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1 Introduction

Magnetic nanoparticles, in combination with applied magnetic fields, can non-invasively
focus delivery of small-molecule drugs and human cells to specific regions of the
anatomy. This emerging technology could solve one of the main challenges in therapy
development: delivery of a high concentration of the therapeutic agent to the target
organ or tissue whilst reducing systemic dosing and off-target side effects. Several
challenges, however, must be met before this technology can be applied either effec-
tively or safely in the clinic to augment therapies.

Multiple nanoparticle features interact to influence the efficiency of magnet-
targeted delivery, and so their design will have a large influence on the success of
therapeutic targeting. For example iron oxide core size and composition affect the
type (superparamagnetism/ferrimagnetism/antiferromagnetism) and strength of
magnetism, and thus the amount of force that can be applied by an external magnetic
field. Furthermore, particle behaviour within biological systems can be affected by
particle size and coating, including their cell uptake, extravasation rate, circulation
time, clearance, aggregation, and degradation.

To assess the impact of these factors on particle biodistribution and success of
delivery, it is useful to be able to image nanoparticles non-invasively with a clinically
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available imaging modality. One solution to this is the use of magnetic resonance
imaging (MRI), which is sensitive to the presence of magnetic particles, such as iron
oxide, in most biological tissue. This can give high-resolution anatomical informa-
tion on particle location, providing a translatable method to confirm delivery success.
However, MRI lacks the quantitative ability to assess whole-body biodistribution,
and so the incorporation of other imaging agents, such as radionuclides, into particles
could also be beneficial (see Chap. 10).

Preclinical researchers have investigated the use of magnetic targeting-based thera-
pies across a wide range of conditions, and positive results have been reported [1, 2].
Furthermore, improved drug delivery to tumours has been demonstrated in the small
number of clinical trials completed to date [3, 4]. Other potential cancer therapy applica-
tions include embolization and the delivery of radiotherapy agents, as well as the heating
of targeted magnetic particles using alternating current magnetic fields for hyperther-
mia-based treatment or the controlled release of drugs [5]. For regenerative medicine,
stem and progenitor cells have been targeted to specific organs such as the heart and
brain to restore function to damaged tissue in mice and rats [6]. In the emerging field of
“micro-robotics,” bacteria, magnetic particles, and microsurgical robots have been
directed through the vasculature or organs in live animals or mazes using computer-
interfaced magnetic devices and real-time MRI to follow their progress [7-10].

In this chapter, we provide a basic introduction to the physical principles behind
magnetic targeting technology, relevant design features of nanoparticles and mag-
netic targeting devices, an overview of preclinical and clinical applications, and an
introduction to imaging magnetic particles in vivo.

2 General Physical Principles

The magnitude and direction of force that can be exerted on a magnetic particle will
determine its potential to be targeted. In general terms, this force depends only on
the magnetisation of the particle (M), and the strength and spatial distribution of the
magnetic field (B), as described by (1)

F, =(MxV)B (D

In this, and the following equations, it is important to note that we are dealing with
three-dimensional vectors that describe the resulting magnetic force, as well as the
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magnetic fields, where M is linearly proportional to the applied magnetic field, Eq.
(1) may be written as [1]
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where 1, is the magnetic permeability constant of free space. The other variables are
explained in more detail below:

Ay

The relative magnetic susceptibility of the particle: This can be understood as a ratio
of the induced magnetisation to the strength of the inducing field, and is characteristic
for each type of magnetic particle in a given arrangement. During targeting experi-
ments, the amount of force that can be exerted on the particle is proportional to Ay,
which is the difference between the magnetic susceptibility of the particle and that of
the external medium. As the susceptibility of normal biological tissue and fluids,
such as the blood, is usually negligible in comparison to the particle, Ay is typically
equivalent to the magnetic susceptibility y of the particle.

Vm

The volume of the magnetic particle: (Note that we use “particle” to denote the
magnetic entity that is being actuated, and that this may be a multicomponent entity,
e.g. one in which many inorganic magnetic cores may be encapsulated in an organic
matrix.) In cases where a cell or magnetoliposome is loaded with multiple magnetic
particles and an aggregation of magnetic particles exists, the particles will typically
behave as a single magnetic particle. For simplification the volume of the particles
in this situation can be summed to estimate the force acting upon them:

(BxV)B

The external magnetic field—both its strength, B = |B| , and its spatial variation

(commonly referred to as the “magnetic field gradient”), as expressed by the vector
product with the gradient operator: The amount of force that can be applied to a
magnetic particle is proportional to the field strength, up to field strengths that
approach the saturation magnetisation (Fig. la) for a given particle (typically
0.5<B<1.0 T). Field strength depends on the strength of the magnetic device and
the position of the particle relative to the magnetic field created by the device. The
magnetic field gradient depends on the shape of the magnetic field that is produced
by the magnetic targeting device, and the position of the particle within the field.
The direction of the gradient is the main controllable parameter that will determine
the direction of particle movement. In a uniform magnetic field lacking a gradient,
the directional magnetic force acting upon a particle will be negligible.

As the magnetic force acting on a particle is only linearly dependent on magnetic
field strength over a certain range, Eq. (2) is not applicable for higher magnetic field
environments, where the particle approaches its saturation magnetisation, M. This
can be visualised on the hysteresis curve (Fig. 1), which shows the induced magne-
tism of a magnetic particle on the y-axis in response to increasing external magnetic
field strength along the x-axis. At higher field strengths, another approximation can
be used to estimate the force [11]:
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Fig. 1 Hysteresis curves showing net particle magnetisation induced by varying external field
strength, for (a) superparamagnetic, (b) ferromagnetic (or ferrimagnetic), (¢) paramagnetic, and
(d) diamagnetic materials. Particle magnetisation in an applied field for (e) superparamagnetic, (f)
single-domain ferromagnetic (or ferrimagnetic), (g) multi-domain ferromagnetic (or ferrimag-
netic), (h) paramagnetic, and (i) diamagnetic materials. Net magnetisation in the absence of a
magnetic field for (j) superparamagnetic, (k) single-domain ferromagnetic, (I) multi-domain fer-
romagnetic, (m) paramagnetic, and (n) diamagnetic materials. Further explanations on the differ-
ent forms of magnetism can be found in Sect. 3.1

