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Magnetic Particle Imaging (MPI) is a novel and emerging non-invasive technique that promises to deliver
high quality images, no radiation, high depth penetration and nearly no background from tissues. Signal
intensity and spatial resolution in MPI are heavily dependent on the properties of tracers. Hence the selec-
tion of these nanoparticles for various applications in MPI must be carefully considered to achieve
optimum results. In this review, we will provide an overview of the principle of MPI and the key criteria
that are required for tracers in order to generate the best signals. Nanoparticle materials such as magne-
tite, metal ferrites, maghemite, zero valent iron@iron oxide core@shell, iron carbide and iron-cobalt alloy
nanoparticles will be discussed as well as their synthetic pathways. Since surface modifications play an
important role in enabling the use of these tracers for biomedical applications, coating options including
the transfer from organic to inorganic media will also be discussed. Finally, we will discuss different bio-
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1. Introduction

Magnetic particle imaging (MPI) is an emerging non-invasive
imaging modality that uses superparamagnetic magnetic
nanoparticles (MNPs) as tracers."® MPI has attracted great
attention owing to its high sensitivity, spatial resolution, and
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medical applications and provide our insights into the most suitable tracer for each of these applications.

strong signal intensities without a background signal from
tissue.>”’® MPI is a tracer-based imaging modality where high
quality MNPs are required. Superparamagnetic iron oxide
MNPs (SPIONSs) are the most commonly used tracers.'® Many
researchers around the world are exploring the synthesis and
optimisation of MNPs that can deliver exceptional signal
intensities and resolution in MPI for a range of applications.
These applications include in vivo imaging,”™" cancer cells
targeting,»>'>"* cellular tracking,*'*"” and hyperthermia
therapy.'*>° Importantly, the MNP tracers required for these
applications can be different and may need to be further modi-
fied or tailored for each specific application.
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MNPs such as iron or iron oxide MNPs show immense
promise in biomedical applications, especially MPI, due to
their non-toxicity and high magnetic performance. Since the
MNP materials are the source of MPI signal generation, the
selection of such material needs to be carefully considered in
order to achieve the best results. Materials such as magnetite,
metal ferrites, maghemite, zero valent iron@iron oxide core@-
shell, iron carbide and iron-cobalt alloy NPs show the most
promise as potential tracers for MPL In this paper, we will
discuss each MNP material at length and their synthetic routes
as well as providing our insights on what would be the “best”
MNP material for MPI. We also focus on different surface
modifications of MNPs and the suitability of each type of
coating for different biomedical applications.

2. Magnetic nanoparticles (MNPs)

Magnetic nanoparticles (MNPs) have shown great potential in
a broad range of biomedical applications ranging from
hyperthermia for cancer treatment,'®>° drug delivery guided
by magnetic fields,>* highly sensitive biosensors,””>* and bio-
medical imaging such as Magnetic Particle Imaging (MPI) and
Magnetic Resonance Imaging (MRI).>*° Iron oxide is the most
commonly used material for biomedical applications due to
the relative ease of synthesis and stability at room temperature.
Additionally, SPIONs have been clinically approved to be used
to treat anaemia.” Due to their favourable magnetic properties,
magnetite and maghemite crystal phases of iron oxide are the
most widely used as contrast agents and tracers in biomedical
imaging.

Since the signals generated in MPI are strongly dependent
on the magnetic properties of the MNPs used as MPI tracers,
we need to be mindful of the key criteria to achieve the best
signals. These criteria are superparamagnetism, short mag-
netic relaxation time and high saturation magnetisation (Mg,
which are strongly affected by the size of MNPs. We will
discuss each of these in turn in the following section.
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3. Important factors that affect the
magnetic properties in generating MPI
signals

In MPI, a time-varying magnetic field is scanned continuously
over the region of interest in all three dimensions.>”'*® This
causes the electron spins from the MNPs to align with the
magnetic field. When they are in the field free region (FFR),
where there is no magnetic field strength, complete magnetic
relaxation is allowed causing the electron spins to instan-
taneously flip.>”**? This magnetic phenomenon is illustrated
in Fig. 1a. This change in magnetic spin induces signals
that will be converted into tomographic images of the area
of interest.>”'%2> Therefore, properties such as superpara-
magnetism, magnetic relaxation, and saturation magnetisation
are highly important for the generation of good MPI signals.

3.1. Superparamagnetism

Superparamagnetic MNPs are highly desired for the synthesis
of the “ideal” MPI tracers as they have negligible coercivity and
magnetic remanence.”® Coercivity (H.) is defined as the mag-
netic field strength needed to bring the magnetisation of the
material back to zero; and magnetic remanence is defined as
the magnetisation left behind from magnetic materials after
an external magnetic field is removed. With negligible coerciv-
ity, superparamagnetic NPs can relax instantly upon the
removal of the external field and hence can achieve fast mag-
netic relaxation to achieve sharp and high-resolution images,
MNPs with superparamagnetic behaviour are essential for the
synthesis of good tracers. Additionally, apart from lower image
quality, permanently magnetic MNPs can cause aggregation as
a result of an increase in coercivity value.*”

3.2. Short magnetic relaxation

The mode of relaxation is one of the most important factors
that affects the spatial resolution of MPI. This is because a
shorter relaxation generates a sharper MPI signal and hence a
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Fig. 1 (a) Illustration of how signals are generated in MPI. The magnetic
spins within the MNP align with the magnetic field as the FFR
approaches, resulting in no signal (l). As the FFR passes over the MNP,
the magnetic spin begins to flip and the change in spin direction is trans-
lated to an increase in signal (ll). The signal peaks where the FFR is
directly over the MNP (lll) and then the spin points in the opposite direc-
tion to produce a localised MPI signal (IV) (b) Coercivity versus diameter
of MNPs. No coercivity is produced below D, in the superparamagnetic
region. Coercivity then increases as the MNP size increases until Dg
where multiple magnetic domains are produced and the coercivity is
lowered. (c) Saturation magnetisation increases with MNP size over the
superparamagnetic region and reaches a plateau in the ferromagnetic
region.

higher resolution image. There are two types of magnetic relax-
ation, which are Brownian and Néel relaxation. Brownian relax-
ation is due to the rotation of the whole particle entity in the
carrier fluid and typically occurs on the microsecond
timescale.*®*° Néel relaxation is caused by the realignment of
the internal magnetic spins inside the NPs after the removal of
an external field and can occur for nanoseconds for superpara-
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magnetic NPs to years for ferromagnetic particles.*®* Since
MPI signals are generated from the relaxation of the magnetic
spins at the FFR, producing MNPs that are superparamagnetic
with short Néel relaxation is of high importance for the syn-
thesis of MPI tracers with high spatial resolution.

3.3. Size of MNPs

Superparamagnetism is highly size dependent and hence MNP
sizes must be carefully controlled to achieve excellent perform-
ance in MPIL As illustrated in Fig. 1b, the coercivity remains
zero in the superparamagnetic region (i.e., MNPs with sizes
less than the critical diameter of the particle (D) and gradu-
ally increases when the MNPs are larger than this critical size
and enter the ferromagnetic region. The critical size limit D,
(usually nanometres size range) varies for different materials
and hence must be determined for the synthesis of superpara-
magnetic NPs. The coercivity is seen to reach maximum at a
size where the magnetic domains within NPs change from
single to multi-domains, denoted Dy in Fig. 1.

The importance of MNP size was clearly demonstrated in a
study conducted by Krishnan and co-workers where they inves-
tigated different sizes of magnetite.”” The results show that
only MNPs that are close to the critical size (D, of 25 nm for
ultrafine magnetically ordered particles) and single crystalline
displayed adequate signal strength and resolution for MPL.>”»*°
Plus, any MNP sizes that are larger than 25.3 nm show
minimal to no enhancement in signal compared to smaller
MNPs due to ferromagnetic (permanent magnetic) behaviour.
Therefore, it is critical to carefully control the size of the MNPs
so it can maintain its superparamagnetic behaviour to achieve
the best MPI signal.

MNP size also dictates the size of the internal magnetic
spin that determines the Mg, and signal intensity, as shown in
Fig. 1c. For single domain MNPs, M, increases linearly to D,
in both the superparamagnetic and ferromagnetic regimes. As
size increases further in the ferromagnetic region, and the
MNPs are forced to become multi-domain, the size of the mag-
netic spins cannot increase further and M, plateaus.
Consequently, high Mg, values lower the limit of detection as
fewer MNPs are needed to generate the same amount of MPI
signal. Furthermore, higher signal intensity can also provide
sharper and clearer images hence ultimately increase the
quality of diagnosis. In theory, the larger the MNP the more
magnetic domains it has, and the higher the saturation mag-
netisation (see Fig. 1b).>"*> The ideal synthesis for good MPI
tracers is one that achieves single domain MNPs that are close
to the critical size limit. Each magnetic material has a
different critical size limit and so the optimal size differs for
each material. This ensures the highest M, while still main-
taining their superparamagnetism. This further emphasises
the importance of precise size control and single crystallinity
when synthesising MPI tracers so that images can be generated
with both high spatial resolution and high signal intensity.>*

Controlling size distribution during synthesis of MNPs is
important. MNPs with a narrow size distribution, or monodis-
persity, deliver excellent and consistent image quality.>*> When

This journal is © The Royal Society of Chemistry 2022
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the size distribution is large, there will be a range of MNPs
that are different in magnetic properties. For example, larger
ferromagnetic NPs with broad signals, and smaller MNPs with
low intensity signals. Overall, the quality of MPI signal is sig-
nificantly affected by variance in magnetic properties of MPI
tracers.>® Therefore, it is important to synthesise monodis-
persed MNPs at the critical size to achieve exceptional and
consistent image quality in MPL.

4. MNP design

In this section, we highlight recent progress in the design of
MNPs with optimised magnetic properties for MPIL
Composition, nanostructure, crystallinity, size, monodispersity,
and morphology of MNPs are considered to be the most crucial
factors determining magnetic properties of MPI tracers."" By
controlling these structural features, MNPs can be tuned to
show higher M, and faster relaxation in order to provide
higher signal intensity, spatial resolution and sensitivity.

4.1. Material choice for MNPs

Different MNP compositions such as metallic oxides, core—
shell, ferrite NPs, and metal alloys have a range of interesting
and unique magnetic properties.**” The material should be
chosen based on the desired properties, such as size require-
ment, additional chemical properties or oxidation resistance
(Fig. 2).

