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Magnetic particle imaging: advancements and
perspectives for real-time in vivo monitoring and
image-guided therapy

Michele H. Pablico-Lansigan, Shu F. Situ and Anna Cristina S. Samia®

Magnetic particle imaging (MPI) is an emerging biomedical imaging technology that allows the direct
quantitative mapping of the spatial distribution of superparamagnetic iron oxide nanoparticles. MPI's
increased sensitivity and short image acquisition times foster the creation of tomographic images with
high temporal and spatial resolution. The contrast and sensitivity of MPI is envisioned to transcend
those of other medical imaging modalities presently used, such as magnetic resonance imaging (MRI),
X-ray scans, ultrasound, computed tomography (CT), positron emission tomography (PET) and single
photon emission computed tomography (SPECT). In this review, we present an overview of the recent
advances in the rapidly developing field of MPI. We begin with a basic introduction of the
fundamentals of MPI, followed by some highlights over the past decade of the evolution of strategies
and approaches used to improve this new imaging technique. We also examine the optimization of iron
oxide nanoparticle tracers used for imaging, underscoring the importance of size homogeneity and
surface engineering. Finally, we present some future research directions for MPI, emphasizing the novel
and exciting opportunities that it offers as an important tool for real-time in vivo monitoring. All these
opportunities and capabilities that MPI presents are now seen as potential breakthrough innovations in
timely disease diagnosis, implant monitoring, and image-guided therapeutics.
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developing “theranostics,” techniques to combine therapeutic
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and diagnostic functions in single platforms, to improve the
efficacy and success rate of treatments.”™ Central to the prog-
ress of theranostic research and development are novel imaging
technologies that use specially designed probes to enable the
acquisition of high-resolution images to guide the treatment
process.***° In particular, tomographic imaging, has become
an indispensable tool for visualizing lesions, monitoring blood
flow, and discriminating normal from diseased tissues in the
human body." To achieve accurate diagnoses and to detect
diseases at their earliest stages, it is crucial that adapted
imaging techniques are highly sensitive.* This ensures timely
monitoring of illnesses and planning of subsequent treatment
procedures. Among the frequently used tomographic imaging
techniques in the clinic are magnetic resonance imaging
(MRI),*”** computed tomography (CT),"* positron emission
tomography (PET)* and single photon emission computed
tomography (SPECT)." Each of these imaging modalities has
strengths and weaknesses, but nevertheless all remain valuable
tools for the medical diagnosis and treatment.

Magnetic particle imaging (MPI), an emerging tomographic
imaging method, directly measures the magnetization of iron
oxide nanoparticle tracers. Pioneered at the turn of the
millennium by Gleich and Weizenecker at the Philips Research
Laboratories in Hamburg,'*™® MPI is sensitive and fast, and
offers high spatial and temporal resolutions."** The MPI signal
is derived from the nonlinear re-magnetization response of
superparamagnetic iron oxide nanoparticles (SPIONs) to an
oscillating magnetic field.®*>* The signal generated by the
changing magnetization of the SPION tracers results in the
occurrence of higher order harmonics of the excitation
frequency, which facilitates the quantitative mapping of the
local distribution of the magnetic nanoparticles at high spatial
and temporal resolution.*'”** Since tissue and organ compo-
nents are diamagnetic, they appear transparent in MPI
measurements, eliminating problems associated with back-
ground signals and resulting in images with exceptional posi-
tive contrast.*''®*' Moreover, MPI scans are typically
conducted at low frequency magnetic fields, which leads to zero
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attenuation, implying that this imaging method is quantitative
at any depth.*®

In contrast to other imaging modalities such as X-ray scans,
CT, PET and SPECT, MPI does not use any ionizing radiation
and is thus non-invasive and highly suitable for routine diag-
nostic procedures.* Because it is non-invasive and uses SPION
tracers and magnetic field responses to generate images, MPI is
often compared to MRI.>* However, unlike MRI the image
intensity obtained in MPI is directly related to the amount and
location of the SPION tracers. In comparison, MRI indirectly
probes the SPION response by detecting the dephasing of
proton spins of the surrounding water molecules to produce
images.”*** In addition, MPI scans are obtained more rapidly
than MRI scans, offering better potential for real-time in vivo
imaging and monitoring applications.'”***® Weizenecker et al.”’
demonstrated this potential when they obtained the first in vivo
3D real-time MPI scans revealing the details of a beating mouse
heart. Although still in its nascent stage, MPI is being pursued
for potential applications in diagnostic imaging of cardiovas-
cular systems, dynamic assessments of myocardial perfusion,
labelling and tracking of cells for oncologic investigations,'
and study of prosthesis wear in joint implants, among others.
With its unique combination of properties and capabilities, MPI
is expected to compete with other established tomographic
imaging modalities routinely used in the medical field.

Supplementing MPI's advantages, SPIONs exploited as MPI
tracers offer exceptional frameworks for theranostic applica-
tions because they are non-toxic, demonstrate distinctive
responses to external magnetic fields, and have a long history of
use for bio-imaging and therapeutic purposes.”?®?* Over the
years, the use of SPIONs in biomedical applications has been
well-documented - as contrast agents for MRI,* as multi-modal
drug delivery vehicles for cancer treatment,’ and as therapeutic
systems for magnetic hyperthermia.** Regarded as important
nanoparticle platforms, SPIONs are versatile probes in
biomedical research because their intrinsic magnetic properties
can be remotely triggered and easily tuned.***® In addition, the
synthesis and functionalization of SPIONs have been widely
studied and substantial progress to control their size, shape,
and surface properties have been reported by various research
groups.>** Since MPI utilizes SPIONs as tracer material, it
provides an advantage over other imaging platforms: SPIONs
can be used as visualizing tools for diagnostic tests and
employed in an image-guided therapeutic mode.* This dual use
is accomplished by using innovatively engineered iron oxide
nanoparticles.**' Currently, the number of reports on the
research and development of suitable magnetic nanoparticle
tracers for MPI are increasing.?>?*4->2

From its inception in 2001, MPI has seen significant
improvements, ranging from the evolution of hardware and
image reconstruction methods to the design of magnetic
nanoparticle tracers and their applications. In this review, we
will provide an account of the development of MPI as a robust
imaging method for biomedical applications. This will include
an overview of the principles of this new imaging modality, the
rationale underlying the sensitivity of the technique, and the
innovative engineering of magnetic nanoparticle tracers.
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Importantly, we focus on MPI's promising applications in real-
time in vivo monitoring as well as on its pivotal role in image-
guided therapy and advanced theranostics. For more detailed
accounts on the physics, image reconstruction, hardware
fabrication, MPI tracer design and applications, readers are
recommended to consult the comprehensive books written by
Knopp et al.** and Buzug et al.>®

Development and current state-of-the-art of
magnetic particle imaging (MPI)

The concept of MPI was originally conceived by Gleich in 2001
at the Philips Research Laboratory in Hamburg, Germany.' In a
seminal paper four years later Gleich and Weizenecker reported
the first phantom MPI images and demonstrated the ingenuity
of the method: MPI generates tomographic images by taking
advantage of the nonlinear response of magnetic nanoparticles
to an oscillating magnetic field to determine their spatial loca-
tion and local concentration.’® From that moment, several
research groups have pursued a variety of interests in MPI,
including developing tracers, improving hardware instrumen-
tation, and enhancing image reconstruction methods. A time-
line showcasing the progression of MPI as a state-of the-art
imaging method is shown in Fig. 1.

