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• Magnetic tumour targeting of 100 nm
iron-oxide nanoparticles was investi-
gated using a range of different magnet
designs.

• The bespoke encompassing magnet in-
creased the effective targeting depth
when compared to a conventional disk
magnet.

• This magnetic setup can be up-scaled to
target 100 nm particles up to a depth of
7cm within human body.
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Targeted drug delivery systems aim to increase therapeutic effect within the target tissue or organ, while reducing
off-target toxicity associated with systemic delivery. Magnetic drug targeting has been shown to be an effective
strategy by manipulating therapeutics inside the body using a magnetic field and an iron oxide carrier. However,
the effective targeting range of current magnets limits this method to small animal experiments or superficial
parts of the human body. Here we produce clinically translatable magnet designs capable of increasing exposure
of tissue tomagneticfields andfield gradients, leading to increased carrier accumulation. The ironoxidenanoparticle
capturing efficiency was first assessed in vitro using a simple vascular flow system. Secondly, accumulation of these
particles, following magnetic targeting, was evaluated in vivo using a range of different magnet designs. We ob-
served that our bespoke magnet produced a 4-fold increase in effective targeting depth when compared to a con-
ventional 1 T disk magnet. Finally, we show that this magnet is readily scalable to human size proportions and
has the potential to target 100 nm particles up to a depth of 7 cm at specific locations of human body.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

One of the current challenges in cancer therapy is delivering a high
concentration of drug to the tumour tissue while reducing systemic
dosing, thereby limiting off-target adverse effects [1,2]. Magnetic nano-
particles, in combination with applied magnetic field gradients, can
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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increase delivery of small molecule drugs [3] and cells [4–7] to a specific
site within the body to enhance their therapeutic effect [8]. Addition-
ally, superparamagnetic iron oxide nanoparticles (SPIONs) can act as
magnetic resonance imaging (MRI) contrast agents [8–10], enabling
non-invasive imaging of particle delivery to the region of interest, as
well as hyperthermia cancer therapy [11], heat triggered drug release
[12,13], and mechanical rotation to induce cancer cell death [14]. The
multiple actions of biocompatible SPIONs means that they are well-
suited for both drug delivery and as diagnostic imaging agents [15].

Previous studies have utilised SPIONs and magnetic field gradients
to steer therapeutic cells [16,17] or to deliver drugs [18]. The efficacy
of such delivery systems depends on themagnetic content and pharma-
cokinetic properties of the magnetic carrier such as size and surface
composition, aswell as themagnet design and depth of the targeting re-
gion [8,19]. Larger micron sized carriers are eliminated from the blood-
stream by the reticuloendothelial system (RES) faster than nanometre
sized particles [8,20]. As a result,much of themagnetic drug targeting lit-
erature has focused on developing small, surface modified nanoparticles
[21–24] to evade RES and increase blood circulation time as well as in-
creasing extravasation efficiency of the delivery system through the en-
hanced permeability and retention (EPR) effect - a process by which
nano-sized particles leak preferentially into tumour tissue through per-
meable tumour vessels and are then retained in the tumour bed due to
reduced lymphatic drainage [25]. Some of these engineered nanoparti-
cles include surface PEGylated [21] or liposomes-encapsulated particles
[22] and other biocompatible formulations [23,24]. However, an impor-
tant question is whether the applied magnetic field gradient is sufficient
to capture such nanoparticles at the target region. A larger net force can
be applied to SPION-loaded cells or complex carriers such as heavily
SPION-loaded liposomes over individual nanoparticles with a single or
multi-domain core, leading to greater targeting efficiency due to their
larger size and iron content. This creates a significant challenge for mag-
netic drug targeting using individual nanoparticles. Nonetheless, Chertok
et al. [26] have shown that magnetic targeting using an electromagnet
could enhance the delivery of individual nanoparticles to rat brain
tumours.