4.1.1. Iron oxide nanoparticles. Iron oxides display super-
paramagnetism, biocompatibility, ease of preparation and
lower toxicity.>****"** For these reasons, SPIONs have garnered
significant attention as promising candidates for designing
MPI tracers.>*

Several commercialised tracers that use SPIONs such as fer-
ucarbotran (a.k.a. Resovist from Bayer Schering, and Vivotrax
from Magnetic Insight Inc.), Synomag®-D and Perimag®
(from Micromod Partikeltechnologie GmbH) have been
already reported to generate good MPI signals.®*°">> However,
commercial tracers have been reported to have broad size dis-
tributions, and aggregated clusters, which lowers their spatial
resolution and their in vivo circulation time.*’”**'3® For
example, Resovist has been designed on the basis of polycrys-
talline iron oxide MNPs consisting of multiple single crystals
coated with carboxydextran with a hydrodynamic size of more
than 60 nm in diameter.”>®> When a weak external field is
applied to polycrystalline MNPs, the individual magnetic
moment vectors cannot linearly sum due to the availability of
antiphase boundaries, resulting in a lower M, value.”
Additionally, only MNPs with a diameter of about 30 nm play a
significant role in the overall signal generation according to
Langevin-theory, which means that only 3% of the total iron
mass of the Resovist® solution contributes to the MPI signal.”
The presence of a large fraction of nanoparticle clusters also
adversely affects the blood circulation time of these nano-
particles in physiological environment (i.e. 3.9 min to 5.8 min
in blood).*”>>"%”

This journal is © The Royal Society of Chemistry 2022
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A new versatile approach based on designing monodisperse
single crystal SPIONs is needed to achieve both long circula-
tion time and high signal intensity for MPI-tailored tracers. In
the following paragraphs, we will be focusing on different
MNP materials and provide our insights into the advantages
and disadvantages of each, and which would be perceived as
“best” MNP material.

Of all iron oxide crystal phases, magnetite has been the
most studied MNP material for MPI tracers due to the ease of
controlled synthesis of single crystalline, high M, value and
high reproducibility.>*®*° The magnetic moments of magne-
tite can also be easily saturated in the magnetic fields of just
tens of mT in biological environments, leading to a strong
magnetisation response for non-invasive MPI application.®® In
terms of MPI performance, spatial resolution, and signal
intensity, monodisperse magnetite tracers have also shown
great promise. For instance, MPI performance of magnetite
MNPs, studied by Krishnan and co-workers, showed 2-fold
enhancement in signal per unit mass as well as 20% better
spatial resolution compared to commercial agents (Fig. 2a).°
Moreover, as compared to Resovist and mixed-phase NPs, mag-
netite has the narrowest full width at half maximum (FWHM)
of the differential susceptibility (dm/dH) in magnetic particle
spectroscopy (MPS), indicating higher potential to improve
MPI spatial resolution.’>® Magnetite also displays decreased sat-
uration field and increased susceptibility in vibrating sample
magnetometry (VSM), which demonstrates the desirable mag-
netic properties for MPI application.*

Metal ferrites (or doped magnetite NPs) have gained a lot of
research interests owing to their high saturation magnetisa-
tion, ease of preparation, high electrical resistivity and good
conductivity.®>"®®> They are classified as either “soft”, “semi-
hard” or “hard” depending on their magnetic properties. Soft
ferrites have low coercivity while hard ferrites have high coer-
civity. For biomedical imaging, soft ferrites (with non-perma-
nent magnetism) are the preferred material.*® Monodisperse
doped magnetite NPs have a general formula of M,Fe;_,O,
where M designates transition-metals, such as Mn, Zn, Ni and
Co. Different metal doping can have different effects on the
properties of MNP tracers (Fig. 2b).

4.1.2. Zinc doped ferrites (Zn,Fe;_,0,). Doping magnetite
with zinc can effectively increase the Mg, of the bulk materials.
The crystal structure of magnetite possesses anti-parallel mag-
netic spins in the tetrahedral sites which consequently lower
the net Mg, of the material. However, when doping magnetite
with zinc, the anti-parallel Fe** magnetic spins can be replaced
by the diamagnetic Zn** increase the M, value. According to
the recent study of the MPI performance of Zn-doped magne-
tite NPs by Bauer et al., it was demonstrated that doping Zn up
to 13% into a magnetite structure can lead to enhancement of
the signal-to-noise ratio (SNR) due to a significant increase in
Mg, values from 101.2-107.3 emu gFe_1 to 125.7-130.4 emu
gre '. The best MPI signal was observed for spherical Zn-
doped magnetite NPs, which displayed a symmetric point
spread function (PSF) as well as higher SNR.' In another
recent study conducted by Jiang et al., carbon supported metal

Nanoscale, 2022, 14,13890-13914 | 13893
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Fig. 2 Comparison of different types of magnetic nanoparticles for MPI based on the desired properties and their performance. (a) TEM images of
>15 nm magnetite NPs with enhanced MP! signal intensity compared to Resovist.® This figure has been reproduced from ref. 6 with permission from
Biomaterials, copyright 2022. (b) TEM images of spherical and cubic zinc ferrite NPs showing enhanced MPI signal for Zn doped ferrites compared
to non-doped magnetite, as well as higher MPI signals for spheres compared to cubes.® This figure has been reproduced from ref. 19 with per-
mission from Nanoscale, copyright 2022. (c) TEM images of maghemite NPs and the hysteresis curve of uncoated anionic and cationic Fe,O3 at
room temperature, showing higher M., than Resovist.%* This figure has been reproduced from ref. 61 with permission from Journal of Nanoparticle
Research, copyright 2022. (d) TEM images of <15 nm zero valent Fe@FezO4 NPs with higher MPI signal relative to iron oxide of the same size and
similar MPI performance to larger VivoTrax.2® This figure has been reproduced from ref. 26 with permission from Chemical Communications, copy-
right 2022.

ion doped MFe,0,/C (M = Mn, Co, or Zn) and y-Fe,O3/C were Although the VSM showed that ZnFe,O,/C had lower Mg,
synthesised through the pyrolysis of MIL-88A at 450 °C and (32.06 emu g ') than that of y-Fe,O3/C (48.01 emu g~ ') and
then coated with polydopamine (PDA) to be water-dispersible. ~MnFe,0,/C (50.07 emu g~ '), in vitro MPI measurements
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demonstrated that ZnFe,O,/C@PDA can increase the MPI
signal intensity (i.e., 1787.7) up to 2.4 and 4.7 times greater
than that of y-Fe,O3/C@PDA (i.e., 729.32) and commercial
Vivotrax (i.e., 383.2). It was reported that the free rotation of
NPs can be limited in the carbon supported SPIONSs, leading
to an increase in Néel relaxation and improved MPI signal
intensity.*® The in vivo investigation on ECA-109 tumour nude
mice also showed that ZnFe,0,/C@PDA had the highest MPI
signal intensity (i.e., 567.98) at 12 h, which was 4.5 and 7.5
times higher than y-Fe,O3/C@PDA and ZnFe,O,, respectively
(Fig. 3), indicating its high potential for enhancing the MPI
performance in the tumours in vivo. In addition, ZnFe,O,/
C@PDA was biocompatible in both in vitro and in vivo
conditions.*®

4.1.3. Manganese doped ferrites (Mn,Fe;_,0,). Manganese
doped magnetite MNPs are another commonly used material
for biological applications due to their non-toxicity and high
Mg, Manganese ferrite (Mn,Fe;_,0,) has Mn®" cations can
occupy both octahedral and tetrahedral sites in the magnetite
crystal structure, replacing both parallel and anti-parallel
spins.” According to the electron spin configurations, the
magnetic spins of MnFe,0, is about 5ug, leading to a high
magnetic susceptibility.®”*® The M., value of MnFe,O, NPs
(12 nm) was previously studied by Lee et al using SQUID
magnetometry and reported to be around 110 emu g~ of mag-
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Fig. 3 (a) Schematic diagram of the synthesis of MFe,O,/C@PDA, (b)
MPI images of NP distribution in ECA-109 tumour mouse model (n = 3).
In vivo dynamic MPI of mice intratumorally injected with ZnFe,O,,
v-Fe,03/C@PDA, and ZnFe,O4/C@PDA. (The tumour was labelled by a
red circle.) Hysteresis curve showing saturation magnetisation of
MnFe,04/C, ZnFe,04/C, y-Fe,04/C and CoFe,O4/C NPs, (d) MPI signal
calculation and comparison between different groups and (e) MPI signal
intensity for MnFe,04/C@PDA, ZnFe,O,/C@PDA, y-Fe,O4/C@PDA,
CoFe,0,4/C@PDA, ZnFe,O4 and Vivotrax.*® This figure has been repro-
duced from ref. 48 with permission from Nano Letters, copyright 2022.
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netic atoms.®” They are also shown to possess a superpara-
magnetic nature for MNPs of size that is smaller than 42 nm.®°
Manganese ferrite NPs have also been widely used as nano-
carriers for antitumour drugs due to their high biocompatibil-
ity and strong magnetic susceptibility.”®”? Studies have found
that manganese ferrite MNPs show slight toxicity towards
HeLa cells and so have potential for use in magnetoliposomes
and drug delivery.”! Furthermore, a study conducted by Miao
et al. showed an improved biodistribution of these MNPs with
increasing concentration of doped manganese.”> Therefore,
manganese ferrite NPs show great potential as MPI tracers for
drug delivery and cancer cell targeting applications.

4.1.4. Cobalt doped ferrites (Co,Fe;_,0,). In contrast to
zinc and manganese, cobalt is a dopant that is also magnetic
and so has many interesting properties that can improve the
applications of doped magnetite. In cobalt ferrite, the Co>*
cations prefer to occupy octahedral sites in the magnetite
crystal so that tetrahedral sites are occupied by Fe** and octa-
hedral sites are occupied by both Co®>" and Fe*".%” However,
the occupation of octahedral sites with a less magnetic cation
results in a decrease in the parallel magnetic moments and in
turn a decrease in the total magnetic response.”® Studies have
shown that magnetic spins of CoFe,O, (12 nm) is about 3ug
and M, value is around 99 emu g~ which is lower than pure
magnetite (101 emu g ') of the same size.*”’®® Although, pos-
sessing a slightly lower M, than pure magnetite, cobalt ferrite
is classified as a semi-hard ferrite, meaning that it has high
coercivity (i.e., a wider hysteresis loop).

High coercivity is an important property for magnetic
hyperthermia applications, which is a therapeutic method for
cancer treatment using heat. Cobalt ferrite nanoparticles have
higher magnetic heating performance than magnetite and
hence display great potential to be used as MPI tracers for
hyperthermia application. As seen in Fig. 4, the amount of Co
dopant impacts the coercivity of the material:’* The higher the
amount of Co content, the larger the coercive fields and hence
the better the heating performance. However, when the coer-
civity becomes too large, this can adversely affect the specific
heating power of the nanoparticles and decrease the effective-
ness as hyperthermia agents. Therefore, the content of Co
dopant must be carefully adjusted in order to achieve excellent
heating performance in magnetic hyperthermia.

