144!

urw
ST

s 01
s§

S OT

ury
Aesse

ZHY ST ‘LW 0T
ZH 0091—00% ‘LW 0T

ZH 0T ‘LW 0T
ZHY 1°0C ‘LW 0€
ZHY 0T ‘LW 0
ZH T ‘LW ST—S
YA
0S ‘LW T ‘ZHY 7¢—8 HE:S
ZHY 10T ‘LW 0€

ZHY 0T ‘LW €
ZH S6+T ‘LW 01

PIRY 9p ‘(L #¥) w/vy S¢

ZH 0S ‘LW T ‘ZH{ ST ‘LW 0T
ZH 00S ‘LW ST

ZHY §T (LW ST
ZHY 0T ‘LW 0T
ZHY ST ‘LW ST

ZHY ST ‘LW ST
ZHY T ‘LW

ZH 0€€ LW +
ZH 0T ‘LW LT
ZH 0T 03 ZH 00§ ‘LW LT
ZH 0T12—06¢T ‘LW 0T
ZH 0T ‘Lw L1
ZHY 0T 03 ZH 00S ‘LW LI
PRy Suraup

‘Topnq (SAJAH) poe uEobsmo:wﬂoosﬁmb&m.T?Eﬁ?o%%ﬁ.@.f "Iopnq dures parapng-areydsoy,,

WU (0 = 9IS dIweukpoIpAy ‘wu §g ~ ¥

P
p

wu 971 = 9zis dorweudporpAy ‘wu g ~ >
(fuewon ‘urreg ‘Hqwn) ewreyq JgJoueu)  uidgeiag
Wy 0T~ JO SNOIJS WOIj PI[qUIasse SPOIOIIUL
paup Lexds pue paxiw are wu 0[~ Jo ‘OIS pue wu 0T~ Jo SNOIJS
wu §'ST = "p YO%g0D
(wu 0§ ~ 9z1s dSTureufpoIpAy ‘a10dmUI)
SOVIN (Wt 0€ ~ “p) TI-0EDAS ‘(W 0€ ~ *7p) T-0EDNS ‘(Wu ST ~ “7p) STIHS
SNOIJS woly pajquiasse apnrederdns uoofeqomrur mofjoy wr Oy~

3102,

2100,

wu (9 = azis drweukpoIpAy ‘wu o¢ = *%p

wu ¢ = m._oqu

wu o] = muouwH

2100,

wu g7 = *%p

2109,

wu GG = ¥p YQlgo)

W (O] ~ 9IS STureukpoIpAy

a10
wu / ~

p

(wu ¢ ~ ¥p) OTT120dD ‘(Wu § ~ “7p) swoyerog

wu 9] ~ 9zIs STureukpoIpAy

(VWD
-fjod) peaq sowdjod arelroeyow ApAS wu (o7 © Ul pappaquId wu Og Jo SNOIJS

wu ¢ Zo_cumq

P

2100,

wu 0§ ~

wu ¢ 2100

4
(**°p) NOI1dS

suonedsrddy paseg-SJN uo Arewrwng ‘T J[qe],

EommmquOpQ 10[> poo[q 93en[eAd

sumjoa

poo[q Sunemoin 230} Y} IUIULIIAP

sjutdiaSuy opauSew

uoneziR)eIeyd NOIJS
Burrojruowr 25103 [edrURYdIIW

JUSWRINSLIW £JISOISIA

pue ainjeradurd) snoauejnuuls

Juswanseaw drnyeradurdy
Gurddew

amjeradura) pue [JIA Snodue)nUIS

Guuoyruowr £ys0osia

SIdLLIRq Teny[ad Jje

11odsuen pue ayeydn spnred 1ojuow

JUSWSSIsse AJI[eIIA [[20

w&au&s Te[ny[ad Iojruouwr

Kesseounururr

uonesrdde

https://dx.doi.org/10.1021/acsanm.0c00890
ACS Appl. Nano Mater. 2020, 3, 4972—4989