B V.M, L(x)
_T(BxV)B (3)

where L(x)= COth(ﬁC)—% is the Langevin function for x = .V, M(B/ kT | kg is

Boltzmann’s constant, and T is temperature. By incorporating the Langevin func-
tion into this equation, it becomes possible to model the sigmoidal induction of
magnetisation in response to increasing field strength seen on the hysteresis curve
(Fig. 1), overcoming the assumption of linearity in Eq. (2). This allows Eq. (3) to be
used for any field strength. Please see Riegler et al. for further details [11].
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Table 1 Bulk saturation Composition | Magnetic order M, (emu/g)
magnetisation for selected - -
. Fe;0, Ferrimagnetic 90-92

minerals and metals/alloys at - -

room temperature [12] v-Fe,O; Ferrimagnetic 70-80
o-Fe,0; Canted-antiferromagnetic | 0.4
CoFe,0, Ferrimagnetic 80
MnFe,0, Ferrimagnetic 77
NiFe,O, Ferrimagnetic 51
Co Ferromagnetic 161
CoFe Ferromagnetic 235
Fe Ferromagnetic 218
Ni Ferromagnetic 55
Ni;Fe Ferromagnetic 120

(Note that size and surface effects may lead to lower M,
values in nanoparticulate materials than those listed here.)
Most magnetic particles used for biomedical applications
are iron oxide based, and consist of either maghemite or
magnetite. Nanoparticles made from metal alloys such as
CoFe would have greater saturation magnetisation than
iron oxides, potentially providing more force at high field
strengths

As the saturation magnetisation becomes relevant at higher field strength, this
might influence the choice of magnetic material used. Of the two most common
types of iron oxide used in magnetic particles, magnetite (Fe;O,) typically has
higher saturation magnetism than maghemite (y-Fe,0;), though higher values are
found in some metals and alloys (Table 1).

Counteracting the magnetic force, targeting efficiency will be affected by addi-
tional physical parameters specific to the precise anatomical context, including fluid
velocity (vy,) and viscosity (1), difference in particle or cell velocity and fluid veloc-
ity (Av), and particle or cell radius (R,). These can be used to calculate the drag
force acting on the particle and against the magnetic force that is exerted on a par-
ticle within a given fluid [1]:

F, =6mnR, Ay

As drag force is proportional to the surface area of a particle, smaller particles will
experience greater drag per unit volume than larger particles or particle-loaded cells
or liposomes. Therefore the resulting force will be proportionally greater the larger
the object to be targeted, assuming that it is well loaded with magnetic particles.
Though in general this means that larger magnetic particles and particle-loaded enti-
ties will be targeted more effectively in the vasculature, in some circumstances this
might be offset to a degree by certain advantages of smaller particles, such as increased
extravasation and diffusion rate through certain tissues, which is discussed in part 3.4
of this chapter. Mathematical modelling of the forces affecting magnetic particle
targeting in biological tissues has been further explored by Nacev et al. [12].
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3 Magnetic Particles

3.1 Particle Size and Magnetism

Core size and material affect the type and potential strength of magnetism that a
particle displays (Fig. 2), which in turn influences how it behaves in magnetic tar-
geting applications. (Temperature also has a significant effect, but in this chapter it
should be taken as read that the ambient temperature is in the room/body tempera-
ture range.) In the low nanometre range (up to 2-30 nm depending on the material
[13]) most iron-, nickel-, and cobalt-based magnetic materials are superparamag-
netic—they are magnetic only in the presence of an external magnetic field, and
their magnetism increases with external magnetic field strength up to their satura-
tion magnetisation (Fig. 1 a, e, j).

Up to a higher size limit (50—100 nm, again dependent on the material [13]) the
same materials will possess a single magnetic domain (Fig. 1 b, f, k). When a par-
ticle is in the single-domain state, its internal magnetisation is aligned in the same
direction, whereas in multi-domain particles each domain may point in a different
direction. In the application of a magnetic field, individual single-domain magnetic
particles do not increase their magnetisation, which remains at saturation (M;); how-
ever, multiple neighbouring particles that are initially magnetised in varying direc-
tions (along their easy axis of magnetisation) will align with the magnetic field in
chains (if in solution), or against their easy axis if they are not free to rotate. This
increases the net magnetisation of the group and therefore the amount of directional
magnetic force that can be applied to the particles by a field gradient.

At larger sizes, the magnetic cores will split into multiple non-aligned domains
to reduce the internal energy of the particle (Fig. 1g, 1). These are known as multi-
domain magnetic particles. Domain wall motion can be induced by an external field
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to increase the net magnetisation, with domains that are magnetised in directions
favoured by the applied field growing at the expense of unfavourably oriented
domains, and saturation magnetisation may be reached if a sufficiently strong exter-
nal field is applied. The field strength at which this is achieved, and the retention of
magnetic domain alignment after removal of an external magnetic field (known as
remanence), can be determined from a hysteresis curve for the particles (Fig. 1).
Though the same net effect is seen in groups of single-domain particles due to mag-
netic anisotropy, this is due to different underlying reasons as illustrated in Fig. 1.

The magnetic susceptibility of a given assembly of particles is influenced by the
above factors, such as the composition and magnetic structure of the particle core.
Magnetic susceptibility is important for targeting applications, as it is proportional
to the amount of magnetic force that can be applied below field strengths at which
the magnetisation is saturated. This can also be visualised on a hysteresis curve
(Fig. 1). This allows us to compare magnetic properties for several potential candi-
date magnetic particles to determine which will be most suitable for a specific mag-
netic targeting application. This is particularly important when considering
nanoparticles originally made for use as MRI contrast agents (superparamagnetic
iron oxide particles— SPIOs), which were not designed for the effective production
of force, but for their ability to produce local magnetic field inhomogeneities result-
ing in areas of hypo-intensity in T,-weighted MR images (due to de-phasing of the
surrounding 'H proton spins). For this reason, some MRI contrast agents are not
well suited for certain magnetic targeting applications due to their small core size,
especially the ultra-small SPIOs or USPIOs.

Despite this potential mismatch in required design features between the two
applications, some SPIOs designed as MRI contrast agents do have suitable proper-
ties for particular magnetic targeting applications. Among these are some of the
SPIO particles approved for human use by the FDA, Endorem (Feridex), and
Ferucarbotran (Resovist), which have both been used successfully for a number of
preclinical magnetic targeting studies [2] (Table 2). Furthermore, most commer-
cially available SPIOs have been designed for low toxicity and good cell uptake and
stability, which also suits them to both cell tracking with MRI and magnetic target-
ing applications that use cells.

3.2 Particle Aggregation

Particle aggregation can be promoted by both biological and magnetic factors, and
might be beneficial or detrimental according to the type of magnetic targeting appli-
cation and the duration and scale of aggregation. As superparamagnetic particles are
magnetic only in the presence of a magnetic field, they will not magnetically aggre-
gate in zero field. However, temporary chains of superparamagnetic particles can
form at sufficiently high concentration and field strength as a result of attractive
dipole-dipole interactions [14]. Permanent magnetic particles however will cluster
together in the absence of an external magnetic field, and will form chains parallel



P.S. Patrick et al.