Efforts to propel MPI forward as an imaging method by
improving its spatial resolution, imaging speed, and sensitivity
have expanded. Although the initial MPI scanner produced high
resolution images, only static images could be acquired at what
was a relatively slow scanning speed.'® In 2008, the team of
Gleich and Weizenecker, together with Borgert, detailed the
first experimental results for a two-dimensional fast encoding
method.* By adding an orthogonal drive field to an MPI
scanner, similar to what they used in 2005, they were able to
acquire a full image in as few as 4 ms, with good quality image
rendering achieved within 40 ms.> A year later, the first 3D real-
time in vivo MPI scan was produced, in which details of a
beating mouse heart were imaged using Resovist, a commer-
cially available MRI contrast agent, as the magnetic tracer.””
This was a considerable breakthrough because the spatial
resolution obtained was sufficient to image heart chambers.”
Subsequently, in 2010 an MPI scanner with an enlarged field-of-
view (FOV) was constructed, providing proof that this tech-
nology can be scaled up for human use.*®

PH|I.I PS s

S e Ferguson and Krishnan
implicity o0 d et. al. systematically
o investigated the effect

1= \/‘ of magnetic tracer size
Gleich, Weizenecker on MPI sngnal22
and Borgert. improved

Bulte and Boeve et al.
demonstrated the 1st

N images™ | tracking'®!

Weizenecker and Bogert | methods for field-free “\‘
et al. obtained the 1stin
vivo image of a beating

P Gleich invented MP| ¢4 scanner and showed ” use of MPI for medical |/ 8 mouse heart using a
)| at Philips Research ° 1st dynamic 2D MPI ° application in stem cell ° newly developed 3D

| in Hamburg"

real time MPI scanner®’

| Gleich and Weizenecker built 00| Weaver et al. co|Biederer and Buzug

=2
g the 1st prototype MPI scanner; 8 presented 1st g et al. introduced 8 al. introduced an
| 1st phantom results i N particle | alternative approach

in Nature' MPI results®

3D static imaging
1 I = scanner®®

Fig. 1 Development of MPI as an imaging modality over the past decade.

spectroscopy

4042 | Nanoscale, 2013, 5, 4040-4055

Goodwill and Conolly et | Sattel and Buzug et al. ©|

8| developed dynamic 1D &
| phantom images with a ©N
using narrow frequency
(MPS)® band; they developed a

View Article Online

Other MPI scanner improvements have been reported. In
2009, Goodwill et al.*>* introduced narrowband MPI, in which
they significantly decreased the bandwidth needed for the
receiver coil, giving rise to a higher signal-to-noise ratio, and
established that this new MPI scanner is capable of full 3D
tomographic imaging.”® Goodwill and Conolly et al.**** also
introduced x-space MPI; its improved robustness and faster
image acquisition, is ideal for real-time imaging applications.
Another approach was reported by Sattel et al.; they fabricated a
single-sided MPI device in which the object of interest is scan-
ned from only one side, solving the problems of size limitations
associated with the traditional MPI scanner.*® Some theoretical
simulations have been presented that offer improved MPI
methodology. For instance, Knopp et al.®” introduced field-free
line formation, which helps reduce the power consumption and
increase the sensitivity of MPIL.

Apart from hardware improvement, the development of
SPION tracers that respond strongly to an oscillating magnetic
field and generate harmonics leading to an MPI signal has been
essential in thrusting MPI forward as a compelling imaging
modality.***® Weaver et al.** obtained harmonics using
magnetic particle spectroscopy (MPS) to initially study signal
properties of magnetic nanoparticles. Using this analytical
method, both the magnetization dynamics and the size distri-
bution of the nanoparticles can be assessed. More recently,
Weaver and his colleague Kuehlert, applied ratios of harmonic
signals and a scaling law to measure the Brownian relaxation
times of a ferrofluid using magnetic spectroscopy of nano-
particle Brownian motion (MSB).*® Shortly after, Martens et al.**
successfully modelled their experimental results using the
Fokker-Planck formalism. Additionally, Ferguson and
Krishnan et al. investigated the effect of SPION core size on MPI
sensitivity and spatial resolution via a mathematical modelling
approach.” Experimentally, they correlated the MPI signal
intensity with the SPION diameter, and determined an optimal
size for a particular excitation frequency.”® In addition,
Khandhar et al. have recently published the first paper on MPI
tracers that addresses biodistribution and particokinetics in
animal models.*

Intense interest about the research and clinical possibili-
ties opened by MPI prompted scientists in 2010 to convene
the first International Workshop on Magnetic Particle
Imaging (IWMPI) to discuss progress on instrumentation and
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tracer developments in the five years after the first published
paper. All these studies and results clearly highlighted the
important role that simulated analyses, instrumentation
improvement, and tracer development play in designing an
MPI system suitable for clinical use. In the succeeding
sections of this account, we will discuss the fundamentals of
MPI, cover basic principles of signal generation and acquisi-
tion, and provide an overview on image reconstruction
techniques.