Despite these positive results, clinical studies on magnetic drug
targeting [1,2] have been limited, partly due to the poor penetration
depth of the magnetic field gradient, resulting in sub-optimal targeting
to deeper tissues of the human body. The effective range of currently
available electro and permanent magnets limit such a technique to tis-
sues close to the body surface [19]. One benefit of electromagnets is
their ability to generate gradients to target SPION loaded cells [27,28]
and micron sized particles [29] to deeper locations within the body
[30]. However, to date there has been no evidence to suggest that elec-
tromagnets can exert magnetic forces strong enough to capture sub-
micron particles at internal organ targets at the clinical scale. Instead,
much of the magnetic targeting literature has focused on using simple
permanent magnets [1,2,6,16,24] as they are cheap, versatile and do
not require a power supply, additional cooling or sophisticated control
algorithms. Using finite element methods and theoretical optimisation,
we have previously addressed the issue of scalability by designing a per-
manent magnet system for enhanced magnetic cell delivery to human
lower leg arteries [4,16]. With this in mind, we have developed scalable
magnetic systems to enhance delivery of individual nanoparticles to tu-
mours in vivo. Compared to a traditional disk magnet, these systems
generate a larger region of space with substantial magnetic field gradi-
ents; which we refer to as magnetically active space. Such a magnetic
setup facilitates deeper body targeting aswell as increased nanoparticle
delivery throughout the whole tumour.

In this studywe investigatedmagnetic targeting of two sizes of com-
mercially available SPIONs (fluidMAG-CT, Chemicell) under simulated
physiological conditions using a capillary flow phantom to determine
the effect of flow velocity and nanoparticle size on targeting efficiency.
Subsequently, we have shown that the delivery of the same particles
can be enhanced in tumours in mice using a static magnetic field after
intravenous injection in vivo. This was performed using three different
magnet designs: i) Disk magnet: a traditional cylindrical permanent
magnet; ii) Magnetic mangle: a double cylindrical permanent magnet
designed to achieve amore uniform exposure ofmagnetic field gradient
compared to a single magnet; and iii) Pyramidmagnet: a bespoke disk
magnet with a pyramidal cavity creating a 3-dimensional exposure of a
strong and uniform magnetic field gradient. Additionally, we have ap-
plied MRI to quantify local changes in T2* relaxation relating to the re-
gional tumour distribution of nanoparticles after magnetic targeting.
The targeting results were confirmed by direct iron measurements on
ex-vivo tumour tissues. Finally we present a scaled-up magnet capable
of targeting particles in tumours located at deep locations in human
body.

2. Materials and methods

2.1. Characterisation

2.1.1. Magnet designs
(i) Diskmagnet design: A cylindrical neodymium iron boron perma-

nentmagnet (1 T residualmagnetism, grade N52)with 4.5 cmdiameter
and 3 cm height. As the highest magnetic field gradient is generated at
the edge of the magnet, the magnetic flux density map around the
edge of this magnet was simulated in two orthogonal planes (Supple-
mentary Fig. 1) using Opera-3d Cobham Vector Fields simulation soft-
ware (Oxfordshire, UK). These planes are oriented at 30° from the
circular face of the magnet where the vascular flow phantom and the
subcutaneous tumours were positioned. The magnetic field gradient
map was calculated usingMATLAB 2016a (MathWorks, Inc., Massachu-
setts, US) and the dot product (an algebraic operation of two vectors) of
themagnetic field strength and gradient (B.gradB)was plotted (Supple-
mentary Fig. 4A, B) to indicate the magnetic force applied by the mag-
net. The orientation of the magnet used for the phantom and in vivo
experiments are shown in Supplementary Fig. 1A and B respectively.
The same edge of the magnet was used for all experiments using this
magnet.

(ii) Magnetic mangle design: A magnet design consisting of two cy-
lindrical N42 Neodymium Magnets (20 mm × 20 mm thick diametri-
cally), which are fixed in place with a gap of 14 mm in between them.
These magnets are diamatrically magnetised perpendicular to their
long axis, and are able to rotate about their long axis. The magnetic
field topography in the magnetically active space of these magnets is a
function of angle betweenmagnetisation directions of the twomagnets.
In these experiments, a collinear magnet configuration was used with
an N-S-N-S pole arrangement between the two magnets. The magnetic
field strength between the magnets was simulated in two orthogonal
planes (Supplementary Fig. 2) usingOpera Cobham simulation software
(Oxfordshire, UK). The magnetic field gradient map was calculated
using MATLAB and the B.gradB map was plotted (Supplementary
Fig. 4C, D).

(iii) Pyramid magnet: A cylindrical neodymium iron boron perma-
nentmagnet (1.45 T residualmagnetism, gradeN52, similar dimensions
to the disk magnet) consisting of a pyramidal hollow space to accom-
modate the subcutaneous tumour. The pyramidal space has a length
and widths of 12 mm and depth of 6 mm. This magnet was designed
to produce a strong B.gradB across the tumour. The magnetic flux den-
sity map was simulated for a circular surface with diameter 10 mm in-
side the pyramidal cavity in two orthogonal planes (Supplementary
Fig. 3) where the subcutaneous tumours were positioned during mag-
netic targeting. The magnet is designed and produced by Giamag tech-
nologies (Norway). Simulations were made by COMSOL multiphysics
software (COMSOL Inc., Sweden).