130

S[[99 PIALIIP-21YdSOIpIRd D7) ‘S[[99 [BI[YIOPUD D7 ‘[[29 Ted[onuouow A ‘([0 Joyuasold [eI[QyIOpu DJF ‘S[[2 [BWON)S MOLIBW dU0q DS T
T[99 WA)S [RWAYOUSIW )G ‘T[0 WA)S [eINSU UBWNY DSNY “SOI[BIT Ul usmoys safonted ajqereae Arerorowod ‘od£) proq ur paysiy saponied paaoxdde A[reorury)

52100 onjougewerediodns

so[ontedoueu

[62] wu ¢ ordnniy JSIN punom unys wu (g uorsioAuoodn [euonoUNIINIA
(wu (f~) 2100 d13oudewWw
[82] jusuewrad urewop-9[3urg Ddd quiy pur wu (p~ soronaed paarrop--ds wnj[udsojouSen
(wt z—¢() 2100 onoudew ONIA QINJB[NOSBA
[Lz ‘0] juoueuLrad urewop-nnA ‘9a0 ‘od 180y ‘SOLIONY wrl g—¢'0 | seroydsororwu onouSewerediodns/Svuiorg
S9100
[9z ‘szl oneuSeweredrodns ordnniy DSIN | QInje[noseA ‘eunoy | wu 0Oz pue ‘001 ‘0S Sopping]
Q100
[¥2] onouSeweredrodng wu g—9 2ad JIeoH wu [¢—/] [03AX0WNIJ/QUIYBII ]
52100 onjougewerediodns J[osnui [e)[Ys
[ez—12] wu ¢—¢ Idny DSIN JIBAY INWd wu 79 UBI)0QIBINID J/ISIA0SIY
QINJB[NOSEA
DONIN ‘pI00 [eurds
52100 onjoueweredradns ‘Odd ‘OSINg ‘IOAT] ‘o3e[nIed
[oz—=¢1] (wu 9-¢) oydniniy DSIN “DOSNY Jurof souy ‘urerg wu 0e1-08 URIOPUH/XIPLId |
(s)0uaIayay adfy 210y | posn sadAy 10D pojasie) suesiQ I9)oWeIp QuIeu 9[onIRg
OTWRUAPOIPAH

S[[99 Jo 3una3ie) onougew J0j pasn sa[onIed Jo UONIIRS T AqEL



Magnet-Targeted Delivery and Imaging 131

to an applied external field. Clustering and the formation of chains in particles and
particle-loaded cells are also dependent on their concentration, surface charge and
chemistry, and viscosity and flow rate of the solution. This can be modelled for a
given scenario to predict the optimal parameters to use [30, 31].

For some applications requiring the production of vascular embolisms, particle
aggregation is desirable, and larger magnetic particles into the micron range or above
have been used for this purpose [32, 33]. For other applications such as drug or cell
delivery that require even distribution throughout a tissue and efficient extravasation,
aggregation will impede delivery and so the use of smaller single-domain or super-
paramagnetic particles might be more effective [34]. However, the tendency of par-
ticles to form temporary chains or small aggregations during delivery will increase
the amount of force that can be applied by an external field and can increase targeting
efficiency, so this must be balanced against the probability of embolization to achieve
optimum delivery. In addition to tuning particle size, the balance between the appli-
cation of sufficient force and the possibility of embolization can be achieved by
assessing a range of targeting device field strengths for a given application [22].

Recent work has also suggested that microfabricated particles comprising multi-
layer stacks of alternating magnetic and non-magnetic materials can be used to
avoid aggregation. These can be produced with diameters on the scale of multido-
main ferromagnetic particles (2 pm), but with zero remanence, and with an efficient
switch to saturation magnetisation upon application of a given field strength [35].
This avoids some of the limitations associated with the aggregation of larger parti-
cles while retaining many of the benefits including the higher amount of force that
can be applied per particle and increased circulation times (Sect. 3.4). The construc-
tion of larger composite particles from multiple small superparamagnetic cores can
also avoid the magnetic aggregation typical of larger permanently magnetic parti-
cles while retaining the benefit of higher magnetic force per surface area and thus
increased overall targeting efficiency. Several other methods can achieve similar
effects, including the creation of “nanoworms” from strings of particles [36, 37], or
embedding multiple superparamagnetic cores within dextran [38] or silica coating
[39], hydrogel, [40], vesicles [41], or magnetoliposomes [42].

3.3 Cell Uptake and Labelling

Particle size also affects cell uptake, and therefore the resulting amount of force that
can be applied to a particle-loaded cell will be determined not only by the particle
core size, but also by how many particles the cell has taken up. Around ten different
biological mechanisms of particle uptake have been discovered in cells, and are
active to varying degrees depending on the specific cell type and its environment,
and the size, charge, and coating of the particle [43, 44]. These include non-specific
uptake mechanisms such as macropinocytosis (particles around 1 pm) and caveolar-
mediated endocytosis (for particles ~60 nm), as well as receptor-dependent mecha-
nisms such as clathrin-mediated endocytosis (~120 nm) and clathrin-and



132 P.S. Patrick et al.

caveolin-independent endocytosis (~90 nm) [45]. Due to the complexity of cell
uptake mechanisms, it is difficult therefore to predict with accuracy the range of
particle sizes that will be taken up effectively by a given cell type, except for cells
that have already been investigated with similar particles. Generally, particles
between 20 and 200 nm in diameter are more effectively taken up by most non-
phagocytic cell types than particles either side of that range [46—48], though
increased particle charge will improve the uptake of larger particles into the micron
scale [48]. In addition to this, other interacting variables such as particle shape, stiff-
ness, and surface chemistry will affect the uptake. A complete discussion of this
topic falls outside the scope of this chapter and the reader is referred to a recent
comprehensive review [44].

As most commercially available and FDA-approved magnetic particles designed
for imaging applications fall within this range of 20200 nm, and have been opti-
mised for cell uptake by size and surface coating, these have found successful use
in several magnetic cell-targeting studies [2] and can be used for reference in
designing particles for this purpose (Table 2).

When labelling adherent cells with magnetic particles, uptake can sometimes be
promoted by application of a magnetic field. This has been demonstrated with a
range of particle and cell types [49, 50]. Additionally, this technique can be used to
simultaneously introduce DNA to the cell (known as magnetofection), which might
be useful if the cells are to be used for gene therapy [51].