Signal generation and acquisition in MPI

The magnetic behavior of SPIONs is best explained by the
Langevin theory, which assumes that the particles are
constantly in a state of thermal equilibrium."* In this model, the
particles are considered to be continuously moving with
randomly aligned magnetic moments leading to a net zero
magnetization. When an external magnetic field (H) is applied,
the magnetic moments of the particles align with the applied
field, resulting in a net magnetization vector (M). The rela-
tionship between the applied magnetic field and the resulting
magnetization is nonlinear; the magnetization exhibits a steep
rise in the beginning but then saturates at a particular field
strength. When this point is reached, a majority of the particles
are aligned with the field and further increase of the field
strength will no longer alter the magnetization response of the
nanoparticles. This fixed magnetization response is crucial for
the spatial encoding necessary for the generation of an MPI
image.ll,16,26

On the other hand, if a time-varying magnetic field is
applied, the magnetization response of the nanoparticle is
delayed for a known period described by a relaxation time, 7.***
At this stage, the magnetic nanoparticle can either undergo a
physical particle rotation, known as Brownian rotation, or an
internal magnetic moment rotation through a Néel rotation
process (Fig. 2a).** In a fluid environment, a combination of
both rotations can occur depending on the applied frequency.
The relaxation time of the Néel rotation (ty) is described in
eqn (1):*

Ka V)

Tl (1

N = Tp exp(
where K, is the anisotropy constant, V is the nanoparticle
volume, kg is the Boltzmann constant, and T is the temperature.
On the other hand, the Brownian rotation relaxation time (tp) is
expressed in eqn (2):**

473nph
" ksT

T8 2
where 7 is the fluid viscosity and Vi is the hydrodynamic
volume. The total relaxation time is an approximated combi-
nation of both the Néel and Brownian relaxation times as
described below:*?

TBTN
= 3
8 + TN )

Here, the shorter or faster relaxation process dictates the
magnitude of the overall particle relaxation time, and the
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Fig.2 Schematic representation of the magnetic relaxation mechanisms (a) and
the basic components of an MPI system (b).

transition between the Néel and Brownian relaxation mecha-
nisms depends on the nanoparticle size, the anisotropy, and on
the fluidity of the particle medium."*

These relaxation properties of SPIONs in the presence of an
external magnetic field provide the foundation for signal
generation and acquisition in MPI. Moreover, since the parti-
cles can be stimulated to respond with a characteristic signal,
this information can then be used for spatial encoding methods
and image generation.

Shown in Fig. 2b are the basic components of an MPI
scanner. As previously discussed, MPI applies an oscillating
magnetic field (drive field) to alter the magnetization of the
SPIONs using transmit coils.'»'® The applied oscillating
magnetic fields typically have amplitudes ranging from 0.1-
20 mT.”® To gauge the change in magnetization of the nano-
particles, the magnetic flux density is evaluated by measuring
the voltage induced using appropriate receive coils."*

To determine the exact location of a magnetic nanoparticle
for spatial encoding, an additional static magnetic field
gradient, typically with strengths of about 4000 mT m ™', is
superimposed onto the drive field so that a field-free point (FFP)
is established within the volume of interest.'*'7?*27:56:65 Here,
only particles located within the FFP are free to follow the
excitation field and contribute to the desired signal in the
receive coils.™

Since the relationship between the external applied
magnetic field and the resulting SPION magnetization is

Nanoscale, 2013, 5, 4040-4055 | 4043
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nonlinear, this leads to harmonics in the detected signal.'” By
using an appropriate signal filtering scheme, the higher order
frequencies can be easily isolated from the received signal.'®
These harmonics can then be used to quantify the local
concentration of the SPIONs by a simple Fourier transform as
illustrated in the equation below:

S, = Fourier {u(?)}; u(¢) o« —cdM()/dt 4)

where S, is the SPION harmonics, u is the voltage signal
measured in the receive coils, ¢ is the concentration of the
SPIONs, and M is the magnetization of the nanoparticles. The
generation of higher order harmonics for a nonlinear magne-
tization curve can be mathematically expressed by expanding
the Langevin function into a Taylor series. Since all even
derivatives of the Langevin function have a zero crossing point
at which the Taylor series is expanded, the even harmonics are
absent, and only odd harmonics are seen in the signal
spectrum.™

At the fundamental frequency, the MPI signal is masked as a
result of the excitation field and is thus undetectable.”” The
third harmonic must then be used for signal detection since it
exhibits high intensity, which is characteristic of the magnetic
nanoparticle particle response.*

Image generation in MPI

After the raw MPI signal is captured, reconstruction algorithms
facilitate the conversion of the signals into images. Two prin-
cipal methods of image reconstruction techniques have been
reported to date: harmonic-space MPI, and x-space MPI, which
are both described in the succeeding section.

(a)
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r]_”.l MPI signal

—— Saturated SPION signal

Fig. 3 Schematic illustration of signal generation in MPI (adapted from ref. 16).
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Harmonic (frequency)-space MPI. The first MPI scans were
obtained using an MPI imager operating in frequency space.'®**
This mode of image reconstruction, also called harmonic-space
MPI, uses a system matrix approach composed of the Fourier
transform of the signal response of the SPIONs.*®***

Fig. 3 shows a schematic illustration of how signals are
generated in MPI. In Fig. 3a, two magnets that are set up in a
Maxwell configuration induces the FFP."” When the SPION
tracers are situated within the FFP, a strong MPI signal is
detected in the receive coil (Fig. 3b). On the other hand, the
nanoparticles distant from or outside the FFP become
magnetically saturated and therefore do not contribute to the
MPI signal (Fig. 3c).* To create the tomographic image, the FFP
is scanned across the sample, or the sample is moved within the
selection field gradient. The harmonic response is then recor-
ded for each FFP and a quantitative 3D scan of the magnetic
tracer distribution is obtained.” The final image is recon-
structed using matrix inversion methods.*®

Gleich and Weizenecker'® first applied the harmonic-space
MPI method to reconstruct an image of the letter P. For their
initial phantom experiment, they used undiluted Resovist and a
robot to move the sample during imaging. The resulting static
image obtained using this method exhibited good resolution.*®
A similar approach was later adapted to obtain the MPI scan of a
mouse heart.””

In a harmonic-space MPI scanner, the measured signal
depends on the particle concentration and the system func-
tion.* The system function (SF) describes the relation between
the acquired MPI signal and its spatial origin.®” The SF itself
depends on the transfer function, the particle magnetization,
and coil sensitivity.*
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To date, two different techniques have been used to acquire
these parameters, namely the measurement-based and the
model-based strategies.®® In the measurement-based system
function, the nanoparticle positions need to be measured
several times in order to obtain high spatial resolution, a
process which results in long measurement times and large
data sets. Combined with high system noise, these require-
ments place huge demands on the hardware.*® Conversely, the
model-based system function employs mathematical calcula-
tions to simulate various parameters such as the magnetic field,
particle magnetization, and the voltage induced in the receive
coil.>**® The transfer function is estimated, by comparing the
calculated data to the acquired signal at specific points, limiting
the amount of data and speeding up the image acquisition
process. Because the system function can be calculated within
the reconstruction process, less data storage capacity is needed.
However, the model-based system function results in poorer
resolution compared to the measurement-based approach.
Current efforts are being devoted to overcome the respective
shortcomings of these two approaches. Improvements in the
instrumentation as well as in the quality of the SPION tracers
will further enhance the spatial and temporal resolution of the
harmonic-space MPI approach.