(iv) Scaled-up magnet: In order to investigate the minimum re-
quired B.gradB magnitude to target individual nanoparticles in human
tumours, we utilised the results of the phantom targeting experiments
and used mathematical modelling to validate these results. The Nacev-
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Table 1
Subcutaneous tumour volumes at the time of injection for experiments with different
magnet design (mean ± SD).

Experiment Targeted (mm3) Non-targeted (mm3)

Disk magnet 109.5 ± 25.9 99.1 ± 38.6
Magnetic mangle 92.5 ± 34.6 106.3 ± 64.5
Pyramid magnet 99.7 ± 31.6 105.5 ± 22.2
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Shapiromodel [31] is particularly useful formathematical validation be-
cause it predicts the in vivo efficiency of magnetic targeting based on
magnetic, viscoelastic, convective and diffusive forces acting on nano-
particles.We adopted the required parameters andmathematical calcu-
lations from Al-Jamal et al magnetic drug targeting paper [24], which
adopted blood and blood vessel parameters from the clinical magnetic
drug targeting paper [1]. The model calculations predicted a successful
magnetic targeting of 100 nm particles for the projected human
model using our threshold B.gradB value (see the supplementary infor-
mation and Supplementary Fig. 8). Using such B.gradB value as themin-
imum strength requirement, we worked with the Giamag technologies
to design a scaled-upmagnetic array, which is feasible for assembly and
production.

2.1.2. Magnetic nanoparticles
The magnetic nanoparticles used in this study were fluidMag-CT,

100 nm and 50 nm diameters, with a magnetite core and carboxyl func-
tional group coating (Chemicell®, Berlin, Germany). All experiments
were performed using the same batch of nanoparticles. In order to char-
acterise these particles, Dynamic Light Scattering (DLS) and Transmission
electron microscopy (TEM) images of these particles were acquired at
25 °C with particles resuspended in ddH2O and at 173° scattering angle
for the DLS. The characterisation data was reported in Supplementary
Fig. 5. The nanoparticle solution is diluted in PBS, which is buffered to
pH 7.4. This was used in all experiments.

2.2. Flow phantom simulation of magnetic targeting

2.2.1. Vascular flow phantom
Aphantomflowexperimentwasused to simulatemagnetic targeting

of iron oxide nanoparticles in a simplified model. A standard configura-
tion consisting of the magnet and a 0.38 mm internal diameter capillary
tube (SmithsMedical Ltd., UK)was used. A solution containing 0.4mg of
fluidMag-CT particles was diluted with 1.5 mL of PBS (typical mouse
blood volume) and infused into the tube using an infusion pump (PHD
2000 Harvard Apparatus, US). Physiologically relevant capillary blood
flow velocities were chosen based on the values used in previous
in vitro studies [31–33] at 5 mms−1, 8 mms−1 and 10 mms−1 corre-
sponding to flow values of 0.037 mL/min, 0.060 mL/min and 0.075 mL/
min respectively. The total infusion volumewas kept constant for all ex-
periments. The disk magnet was placed at four distances (0, 3, 6, and
8 mm) from the tube for each flow velocity value. When repeated with
the magnetic mangle design, nanoparticles were infused into the tube
at the same flow velocities and at 6 distances (0, 3, 6, 8, 11 and
14 mm) relative to one of the magnets.

2.2.2. Quantification using ferrozine assay
The tubes containing accumulated nanoparticles were flushed with

0.6 M hydrochloric acid and placed in a heat block at 65 °C for 2 h. 30 μL
of pre-made ferrozine reagentwas then added to the samples and the ab-
sorbance was measured at 570 nm using a benchtop spectrophotometer
(Multiskan™ FC microplate photometer, Thermo scientific). The same
procedure was carried out for serial dilutions of known amounts of
fluidMag-CT particles to allow calibration (example image Supplemen-
tary Fig. 6). The capturing efficiency for each sample was calculated as
the percentage of the captured particles over the total perfused mass of
particles.