4.1.5. Nickel doped ferrites (Ni,Fe;_,0,). Nickel ferrite
(with general formula of Ni,Fe;_,0,) also uses a less magnetic
dopant atom. Similar to cobalt ferrite, nickel ferrites have T},
sites occupied by Fe*" and O, sites occupied by Ni*" and Fe**
atoms. However, nickel ferrites are classified as a soft ferrite,
with low coercivity, due to the weaker magnetism of Ni atoms.
The magnetic spin and mass magnetisation value of nickel
ferrite NPs (12 nm) have been reported to be about 245 and 85
emu g % In one study, Irfan et al, synthesised Ni-ferrites
(NiFe,0,) by hydrothermal process, followed by coating with
polyacrylic acid (PAA). The NiFe,0,@PAA demonstrated a
minimum relaxation time of 3.10 pus and high spatial resolu-
tion of 7.75 mT, which makes it a promising candidate for MPI
tracers compared to Vivotrax and Perimag.””
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Fig. 4 (a) TEM images of cobalt ferrite nanoparticles at different Co content (a = 0, 0.5 and 1), (b) plot showing saturation magnetisation (M;) of
nanoparticles at various cobalt content, (c) cell viability of cobalt ferrite nanoparticles using fluorescent staining at different Co content (@ = 0, 0.5
and 1) for 24 h and (c) normalised hysteresis loops of pure magnetite (a = 0) and particles with a Co content of 12.5% (a = 0.5) as well as 25% (a = 1)
recorded at room temperature confirm a significant increase in the coercivity for increasing Co content of the particles. The inset shows the hyster-
esis curves at low magnetic field strengths.” This figure has been reproduced from ref. 74 with permission from Nanomaterials, copyright 2022.

4.1.6. Maghemite (y-Fe,O3). Maghemite with the chemical
formula y-Fe,O; is another crystal phase of iron oxide MNPs
that has only fully oxidised Fe*" ions in the crystal lattice. It is
attractive for MPI tracers because it has high M, and is low
toxicity. Since maghemite is metastable, its transformation to
thermodynamically stable phases (hematite) is very slow.*>”®
This is important because the more strongly magnetic magne-
tite phase has been reported to readily degrade to non-mag-
netic hematite in vivo.”” Owing to its acceptable magnetic pro-
perties as well as good relative stability, maghemite can poten-
tially be used as a platform for designing the MNP MPI tracers
for in vivo applications (Fig. 2c).

Recently, the MPI signal quality of monodisperse spherical
maghemite MNPs was investigated by evaluation of the SNR
and signal displacement parameters. Herynek et al., demon-
strated that anionic monodisperse y-Fe,O; MNPs with an
average diameter of 8.7 nm coated by methacrylamide-based
polymer with hydrodynamic size of 109.1 + 0.1 nm can provide
a higher signal with a lower dispersion than commercial
tracers.®’ The magnetometry analysis of the maghemite MNPs
at room temperature (300 K) demonstrated that both anionic
and cationic MNPs display anhysteretic magnetisation curves
(with low coercivity) as well as faster Néel relaxation and nar-
rower distribution of blocking temperatures. The results shows
that the Mg, of anionic and cationic maghemite MNPs (82.5
and 79.9 Am® kg ™', respectively) was significantly higher than
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that of Resovist®. In terms of MPI signal quality, coated
anionic MNPs demonstrated SNR and signal dispersion identi-
cal to or lower than Resovist®.®® These results show that
maghemite is a promising material for MPI tracers but further
work is needed to create MNPs that generate improved signals.

4.1.7. Zero valent iron or iron@iron oxide shell
(Fe@Fe30,). As zero valent iron has the highest Mg, value,
a-iron has a great potential to become a promising candidate
for designing the MNP of high performance MPI tracers. In
addition, recent studies have shown that iron NPs have a good
stability in physiological environments.”® At the nanoscale
level where superparamagnetic regime becomes dominant,”®
zero valent iron NPs still generate much higher Mg, value (176
emu g~') than SPIONs whose M, typically ranges from 20 to
80 emu g '.”**""® This means that nanoparticles made of
zero valent iron can generate MPI signal at smaller sizes than
iron oxides (Fig. 2d) However, the high reactivity of iron
towards oxygen leads to the formation of an unavoidable oxide
shell.**%*3* The thickness of the oxide shell can range from
0.7 nm for ultrafine iron cores (2 nm) to a few nanometers
(3-4 nm) for 8-15 nm cores.>®”®%% For example, by slow
thermal decomposition of Fe(CsH;)(CsH;) in oleylamine (OLA)
and mesitylene under a hydrogen gas atmosphere, Gloag et al.,
synthesised a cube-shaped zero valent iron core-iron oxide
shell structure with a core size of 8 nm and shell size of 3 nm
followed by coating with polyethylene glycol (PEG) that
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induced Mg, values 3 times higher than typical SPIONs of the
same size (166 emu gg. '). Furthermore, 1.8 mm spatial
resolution and 80% signal intensity of commercial VivoTrax
were successfully achieved.® This higher magnetisation result
was in consistent with previous studies conducted by Cheong
et al., who synthesised single crystal iron core MNPs via
thermal decomposition of organometallic sandwich
compound.®®®* In addition, PEG-coated zero valent iron core-
iron oxide shell structure was demonstrated to have no signifi-
cant toxicity in vitro due to its excellent cell viability result (i.e.,
>85%).”° Furthermore, the zero valent iron core-iron oxide
shell NPs was also demonstrated to be able to induce tumour
cell ferroptosis and immunogenetic cell death due to the
etching of the oxide shell in acidic environment.”® Therefore,
highlighting the potential of these core material in theranos-
tics applications.

4.1.8. Iron carbide (Fe;C,). MNPs made of other iron com-
pounds have already attracted significant attention in bio-
medical applications due to unique magnetic properties. For
instance, the potential of multifunctional iron carbide (FesC,)
NPs for MRI-guided photothermal therapy with the purpose of
diagnosis and treatment of cancer was previously highlighted
by Hou and co-workers.®® Indeed, they discovered that Fe;C,
NPs with overall diameter of 20 nm displayed a superpara-
magnetic regime with high saturation magnetisation around
125 emu g~ ' at ambient temperature.’® Fe;C, NPs could
induce stronger Aypo-intensities compared to Resovist due to
higher magnetisation.®® The transverse relaxivity (r,) was also
calculated to be 312 mM™ s7' and 174 mM™ s for Fe;C,
and Resovist respectively. The higher potential of FesC, NPs
make these NPs more efficient as contrast agents in MRI.®®
Due to unique properties such as superparamagnetism, high
saturation magnetisation, monodispersity, small particle sizes,
good stability, and efficient photothermal effects; Fe;C, NPs
can also work as an ideal platform for designing MPI tracers
with cancer theranostic applications.

4.1.9. Iron-Cobalt alloy (FeCo). Owing to their high satur-
ation magnetisation and multifunctional features, FeCo NPs
also attracts considerable attention as potential core material
for MPI in theranostic applications. In a study conducted by
Dai and co-workers, it was shown that FeCo/graphitic-shell
nanocrystals with the size of 7 nm have the highest saturation
magnetisation (215 emu g~ ') among magnetic nanocrystals.®”
In a recent study, Song et al. demonstrated that carbon coated
FeCo NPs with a core diameter of 10 nm can achieve an Mg,
value of around 192 emu g~'. These NPs also displayed great
performance in MPI when compared to Vivotrax and Faraheme
with sixfold and fifteenfold enhancement in signal intensity
respectively. Therefore, FeCo NPs hold great promises as ideal
MPI tracers for MPI-guided cancer therapy due to their photo-
thermal and magnetothermal properties.™

4.1.10. Selection of magnetic material. In summary, mag-
netic MNPs such magnetite, metal ferrites, zero valent iron
NPs and maghemite all present unique and interesting pro-
perties which would make them ideal for MPI tracers.
However, in addition to satisfying all the key requirements for
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MPI, researchers also must consider the intended applications
in order to choose an appropriate MNP material. For example,
cobalt ferrite is best to be used for MPI coupled with
hyperthermia therapy due to their high heating performance
compared to other MNP materials. In applications involving
drug delivery and cancer cell targeting, manganese ferrite NPs
are the most suitable as they are biocompatible, highly mag-
netic and can also exhibit toxicity towards HeLa cancer cells.
Finally, for applications that require very small particles
(<20 nm), for example in crossing the blood-brain barrier, zero
valent iron cores are promising MNP tracers with high MPI
performance. Therefore, applications play an important role in
the decision process of choosing and designing an ideal tracer
that can satisfy all the requirements.

4.2. Synthesis of MNPs

Solution phase synthesis using thermal decomposition is the
preferred method for producing MNPs due to the ease in
adjusting the synthetic conditions to produce controlled size
and shapes. The synthesis generally involves the thermal
decomposition of an iron precursor in a solution containing
surfactants, reducing agents and solvents at an elevated temp-
erature. This method is easy to control, cost effective and can
produce highly crystalline nanoparticles with narrow size
distributions.

Fig. 5a shows the synthetic approaches for different types of
magnetic iron/iron oxide MNPs via thermal decomposition. In
thermal decomposition synthesis, an iron precursor is heated
in a solution containing a reducing agent, to assist the for-
mation of lower oxidation state iron, and surfactants, that bind
to iron monomers during growth and stabilise the resulting
MNPs. By controlling these variables, the nucleation and
growth processes can be tuned to produce single crystalline,
size-controlled MNPs. Slight variations or additions to this
general synthetic approach enable different types of MNPs to
be accessed, as outlined in the following sections.

4.2.1. Magnetite. The phase-controlled synthesis of magne-
tite is typically achieved from the controlled oxidation of
wiistite NPs.>*®® By controlling the oxidising conditions, mag-
netite can be prevented from further transformation into a
higher oxidation state phase like maghemite or hematite. The
oxidation approach and precursor selection are of paramount
importance to synthesis of size controlled and phase-pure
magnetite NPs. In this approach, wiistite NPs are synthesised
by reducing organic precursors containing cationic iron
centres such as iron(m) acetylacetonate [Fe(acac);] or iron
oleate.?*%9°! A controlled addition of mild oxidiser, such as
air, under elevated temperatures, is then required to slowly
oxidise the MNPs to magnetite with control of the stoichio-
metry of final product. With long oxidations times, up to
90 minutes, the phase selectivity will favour magnetite with
composition of more than 98% magnetite for monodisperse
NPs at 15 nm.”?