Addition of antibodies to the particle surface can also promote uptake or attach-
ment to specific cell types, according to the choice of antibody. In this way, cells can
be labelled either prior to implantation or in vivo. For example, antibody-labelled
magnetic particles administered intravenously can label specific cell types within
the circulation, allowing these cells to be magnetically targeted to specific locations
within the body for therapeutic purposes. This strategy has been demonstrated to
improve repair of infarct myocardium using circulating stem cells [6]. Here a dual
mechanism of targeting was demonstrated, in which cells were targeted to the heart
using a magnetic field, and also by the particles that displayed antibodies for both
the stem cell and for the damaged cardiac tissue. As this approach required only the
intravenous administration of the particles, translation would be more straightfor-
ward than in therapies in which cells must be harvested, isolated, and labelled before
being given to the patient. This strategy might also prove effective for magnetic
targeting of antibody-based drugs, or together with the delivery of other small-
molecule drugs or therapeutics such as siRNA (see Chap. 7) contained in magneto-
liposomes or adsorbed to the particle surface.

3.4 Targeting Particles for Drug and Therapeutic Delivery

The required design features of particles that are to be used directly for therapy
differ from those that are to be used to label cells, as do the constraints on these.
This is due to several biological and physical factors.
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For example, particle size affects extravasation rate and diffusion though tissue,
and will affect the ability to target regions distant to the vasculature. This may be a
particular concern for certain applications such as drug delivery to poorly vascular-
ised metastases, or the targeting of particles for hyperthermia therapy. The effect of
particle size on diffusion and extravasation can be modelled in a number of ways, and
used to predict the range of particle sizes that might benefit from magnetic targeting,
or which would be effective in a given tissue. In cases where particle size falls outside
this range (20-400 nm, based on a simulation of tumour tissue), delivery by endog-
enous diffusion mechanisms might prove superior to targeting strategies [34].

Clearance of particles by the reticuloendothelial system (RES) and renal filtra-
tion are also dependent on size. Renal filtration will quickly clear the majority of
circulating particles under 5 nm, but barely any that are above 9 nm [52]. Larger
particles can be cleared by immune cells including Kupffer cells in the liver, mono-
cytes, spleen, and macrophages, which engulf nanometre- to micron-sized particles,
decreasing delivery to the target organ. Targeting efficiency will therefore be
improved the faster the particles can be attracted to the target site, before clearance
has occurred, though this may be challenging when most particles are cleared on the
first-pass circulation post-injection. The rate at which particles are scavenged in this
way is affected by their coating and size. It is outside the scope of this chapter to
review this topic in detail, but several modifications can reduce RES uptake such as
polyethylene glycan (PEG) coating, which has been demonstrated to enhance the
circulation time of particles and improve magnetic targeting efficiency [53]. The
utility of PEGylation in reducing RES uptake is further illustrated by the results
achieved with Doxil—a liposomal formulation of doxorubicin, and the first nano-
encapsulated drug to obtain clinical approval [54].

Another strategy in reducing RES uptake utilises the properties of red blood
cells, which naturally evade clearance and achieve long circulation times through a
combination of their size, surface composition, and charge. For this reason they
have been used in magnetic targeting applications for drug delivery [55, 56]. In one
study red blood cells were loaded with a drug for photodynamic therapy and tar-
geted to the tumour, resulting in a decrease in tumour volume following photother-
apy compared to non-magnetically targeted control conditions [56]. In an adaptation
of this concept, nanoparticles can be coated with extracted cell membrane of red
blood cells, thereby “cloaking” the underlying material. This provides a strategy to
utilise the unique binding properties of red blood cells to diseased tissue and patho-
gens [57], and could facilitate particle-based drug delivery to sites of inflammation
in combination with magnetic targeting.

On the other hand, several iron oxide contrast agents for MRI, including those
that have been clinically approved, were originally designed with size and surface
coatings to optimise their uptake by the RES, for the purpose of imaging uptake in
the liver. These might not therefore be optimal for magnet-targeted delivery of drugs
due to their increased clearance rate.

To bypass normal clearance mechanisms, several magnetic targeting studies
have opted for local delivery to the target organ using a directed injection [4, 26,
58], instead of a systemic injection. For example in a clinical trial targeting hepato-
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cellular carcinoma, particles were injected via a catheter inserted into the hepatic
artery, which could be moved intraoperatively between the acquisition of magnetic
resonance images to ensure that particles were effectively delivered to the entire
tumour (Fig. 3) [3]. This strategy can reduce the number of particles or cells that can
be cleared by the RES prior to reaching the site of interest, increasing the efficiency
of delivery. Though this approach increases the invasiveness of the technique, it
may be required in several situations to achieve effective delivery. However, some
difficult-to-target organs such as the brain have been efficiently targeted using a
systemic intravenous injection of particles [38], though this may depend on blood-
brain-barrier breakdown related to specific disease states. Together, these results
suggest that both systemic and local delivery can be effective.

a Magnetic Field b

Fig. 3 (a) Diagram depicts the mode of action of magnetic targeted therapy. After leaving the
intra-arterial catheter, magnetically targeted carrier (MTC) doxorubicin is drawn out of the artery
into surrounding tumour and/or liver tissue by the influence of the local magnetic field (image
courtesy of FeRx). (b) 5 kG portable magnet used for magnetic targeted therapy. The overall height
of the magnet and holding apparatus is 1.4 m. (c—f) Coronal single-shot spin-echo MR images
(839/80, one signal acquired, 6 mm section thickness) obtained, ¢, before MTC-DOX administra-
tion and, d, after the first, e, the second, and, f, the third dose of MTC-DOX. The selective hepatic
arterial catheter was repositioned between each dose [3]. Figure reproduced from Wilson et al.
Hepatocellular carcinoma: Regional therapy with a magnetic targeted carrier bound to Doxorubicin
in a dual MR imaging/conventional angiography suite—Initial experience with four patients.
Radiology 2004;230:287-293, with permission from the Radiological Society of North America
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Particle size also affects the surface area-to-volume ratio, which is relevant to the
adsorption of drugs to the particle surface. However, there is a trade-off between the
motivations of using smaller particles, and the increased force that can be gained
from using larger particles, and so a range of particle sizes can be considered. For
example, magnet-targeted drug delivery in the clinic has been trialled across a scale
of particle sizes: 100 nm particles coated with glucose and bound to epirubicin [4],
and 0.5-5 pm sized particles with an activated carbon coating bound to doxorubicin
[3]. Even larger metallic objects in the millimetre scale have been used for targeting
and hyperthermia therapy, which does not require the same extent of extravasation
and distribution of particles, due to transfer of heat across tissue [7].

For targeting tumours, particle retention can be improved by the enhanced per-
meability and retention (EPR) effect, which has been well documented to improve
delivery [59]. As this effect relies on leaky vasculature and diffusion of particles
through the extracellular space, it is a size-specific phenomenon, with the enhance-
ment of particle retention decreasing with particle diameters above 30 nm in one
tumour model [60], though this will differ to some degree depending on tumour
type and nature of its vascularisation. Though enhanced nanoparticle delivery is
achievable in difficult-to-access sites, such as brain tumours with magnetic target-
ing [61], one limitation of magnetic targeting for cancer treatment is the issue of
metastases, which can be remote, disperse, and difficult to identify. These factors
would limit the ability for targeting to be used, as they might require a separate
targeting field to be applied for each site that could be identified.