2.3. In vivo magnetic targeting and imaging

2.3.1. Magnetic targeting
All animal studies were approved by the University College London

Biological Services Ethical Review Committee and licensed under the
UK Home Office regulations and the Guidance for the Operation of Ani-
mals (Scientific Procedures) Act 1986 (Home Office, London, UK). Mice
(n = 18) were subcutaneously injected on each flank with 1 × 106
LS174T colorectal tumour cells (ATCC, CL-188). At no point during the
study did any animal show any change in body condition, weight or be-
haviour from baseline. Once palpable, tumours were measured in three
orthogonal dimensions by calipers. Tumour volumes were calculated
assuming an ellipsoid shape using the formula [34]:

Volume ¼ π
6
� L �W � H:

Tumour sizes taken at the time of injection for experiments with dif-
ferent magnets are provided in Table 1. Two weeks after cell implanta-
tion, anaesthesia was induced and maintained in 1.5–3.0% isoflurane in
1 L/min O2 and a volume of 100 μL containing 0.4 mg of 100 nm
fluidMAG-CT particles (dose of 20 mg/kg) was intravenously injected
into the mouse via a tail vein. The magnet was positioned directly
over the surface of one of the bilateral tumours during and for 20 min
after nanoparticle injection. The spatial profile of the applied magnetic
field was varied by utilising three different magnet designs (Supple-
mentary Figs. 1–3) in different experiments while keeping all other ex-
perimental procedure the same.

2.3.2. MR imaging
Mice were positioned in a 35 mm Rapid RF coil and maintained at

37 °C with warm water tubing and temperature and respiration moni-
toring with rectal probe and pressure-sensitive pad (SA instruments
Inc.); respiration rate was typically 60–80 bpm. T2-weighted and T2*
map imageswere acquired before and after nanoparticle administration
using respiratory-triggered fast spin echo sequence (TR/TE 1000/9 ms,
Echo Train Length (ETL) 4, 20× 1mmthick slices, 1 average, datamatrix
2562, field of view 30× 30mm,≈1min) andmultiple gradient echo se-
quence (TR 500 ms, 16 echoes 1.51–27.25 ms, 4 averages, 2562,
30 × 30 mm, 5 × 1 mm thick slices) using a 9.4 T Varian Inova scanner
(Varian, Santa Clara, CA).

For tumours targeted using the magnetic mangle and pyramid
magnets, T2* map images were acquired before and after magnetic
targeting experiment using respiratory-triggered and multiple gra-
dient echo sequences (TR 1500 ms, 5 echoes 5.2–30 ms, 1 average,
1922, 30 × 30mm, 1mm thick slices) using a 1 T Bruker ICON scanner
(Bruker, Germany).

In order to perform three-dimensional MRI scan on ex-vivo tumours,
tumour samples were fixed in 4% paraformaldehyde overnight. The sam-
ples were then placed in a phantom with 1% agar and the phantom was
imaged using 3D spoiled gradient echo (SPGR) sequence (TR = 15 ms,
TE=7ms,matrix=512 × 512 × 512, FOV=30× 30 × 30mm, total ac-
quisition time = 5 h 27 min. Image resolution was 59 × 59 × 59 μm3)
using the 9.4 T Varian.

2.3.3. Image analysis
The T2* maps were measured by mono-exponential fitting of signal

decay to each voxel in manually chosen regions of interest (ROIs)
using non-linear least squares method inMATLAB. To map the distribu-
tion profile of nanoparticle accumulation within tumours, the T2* value
of line segments located at 1 mm intervals through the tumour were
measured for both targeted and non-targeted tumour groups before
and after nanoparticle injection (n = 6) for each magnet experiment
group. This was performed between the ranges of 1 to 4 mm within
the tumours. Data were analysed with in-house MATLAB code. The
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results of the two imaging groups (pre and post injection)were statisti-
cally tested using non-parametric Wilcoxon test for each tumour group
(Targeted and non-targeted).

The 3D images on tumour samples weremanually segmented on 3D
gradient echo images. Firstly, the intensity values were scaled to be-
tween zero and one by dividing by the maximum signal intensities
and then thresholding was performed on regions that were less than
an arbitrary value chosen to be 0.2. The manually segmented images
were then volume rendered using ImageJ software 3DViewer (Rasband,
ImageJ, NIH, Bethesda, Maryland, USA).

2.3.4. Perl's Prussian blue stain
Tumour samples were fixed in 4% paraformaldehyde and then proc-

essed for histology, embedded in paraffin wax blocks and sectioned in
5 μm slices. Prior to staining, adjacent sections were cleared in xylene
and then rehydrated through 100%, 95% and 50% ethanol to distilled
water. The sections were then incubated in freshly prepared 5% potas-
sium ferrocyanide (Sigma-Aldrich) solution (Perl's stain) with 10% hy-
drochloric acid for 20 min, rinsed and then counterstained with 0.1%
nuclear fast red solution (Sigma-Aldrich) for 5 min. The tumour slices
were dehydrated again through 95% and 2 changes of 100% ethanol
and cleared in xylene and the coverslip was mounted with DPX
(distyrene, plasticiser and xylene, Sigma-Aldrich). Images of the tumour
slices were taken using a slide scanner (Nanozoomer, Hamamatsu,
Japan).