In general, organic solvents produce MNPs with better size
and shape control compared to MNPs synthesised in aqueous
solutions.”® It is also possible to use an indirect method of
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Fig. 5 Illustration of a typical setup for the synthesis of MNPs via thermal decomposition with surrounding boxes indicating the specific precursors
and other variables that must be controlled to form each material type. The arrow at the bottom illustrates the different colours of the MNP types
that are observed when oxidising the MNPs after the thermal decomposition synthesis.

synthesis by reducing iron oxides or oxohydroxides such as
hematite and geothite to magnetite.*® However, the gradual
oxidation of magnetite to maghemite causes NPs to typically
consist of a mixture of both phases.’>* Due to the high simi-
larity of lattice spacing and crystal structure of magnetite and
maghemite, it is hard to distinguish between these two
phases. Complementary characterisation techniques such as
X-ray diffraction, Raman and Mossbauer spectroscopy are gen-
erally required.>®**™”

4.2.2. Metal ferrites and zero-valent iron. High quality
metal ferrite nanoparticles can be produced by employing
similar experimental parameters as magnetite but extending
the oxidation process. As depicted in Fig. 5, the key difference
between these two procedures is the introduction of a metal
dopant. The dopant M”>" is usually an organometallic precur-
sor M(acac),, where M represents any metal (usually transition
metal) of interests such as Mn, Zn or Co. The metals are
chosen based on the desired properties and the intended
applications.

Similarly, iron zero valent NPs surrounded by an iron oxide
shell can also be synthesised by using slow thermal decompo-
sition of iron pentacarbonyl [Fe(CO)s] or Fe(CsH;s)(CsH;)
precursors.”®**®* However, as iron is a highly reactive species,
the synthesis of Fe@Fe;0, is carried out under inert atmo-
sphere using hydrogen gas as the reducing agent. By prevent-
ing oxidation by air, the zero-valent iron phase is achieved.

4.2.3. Maghemite. Maghemite can either be formed
directly in solution or by the oxidation of pre-formed magne-
tite NPs. Hyeon and co-workers developed a method to directly
form monodisperse and uniform maghemite NPs without a
further size-selection process with a size of 13 nm by direct
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injection of Fe(CO)s into a solution containing surfactant and
trimethylamine oxide.”® Hyeon and co-workers also used this
trimethylamine oxide agent to oxidise monodisperse iron NPs
at 300 °C to produce 2D hexagonally close-packed 11 nm
maghemite.”> This indirect method is typically preferred
because it allows easy control over particle size as well as
better reproducibility with a yield of over 80%.°®

Trimethylamine oxide [(CH3);NO] acts as an oxygen trans-
ferring agent that offers a better and more versatile means for
controlling the oxidation process as compared to air.”>®®
Moreover, the thickness of iron oxide layers and crystallinity of
NPs can be easily tuned by (CH3);NO. In contrast, using air as
an oxidant results in uncontrolled oxidation, which decrease
control over thickness of iron oxide layers, poor uniformity of
crystalline phases, rapid agglomeration, lack of crystallinity,
and formation of magnetically dead layers.”**°*> Following the
oxidation with post-synthesis annealing is an indispensable
part of the synthesis protocol to enhance the crystallinity of
maghemite NPs.>®

Size plays an important role on the dominant phase of the
SPIONs. When oxidising MNPs, the iron oxide phase ratio of
magnetite to maghemite is dependent on the particle size and
oxidative conditions of the iron oxide phase. MNPs tend to
favour the magnetite phase at larger diameters while favouring
the maghemite phase at smaller diameters during the process
of oxidation. At the nanoparticle level, the mechanism of oxi-
dation at room temperature follows a progression from zero
valent iron to FeO which transforms into Fe;O, and then
Fe,O3 (Fig. 5). With larger diameters, the oxidation process
transforming magnetite to maghemite is slower due to having
a smaller surface to volume ratio."**'
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Only a few other methods have been reported to success-
fully form maghemite NPs. For example, Teng et al syn-
thesised highly monodisperse maghemite NPs with very small
(~3 nm) diameter. Maghemite NPs were synthesised through
thermal decomposition of iron carbonyl in octyl ether in the
presence of stearic acid as surfactant at a certain molar
ratio.'°® Moreover, maghemite NPs can be produced via oxi-
dation of magnetite at 240 °C in air followed by a decrease in
temperature to 50 °C when the size reaches to the nanoscale.®®
Dehydration of lepidocrocite (y-FeOOH) can also be conducted
to obtain maghemite NPs.%®

4.3. Synthetic parameters

For all MNP materials, size control is essential for producing
uniform signals and high resolution MPI images. Several
approaches have been directed towards precisely controlling
the NPs size. In particular, the extended LaMer’s mechanism
and reversible magnetic agglomeration proposed by Huber
and co-workers, offers several advantages such as good repro-
ducibility, predictability, and scalability.**> The extended LaMer
mechanism works by continuous addition of precursor to the
reaction solution after nucleation. This keeps the concen-
tration of iron atoms high so that the growth rate remains con-
stant, Ostwald ripening is avoided, and the size of NPs can be
predictably controlled by changing the reaction time.

4.3.1. Type of precursor. Several studies highlighted the
importance of specific reaction conditions in the synthesis
protocol to achieve highly uniform, single crystalline, stable
MNPs. The most effective parameters for achieving synthetic
control include the type and concentration of precursor, type of
surfactant, molar ratio of surfactant to precursor, heating rate,
reaction temperature, and stirring speed.>®8%104106107  por
instance, Hufschmid et al., reported that while Fe(CO)s precursor
is especially suitable for synthesis of SPIONs smaller than 10 nm
through thermal decomposition, iron(um) oleate [Fe(C;sHz330,);]
and iron oxyhydroxide (FeOOH) are best suited to the synthesis
of larger ones with sizes ranging from 10 to 30 nm.”® Sun et al,
showed that the high temperature (265 °C) reaction of Fe(acac);
in phenyl ether in the presence of oleic acid, OLA, and alcohol
can result in monodisperse magnetite NPs.'°® In order to
produce larger magnetite NPs, a seed-mediated approach is pre-
ferred to encourage growth of smaller magnetite NPs into larger
ones with diameters of up to 20 nm."*®

4.3.2. Temperature. In general, high reaction temperatures
<200 °C are used to produce SPIONs in order to thermally
decompose the iron precursor. High reaction temperatures
also ensure fast nucleation bursts to achieve monodisperse
samples. Recently, Cheah et al., investigated the role of reac-
tion temperature in controlling the size of SPIONs synthesised
by thermal decomposition of Fe(acac); in diethylene glycol
(DEG) as a polyol solvent. It was shown that at reaction temp-
eratures lower than 235 °C, NPs tend to be highly water disper-
sible and larger NPs can be produced by increasing the reac-
tion temperature. However, at temperatures around boiling
point of DEG (245 ©°C), aggregation and precipitation
dominate.®”
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4.3.3. Reaction time. In the thermal decomposition
method, the reaction time is crucial in controlling the particle
size, morphology, and magnetic properties of SPIONs.'*® In a
study conducted by Yang et al., it is shown that just by adjust-
ing the reaction period from 0.5 h to 5 h can effectively
increase the size of magnetite NPs from 52 nm to 79 nm under
the same conditions.'® In addition, the study also showed the
importance of reaction time in changing the morphology of
the nanoparticles and generate NPs with a more uniform
shape.'® As a result of larger particle size as well as shape an-
isotropy, the saturation magnetisation of NPs increased line-
arly from 77.4 to 101.1 emu g~ ". It should be noted that due to
interdependent effects, the role of the solvent should be taken
into consideration when evaluating the impact of reaction
time.'®® For example, Lu and co-workers studied the effect of
reaction time and type of solvents on particle size and mor-
phology of cobalt ferrite (CoFe,0,) NPs."*® They demonstrated
that the size and shape of cobalt ferrite NPs synthesised in di-
octyl ether with equimolar amount of oleic acid and oleyla-
mine at 620 mM change significantly by increasing the reac-
tion time from 1 min to 120 min at 287 °C."*® Furthermore, by
increasing the reaction time from 1 min to 10 min and then
120 min, 4.3 nm spherical NPs transformed into 16.1 nm
cubic NPs and then 28.1 nm star-like NPs. However, by chan-
ging the solvent from di-octyl ether to 1-octadecene, the par-
ticle shape remained the same (spherical) and only particle
size increased from extending the reaction time.'*’

4.3.4. Surfactant. There are a variety of surfactants that can
be used as tools to control the size and crystallinity of SPIONs.
In organic solutions, surfactants with long alkyl chain tails
and hydrophilic head groups are used. Oleylamine is chemi-
sorbed as an amine onto the iron oxide surface and decom-
poses at a high temperature of 250 °C. Oleic acid is a carboxy-
late that is chemisorbed to the surface of SPIONs using a
monodentate ligand.'"* Oleic acid decomposes slowly over a
wider range of temperatures. The head of oleic acid, the car-
boxylate linker, is still retained even when oleic acids long ali-
phatic tail decomposes. Hence, oleic acid is best used in a co-
surfactant system with oleylamine or another amine surfactant
to effectively protect NPs from oxidation when exposed to
air.? In a study, the average size of magnetite NPs increased
by reducing the concentration of oleic acid in the reaction
mixture."**'™* Very small (~3 nm) maghemite NPs were also
synthesised by replacing the oleic acid with stearic acid
through thermal decomposition of Fe(CO)s."*®

In aqueous syntheses, polyvinyl alcohol (PVA) and polyvinyl-
pyrrolidone (PVP) are excellent surfactants for stabilising
MNPs against aggregation and preventing over-oxidation com-
pared to smaller surfactants such as anionic sodium
cholate.'*® PVA is an uncharged high-performing polymer that
is biocompatible and biodegradable. Coating with PVA has
shown to decrease the Mg, in comparison to uncoated SPIONs
and so may not be viable for MPI compared to other alterna-
tives."'® PVP is another large surfactant that gives SPIONs high
stability in aqueous solutions. It also improves the crystallinity
of the SPIONs by preventing defect formation when employed
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during co-precipitation synthesis. PVP, commonly creates a
magnetically dead layer and gives a lower Mg, of 50 emu
g—1'100,117

Cationic cetyltrimethylammonium bromide (CTAB) surfac-
tant is effective during aqueous MNP synthesis as it bonds
with the anionic surface of SPIONS, effectively capping the par-
ticle from other interactions. However, CTAB coated SPIONSs
are more vulnerable to oxidation, typically transforming mag-
netite to maghemite and allowing agglomeration to produce
larger SPIONS over time.