For drug delivery it is also necessary to consider the attachment of cargo to the
particle. In the simplest form this can rely on absorption of the drug onto the particle
surface [3, 4]. However controlled release of the drug can be achieved if it is trapped
in a solid coating, such as silica, around the magnetic particle. By heating the par-
ticle using a focused alternating field around the target tissue, as during a hyperther-
mia treatment, the coating can be made to melt, thereby releasing the drug [5, 41].
Similar strategies can be employed to release drugs from magnetoliposomes [62].

4 Magnetic Devices for In Vivo Targeting

Appropriate selection or design of magnetic targeting devices depends largely on
the anatomical region to be targeted. Other considerations include the sort of parti-
cle that will be targeted (small superparamagnetic particles will typically require a
stronger magnetic field and field gradient to exert the same force on them than larger
or permanent single-magnetic-domain particles), as well as the type of steering and/
or imaging that is required for the application. Several broad categories of magnetic
targeting device will now be discussed, including their benefits, limitations, and
applications to which they are suited.
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4.1 Permanent Magnets

Small permanent magnets have found wide use in preclinical magnetic targeting studies,
as they are readily available and provide high field strengths and gradients over a rela-
tively small area, without the larger hardware size or cooling required for electromag-
nets. While suitable for tissue depths of a few centimetres, the limited spatial extent of
such fields would restrict their external use in the clinic to targeting superficial tissue [3,
4], unless the particles are delivered to the internal site by direct injection (Fig. 3).
Furthermore, a single permanent magnet cannot produce a local maximum of field gra-
dient within the patient (unless surgically implanted—see below), meaning that for
practical purposes that magnetic particles will be attracted from the inside of the patient
to the surface of the magnet to produce a focal accumulation towards the skin, rather
than vice versa. This makes it difficult to target an internal location non-invasively or
achieve an even distribution of particles throughout a target organ. One solution to this
is to change the location of the magnet during the targeting procedure, for example from
one side of the liver to the other, so that the targeted particles are more evenly spread out
[34]. This was demonstrated ex vivo to increase the concentration of magnetic particles
within poorly perfused liver metastases by 1.8-fold above diffusion alone, and was pre-
dicted to be effective for particles in the 30-500 nm diameter range, with normal diffu-
sion acting more effectively than targeting for smaller particles [34]. Another option is
the implantation [18] or stereotactic insertion of magnets [32, 33]. While this can achieve
effective targeting to internal organs, it does not completely avoid the invasive proce-
dures associated with more traditional surgical implantation methods. Alternatively,
magnetic stents can be manoeuvred to a specific point of the vasculature to achieve tar-
geting of cells or particles [63], but again this is invasive and only useful for targeting
areas that are accessible in this way.

4.2 Permanent Magnet Arrays

By superimposing two or more magnetic fields in an array of permanent magnets, some
of the limitations of single permanent magnets can be overcome to produce more com-
plex field shapes and gradients. With certain configurations this can allow the device to
remain external to the target tissue and steer magnetic particles away from the magnet
itself. A simple example is two bar magnets that have been arranged so that their fields
overlap to create a remote point from which magnetic particles are pushed away from
the magnet (Fig. 4). This has been posited as a solution for magnetically “injecting”
nanomedicines into the inner ear [64], and has been validated in a rat model over dis-
tances relevant to use in the human ear [65]. This is important as the ear is behind the
blood-brain barrier and can be a difficult organ in which to achieve drug delivery. It is
also protected by the tympanic, round window, and oval membranes, and magnetic
targeting using a “pulling” magnetic field from the opposite side of the head would
require an unfeasibly strong magnetic field to achieve the same amount of force [64].
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Using the same principles an optimal 2D Halbach array of 36 magnets was com-
putationally designed to create a pushing force at 10 cm distance with nine times the
force achievable with only two magnets of the same overall volume and field
strength [66]. These results hold promise for the development of relevant clinical
devices, as one of the challenges in translating preclinical results will be scaling up
the technology for use with greater tissue depths.

As well as increasing the magnetic pushing force that can be applied at a specific
point, 2D and 3D Halbach arrays can also be designed to increase the attractive
force from permanent magnets [66]. A relevant example is the Halbach cylinder
[26], which is a circular array of permanent magnets that can be built to fit around a
limb and target cells or magnetic particles for retention within a specific portion of
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the vasculature (Fig. 4c, d). This has been suggested as a good solution to achieve
targeting of therapeutic cells for peripheral limb ischemia [11, 26]—currently one
of the largest disease areas being investigated in clinical cell therapy trials.

Though arrays of permanent magnets are a promising solution to several applica-
tions due to their relatively low cost, size, and ease of operation, several limitations
apply. One of the most important of these is predicted in Earnshaw’s theorem, which
holds that for most situations relevant here, no arrangement of static magnetic fields
will create a remote focal area in the magnetic field in which magnetic particles will
accumulate. The next section will discuss electromagnets, which can be used to
work around this limitation.

4.3 Electromagnet-Based Arrays

Using computer-interfaced control, electromagnet-based systems can produce
switchable and tuneable field gradients to direct magnetic particles along a three-
dimensional route controlled in real time. This can be illustrated by several working
examples, including a “magnetic stereotaxis” system based on four electromagnets
which was capable of guiding a magnetic pellet along a defined route within a live
dog brain to enable hyperthermia treatment of a glioma [7]. In a development of this
system, a clinical sized magnetic stereotaxis device based on six superconducting
coils was built, and validated on a gelatin brain phantom [67]. X-ray imaging capa-
bility in this device allowed particle movement to be monitored intraoperatively, so
that feedback adjustments could be made to steer and improve navigational accu-
racy. This type of image-guided, focused non-invasive tumour ablation is currently
only achievable with radiosurgical techniques such as “gamma-knife” therapy,
which are prone to damage the healthy surrounding tissue, whereas a targeted
hyperthermia-based treatment might avoid this due to the higher heat tolerance of
normal tissue.

Computer-interfaced electromagnetic devices can also control much smaller
magnetic devices on a fine scale, for example for steering micro-robots within the
eye [9]. This has been demonstrated with control of both robot orientation and
direction of movement, and is proposed as a solution to enable microsurgery and
drug delivery in what is another difficult organ on which to operate. This was dem-
onstrated during testing through the control of a magnet attached to a hypodermic
needle, which was used to pierce a target blood vessel in vivo [9].