X-space MPI. Another important imaging processing tech-
nique based on an x-space reconstruction approach was devel-
oped by the Conolly group at UC Berkeley.'®*"**% In x-space
MPI, three assumptions are made: (1) a strong magnetic field
gradient and a uniform magnetic field form a defined FFP; (2)
SPIONs can be instantaneously aligned and saturated with the
applied magnetic field (>5 mT); and (3) low frequency MPI
signals lost during signal detection are recovered using
dynamic signal processing methods."®**

In x-space MPI, the image is expressed as a convolution of
the SPION spatial distribution with the point spread function
(PSF) of the system. As previously described, when the FFP
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passes over the SPION in the sample the magnetization changes
in a nonlinear fashion. Since the receive coil only detects the
change in the magnetization of the particle, the PSF is in fact a
derivative of the Langevin function (Fig. 4a)."® The resulting MPI
signal corresponds to a temporal scan through x-space, rather
than the spatial-frequency domain used in harmonic-space
MPIL. In this approach, no matrix inversion is required. Instead,
the image is reconstructed via a two-step process, which
involves velocity compensation followed by instantaneous
gridding of the signal to the position of the FFP (Fig. 4b).*® Since
x-space MPI only involves this two-step process, real-time image
reconstruction is possible. Moreover, since no pre-character-
ization step is required, x-space reconstruction is a more robust
MPI approach.*®

Because the MPI scanner technologies are still in the devel-
opmental stages, only the two groups previously mentioned -
Gleich's'*** and Conolly's'**** - have working models, the
harmonic-space MPI scanner and the x-space MPI imager,
respectively. For both technologies, the magnetic properties of
the tracer materials determine the quality of the image resolu-
tion and the range of potential applications. Hence, alternative
tracer pre-screening methods are essential to accelerate the
development of the MPI technologies.

Screening of MPI tracers by magnetic particle
spectroscopy (MPS)

Concurrently, magnetic particle spectroscopy (MPS) has been
developed in parallel with the reconstruction of the MPI scan-
ners to allow researchers to evaluate, characterize, and optimize
the properties of tracers at a faster pace and lower costs, inde-
pendent of the confounding complexities of the hardware and
software technologies of a 3D MPI scanner. Without an MPS
system, tracer development and optimization would be a
daunting task.®

MPI Scanning

Nanoparticle | 1
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Tra]ectory — gl

X-Space Reconstruction

MPI Signal J./L J./L _>

/ s

pos scén

neg scan
Native -
MPI Image

(b)

Fig.4 Overview of the x-space image reconstruction technique. (a) Top figure shows magnetization of SPIONs modelled using a Langevin function; bottom figure shows
the point spread function (PSF) as the derivative of the Langevin function; (b) x-space reconstruction involving a two-step process of velocity compensation and gridding of
the instantaneous signal to the position of the FFP to form a native MPI image. (Reproduced with permission from ref. 18, Copyright 2012, John Wiley and Sons, Inc.)
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An MPS system is basically a 0D analogue of an MPI
scanner, which lacks the latter's spatial encoding compo-
nent.***® Fig. 5 is a schematic diagram of an MPS system
accompanied by a flowchart of the signal detection process.
The MPS is composed of concentrically arranged transmit coil
and receive coil, each constructed as a solenoid, with the
transmit coil serving as the outer ring. The probe chamber is
located at the center of the concentric coils and is much
smaller in size compared to the transmit coil's diameter,
which ensures high homogeneity of magnetic field excitation
within the sample.®® To excite the magnetic nanoparticle
tracer, a sine wave with frequencies typically in the 25 kHz
range is generated in the transmit coil using a computer
equipped with a data acquisition card. The signal from the
transmit coil is further amplified and, in order to suppress
background signals, a band pass filter is used.®® To ensure that
a stable and well-defined magnetic field is generated from the
transmit coil for tracer excitation, the voltage produced along
the transmit coil is measured and controlled by an internal
feedback loop.** Upon excitation of the magnetic tracers, a
temporal change in magnetization of the nanoparticles is
detected, inducing a signal in the receive coil. Due to the
coupling with the transmit coil, the fundamental frequency
used to excite the nanoparticles is detected as well. Hence, a
band-stop filter is employed to filter out the excitation
signal.*>”°

The data derived from MPS measurements is then used to
characterize the magnetization dynamics of the SPION
tracers as well as their average concentration and size
distribution.*>®* This is achieved by utilizing Langevin's
theory of magnetism:

— N ms/“LOH(t) — kBT
M(r)—ms‘(“’th[ kT } msﬂo”(’)> ”

in which ug is the permeability of vacuum, kg is the Boltzmann
constant, T is the temperature in Kelvin and ¢ is the particle
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I Filter I Amplifier
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Fig. 5 Schematic diagram of a magnetic particle spectrometer (MPS) (figure
adapted from ref. 63).
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concentration. The magnetic moment of saturation of the
particles is given by mg = 1/6dnd.>M;, with M being the satu-
ration magnetization and d. as the core diameter of the
nanoparticle.*

MPI in comparison with other imaging
modalities

Various imaging platforms capture images of the structure
and function of anatomical tissues in humans and other
bodies. Each imaging modality differs from others in various
parameters, such as spatial and temporal resolutions, sensi-
tivity, and the mode of image rendering. Each is well-suited for
some applications and poor for others. The very differentiation
and abundance of imaging technologies pose conundrums for
clinicians and researchers. To resolve these dilemmas,
imaging systems are commonly integrated to combine
strengths of the respective modalities and to reduce or elimi-
nate weaknesses. For example, multimodal imaging platforms
such as PET/CT and SPECT/CT have been widely adapted
today.”" Novel imaging techniques are continuously being
developed not only to improve the visual representation of
tissues and observe physiological functions but also to give us
a better understanding of the mechanisms of disease and the
corresponding treatment approach.”” In most instances,
contrast agents or tracers are introduced to the body to
augment signal intensity and therefore provide a more
detailed or enhanced image of the anatomical make-up, thus,
permitting a more accurate analysis of the organ or tissue
performance.