4.4. MNP morphology

The quality of MPI signal does not only depend on the size of
NPs, but also on their morphology. The morphology dictates
how the magnetic spins align within the MNP and at the
surface. For example, cube-shaped SPIONs possess higher spin
ordering at the surface than spherical MNPs, leading to a
higher overall magnetic moment and Mg, values. The quality
of MPI signal does not only depend on the size of NPs, but
also on their morphology. The morphology dictates how the
magnetic spins align within the MNP and at the surface. For
example, cube-shaped SPIONs possess higher spin ordering at
the surface than spherical MNPs, leading to a higher overall
magnetic moment and My, values.'®*®*18

Langevin theory only describes the dependence of MPI
signal on the MNP size of mono-domain NPs without consid-
ering the consequences of shape anisotropy.''* Among types
of anisotropy (crystal, shape, and strain), shape anisotropy is
the key factor for designing high performance MPI tracers.
Shape anisotropy has a dominant influence on the coercivity
of magnetite and maghemite NPs, leading to a drastic change
in the magnetisation curve.'®® However, shape anisotropy can
impact the MPI performance beyond this. Weizenecker et al.
simulated the correlation between anisotropy and MPI signal
considering the various anisotropic NPs with different MNP
sizes. It was shown that increasing the anisotropy of NPs dras-
tically weakens the MPI signal so that only NPs with small
shape anisotropy can optimise the MPI performance."'® Bauer
et al. investigated the effect of shape of SPIONs on the MPI
signal. They demonstrated that spherical magnetite NPs
(19 nm) show higher performance in MPI compared to cubic
ones (15 nm) due to SNR enhancement. This is most likely due
to the higher tendency of cubic SPIONs to form chain-like
arrangements.'® In addition, the higher shape anisotropy of
cubic magnetite NPs resulted in asymmetry of PSF diagram
(3.6 mT peak shift), revealing detrimental effect of cubic shape
SPIONs on the MPI signal."® Moreover, magnetite multi-
granule nanoclusters with optimal particle size and granule
diameter have also been demonstrated as potential MPI-tai-
lored tracers.'?" Overall, the effect of MNP morphology on MPI
signal does not precisely mirror changes in the hysteresis
curves and would benefit from further research in this area.

Many design strategies have already been proposed to
produce SPIONs with various shapes including spherical,
cubic, octopod, elongated, disk-shaped, and flower-like with
different levels of anisotropy.®®'** Spherical (NS) and octopod
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(NO) morphologies of iron oxide NPs with different sizes and
different shape anisotropies can synthesised by thermal
decomposition of iron stearate in the presence of oleic acid in
dibenzylether.'?®

Surfactants, precursor concentration and temperature are
the most effective synthetic tool for the shape-controlled syn-
thesis of SPIONs due to their key role in directing the nuclea-
tion and growth stages.®® For instance, Kovalenko et al. syn-
thesised SPIONs with spherical and cubic shapes by control-
ling the ratio of oleic acid and sodium oleate in the reaction
mixture as well as reaction temperature.’>* In a study by Cotin
et al., the effects of precursor as well as the amount of sodium
oleate surfactant, and heating rate on the shape of NPs were
investigated.’® Low monomer concentration and high temp-
eratures were found to lead to more isotropic nanostructures.®®
Although the morphology can be finely controlled in
synthesis,>***%>'%5 further studies into the effect on MPI
signal are needed.

5. Surface modification of MNP for
MPI

Surface modification is one of the most important factors in
MPI tracer design as it is responsible for the fate of MNPs
in vivo. MNPs are usually synthesised in organic solvents in
order to precisely control the shape, size and composition of
NPs. However, the MNPs synthesised in organic solvents are
generally coated with hydrophobic oleic acid or oleylamine sur-
factants.®” Hence, they are not suitable for biological appli-
cations as they have poor biodistribution and water dispersity.
Therefore, surface modification is important to improve the
aqueous dispersibility and the blood circulation time of MNPs
in vivo. For biological and biomedical applications in MPI, it is
vital for the MNPs to be non-toxic, highly biocompatible,
stable in aqueous media and have long circulation time in the
body.

MNPs are generally administered via intravenously injection
to accumulate at the target site. The retention time of the
MNPs will vary depending on their surface chemistry and the
size of NPs. Coatings such as biomolecules and biocompatible
polymers can prolong the circulation time of these MNPs
in vivo as they are inert to the blood proteins and hence can
delay the clearance of these MNPs."**'*” Depending on the
applications, these MNPs will be modified with a suitable
surface chemistry to either accumulate at the target organ or
circulate in bloodstream around the body. If they circulate in
the bloodstream, it is possible for them to bind to proteins
making them recognisable by macrophages and so be elimi-
nated from the body.*?®

The type of surface ligands used will dictate the hydrodyn-
amic size of the MNPs. The pharmacokinetics, cellular uptake
and biodistribution of the MNPs are dependent on this result-
ing hydrodynamic size.””"*® Studies have found that the
optimal hydrodynamic size range for an improved lifetime of
SPIONSs in the bloodstream is between 15 nm and 100 nm.°
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https://doi.org/10.1039/d2nr01897g

Published on 19 August 2022. Downloaded by Y unnan University on 8/14/2025 8:54:41 AM.

Nanoscale

This size range was determined based on the size of the
kidney fenestrae (~15 nm) and the size of the sinusoidal capil-
laries in the liver and spleen (~50 nm — 180 nm).® Therefore,
within this range, NPs will be more likely to escape excretion
by the kidney and immediate clearance from the reticuloen-
dothelial system (RES).

Apart from making the nanoparticles dispersible in
aqueous solutions, there are three main goals when it comes
to coating MNPs, which are (I) stabilisation of MNPs against
aggregation, (II) prevention of oxidation and (III) addition of
further functional groups for water dispersibility or additional
functionalisation (Fig. 6). In this section, different type of coat-
ings will be discussed, and we will also be presenting our
insights on the appropriate uses of these coatings.

5.1. Stabilisation of MNPs against aggregation

Aggregation is one of the most common problems for MNPs as
they have low colloidal stability that can adversely affect the
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MPI performance as well as causing blood clots. In order to
eliminate this problem, certain coating options can be used to
improve the dispersity of MNPs in solution and prevent aggre-
gation. There are a wide range of options for this type of stabil-
isation that include small molecules to bulky polymers.

5.1.1. Dimercaptosuccinic acid (DMSA). DMSA is the most
commonly used small molecule to stabilise and improve the
biocompatibility of MNPs in physiological environments.
Owing to the strongly binding oxygen groups onDMSA, it can
easily displace weakly binding surfactants coated on MNPs via
a simple ligand exchange reaction. DMSA coated NPs have
excellent biocompatibility, show no signs of cytotoxicity and
can achieve high stability in biological media for up to
6 months.?®%*1%° In a recent study conducted ®|Citoglu et al.,
it was reported that 25 nm cubic SPIONs coated with DMSA
possess a higher magnetisation compared to unmodified
SPIONs (coated with decanoic acid).’*° The increase in Mg,
(DMSA coated = 89.6 emu g~ ' and unmodified = 74.2 emu g™ )
is hypothesised to be due the disulfide bonds from the DMSA
molecule that can shorten the distance between MNPs and
hence improve the magnetic properties (Fig. 7)."*°
Furthermore, the free thiol and carboxylic groups of DMSA can
be conjugated with antibodies, proteins or other drugs for bio-
medical applications.'* However, Liu et al. reported that
DMSA coated MNPs could degrade into iron ions in an acidic
environment inside the lysosome.'”" This degradation will
result in high concentration of iron accumulated in the body
that can produce reactive oxygen species and thus lead to cell
toxicity.”*® As a result, these DMSA coated NPs can be used in
therapeutic treatment to target cancerous cells in mildly acidic
environments only (i.e., 6.4 pH — 7.0 pH). Therefore, DMSA
coated magnetic nanoparticles present great potential for uses
in therapeutic treatments such as cancers and anaemia.

5.1.2. Tricarboxylic acid or citric acid. Tricarboxylic acid or
citric acid (CA) are other good small sized surfactant to coat
MNPs for biological applications. In the study conducted by Li
et al., it is stated that CA coated Fe;O, NPs showed negligible
changes in the hydrodynamic size compared to uncoated
SPIONs.*? For this reason, the Mg, of the two sizes CA coated
SPIONs (9 nm NPs = 50 emu g~ ' and 25 nm NPs = 46 emu g~ )
were determined to be almost the same as the M, for the
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Fig. 7 (a) Schematic illustration of the surface modification of cubic iron oxide nanoparticles with DMSA via ligand exchange, (b) TEM images of
DMSA coated cubic NPs and (c) magnetisation curve showing the saturation magnetisation of uncoated (I0O@DA — shown in red) and DMSA coated
(I0O@DMSA — shown in black) NPs.2*° This figure has been reproduced from ref. 130 with permission from Nanomedicine, copyright 2022.
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uncoated counterparts (9 nm NPs = 51 emu g~ and 25 nm
NPs = 46 emu g ). The study also reported that the 25 nm CA
coated MNPs exhibit a lower coercivity value of 38 Oe com-
pared to uncoated 25 nm NPs of 46 Oe. This shows that the CA
coatings not only preserve the magnetic properties of the
SPIONs but also reduce the coercivity of the NPs with sizes
that are close to 25 nm, which is highly beneficial for produ-
cing high quality MPI signals. In addition, citric acid coatings
can also prevent the MNPs from clustering and oxidation,
which are important properties for in vivo application.””

5.1.3. Biopolymer coatings. Biopolymer coatings such as
carboxymethyl dextran and alginate are also highly desirable
to increase the water dispersity of MNPs due to their biode-
gradability and biocompatibility. Carboxymethyl dextran
(CMD), a naturally made polysaccharide, has been widely used
to stabilise many MNPs in laboratory as well as commercial
tracers including Resovist®."** Studies have also shown that
MNPs coated in CMD displayed an improved cellular uptake
due to its negative surface charge and negative zeta potential
(approximately - 32.8 mvV)."** The high cellular uptake
enabled these coated MNPs to be employed in applications
such as drug delivery and single cellular tracking using MPI or
MRIL"3® Furthermore, owing to their non-immunogenic biopo-
lymeric nature, CMD has also been used as an antithrombotic
agent in medicine to reduce blood viscosity.'*® However, these
MNPs showed uptake in the liver and spleen hence making
them unsuitable for in vivo imaging applications.

Similarly, alginate, another polysaccharide derived bio-
polymer, can also provide MNPs with a negative surface charge
coating which can prevent these coated NPs against aggrega-
tion due to electrostatic repulsion. Therefore, these alginate
coated MNPs are also mainly used for drug delivery
applications.

5.1.4. Chitosan. Apart from the above biomacromolecules,
chitosan has also been explored for the coating of MNPs for
many biomedical applications, especially drug delivery. As a
natural polyaminosaccharide, chitosan consists of many
hydroxyl and amine functional groups which allows these
coated NPs to be easily conjugated with various drugs and
antibodies.””” Kim et al. showed that the 15 nm chitosan
coated MNPs displayed a high M, value (83 emu g~) and an
improved signal intensity in MPL'*® Furthermore, due to the
presence of the amino groups that are prone to protonation,
chitosan is shown to be quite soluble in acidic environment
such as biological media hence making these coated MNPs
suitable for drug delivery applications.'®” Arias et al. success-
fully demonstrated the capability of these chitosan encapsu-
lated MNPs as a carrier of gemcitabine drug to tumour cells.
The study showed that these Fe;O,/chitosan composites dis-
played a greater drug loading capacity and could be triggered
to release the chemotherapy drugs in low pH environment of
tumours.'®® This study further emphasises the potential of
chitosan coated MNPs to be employed in drug delivery
applications.