For control of multiple particles at once, as might be beneficial in a nanoparti-
cle drug delivery system, an array of eight electromagnets was used together with
a sequence of directional magnetic pulses to cause accumulation at an external
focal site [68]. This technique made use of the ability of ferromagnetic rods to be
rotated and moved by the application of external fields. More examples on particle
delivery with electromagnets will be given in the next section, which will discuss
the use of MRI scanners for targeting applications.
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4.4 Targeting Using MRI Systems

Though designed for imaging and not particle manipulation, MRI scanners share
several features with the purpose-built electromagnet-based targeting systems
described in the previous section. Their high magnetic field strength and controlla-
ble field gradients have been used for a handful of targeting applications, while their
imaging capability can provide feedback on particle location during delivery.

Proof-of-concept studies show in vitro that human cells loaded with magnetic parti-
cles can be targeted using unmodified preclinical MRI scanner gradients in vascular
flow models [20]. Further work expanded upon this to steer oncolytic virus-producing,
iron oxide-loaded macrophages to sites of pulmonary and prostate tumours in Vvivo,
resulting in enhanced tumour necrosis [69]. Simultaneous targeting and imaging have
also been achieved using an MRI scanner to control a millimetre-sized magnetic sphere
within live pig vasculature [70], and to direct magnetotactic bacteria around a maze [8].
Magnetic drug-encapsulating particles have also been directed in this way to either the
right or the left lobe of the rabbit liver, providing a potential treatment for tumour metas-
tases, this time with the aid of additional gradients optimised for particle steering [58].
The use of MRI hardware for magnetic targeting is advantageous in that high-resolution
imaging can be performed with the same equipment at intervals during the targeting
experiment [8, 58, 70]. In this way, particle accumulation can be seen in near-real time,
allowing feedback adjustments on the field gradient to improve targeting efficiency. One
limitation to this approach is that the field gradients present in clinical MRI scanners
typically have maximum values of 40—70 mT/m, which is an order of magnitude or two
below those produced in some dedicated magnetic targeting devices [7, 67]. A solution
to this is the addition of “propulsion” gradient sets to the MRI hardware without perma-
nent modification to improve targeting ability [58], which can increase the amount of
force that can be applied. In theory this would facilitate the translation of this technology
to the clinic, as the majority of the necessary hardware is already in place.

5 Applications

To provide a general overview of what has been previously achieved and possible
areas of future development or translation, in this section we will introduce some
results reported in both clinical and preclinical magnetic targeting studies.

5.1 Magnet-Assisted Embolization for Aneurysm and Tumour
Treatment

In the first clinical use of magnetic targeting (1966), metallic thrombi were produced
to block ruptured aneurysms in the brain [32, 33]. Large carbonyl iron particles
injected into the carotid artery or site of aneurysm were targeted to two magnets
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placed around the aneurysm to create a focal magnetic field (62 mm diameter, 375—
750 mm length), using a stereotactic frame and X-ray guidance. Thrombus formation
upon particle aggregation within the aneurysm was confirmed by X-ray imaging.
This involved less invasive surgery than established alternatives, as the magnetic
probes were inserted through small-diameter burr holes in the skull instead of expos-
ing the brain to the site of aneurysm. Importantly, remote aneurysms that were too far
from the skull to be otherwise operable could also be targeted, and dozens of patients
were successfully treated. In a later refinement to the technique, magnetic particles
were mixed with a rapidly polymerising acrylic to stabilise the particle aggregation
post-injection and prevent the original metallic thrombus fragmenting [71]. Following
this work, the same group tested the idea of using magnetic emboli to occlude tumour
vasculature, though this did not progress to clinical testing [72]. Interest in this tech-
nique has been recurrent, with recent work combining magnetic tumour embolization
with the delivery of radiotherapy using yttrium-90-conjugated magnetic particles
[73]. In another example, a clinical MRI scanner equipped with an additional “pro-
pulsion gradient” set was used to target the formation of magnetic particle emboli in
either the right or the left lobes of rabbit liver [58]. This suggests that non-invasive
targeting of emboli might be possible in the clinic with little modification to currently
available hardware, and without the need for invasive probe insertion.

5.2 Cancer Hyperthermia

The low heat resistance of tumour cells compared to healthy normal tissue can facili-
tate their selective killing when the target cancerous area is heated [74]. This can be
achieved using a number of methods including whole-body heating, heating of
inserted probes, and heating of targeted magnetic nanoparticles using an alternating
current magnetic field or radiofrequency (RF) field. The first clinical demonstration
was described in 1957 in gastrointestinal tract lymph node metastases [75], in which
magnetic particles were injected into the lymphatic system, and then heated using an
RF field. Interest in hyperthermia continues, with a number of recent clinical studies
investigating iron oxide nanoparticle hyperthermia with alternating current magnetic
fields in prostate tumours [76] and glioblastoma [77]. These trials have relied on direct
injection of the particles without magnetic targeting, and though preclinical work has
suggested the combination of these two procedures, few convincing demonstrations
have been performed to date [78]. One study of note, however, combined the three-
dimensional magnetic steering of a small (mm scale) magnetic pellet through the
brain of a dog, guided by magnetic resonance imaging to a specific location, followed
by RF-induced heating of the pellet once it reached the target site [7]. This was sug-
gested as a possible future treatment for malignant gliomas and for combination with
radiotherapy delivery. Though this was achieved using a pellet several millimetres in
size, histological analysis showed that the particle did not cause haemorrhaging along
its path. Adaptation for use with smaller particles might be possible and remove the
need for direct brain implantation of the particle. The suitability of different magnetic
particle types for hyperthermia has been systematically evaluated here [79].
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5.3 Cell Targeting for Regenerative Medicine

Stem, progenitor, and differentiated cells have the potential to treat a range of currently
incurable and degenerative diseases by initiating regenerative or immune-modulatory
effects within the host tissue. A handful of cell therapies have gained approval for
clinical use during the last 10 years, and many thousands more are currently being
assessed in clinical trials [80]. It has therefore been suggested that cell therapy could
become the third main class of therapeutic alongside small-molecule drugs and bio-
logical macromolecules, such as antibodies [81]; however such progress will rely on
developments within the field and in associated technologies.

For many conditions, cell therapies require efficient delivery of cells to the afflicted
organ or tissue, and this may be challenging without invasive surgical techniques or
repeated implantations. The combination of magnetic targeting with cell therapy
offers a solution to this by improving cell delivery and retention, and has increased
treatment response compared to non-targeted controls in several preclinical disease
models including myocardial infarction, brain ischemia, damaged skeletal muscle,
skin wounds, bone fracture, spinal cord damage, and restenosis [2] (Table 2).