Table 1 compares key parameters of major imaging modal-
ities with MPI, including: the type of radiation used, spatial and
temporal resolution, detection sensitivity, quantitative accu-
racy, type of contrast agent or tracers employed, and the adap-
ted mode of imaging — whether direct or indirect. MPI, a new
and still a developing imaging technique, compares extremely
well with existing imaging systems. For researchers in the
biomedical community, the ideal imaging modality would have
the spatial resolution of MRI, temporal resolution of ultra-
sound, and the sensitivity of PET.”* The properties of MPI
suggest it may approximate that ideal.

Like PET and SPECT, MPI uses tracer reagents to generate
signals through which the concentration and distribution of
the reagent is directly measured. But unlike in PET and SPECT
the magnetic tracers used in MPI do not contain ionizing
radiation. Hence, MPI is deemed to be safe for wide and
frequent clinical applications; it only uses non-ionizing radi-
ation in the form of static and oscillating magnetic fields, for
which no adverse or long term effects have been reported.
MR, of course, also uses non-ionizing radiation and magnetic
fields, but its measurements of magnetic nanoparticles are
indirect. On the other hand, because MPI directly measures
the magnetic nanoparticle concentration, it is expected to be
more sensitive than MRI. Moreover, because MPI's fast
imaging speed is similar to that of ultrasound, it can be used
for real-time imaging."
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Table 1 Comparison of different imaging modalities®
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Imaging Radiation Spatial Temporal resolution/ Type of contrast Mode of
modality  used resolution acquisition time Sensitivity =~ Quantifiability =~ agent/tracers imaging
CT X-ray 50-200 um Minutes Low Yes Molecules with high Z nuclei  Indirect
PET Bly 1-2 mm 10 seconds to minutes  High Yes Radiolabeled probes Direct
SPECT Y 1-2 mm Minutes High Yes Radiolabeled probes Direct
MRI Radio waves ~ 25-100 pm Minutes to hours Low No Paramagnetic agents Indirect
MPI Radio waves ~ 200-500 pm  Seconds to minutes High Yes SPIO nanoparticles Direct

“ Adapted from K. M. Krishnan,* T. F. Massoud/S. S Gambhir’> and T. Knopp/T. M. Buzug."

MPI tracer design

Since its invention, MPI has been regarded as a promising
modality for theranostic research and applications. While MPI
hardware design and image processing methods are essential to
the features of the tomographic images generated, ultimately
the quality of the images will be dictated by the characteristics
of the tracers used.** Thus, to exploit the full potential of MPI,
optimized magnetic tracers must be a focus for research and
development.”®

In previous studies, commercially available SPIONs that
initially served as contrast agents for MRI, such as Resovist
(Bayer Schering Pharma, Berlin) and Feridex (AMAG Pharma-
ceuticals, Lexington, MA), have been used in MPI scans.
However, both were plagued with inhomogeneity issues, which
greatly affected the quality of the harmonic spectra generated
and consequently, the resulting MPI image. Additionally,
Resovist and Feridex were both discontinued in the market in
the late 2000s. As a result, researchers have channelled their
efforts to the design of engineered magnetite-based SPIONs as
promising MPI tracers.

Tracer design entails a host of vital factors, including size,
surface properties, magnetic core composition, and biocom-
patibility - especially particle suitability for human applica-
tions.”>* The strength of the MPI signal and the corresponding
spatial resolution are determined by the quality of the harmonic
spectrum obtained, which in turn is strongly dependent on the
magnetization curve of the SPION tracers. Consequently, the
SPION size is a major determinant of imaging quality and
performance.**® As a corollary, an ideal tracer must exhibit
uniform phase and size distribution of the magnetic core.*
Uniformity in SPION ensembles is necessary to provoke simul-
taneous magnetization to achieve maximum signal intensity.*
In addition, the hydrodynamic size of the SPION must also be
calculated to control circulation duration in the body. Typically,
particles should fall within a size range of about 15 to 100 nm to
achieve optimal blood circulation.®® Not only is particle size
important, but surface coatings and attachment of target-
specific moieties to the SPION must be carefully tailored. An
ideal SPION tracer exhibits optimal MPI signals at low doses,
circulates in the body long enough to be imaged, possesses
therapeutic capabilities, and is biocompatible.

Several groups have been leading efforts to prepare optimal
MPI tracers, among them Krishnan and Ferguson et al.,**>*
Eberbeck et al.,”> Markov et al.,*> and Liidtke-Buzug et al.*® As

This journal is © The Royal Society of Chemistry 2013

previously noted, the harmonics generated are dependent on
the magnetization curve of the SPIONs, which is directly related
to the nanoparticle size and uniformity. Hence, it is crucial that
the magnetic nanoparticles have monodisperse magnetic
cores.” Krishnan's work demonstrated that maximum
harmonic generation is achieved for monodisperse nano-
particles of a specific size at a certain excitation frequency.”” In
Krishnan's study, magnetite nanoparticles with a surfactant
layer thickness of 23 nm were subjected to an applied field of
10 mT at a frequency of 50 kHz. The results revealed that both
the magnetization and the third harmonic amplitude were
enhanced as nanoparticle diameters increased. But at a certain
point as nanoparticles continued to increase in size, magneti-
zation and harmonic amplitude abruptly decreased as a
consequence of the fast relaxation time. In addition, Krishnan's
group identified an optimal particle size of about 15 nm in
diameter, if K is 25 k] m~> and an RF excitation field with a
50 kHz frequency is used.”” In another report by Ferguson and
Krishnan et al.,** additional data showed that tuned magnetic
nanoparticle tracers enhanced MPI performance. Fig. 6
compares MPI data obtained using the SPION tracers prepared
in the Krishnan lab (UW) to commercially prepared Resovist.
Transmission electron microscope (TEM) images revealed the
polydispersion of the Resovist sample (Fig. 6a), in contrast to
the monodisperse samples synthesized in the Krishnan lab
(Fig. 6b). For both the x-space and harmonic-space measure-
ment methodologies (Fig. 6¢c and d, respectively) the quality of
the SPION tracer significantly influenced the measured MPI
signal, with better results obtained for the monodisperse UW
tracer.” In these figures, the particle response function (PRF) is
shown, which is also regarded as a unique and fundamental
property of the SPION tracers.