5.1.5. Polyethylene glycol (PEG). PEG is the most com-
monly used polymer to coat MNPs for biological uses. They are

13902 | Nanoscale, 2022, 14,13890-13914
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well-known for their biocompatibility, non-toxicity, water-solu-
bility and prolonged circulation time.'®?>*712814% pEG also
has high water-binding capacity that makes it resistant to non-
specific adsorption of proteins and cells hence improving its
selectivity while remaining unrecognised by the immune
system.'*! This makes PEGylated MNPs good candidates for
drug delivery applications. However, it has been suggested that
the continuous injection of PEG may lead to the induction of
anti-PEG immunoglobin M (IgM) antibodies."** Despite this,
PEG has been highly successful for a range of NPs and is the
most widely used coating for in vivo analysis.

In order to improve PEG coated NPs performance in vivo,
some studies have investigated the effect of grafting density
and molecular weight of PEG on their pharmacokinetics.
Krishnan and co-workers reported that SPIONs coated with
20k Da PEG at a loading density of 18.8% (LS-008) had a much
longer blood half-life of 105 min compared to one with a
loading density of 12.5% (i.e., 26 min).'*® When the molecular
weight of PEG was reduced to 5k Da at the same loading
density (18.8%), the NPs possessed an even longer blood half-
life of 155 min'*® However, due to insufficient coating from
using a lower loading capacity, the majority of the MNPs aggre-
gated during the coating process which resulted in a much
lower yield.'*® Furthermore, in a different study conducted by
the same group, Krishnan and co-workers reported that the
terminal group on PEG can influence the biodistribution and
blood circulation time of NPs in vivo.> In that study, they com-
pared the bi-functional PEG (NH,-PEG-NH,) with NH,-
PEG-FMOC in terms of blood half-life, hydrodynamic size and
MPI performance. NH,-PEG-FMOC was shown to have a
smaller hydrodynamic size (43 nm), better MPI performance
and a longer circulation time (about 23 min — 26 min) com-
pared to the bi-functional PEG (size = 98 nm and Ty, =
12 min) (Fig. 8).> In another recent study, Rinaldi-Ramos and
co-workers showed that NPs coated with a brush of PEGsilane
achieved an excellent MPI performance and long blood half-
life of approximately 7 hours which is much longer than any
available commercial tracers (Fig. 9)."** This makes PEGsilane
coated NPs an excellent candidate for MPI applications that
require long circulation time such as cell labelling, blood pool
imaging and leukemia studies.

5.1.6. Zwitterionic polymers. In recent years, many
researchers around the world have been investigating the
potential of zwitterionic polymers as a surface coating for
MNPs in biomedical applications. Zwitterionic polymers have
both positively and negatively charged groups incorporated
into the polymer backbone. For this reason, zwitterionic poly-
mers display high colloidal stability and water dispersity over a
wide range of pH values and ionic strengths. In addition, they
reduce nonspecific binding to proteins hence improving the
circulation time of NPs in vivo. Pombo-Gracia and co-workers
reported that the SPIONs encapsulated with zwitterionic
polymer poly (maleic anhydride-alt-1-decene) functionalised
with 3-(dimethylamino) propylamine (PMAL) exhibit minimal
cytotoxicity, possess high colloidal stability in a wide range of
pH and ionic strengths media. In addition, no indication

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 (a) Magnetic measurements of iron oxide nanoparticles functio-
nalised with NH,-PEG-NH, and NH,-PEG-FMOC directly taken at
different time of post-injection (from 0 min to 60 min). (b) MPS signal
showing the MPI performance of the bifunctional and hetero-functional
PEG magnetic NPs at different time after injection. (c) Blood half-lives of
the NPs with two types of PEG surface determined by the VSM (shown
in red) and MPS (shown in black).? This figure has been reproduced from
ref. 2 with permission from Biomaterials, copyright 2022.

inflammatory response or haemolytic activity in vitro and neg-
ligible cellular uptake by phagocytic and non-phagocytic hepa-
tocarcinoma cells was observed.'** Therefore, the PMAL coated
SPIONs can achieve high selectivity after functionalisation
with specific proteins and are an ideal candidate for cell target-
ing applications.

5.2. Stabilisation of MNPs against oxidation

Apart from aggregation, oxidation is another common
problem among MNPs in vivo because it can adversely affect
the Mg, especially for MNPs with lower oxidation state iron
such as zero-valent iron or magnetite. This reduction in mag-
netic properties consequently lowers the signals generated and
image resolution in MPI. Therefore, it is important to provide
an appropriate surface coating to prevent the MNPs from oxi-
dising. The best strategy would be to encapsulate these MNPs
so that they cannot interact with any oxygen species in solu-
tion or biological media. As many of the coatings described in
the previous section are permeable by oxygen, the most
common option for this type of stabilisation is inorganic
coating with silica or stable metals.

5.2.1. Inorganic coating, silica. Silica (or SiO,) is one of the
most widely used material to provide protection as well as
improving the biocompatibility, stability, and water dispersity
of MNPs for biomedical applications. The silanol terminal
group on silica coated MNPs allow surface functionalisation
with various peptides, proteins, and antibodies. Chen et al
discovered that when PtFe metal alloy was coated with silica,
they can be internalised by tumour cells and show no signs of
cytotoxicity for 7 days of incubation at 30 pg mL™'.

This journal is © The Royal Society of Chemistry 2022
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Furthermore, it was also found that these PtFe-silica NPs also
are strong T, contrast agents hence confirming the potential
of these NPs to be used for cellular and in vivo imaging,
hyperthermia, stem cell therapy, drug delivery and regenerative
medicine.”” In a recent study, Nasiri et al functionalised
SPIONs@SiO, with papain (PPN) as an anticancer agent, and
the results show that SPIONs@SiO,-PPN can successfully
reduce cell viability and have a higher percentage of apoptosis
for HeLa cells when compared to the native PPN (Fig. 10)."*®
This study shows that the coating of silica onto NPs holds
great potential as a drug delivery vehicle in cancer therapy.

However, the presence of the diamagnetic silica layer can
reduce the magnetisation of the overall MNPs. Studies have
shown that at low temperatures, the M, of the silica coated
MNPs can be decreased by 32% (from 31 emu g~ " to 21 emu
g~") under the magnetic field of 1 kOe (or 0.1 T)."*” It was also
shown that the silica coating also affects the Curie temperature
(T.) and cause a T. decrease of 7% (341 K to 317 K).'*
Although, not significant for MPI, this significant drop of
temperature can limit the MNPs use as dual imaging-treat-
ment tracers in hyperthermia treatment. If both MPI and treat-
ment are desired, it is important to carefully control the thick-
ness of silica coating to only be thick enough to ensure bio-
compatibility and water stability while keeping the Mj,  as
high as possible to conserve the heating efficiency.

5.2.2. Gold coating. Besides silica, metals can also be used
to protect magnetic nanoparticles against oxidation and
enhance their performance in biomedical applications. This is
especially useful for air sensitive materials (i.e., Fe’ NPs) since
other coating options require the NPs to be dispersed in
aqueous solvents, which can cause a small degree of oxidation
before coating. Therefore, if the SPIONs can be coated with a
metal layer in an inert environment, this can protect the MNPs
from oxidation and maintain their superb magnetic pro-
perties. Furthermore, metals are also excellent conducting
materials and can induce heat under an AC magnetic field.
This makes metallic coatings more frequently used for
hyperthermia treatment.

Owing to its non-toxicity, non-immunogenicity and ease of
conjugation with many biomolecules, gold has attracted atten-
tion as the optimal metallic coatings for MNPs. Gold delivery
applications.'®°° Wagstaff et al. further confirms the poten-
tial of these Au@FeNPs as drug delivery vehicles; they were
coating can improve the biocompatibility of MNPs and reduce
aggregation by steric and electronic repulsions. Studies have
shown that the gold coatings also have no significant effect on
the magnetic properties of NPs and can sustain drug release;
making these gold coated SPIONs ideal candidates for drug
successfully delivered drugs to the tumours and was shown to
be 4.3-fold more effective than cisplatin (i.e., achemotherapy
drug that is used to treat cancer) alone.'*® However, directly
coating the surface of MNPs with gold can be synthetically
challenging due to the differences in their crystal structures
and lattice measurements."”®® A Au shell can be indirectly
coated onto MNPs by introducing a “glue material” between
the core and the Au shell to ease the lattice differences
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Fig. 9 MPI/CT scans for three different samples RL-1C (a PEGsilane coated MNP), Ferucarbotran and Synomag®-D to show the MPI performance
of these NPs at different time after injection (from 0 min to 24 h) and the blood half-life of these nanoparticles in the heart and liver.**3 This figure
has been reproduced from ref. 143 with permission from Nanotheranostics, copyright 2022.
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Fig. 10 MTT assays showing the cell viability charts for neat papain (PPN), IONPs@SiO,-PPN, IONPs@SiO, and pure IONPs by using (a) HelLa cell
lines, (b) HSF 1184 cell lines and (c) cisplatin. The asterisk symbol (*) indicates significant differences between these results compared to the control
analysed by unpaired t-test and followed by Holm-Sidak post hoc test (p < 0.05).6 This figure has been reproduced from ref. 146 with permission

from Nanotechnology, copyright 2022.

between the two materials.'**

Since the coating of Au shell
onto silica is well established, SiO, is mostly used as an inter-
mediate layer between Au shell and MNPs.>* Although the

extra silica layer can reduce the M, of the material, the

13904 | Nanoscale, 2022, 14, 13890-13914

Au@silica@SPIONs were shown to be possess a highly tune-
able plasmon resonance in the near infrared region (a.k.a.
NIR) and hence can mediate photothermal ablation to
tumours and cancer cells.">*'>*
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5.3. Coating for additional functionality

For a more specific application such targeted imaging and
drug delivery, it is vital for MNPs to be further functionalised
with either antibodies, proteins, or drugs to successfully bind
to the desired targets. For example, a study that is focused on
cancer treatment might require MNPs to be conjugated with
cisplatin or other drugs. Whereas another study may require
MNP conjugation with specific antibodies so that it can attach
to a targeted protein.

In a dementia study, it is found that the main cause of
Alzheimer’s disease is caused by the production and build-up
of beta amyloid (Ap) proteins around brain cells."”® This
hinders signal transmissions which lead to a decrease in neu-
rotransmitters. Over time, these areas shrink and results in
symptoms such as memory loss, difficulties in judgement and
even the ability to perform simple tasks. Therefore, to success-
fully image the brain for build-up of Af proteins, MNP tracers
are required to be functionalised with anti-Ap antibodies so
that they can attach to the amyloid plaques. The majority of
the antibodies, proteins and drugs can be easily conjugated
onto MNPs coated with either inorganic or organic for MPI
tracers to be further modified with the suitable antibodies or
drugs to fit the intended application.