It is unclear in many cases if stem cells contribute to repair by differentiating into
the cell types needed to reconstitute healthy tissue, or if their effect is mediated by
paracrine signalling factors or immune modulation. It is likely that at least in some
cases a combination of these effects is required, and so the ability of cells to main-
tain a therapeutic phenotype after magnetic particle labelling should be considered,
including their ability to migrate and differentiate. To this end, it has been shown
that it is possible to load mesenchymal stem cells with enough iron oxide particles
to achieve magnetic targeting while retaining their differentiation capacity for mul-
tiple lineages [26]. As the potential toxic effects of magnetic particles are dependent
both on particle and cell type, as well as the concentration of the particles used to
label the cells, this would need to be established for each specific case.

This, however, assumes that the isolated therapeutic cells are to be loaded with
magnetic nanoparticles and then transplanted into the patient. Though this is the
dominant paradigm for magnet-targeted cell therapy [2], another strategy has
recently been demonstrated to avoid many of the associated challenges. Here, iron
oxide particles were labelled with antibodies specific for circulating stem cells, and
then injected intravenously. These bound to stem cells within the blood supply,
which were then targeted to the heart with an external magnetic field [6]. As the
magnetic particles also had antibodies for damaged heart tissue, the targeting was
achieved with both molecular and spatial specificity, and did not require the time-
consuming pre-isolation and labelling of stem cells ex vivo. Furthermore, a signifi-
cant increase in regeneration of ischemic heart tissue was achieved, and tracking of
the particles to the heart was demonstrated using MRI [6]. By changing the antibod-
ies for cell type or tissue type, as well as altering the location of the external mag-
netic field, this strategy could be easily altered for repair of other tissues.

To replicate this success in the clinic, several challenges will need to be met,
including the production of magnetic fields on the scale of the human anatomy,
optimisation of field strength [22], and development of suitable magnetic particles
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for labelling cells (Sect. 3.3). As a handful of magnetic particle types have already
been approved for clinical use as MRI contrast agents, the latter of these barriers to
translation is somewhat reduced (Table 2).

5.4 Drug Delivery

Drug delivery is currently one of the largest areas of magnetic targeting research
[82], and the only one within which more recent efforts have been made in the clinic
[3, 4]. It is also well suited for combination therapy, having the potential for use
with multiple drugs and therapy types such as hyperthermia [78], radiation therapy,
photodynamic therapy [56], and embolization [10]. The idea of magnetically target-
ing drugs emerged in the 1970s, with the suggestion of using magnetic particle-
loaded erythrocytes [55] or magnetic microspheres as carriers [83]. The first
preclinical demonstration of drug delivery showed that drug-carrying microspheres
could be targeted to a specific section of the rat tail [83]. In this case, a 100-fold
lower systemic dose of the targeted drug was needed as compared to the untargeted
drug, to achieve the same local concentration in the targeted tissue. Early applica-
tion of this technique to tumour treatment resulted in total remission in the targeted
group, while nearly all of the animals receiving a non-targeted treatment died [84].
By reducing dosing in off-target areas, this could in theory reduce many of the side
effects associated with chemotherapy while allowing higher doses to be achieved in
the tumour for increased therapeutic efficiency.

The first of the two clinical assessments of drug delivery to tumours was a phase
I trial which gave 14 patients varying intravenous doses of 100 nm magnetic parti-
cles bound to epirubicin, with effective magnetic fields of 0.5-0.8 T applied to
tumours for 60—120 min. In four of these patients, delivery of magnetic particles
was visible as a discolouration of the tissue exposed to the magnetic field, and in all
but five of the patients the presence of the particles was detectable with T,-weighted
MRI [4]. All patients tolerated the therapy well, with no indications of toxicity and
reduced side effects and plasma drug concentration compared to dosing with free
epirubicin. However, the study concluded that the treatment of further patients
would be needed to prove efficacy.

In the more recent clinical study that used doxorubicin bound to 0.5-5 pm sized
particles injected into the tumour, four patients with hepatocellular carcinoma were
treated in a phase I/II trial. In this study, tumours were characterised using angiog-
raphy to identify the hepatic artery branch that supplied the tumour and for catheter
guidance. MRI was also used pre- and post-delivery of treatment to reveal the cov-
erage of the tumour with magnetic particles (Fig. 3). When particles were not deliv-
ered to the whole of the tumour, MRI was able to indicate this, allowing repositioning
of the catheter and a second or third dosage to achieve greater coverage (Fig. 3c—f).
This intraoperative assessment is a major advantage to using magnetic particle-
bound drugs, as this non-invasive assessment of drug delivery is not possible with
most traditional therapies.
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Aside from cancer treatment, magnetic targeting has also been suggested as a
method of delivery for anaesthetics such as lidocaine to the spine [85], and magnetic
aerosols to the lung to treat a number of respiratory complaints [86], though prog-
ress in non-cancer applications has so far been limited.

5.5 Bacterial Targeting and Therapy

The concept of treating tumours with bacteria has been around for a number of
decades, with effective oncolysis demonstrated in several human studies with non-
pathogenic Clostridium species [87, 88]. Recent work indicates a renewed interest
in bacterial therapies in general [89], including the use of genetically modified drug-
synthesising bacteria [90], and magnetotactic bacteria [91-93]. Magnetotactic bac-
teria synthesise multiple aligned nanoscale magnetic particles along their axis in
order to align themselves with geomagnetic fields (Fig. 5). This increases their abil-
ity to overcome Brownian motion and move in a consistent direction. In environ-
ments such as lakes, this is often combined with hypoxia sensing, allowing migration
of the bacteria to low-oxygen environments in which they preferentially grow. This
hypoxia seeking has been exploited in the development of potential therapies, as it
promotes tumour infiltration by the bacteria, which can be detected using MRI [92].

Fig. 5 Transmission electron micrograph showing aligned magnetotactic Magnetospirillum sp.
bacteria. Individual magnetosomes are made of solid magnetite and appear as dark structures
~40 nm in diameter
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Further work has demonstrated that bacteria can be attached to larger molecules
such as nanoliposomes or microbeads, which might be useful for tumour drug deliv-
ery [94, 95]. One of the advantages of using bacteria to deliver drugs is that a certain
amount of self-propulsion can be achieved from the flagellum, which can act together
with the directional steering achieved by external magnetic fields. This has been
demonstrated using an MRI scanner to steer magnetic bacteria around a maze [8].

Aside from the use of whole magnetotactic bacteria, the magnetic particles (mag-
netosomes) isolated from these have also been used for a number of applications due
to the high quality of their magnetic material. This includes the magnetic targeting of
human cells [28], hyperthermia [93], as well as their use as contrast agents for MRI.

6 Imaging Magnetic Particles

A handful of techniques exist for imaging magnetic particles. The most widely
available of these is MRI [96], though the more recently developed technique known
as magnetic particle imaging (MPI) does offer some advantages such as increased
quantification and sensitivity [97], despite the lack of anatomical information that it
provides.