In addition to issues of size homogeneity, samples with
strong interparticle interactions tend to agglomerate, posing
serious problems for in vivo applications.®” Agglomeration
behavior could probably be minimized by tailoring a suitable
surface coating or drug delivery vehicle. Several reports give
evidence that surface functionalization of SPIONs leads to
improved drug delivery and circulation by minimizing particle
or tracer aggregation. Moreover, nanoparticles functionalized
with fluorescent dyes, antibodies and target specific moieties
have resulted in multimodal nanoplatforms that enable effi-
cient cell uptake. For example, Liidtke-Buzug et al.,* function-
alized SPIONs with dextran and FITC and loaded them in adult
stem cells for cancer therapy applications. In a similar
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Fig. 6 TEM images of Resovist (a) and UW (b) MPI tracers (reproduced with
permission from figure ref. 51, Copyright 2012, American Institute of Physics).
MPS measurements taken with an excitation field of ~20 mT at 25 kHz: (c) PRF of
the tracers, inset shows the normalized PRF for FWHM comparison; (d) harmonic
spectra of UW tracers and Resovist, respectively. (Unpublished data reprinted with
permission via private communication from ref. 74.)

approach, Markov et al.** loaded red blood cells with SPIONs, a
technique with potential applications in cardiac disease
studies. Khandhar et al.** recently reported an in vivo study of
the biodistribution and particokinetics of SPION tracers that
were optimized on rodent models. Their SPIONs exhibited
lengthy blood circulation times and enhanced MPI signal
generation, suggesting that the tracers can be used for angiog-
raphy diagnosis and as blood-pool agents.**

The above studies on tracer development clearly underscore
the dependence of the MPI signal strength and spatial resolu-
tion on the quality of the SPION tracers.* All efforts to develop
ideal tracers for MPI will have to exhibit a critical understanding
of the SPION core structure and composition, and carefully
thought out designs for nanoparticle surfaces.

Future of MPI in diagnostics, image-guided
interventions and therapy

Although MPI's translation to the clinic is still in its infancy,
those working on the development of this imaging technology
anticipate it will compete strongly with other imaging modali-
ties now routinely used in disease diagnoses. In our final
section, we examine potential clinical applications of MPI,
including its uses in image-guided therapy and real-time in vivo
monitoring.

Cardiovascular disease monitoring

Cardiovascular diseases (CVDs) continue to be the leading

causes of deaths worldwide.” Despite modern progress in
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cardiovascular research, the timely diagnosis and treatment of
atherosclerotic plaques, arterial blockages and other coronary
diseases continue to be daunting challenges. The need to
identify and develop new technologies that will facilitate the
prevention, detection and treatment of cardiovascular ailments
remains acute.”

Several investigators are exploring various nanoparticle
carriers to treat CVD. Assessing the carrier's utility for treatment
of plaque or injured blood vessels, therapeutic stent-loading,
and catheter delivery remains an important task.””*® Engi-
neered nanoparticles offer a plethora of opportunities for tar-
geting the delivery of various therapeutic drugs.”® The particle
surface can host a range of functionalities through various
molecular configurations and attachment of cell-specific
ligands and therapeutic moieties. Magnetic nanoparticle
tracers, such as Resovist, have already been used intravenously
and are tailored to circulate in the bloodstream for specified
lengths of time. Newly designed magnetic tracers for use with
MPI make it a promising modality for monitoring blood flow
and other cardiovascular structures and functions to detect
CVD." Because MPI generates PET-like images without tissue
background and visualizes magnetic nanoparticle tracers in
real-time, researchers view it as ideal for angiography and
perfusion imaging in dynamic structures, vital for functional
cardiac diagnostics and intervention.®®

Traditionally, diagnostic tests for cardiovascular problems
include contrast enhanced CT or CT-angiography scans, along
with electrocardiography (ECG) or cardiac stress tests using
SPECT or PET. In most cases, these courses of action result in
lengthy diagnostic procedures that significantly delay diag-
nosis, and can affect the patient's chances of survival, especially
in serious events such as a myocardial infarction or a heart
attack. With MP], it is possible for the coronary blood supply to
be imaged while the magnetic nanoparticle tracer is flowing
through the arteries, thereby simplifying the laborious and
complex procedures of the standard diagnostic work-up. A
proof of concept was demonstrated in a preclinical setting by
Weizenecker et al.>” in 2009. A mouse was injected with Resovist
and inserted into the receiver coil cylinder of the MPI scanner
using a cylindrical animal support to keep it supine and to
ensure that the heart was within the field of view (FOV). The raw
data was then obtained after bolus injection and the images
reconstructed to 1800 3D volumes.?” Since MPI does not capture
the anatomical background, MR images of the mouse were also
acquired to provide reference to body features. Fig. 7 shows the
resulting dynamic MPI data along with the corresponding static
MRI data. As shown in Fig. 7, the bolus can be seen entering the
FOV via the vena cava. The resulting MPI image has very high
spatial and temporal resolutions. Impressively, the image was
largely obtained while the heart was actually beating, which
offers evidence that MPI can be used to monitor cardiac activity
in real-time.* These preclinical results reinforce the potential of
MPI as a valuable tool in cardiac imaging and CVD diagnosis.

In addition, since MPI does not use any harmful ionizing
radiation, this imaging technique would be highly beneficial to
patients requiring routine examination scans. More impor-
tantly, unlike the usual coronary stress tests using SPECT or
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Fig. 7 Dynamic MPlimages of a beating mouse heart (left) and their fusion with
corresponding static MR images (right). (Reproduced with permission from
ref. 27, Copyright 2009, IOP Publishing, Ltd.)

PET, the heart vitality can be assessed immediately after
imaging the blood supply and flow, thereby shortening the
overall required time of examination. With the use of MPI in
CVD detection, multiple imaging modalities and time-
consuming diagnostic procedures can be decreased, resulting
in reduced hospital costs, simplified diagnostic workflow, and
improved overall patient comfort.*®

In another study, Haegele et al. used a commercially
available balloon catheter for percutaneous intraluminal
angioplasty (PTA); the balloon was filled with Resovist,
inserted in a vascular phantom, and imaged using an MPI
scanner.?”®® Despite the small amounts of Resovist present
(Fig. 8), both the shaft and balloon were visible. The use of
magnetic tracers enabled the MPI technique to monitor the
insertion of the catheter, the inflation and deflation of the
balloon, and the dilation of an arterial stenosis.?” All of these
capabilities are germane to balloon-expandable stent-cathe-
ters, which are routinely used for cardiovascular therapeutic
interventions.