6. Applications of MPI

Owing to its unique properties, MPI has many advantages that
make it highly desirable for many biomedical applications

View Article Online
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such as in vivo imaging, cellular tracking, and thermal guided
cancer therapy. MPI can also be used for targeted imaging and
therapeutic treatments if using proper conjugation chemistry
with suitable proteins, antibodies, and drugs. However, each
of these applications may require different types of MNP
tracers hence a careful selection of MNP design and coating is
necessary to achieve outstanding results (Table 1). This section
will focus on these biomedical applications and provide our
insights on the suitable tracers for each application.

6.1. Invivo imaging

6.1.1. Vascular and perfusion imaging with MPI. MPI can
deliver high quality images with no background signals, no
penetration limit and high temporal resolution which makes it
an ideal modality for real-time in vivo imaging of cardio-
vascular and cerebrovascular diseases. Recent studies also
show that MPI can indicate any structural changes and allow
for direct quantification of vascular stenosis for as small as
2 mm.’ The key property for MNPs in in vivo imaging lies in
their circulation time as it is vital for the MNPs to remain in
the system for the whole imaging duration (usually can take
from minutes up to hours). In a study conducted by Yu et al.,
the potential of PEGylated SPIONs as a long circulating tracer
(up to 140 min blood half-life) was highlighted as they that
successfully allowed for the detection and quantification of
gastrointestinal (GI) bleeding.'® Furthermore, when Kaul et al.
used LS-008, another SPION tracer coated with PEG polymer to
study organ perfusion and angiography, it was shown that
LS-008 has a better image resolution and longer blood half-life

Table 1 Summary of core materials and surface modifications with ideal properties for biomedical applications

Biomedical
applications Key criteria Types of core materials  Surface modifications Ref.
Vascular and + Long blood half-life « Fe;0,4 NPs + PEG coating 5,10, 156 and
perfusion imaging « For neuroimaging, hydrodynamic  + Metal ferrites + Red blood cells coating 158
size can’t exceed 200 nm.
* Fe@Fe;0,4
» Maghemite NPs
Targeted imaging « Long blood half-life » FeCo@C + PEG coating 4,12,13 and
with MPI + Need a proper targeting ligand « Fe;0, NPs + Small molecules 159
conjugation
« Metal ferrites « Zwitterionic polymer
* Fe@Fe;0,4
Therapeutic + Need a proper targeting ligand « Fe;0, NPs » DMSA coating (cancer treatment) 13, 86, 130
treatment using MPI  conjugation and 137
« Metal ferrites + Biopolymer coating (drug delivery)
» Fe@Fe;0, » Silica coating (drug delivery)
« FeCo alloy
« Iron carbide
Cellular tracking « Long blood half-life - Janus oxide - Positive surface charge ligands 8,14,15 and
« Positive surface charge « Cubic Fe;0, NPs » Biopolymer coating (e.g., 160-162
carboxymethyl chitosan and citric
acid)
« Metal ferrite
* Fe@Fe;0,4
Thermal guided + Wide coercive field  Hard metal ferrites » Metallic coating (e.g., Au) 19, 20 and

cancer therapy
« Hydrodynamic size: <100 nm

» Suitable targeting ligand

(e.g., CoyFes;_,0,) 164
« FeCO metal alloy

+ Biomolecules coating for more
uniform ablations

+ Cubic NPs (e.g.,

Zn, 4Fe; 604)

This journal is © The Royal Society of Chemistry 2022
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Fig. 11 APC ™"* mouse was used as a disease model for Gl bleeding. Representative subtracted MPI images of (a) an APC ™™* mouse and (b) a
wild-type mouse over a course of 117 min and the concentration of Fe in the blood pool (shown in red) and gut (shown in blue). The Gl bleed can be

visualised with high contrast in (a) for the diseased mouse model and none was observed in (b

).1° This figure has been reproduced from ref. 10 with

permission from ACS Nano, copyright 2022. (c) The signal decay of LS-008 and Resovist® over time in the heart.!! This figure has been reproduced
from ref. 11 with permission from Physics in Medicine & Biology, copyright 2022.

than Resovist®.'! After a few minutes of injection, the rate of
blood clearance for Resovist® was determined to be much
higher than that of LS-008 (Fig. 11). As a result, the majority of
the Resovist® NPs were accumulated in the liver after
8 minutes of injection.’* The MPI angiography images also
demonstrated that LS-008 has a better delineation of visualised
vessels (i.e., caval veins, aorta and liver vasculature could be
clearly distinguished) and showed no temporal fluctuation
artifacts compared to Resovist®.""

Apart from cardiovascular imaging, MPI can also be used
for the detection of ischemic stroke by acquiring images of cer-
ebral perfusion. One of the risks for this type of cerebral
assessment is the potential extravasation of MNP tracers into
the brain parenchyma. This tracer extravasation will lead to
many unwanted side effects from tracer deposition onto the
central nervous system to contaminating the perfusion signal,
which then results in incorrect reading of the cerebral blood
volume.'®® In one study, Ludewig et al. assessed the potential
of MPI for detecting acute stroke by using 65 nm LS-008 NPs.
The study showed no signs of tracer extravasation in the brain
parenchyma after 3 h of reperfusion and the stroke was also
successfully detected in real time using MPL'® In addition,
other studies also reported no tracer extravasation of SPIONs
with hydrodynamic size of 50 nm and greater."””

It is worth noting that for neuroimaging, MNP tracers also
need to be less than 200 nm in order to cross the blood brain
barrier (BBB). Therefore, it is important to carefully choose the
size of MNPs (i.e., 50 nm — 200 nm) to avoid tracer extravasa-
tion and to successfully cross the BBB during cerebrovascular
imaging. Furthermore, SPIONs can also be encapsulated in red
blood cells (RBCs) to enhance their biocompatibility as well as
prolonging their blood circulating time (i.e., up to 12 days),
which make these RBCs conjugated NPs ideal candidates for
long term in vivo imaging applications.>"*® Depending on dur-
ation of the applications, PEG polymer and RBCs coating can
be used interchangeably for in vivo imaging.

13906 | Nanoscale, 2022, 14,13890-13914

6.1.2. Targeted Imaging with MPI. Targeted imaging has
played a crucial role in the early detection and diagnosis of dis-
eases including cancer. By conjugating SPIONs with an appro-
priate targeting ligand, MPI can offer many advantageous pro-
perties over the current modalities such as high sensitivity,
high SNR, magnetic targeting and direct quantification of
tumour mass.>'*'® Yu et al. was successfully using MPI to
detect MDA-MB-231-luc xenograft tumours by intravenously
injecting long circulating LS-008 tracers in tumour bearing
rats.” Using lactoferrin, Arami et al successfully showed a
higher selectivity and accumulation rate of lactoferrin-conju-
gated MNPs at the brain tumour xenograft in mice compared
unconjugated MNPs (Fig. 12). Furthermore, by introducing a
permanent magnet close to the tumour xenograft, a much
higher accumulation of lactoferrin-conjugated MNPs was
observed, hence allowing for another alternative targeting
strategy using MPL" In a different study, Jung et al. was able to
monitor and track the SPIONs-labelled exosomes (i.e., exo-
somes that were modified to carry SPIONS) in vivo to study the
efficacy of these cell-derived vesicles toward hypoxic tumour
via MPL"? The study also showed the potential of these exo-
somes for therapeutic treatment of cancer by loading drugs,
such as Olaparib (a poly ADP ribose polymerase (PARP) inhibi-
tor), into these vesicles and MPI can be used for the tracking
in real time. However, conjugating nanoparticles with specific
targeting ligand is not always mandatory. For example, in a
recent study, Song et al., was able to use MMPF NPs (iron
oxide@semiconducting polymer Janus nanostructures) to
target the orthotopic tumours in brain and breasts in mice.
The results show that the MMPF NPs were able to diffuse into
the brain tumour via enhanced permeability and retention
(EPR) effect and can remain in vivo for up to 49 h after
injection.'>®

Although Co is not typically employed in vivo due to toxicity
concerns, effective coating that prevents Co leaching may
make Co-containing MNPs viable options for MPI tracers. In a

This journal is © The Royal Society of Chemistry 2022
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Fig. 12 Schematic illustration of surface functionalisation of NPs for glioma targeting studies. (a) Reaction between PEG polymer with PMAO to
form PEG-PMAO copolymer with an active maleimide functional groups. (b) Surface functionalisation of magnetic nanoparticles with PEG-PMAO
polymer to increase their water dispersity. (c) Conjugation of lactoferrin onto iron oxide nanoparticles using Traut's agent. Near infra-red fluor-
escence (NIRF) images of tumour xenograft bearing mice that was injected with Cy5.5-lactoferrin conjugated NPs (d) with and (e) without a perma-
nent magnet placed on the right-side flank. (f) NIRF images of tumour xenograft bearing mice that was injected with Cy5.5 labelled NPs (lactoferrin
free NPs) and without a permanent magnet.* This figure has been reproduced from ref. 4 with permission from Nanoscale, copyright 2022.

recent study, Song et al. successfully synthesised FeCo@C-PEG
and showed that these NPs possessed 3.5 times greater MPI
signal than that of Vivotrax for imaging of 4T1 breast tumours
in living mice. In addition, the tumour uptake of these
FeCo@C-PEG NPs was calculated to be higher than Vivotrax,
which are 5.7% ID g and 0.64% ID g~ " respectively after 24 h
of injection; making these NPs more superior than commer-
cial tracers for in vivo tumour imaging.'® Therefore, it is impor-
tant to choose an appropriate core and functionalise MNPs
with a suitable biomarker for imaging of targeted sites and
diseases.

6.2. Cellular tracking with MPI

Stem cell therapy has attracted great attention owing to their
tissue regeneration potential, and ability to treat various dis-
eases such as stroke, liver, heart failure and neurological
diseases."®® However, the biological fate of these adminis-
tered stem cells is not fully understood. Thus, there is an
opportunity for further investigation of their behaviour and
migration pathways to diseased tissues in vivo. This can be
achieved by using imaging modalities to track stem cells in
biological environment. However, positron emission tomogra-
phy (PET) and single-photon emission computed tomography

This journal is © The Royal Society of Chemistry 2022

(SPECT) were shown to be unsuitable for long term cellular
tracking due to the use of radiotracers. This is because they
have a relatively short half-life and can cause adverse effect on
stem cell viability. In contrast, MPI uses non-toxic MNP tracers
that can be tuned to possess long blood circulation time and
high biocompatibility. Furthermore, owing to its quantitative
nature and high contrast, MPI is a suitable imaging platform
to track the fate of stem cells in vivo. By using MPI, Zheng
et al. successfully monitored the in vivo distribution and clear-
ance of human mesenchymal stem cells (hMSCs) by modifying
them with Resovist®, a commercially available MPI tracer.
These Resovist-labelled MSCs were initially localised in the
lungs upon injection and the signals were visible for up to 12
days then were gradually cleared by the liver."* In another
study, Zheng et al. further emphasised the potential of these
SPIONSs for long term cellular tracking, as the group success-
fully tracked and quantified these implanted Resovist-labelled
neural progenitor cell (NPC) in rat brains for more than
3 months."