4983


www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c00890?ref=pdf

ACS Applied Nano Materials

www.acsanm.org

Table 2. Comparison of Different Nanoparticle-Based Biosensing Platforms with MPS

technology nanoparticle target analyte
MPS SPION HIN1 NP
SPION CRP
SPION thrombin
SPION Cardiac troponin I
SPION BoNT types A, B, and E
GMR SPIONs encapsulated in the polymer HIN1 NP
matrix
SPIONs encapsulated in the polymer HINI1 and H3N2 virus
matrix
SPIONs encapsulated in the polymer human chorionic gonadotropin
matrix
MTJ SPIONS encapsulated in polymer ssDNA
matrix
QD“ cadmium—tellurium quantum dots human T-lymphotropic virus-1
glutathione-capped CdTe quantum protamine
dots
CdS and PbS nanocrystal tracers thrombin
SERS”  plasmonic gold nanostar bilirubin
gold nanoparticles Staphylococcal enterotoxin B
gold nanoparticles 4-mercatopyridine
gold nanoparticles S. aureus
500 nm magnetic beads TSST
NMR* SPION Dengue virus (DENV) NS1
protein
SPION circulating tumor cells (CTCs)
SPION L. monocytogenes

Fe-NFPs@PEG
SPION

HINI1 NP
Microcystin-LR (MC-LR)

detection limit matrix ref
4.4 nM PBS buffer 38
20.6 ng/mL PBS buffer 78
4 nM PBS buffer 19
0.01 ng/mL native blood sample 120
0.11-0.32 ng/mL PBS buffer 90
15 ng/mL PBS buffer 121
250 TCIDs,/ml swine nasal swab 122

sample
1 pM blood serum 123
S nM PBS buffer 124
19.5 pg/uL tris-borate buffer 125
1 ng/mL human blood plasma 126
0.5 pM acetate buffer 127
0.436 uM blood serum 128
0.001 ng/mL buffer solution 129
1 nM DI water 130
103 cfu/ml spinach wash 131
1 pg/mL PBS buffer 99
2 pg/uL serum 132
~3 individual CTCs per sample (1-10 mL whole blood 133
blood)
3 MPN milk powder and 134
lettuce

100 ng/mL PBS buffer 135
0.6 ng/mL lake water 136

“Quantum dot. "Surface-enhanced Raman spectroscopy. “Nuclear magnetic resonance.

nanoparticles with SPIONs or structural adjustment of the
SPIONS, it is possible to change the magnetic properties (MPS
spectra) of supraparticles and generate countless unique
magnetic fingerprints.

Microrods assembled from SPIONs have also been reported
as magnetic fingerprints because the orientation-dependent
MPS spectral variations of anisotropic microrods are
identifiable, as shown in Figure 8B (B1—B3).”® When the
microrod supraparticles are oriented parallel and perpendicular
with respect to the excitation field, the MPS spectra with the
highest and lowest intensities are observed, respectively. Figure
8B (B4) schematically depicted the ice cream packages
equipped with a microrod-supraparticle-based temperature
indicator. The initially aligned and frozen microrod supra-
particles become mobile when an undesired temperature
increase melts the frozen matrix. The refreezing of the matrix
immobilizes the microrod supraparticles in a different
alignment and thus makes a potential quality loss detectable
by their respective MPS curves. This unique property of
anisotropic supraparticles enables the detection of cold-chain
breaches (e.g, during delivery of a product that needs to be
cooled all of the time) simply by recording the initial and final
MPS spectra of microrod supraparticles integrated in the
container of a frozen product.

4.3. MPS-Based Blood Analysis. Determining the
patient’s total blood volume is an essential topic in clinical
routine. A variety of methods are reported, but because of the
extended volume and dispersion throughout the body, a direct
measurement seems unfeasible. A promising approach to
determining the total circulating blood volume is based on the

4984

dilution measurement of applied tracers. Fidler et al. reported a
MPS method along with SPION tracers for this purpose.’’
They used FeraSpin R SPIONs with a hydrodynamic diameter
of 60 nm and a blood half-life in rat of 15 min. However, for a
prolonged blood half-life, another product FeraSpin XS with a
hydrodynamic diameter of 15 nm and a blood half-life in rat of
30 min is also recommended. This method consists of three
major steps: First, estimate the undiluted SPION tracer and
choose a specific volume of injection. Second, inject the
SPION sample into the subject. Third, draw a small amount of
blood after a mixing time. From the measured concentration,
the total circulating blood volume is calculated.