The early successes outlined above signal the probable
importance of MPI in future cardiac diagnostic procedures and
therapeutic interventions. For MPI to attain prime status as a
major imaging modality, however, SPION tracer development
will need to accelerate, and special challenges in bioengi-
neering, such as those that would allow localized build-up or
adhesion of tracers in plaques and arteries, will need to be
actively explored to improve the accuracy of MPI as an imaging
and monitoring tool for CVD.*>**”% Moreover, for successful
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Fig. 8 MPI scans of the axial, coronal and sagittal view of Resovist-filled balloon
catheter (clockwise from left, top panel). 3D rendering of the Resovist-filled
balloon catheter (bottom panel): (a) deflated, (b) during inflation, (c) inflated, and
(d) while being moved out of the field-of-view (FOV). (Reproduced with permis-
sion from ref. 88, Copyright 2012, Radiological Society of North America.)

implementation of MPI, human MPI scanners must become
available for evaluations. Currently, MPI systems suitable for
human use are actively being developed.”"*

Cell labelling and tracking

Magnetic iron oxide nanoparticles were first developed as
contrast enhancement agents for MRI.?*** Over the years, these
magnetic nanoparticles have since been evaluated as imaging
probes to assist in targeted drug delivery and cell
tracking.******* Of the different types of cells currently being
investigated, stem cells are regarded as among the most
important, yet the most difficult to track." In recent years, stem
cell treatment has revolutionized regenerative medicine and
cancer therapy, providing treatment for degenerative, immune
and genetic diseases that were previously deemed to be
incurable.***”

To better understand the biodistribution dynamics and the
ability of stem cells to regenerate, in vivo monitoring of their
passage mechanisms in the blood stream is crucial. The ability
to monitor stem cells as they localize to target sites is essential
for the assessment of the extent of transplanted cell survival and
trafficking.”**® In the past few years, MRI has been widely used
for cell tracking and delivery,®** but with the emergence of
MPI], stem cell imaging and monitoring may reach a whole new
level of precision.
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Knopp and Buzug," determined that stem cells can be
loaded with up to 10 pg of iron. With MPI having a lower
detection limit of 1 pg, it is conceivable that an MPI system
could track a single stem cell."* To date, only two studies using
iron oxide loaded stem cells and available experimental MPI
systems have been reported. The first exploratory work was
conducted by Bulte et al. where they detected MPI signals from
neural stem cells and rat mesenchymal stem cells with clinical
SPION formulations of Resovist and Feridex combined with
poly-L-lysine.'** Another study by Liidtke-Buzug and colleagues®
evaluated the uptake of dextran-coated SPIONs by human adult
glandular stem cells and using MPS, they evaluated the SPION-
loaded stem cells.

In addition to stem cells, red blood cells have also been
labeled with SPIONS, with the objective to use human erythro-
cytes as nanoparticle carriers for MPI tracers to conduct in vivo
monitoring of blood circulation. A study by Markov et al.>> used
red blood cells loaded with Resovist and Sinerem to generate
the MPS signal (Fig. 9). Their results showed a weaker MPS
signal for Resovist and Sinerem-loaded into red blood cells
compared to the native tracers. This behavior can be attributed
to the preferential encapsulation of smaller nanoparticles (with
mean core diameter of 4-7 nm) inside the red blood cells.** The
study demonstrated that SPION-loaded red blood cells gener-
ated significant MPS signals in the high frequency range while
the cells without SPIONs did not show any significant signal.>
In addition to exhibiting an MPI signal, the magnetic tracer-
loaded red blood cells evidenced a long blood half-life, which
makes them especially suitable for imaging of the circulatory
system.>” Thus, this preliminary study suggests that the in vivo
real-time monitoring of the blood circulation with MPI might be
used to detect blockages and other impediments in the circu-
latory system.

Oncology: tumor treatment and magnetic hyperthermia

Cancer diagnosis and treatment often involves surgical tumor
removal followed by radiation or chemotherapy. During
therapy, cancer-targeting SPIONs administered intravenously
for MPI to monitor blood flow to the tumor could also assess the
efficacy of the treatment." Additionally, the movement of the
SPION tracers to sentinel lymph nodes where metastatic cancer
cells first migrate'®? could be tracked, their presence indicative
of aggressive tumor progression.'® Such tracers of cancer could
reduce or obviate highly invasive and traumatic surgery to
remove lymph nodes, or assure that metastases have been
accurately noted and treated.'>'*»'** Currently, CT and SPECT
imaging, which use dyes and radioactive tracers, are employed
to locate the sentinel lymph nodes,'* but tailored SPION tracers
that preferentially target the sentinel lymph nodes can be
used,'*19%1041% and MPI can be utilized to guide the surgery
process.

In instances in which tumors or cancer cells are not acces-
sible or amenable to surgery but can be imaged by MPI, another
SPION-based therapeutic modality called magnetic hyper-
thermia maybe more effective or appropriate.’®”'*® In magnetic
hyperthermia, tumors undergo localized heating by absorbing
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Fig. 9 (a) TEM images of unloaded and contrast-agent loaded red blood cells. (b)
MPS experimental data obtained for bulk Resovist, bulk Sinerem, Resovist-loaded
red blood cells (L1,2g-RBC) and Sinerem-loaded red blood cells (L1,2s-RBC).
(Reproduced with permission from ref. 52, Copyright 2010, IOP Publishing, Ltd.)

the relaxation losses of SPION tracers in an alternating
magnetic field.*'* SPIONs specifically tailored to target only the
tumor site, coupled with MPI/hyperthermia can localize heat to
the area within the FFP," ensuring that tumor destruction is
maximized and damage to normal tissues is prevented.

In situ wear debris monitoring of polymer implant materials

Prosthetic implants have greatly improved the quality of life of
patients, primarily because they help alleviate pain and
promote mobility.”*® For high-stress applications, ultra-high
molecular weight polyethylene (UHMWPE) is the polymer of
choice due to its superior wear resistance and biocompati-
bility.""*"*** Because of the excellent physical and chemical
properties of UHMWPE, it has been successfully used as
bearing components in prosthetic hip and knee replacements
(Fig. 10a)."** Despite the robust features of UHMWPE, loosening
and eventual failure of the implants occur. Studies have shown
that polyethylene wear patterns in artificial joint replacements
are not always identical and cannot be explained exclusively by
mechanical factors, such as the weight and degree of physical
activity of the patients."*"" In cases of premature and excessive
wear of polyethylene bearings, chemical degradation and
oxidation of the polymer can significantly lower its mechanical
resistance and result in an accelerated wear-off process."'®'*?
Polymer oxidation, which results in the embrittlement of the
prosthetic material, can generate wear debris that eventually
triggers an immune response and subsequent implant loos-
ening (Fig. 10b).*** This type of failure requires corrective
surgery, and the added costs and risks of infection place
patients in problematic situations.******

While ex vivo studies have been conducted on previously
used polyethylene acetabular cups to understand the factors
contributing to implant failure, the degradation mechanism is
still not completely understood.””*** Under these circum-
stances, adaptation of MPI to provide in situ monitoring of wear
debris from prosthetic implants will afford researchers better
understanding of the process of wear and of possible avenues
for mitigation. An improved assessment of the structural
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Fig. 10 (a) Basic components of a typical polyethylene knee prosthetic implant.
(b) Bone degradation as a result of prosthetic implant wear debris formation.

integrity of the polyethylene subjected to mechanical and
chemical stresses will provide valuable information on the
material's durability, and can help predict its wear and degra-
dation over time.