In another study conducted by Song et al., it was shown
that 27 nm Janus MNPs (SPION-semiconducting polymer) can
achieve 3-fold and 7-fold higher Mj, than the commercial
tracers Vivotrax and Faraheme, respectively.® During in vivo
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HeLa cell tracking, these Janus MNPs showed excellent MPI
performance, low toxicity, and post-mortem analysis still dis-
played strong signal intensity even after 20 days of injection.
Thus, Janus MNPs are great candidates for long term in vivo
cell tracking.® Furthermore, by tuning the shape and size of
SPIONs, Wang et al. was able to achieve a higher Mg, for
22 nm cubic iron oxide NPs (namely CIONs-22) at the same Fe
content, which is 4.15-fold higher than that of Vivotrax.'® By
using these CIONs-22-labelled bone mesenchymal stem cells
(BMSCs), Wang et al also successfully monitored the
migration and distribution patterns of these NPs toward the
damaged tissues in ischemic mouse. In another study con-
ducted by Rivera-Rodriguez et al., it was shown that ferucarbo-
tran (or Resovist®) could also be used to study the behaviour
of adoptive cellular therapy (ACT) T cells in vivo."” However,
the cellular uptake of these commercial tracers by ACT T cells
was determined to be only 1 pgg. per cell, which is signifi-
cantly lower when compared to other cells.

Since MPI tracers are mainly embedded into stem cells via
endocytosis, the MNP properties such as surface charge,
surface chemistry, and hydrodynamic size are highly impor-
tant for an optimal internalisation.’®®'®" In order to facilitate
endocytosis, magnetic tracers are recommended to have a
positive surface charge so they can be attracted to the nega-
tively charged surface of cell membranes via electrostatic
force. However, some studies have shown that surface coat-
ings such as carboxymethyl chitosan and citric acid can
increase the stem cell uptake of the MNPs despite the for
stem cell uptake.'®*®* Therefore, a careful selection of size,
surface charge and surface chemistry for MPI tracers is
needed to achieve optimal results for cellular tracking
applications.

6.3. Thermal guided cancer therapy with MPI

Hyperthermia therapy (HT), also known as thermal therapy, is
a therapeutic method for cancer treatment that works by apply-
ing heat to a targeted region of the body. HT can also be used
to sensitise tumours so that other treatments such as chemo-
therapy or radiotherapy can be more effective.'®® By utilising
MNPs and an alternating magnetic field (AMF), magnetic
hyperthermia (MHT) or magnetic fluid hyperthermia (MFH)
can direct and ensure sufficient localisation of MNPs.
However, MNPs can also accumulate in the off-target organs
such as liver and spleen. Thus, the increase in temperature
can induce collateral damage and necrosis in healthy tissues
as well as changing their enzymatic behaviour.'®® In MHT, the
heat induced is caused by the continuous magnetic relaxation
of MNPs in an alternating field, which also relies on the same
principle as MPI signal generation." Therefore, if the AMF can
be localised within the tumour only, damage on off-target
organs can be avoided. Studies have shown that by adjusting
the position of the field free region (FFR) in MPI, selective
heating can be achieved and the tumour lesions could be
ablated without harming nearby tissues.'® Therefore, this
makes MPI an ideal imaging platform in hyperthermia therapy
to treat tumour with high precision.
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For an optimal ablation of tumours, a more uniform distri-
bution and penetration of MNPs into tumours is required.
Studies have shown that by functionalising the surface of
MNPs with a suitable targeting ligand such as CREKA (Cys-
Arg-Glu-Lys-Ala), a penta-peptide that can target fibrin fibro-
nectin complexes expressed by tumour cells in breast and
interstitial cancer, it can promote a more uniform distribution
of these conjugated NPs within 4T1-Luc breast cancer cells as
revealed by both MPI and MRI imaging.*® Apart from surface
functionalisation, properties such as size, shape and compo-
sition of MNPs are also important to achieve outstanding
results in hyperthermia. Studies have shown that MNPs of
larger size are more preferrable to be used in hyperthermia
treatment. This is because MNPs of larger size will be slightly
ferrimagnetic and have a higher H. and a higher remanent
magnetisation (M,) which are the important properties for
MHT.'®® However, MNPs with very high H, and M, are also not
suitable for MHT because they are unable to produce ideal
specific heating power (SHP) and would require a higher mag-
netic field strength to be excited.'®® Furthermore, ferrimag-
netic NPs also adversely affect MPI signalling due to a slower
magnetic relaxation which results in poorer image resolution.
Additionally, if the NPs become too small, H. value would be
negligible hence also not suitable to be used in magnetic
hyperthermia. As a result, magnetite of 10 nm was shown to
not be desirable as hyperthermia agents.”* Therefore, it is criti-
cal to carefully control the size of MNPs so that it can behave
like a soft magnet and generate exceptional SHP value while
still maintaining good MPI signal. Apart from size, shape also
play a key role in achieving excellent performance in MHT.

Studies have shown that cubic MNPs possess a higher
shape anisotropy compared to their spherical counterparts
hence a study conducted by Reyes-Ortega et al., it is found that
24 nm cuboidal SPIONs demonstrated an improved perform-
ance in hyperthermia compared to spherical and rod-shaped
SPIONs (Fig. 13a)."®* Though, all three SPIONs can increase
the solution temperature from ambient value to 45 °C within a
minute, cuboidal NPs still achieved the maximum heating
value (Fig. 13b)."®* However, due to the higher value of H.,
these cubic NPs are not ideal as MPI tracers. In order to over-
come this issue, SPIONs have been doped with various metals
to tune their magnetic properties so that these tracers can be
used for a wide range of applications, specifically hyperther-
mia. In a study conducted by Bauer et al., it is shown that by
doping cubic SPIONs with 13% zinc can effectively increase
their Mg, value while still maintaining their excellent MHT
performance.'® These cubic zinc ferrite (Zn,,Fe,0;) NPs
exhibited a 2-fold enhancement in SNR compared to undoped
counterparts which enabled their use as MPI tracers."®
Furthermore, these cubic NPs also demonstrated an improve-
ment in hyperthermia performance compared to current com-
mercial tracers (i.e., higher SNR value and 5-fold enhancement
in specific absorption rate over spherical NPs)."® Therefore,
with the improved magnetic properties and excellent heating
efficiency, this makes these cubic zinc ferrite NPs ideal candi-
dates to be used in MPI coupled with hyperthermia treatment.

This journal is © The Royal Society of Chemistry 2022
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Fig. 13 (a) Magnetisation curve at 25 °C of nanorods (RO), nanocubes (CU) and nanospheres (SP). Inset: low — field detail. (b) Hyperthermia
response tests: temperature—time curve of CU at different field frequencies and 16.2 kA m™ field strength.'®* This figure has been reproduced from
ref. 164 with permission from Nanomaterials, copyright 2022. (c) Scheme illustrating the potential of MPI for hyperthermia treatment with high pre-
cision.® This figure has been reproduced from ref. 18 with permission from ACS Nano, copyright 2022.

Furthermore, a study conducted by Joshi et al, found that
doping SPIONs with cobalt also resulted in an increase in coer-
cive fields hence higher heat dissipations.'®® However, some
studies also shown that cobalt ferrite NPs with a CoFe,O, com-
position of 10 nm-15 nm are not suitable to be used in
hyperthermia due to an extremely high value of H.'®> However,
studies have shown that by tuning the composition of cobalt
in iron oxide NPs can successfully reduce the H. value. In a
study conducted by Dutz et al., it is demonstrated that cobalt
ferrite that contains 6.4%, 8.6% and 12.6% of cobalt maxi-
mised the SHP value at low, medium and high magnetic field
strength respectively.”* Furthermore, these cobalt ferrite NPs
also exhibited high M, and had excellent thermal and chemi-
cal stabilities.'®®"®” Therefore, if the correct composition of Co
is used, cobalt doped SPIONs can be ideal MPI tracers for
MHT.

In summary, MNP materials such as cube-shaped zinc
ferrite NPs and cobalt ferrite NPs are excellent candidates for
magnetic hyperthermia therapy using MPI. In terms of surface
modification, metallic coating is preferred due to high conduc-
tivity which can minimise the amount heat loss compared to
organic coatings. Although, as discussed earlier, functionalis-

This journal is © The Royal Society of Chemistry 2022

ing MNPs with biomolecules can also facilitate the uptake of
these tracers and optimise their distribution for a more
uniform tumour ablation. Therefore, it is necessary to carefully
consider the advantages and disadvantages of each MNP and
coating for exceptional results in MHT using MPI.

7. Conclusion and future
opportunities

This review paper focussed on different MNPs including mag-
netite, metal ferrites, maghemite, and zero valent Fe@Fe;0,,
iron carbide and iron-cobalt alloy NPs that can potentially be
used as MPI tracers. We provided our insights on what would
be perceived as the “best” core material and the synthetic
routes for each material was also discussed. Properties such as
superparamagnetism, short magnetic relaxation, and size of
nanoparticles play an important role in MPI signal generation
and must be carefully considered to achieve the best results.
We also highlighted the importance of surface modifications
in improving the functionality of MNPs for a wide range of bio-
medical applications in MPI. Applications including in vivo
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imaging, cellular tracking, and hyperthermia were briefly dis-
cussed and we have also presented our insights on what would
be the ideal material for each of these applications.

This review highlights the major advantages of MPI for
different biomedical applications and how magnetic nano-
particles are tailored for each of these applications. These
advantages allow for exciting opportunities for future direc-
tions in the field on MPI research. For example, the key pro-
perties of MNPs for more specific applications such as leuke-
mia studies have not yet been fully explored. Hence, there is
an unmet need to investigate the ideal size and coating that
would be best fitted for each application for MPI to be used
clinically. Furthermore, there is also an opportunity to explore
other coating options to improve the circulation time and bio-
distribution of administered NPs in vivo. Additionally, pro-
perties such as superparamagnetism, short magnetic relax-
ation, high M, and the size of nanoparticles of MNPs need
to be tailored for specific applications. Thus, despite major
advances in the field, there is still potential for further
research to create and understand MNP tracers that can be
implemented for MPI in clinical applications.
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