Another work reported by Hafsa et al. proposed the
evaluation of blood clot progression using SPION tracers
and MPS."® By measurement of the SPION’ relaxation time in
the clot vicinity, the clot age, clot stiffness, and amount of
SPIONs bound to the clot could be estimated. It was reported
that, during the clot formation, SPIONs become trapped in the
clot mesh, which restricts their Brownian relaxation process,
causing an increase of their relaxation time.”® In this work,
SPIONSs are surface-functionalized with ATP1S and ATP29
aptamers, which bind to heteroepitopes on thrombin. SPIONSs
bound to thrombi are identified by their increased relaxation
time using MPS. Harmonic ratio R3S is reported as the metric
for the Brownian process, which, in turn, reflects the bound
state of SPIONS.

5. CONCLUSION

In this review, we summarized the recent advances in MPS-
based applications, which are shown in Table 1. For biological

https://dx.doi.org/10.1021/acsanm.0c00890
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and biomedical assays, by surface functionalization of suitable
ligands/antibodies/aptamers/proteins on SPIONs that could
specifically bind to target analytes, SPIONs are explored as
magnetic markers, and their dynamic magnetic responses are
monitored by MPS. The binding events of target analytes affect
the Brownian process and dynamic magnetic responses of
SPIONs and cause detectable changes in the harmonic
amplitudes, phases, and harmonic ratios. Because of the
negligible magnetic background from biological samples, highly
sensitive detection could be achieved by using SPIONs as
biomarkers. This detection mechanism based on a MPS
platform allows simple, fast, inexpensive, and high-sensitivity
bioassays. Compared to other sensing platforms where
SPIONs are used as contrasts/markers/tracers, MPS is a
volume-based sensing system in which the magnetic signal
directly comes from the whole medium (a biological sample or
a nonmagnetic medium) where the SPIONS locate. This allows
for one-step, easy-to-use, and wash-free detection of dynamic
magnetic responses from SPIONS for different assay purposes.
Surface-based sensing platforms such as magnetoresistive [e.g,
giant magnetoresistive (GMR), magnetic tunnel junction
(MT]J), anisotropic magnetoresistive] and Hall sensors require
the highly demanded nano- or macrofabrication of sensors and,
in addition, detectable signals only from SPIONs that are in
the proximity of sensor surfaces. The comparisons of MPS with
other sensing platforms that use SPIONs as contrasts/
markers/tracers have recently been reviewed in ref 2. In
Table 2, we compared different biosensing platforms that use
nanoparticles (magnetic and nonmagnetic) for the detection of
protein biomarkers, viruses, pathogens, nucleic acids, etc.

In the areas of cell labeling, tracking, and cell-based
theragnostics (therapy and diagnostics), MPS provides a
quantitative method to evaluate the SPION (or iron) content
from contrast biological matrixes and even in living cells. Upon
the interaction with biological materials such as cells, SPIONs
undergo physicochemical changes that alter their MPS spectra.
In addition to these standalone applications, MPS has also
developed into a mature auxiliary tool supporting the magnetic
imaging and hyperthermia by providing real-time, high spatial
and temporal resolution viscosity/temperature mapping. Other
applications based on MPS such as SPION characterizations,
magnetic fingerprints, and blood analysis are also reviewed.

In summary, many good works have been reported in recent
years based on the MPS platform, and this process is still
ongoing. With the unique nonlinear magnetic responses of
SPIONS, facile surface chemical modifications, and flexible
structural design of SPION assemblies (supraparticles) with
superior magnetic/physical properties, MPS has found its
position in increasingly new areas.
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