In our lab, we have begun investigating the potential appli-
cation of MPI to examine composite polymer biomaterials. In
particular, we are working towards the use of MPI as a unique
tool to characterize the in situ wear debris formation of
magnetic polymer nanocomposites in different chemical and
biological fluid environments. To establish the feasibility of the
proposed project, our research group has recently prepared a
series of monodisperse Fe;O, nanoparticles that could serve as
magnetic components for the proposed UHMWPE nano-
composites. Using the thermal decomposition approach, we
prepared high quality magnetic nanoparticles in the size range
of 5-30 nm with =5% particle size dispersity. By mechanically
mixing UHMWPE with magnetite nanoparticles (Fig. 11a),
followed by compression molding at high temperature and
pressure (Fig. 11b), we fabricated magnetite-UHMWPE nano-
composite films (Fig. 11c). Initial test experiments were per-
formed to identify the composite mixing duration and
compression molding conditions that resulted in visually
homogeneous magnetite-UHMWPE nanocomposites. Using
this approach, our group was able to fabricate a series of
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Fig. 11 (a) Components of the magnetic polymer nanocomposite used in the
MPS study; (b) Carver Laboratory Press with temperature-controlled stage used in
the compression molding of the nanocomposites; (c) pure UHMWPE (top) and
Fe30,~UHMWPE nanocomposite (bottom) films exposed to an iron-neodymium
magnet.

magnetic composite films with different loading amounts of
18 nm Fe;0, nanoparticles.

Uniaxial tensile deformation studies were performed on the
nanocomposites at room temperature on a Zwick-Roell Z0.5
mechanical testing machine with a 500 kN load cell and poly-
urethane sample grips (Fig. 12a). Dogbone films (inset, Fig. 12b)
were cut from the magnetite nanocomposite films and sub-
jected to elongation under a constant strain rate of 50% per
minute. From the graph of strain versus standard force applied
(Fig. 12b), mechanical properties such as elastic modulus and
tensile strength were obtained. Previous studies have shown
that the incorporation of carbon based nanomaterials such as
carbon nanofibers,"”>*** graphite platelets,”™ and carbon
nanotubes*®>*® within a polymeric matrix brought about
enhanced elastic modulus, toughness and stiffness. These
observations correlated with our experimental results in which
the magnetite-loaded nanocomposites exhibited higher elastic
modulus than undoped UHMWEPE. In addition, magnetic
hysteresis data measurements (Fig. 12c) revealed that the
nanocomposites exhibited superparamagnetic behavior (zero
coercivity and remanence) at room temperature. From these
results we can conclude that the magnetic behavior of the
nanoparticles is retained despite being subjected to high
temperature and pressure.

Using a simple magnetic particle spectrometer (MPS), MPI
signals were evaluated from 1 mm® sized magnetic nano-
composite samples with different magnetic nanoparticle
loading. The MPS system used consists of a tuned, audio-
frequency transmit coil and a wideband receive coil. The
transmit coil consists of an amplified audio-frequency signal
source and a wire-wound transmit coil tuned to the transmit
frequency. The amplitude of the magnetic field generated in the
transmit coil is on the order of 24 mT. On the other hand, the
receive coil consists of two concentric coils with opposing
windings in order to cancel the magnetic flux from the transmit
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Fig. 12 (a) Mechanical testing machine showing a nanocomposite dogbone
before elongation studies were carried out (left) and at the point of breakage
(right); (b) plot of strain versus standard force obtained from elongation studies;
(c) magnetic hysteresis measurement of 0.5% Fe30,~UHMW?PE nanocomposites
obtained at 300 K showing superparamagnetic behavior.

field. During measurement, the composite sample is placed
inside the receive coils. The received signal is fed through a low-
pass filter to further diminish contamination from the transmit
field and is finally passed to a low-noise amplifier. The
harmonic spectrum is then measured by taking the fast Fourier
transform (FFT) of the received signal. Using this MPS system,
we were able to successfully observe signals from the fabricated
nanocomposites where higher order harmonics were evident
(Fig. 13).

The presence of a unique magnetic signature, as indicated by
the occurrence of higher order harmonics, indicated that the
magnetite-UHMWPE nanocomposites will be viable for use in
prosthetic implants to facilitate in situ monitoring of wear
debris. This approach provides a new image-guided scheme
that will make real-time in situ monitoring of wear debris
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Fig. 13 Magnetic particle harmonics of magnetic polymer nanocomposites and
SPIONs embedded in 0.5% agar. Measurements were obtained using a drive field
of 24 mT at a frequency of 10 kHz. Amplitude was normalized with respect to 3"
harmonic of Fe30,~UHMWPE nanocomposite. (Note: UHMWPE nanocomposites
were loaded with 18 nm Fes0,4 nanoparticles; both samples contain a total of
1.5 mg Fe30,4 per mL agar.)

formation in different chemical and biological media a possi-
bility. More importantly, via the use of the novel MPI imaging
technique, this method will be able to provide helpful insights
into the design and fabrication of prosthetic implants for timely
monitoring and assessment, thereby preventing or limiting
invasive corrective surgery.

Conclusions and future perspectives

An imaging system that has both high temporal and spatial
resolution has been one of the grand aspirations in biomedi-
cine. In this feature article, we have summarized the broad
possibilities that MPI has to offer in the nascent field of thera-
nostics. The approach of exploiting the non-linear response of
superparamagnetic iron oxide nanoparticles to an oscillating
magnetic field in order to generate high-resolution tomo-
graphical images is ingenious and state-of-the-art. The under-
lying paradigm of this concept is, without question,
groundbreaking and offers extensive potential for biomedical
research and development. Although it could be years before
MPI is offered as a routine clinical technology, its promise as an
exceptional real-time imaging modality is indisputable. The
success of MPI in in vivo monitoring and image-guided therapy
will greatly depend on the simultaneous optimization of hard-
ware, image reconstruction algorithms, and tracers. This
collaborations across multiple

endeavour will involve
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