6.1 Imaging with MRI

As most commonly used, MRI produces images based on the water proton ('H)
signal present in biological tissue. Anatomical detail is provided by differing proton
relaxation rates which vary with the composition of different tissues, such as their
water, lipid, and solute contents. Further contrast can be produced by the presence
of paramagnetic, superparamagnetic, or magnetic particles. MRI has several advan-
tages over other imaging modalities, including the high resolution of the images that
can be acquired non-invasively, as well as the structural and functional information
that can be obtained. This is illustrated in Fig. 3c—f, which clearly shows the struc-
ture of the liver on the left-hand side of the image, along with the tumour, intestines,
and abdominal fat. For this reason, both preclinical and clinical magnetic targeting
studies have used MRI, demonstrating its utility in the confirmation of particle or
cell delivery to the target site [3, 8, 42, 61, 73]. For a more detailed introduction to
MRI, see Gadian [96].

Though numerous methods of producing contrast can be achieved with MRI, it
is the T, and T,* relaxation mechanisms that are typically most relevant for imaging
magnetic particles. T, relaxation, also known as transverse relaxation, or spin-spin
relaxation, is a measure of the rate at which the net magnetisation in the xy-plane is
lost following an RF pulse that flips the net magnetisation into the xy-plane from the
z-axis. Specifically, it is the time taken for the signal to decay to 37 % of its initial
value following the RF pulse.
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Transverse relaxation is influenced by several factors which can be separated out
into T, and T,* effects. Transverse relaxation (T,) is shorter in environments with
high macromolecular content (which appear darker), and longer in tissues with
higher water content (which appear brighter), though other factors also affect T,
relaxation. Magnetic particles appear as hypo-intense (dark) areas on the image,
though this results mainly from a T,*effect. T,* effects, such as magnetic field inho-
mogeneities, can alter the transverse relaxation rate by increasing the rate at which
the de-phasing of spins occurs, and can be separated out from T, effects with certain
pulse sequences. To reduce the effect of these T,* factors, and produce a more T,-
weighted image, a specific type of pulse sequence called a spin echo can be used. To
produce a T,*-weighted image, which is more sensitive to the detection of super-
paramagnetic species such as iron oxides, a gradient-echo sequence can be used in
which the de-phasing resulting from T, factors is reversed by a magnetic field gradi-
ent. These T,*-weighted images, however, can be more sensitive to image artefacts
caused by non-uniform magnetic fields present in the bore of the magnet.

T, contrast agents, such as magnetic particles, shorten the T, and T,* time of nearby
water molecules by de-phasing their spins with the magnetic field inhomogeneities
around the particle, thus reducing the amount of signal collected from the surrounding
water when the echo is recorded. This results in a hypo-intense or dark area on the
image, which indicates the presence of magnetic particles in the tissue (Fig. 3).

The detection of magnetic particles with MRI can be very sensitive, allowing hun-
dreds or fewer to be tracked in optimal conditions [98], and can be further improved by
using long imaging times. However, in most settings this is limited by practical consid-
erations such as how long the patient or animal can be kept within the scanner.

The ability to detect magnetic particles can also be complicated and unreliable in
certain areas, such as the lungs or haemorrhages, where natural signal voids already
occur. Another limitation is the quantification of magnetic particle number, which
can also be challenging due to the saturation of contrast produced by focal accumu-
lations of magnetic particles, and reduced detection sensitivity in areas with endog-
enous signal voids. If quantitative biodistribution data on particle location is
required, it is recommended that particles are radiolabelled with isotopes for posi-
tron emission tomography (PET), which provides complementary information to
MRI in many circumstances. Further information on imaging nanoparticles with
other modalities can be found in the relevant chapters in this book.

6.2 Magnetic Particle Imaging

MPI differs from MRI in that the signal is obtained directly from the magnetic par-
ticles [97], and not from the effect they have on the spin of nearby water protons.
For this reason it has several potential advantages, including the ability to quantify
magnetic particle concentration within the host tissue, increased accuracy of iden-
tifying regions containing magnetic particles, increased sensitivity, and possibility
of performing “multi-color” imaging using magnetic particles. Despite these
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factors, however, MPI does not on its own produce anatomical data, and so is best
performed alongside CT or MRI imaging, has lower spatial resolution, and is also
not yet widely available. A recent review covering the physical principles and
nanoparticle tracers for magnetic particle imaging can be found here [99], and also
in Chap. 4 of this book by Connolly.

6.3 Multimodality Imaging

Though MRI can enable the non-invasive detection of magnetic particles in the
clinic, it does not provide some types of information that would be useful to the
development of magnetic targeting techniques, such as whole-body quantitative
biodistribution data. Radionuclide imaging (positron emission tomography (PET),
and single-photon emission computed tomography (SPECT)) has many of the fea-
tures also associated with MRI, including their clinical availability and non-
invasiveness, and though they provide lower resolution images there are several
complementary features. Radionuclide imaging relies on the detection of gamma
rays emitted following radioactive decay of isotopes used to label the molecule,
particle, or cell of interest. Unlike MRI, these techniques can provide quantitative
whole-body detection of labelled molecules, allowing the non-invasive assessment
of particle biodistribution to quantify the effects of magnetic targeting procedures.
Further information on the design of magnetic particles for radionuclide imaging
can be found in Chaps. 10—12. For tracking cells with PET or SPECT, the choice of
isotope depends on how long the cells need to be tracked. One option is the use of
Mn-oxine (half-life of 2.8 days) and SPECT imaging, which has been used for
tracking transplanted cells in the clinic for over 30 years. A recent modification to
the technique uses *Zr-oxine (half-life of 3.3 days) for PET imaging, which could
potentially provide better sensitivity and quantification. Both of these techniques
can allow cells to be tracked for over a week due to their long half-lives, while the
use of other isotopes such as *™Tc (half-life of 6 h) can be used for cell tracking
over shorter periods of time.

7 Conclusions

Despite the numerous challenges involved in implementing magnetic targeting suc-
cessfully and safely, it remains an exciting and active area of preclinical research due
to the wide range of potential clinical applications. In theory, these potentially cover
the majority of drug- and cell-based therapies, but in practice this scope will be lim-
ited by several physical and biological considerations that have yet to be determined
and will be specific to each case. Magnetically targeted delivery offers the ability to
simultaneously increase local concentrations of the active agent while reducing sys-
temic dosing and off-target side effects. The inability to balance these so that the
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dose in the target organ is sufficient to act therapeutically, while the systemic dose is
low enough not to cause unwanted side effects, is the reason why many potential
drug candidates fail, and why many approved drugs are limited in their efficacy. For
cell therapies, the field is yet to become well established, but the improved treatment
response achieved in several preclinical studies from using magnetic targeting dem-
onstrates the potential for its clinical use in the future [2].
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