2.3.5. Direct iron quantification by ferrozine assay
To validateMR imaging results,micewere sacrificed and the subcuta-

neous tumours were removed; 2 mL Lysing matrix D tubes containing
tissue homogeniser beads were purchased from BP Biomedicals (Santa
Ana, California, USA). The tumour samples were placed in the lysing
tubes and a high-speed benchtop reciprocating homogeniser (Fastprep-
24™ Sample Preparation Instrument, MP Biomedicals) was used to
Fig. 1.Magnetic targeting of nanoparticles in a flowphantom. (A) Experimental set up showing
bar 10mm. (B) The B.gradBmap (T2m−1) of the diskmagnet in the planemoving away from the
direction of the vector field is towards the magnet edge. (C) Capturing efficiency of accumula
magnet measured with quantitative ferrozine assay; mean ± SEM (⁎P b 0.05, n = 3). (D) Expe
the magnetic mangle, scale bar 10 mm. (E) The B.gradB map (T2m−1) of the magnetic mangl
of the vector field is towards the surface of each magnet. For ease of comparison with the B.gr
respect to one of the magnets (magnet on the left) rather than the centre plane between tw
velocity and 6 distances produced by the disk and mangle magnet designs; mean ± SEM (⁎P b
homogenise the tissue samples. 50 mg of each tissue sample was trans-
ferred to a 1.5 mL test tube, 100 μL of 0.6 M hydrochloric acid was
added to each sample and the samples were incubated in a heat block
at 65 °C for 2 h. 30 μL of pre-made ferrozine reagent was then added to
the samples and the absorbancewasmeasured at 570 nmusing a bench-
top spectrophotometer (Multiskan™ FCmicroplate photometer, Thermo
scientific). The same procedure was carried out for serial dilutions of
known amounts of fluidMag-CT particles to allow calibration (as de-
scribed in Section 2.2.2). The results of the two tumour groups (Targeted
and non-targeted) were statistically tested using non-parametric Mann-
Whitney test.

3. Results

3.1. Effect of the particle size and force homogeneity on magnetic capturing

The ability to capture individual magnetic particles, and as such a
therapy, depends onmagnetic force, which is contingent onmagnet de-
sign, the distance between themagnet and the particle, and the size and
magnetic properties of the particle. To investigate these, we used a flow
phantom to magnetically capture nanoparticles at various distances,
flow velocities, and particle sizes (50 and 100 nm) using different mag-
net designs.We simulated themagnitude and spatial distribution of the
magnetic field strength for the three designs (Supplementary Figs. 1–3).
We then calculated the strength of the magnetic force (denoted as∣(B.
∇)B ∣ ≈ B.gradB value, see Supplementary information) at these spatial
locations around each magnet (Supplementary Fig. 4).

When targeting using the disk magnet we observed that 100 nm
particles were readily attracted to the capillary tube wall (Fig. 1A red
arrow), at clinically relevant tumour flow velocities [31–33] (5, 8,
10 mms−1) and distances from the magnet edge (0, 3, 6, 8 mm)
(Fig. 1B,C). As expected, capturing efficiency decreased with increasing
distance from magnet edge as well as flow velocity (e.g. at 5 mms−1
tubingwith the accumulated nanoparticles flowing past the edge of the diskmagnet, scale
edge and at 30° from the circular face of themagnetwhere the tubingwas positioned. The
ted particles (100 nm or 50 nm size) at three flow velocities and four distances from the
rimental set-up showing tubing with the accumulated nanoparticles flowing past within
e in the plane between the two magnets where the tubing was positioned. The direction
adB map of the disk magnet, the distance between two magnets has been measured with
o magnets. (F) Capturing efficiency of accumulated 100 nm particles at 5 mms−1 flow
0.05, n = 3).
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flow velocity, capturing efficiency at 0, 3, 6 and 8 mmwas 12.3 ± 0.6%,
8.9 ± 0.8%, 6.7 ± 0.5% and 5.3 ± 0.5%, respectively). Nanoparticle cap-
turing at 0 mm distance was observed to be 2.4-fold higher (n = 3,
**P b 0.025) than 8mmdistance at the same flow velocity. Additionally,
considering the effect of flow velocity, the capturing efficiencies at
0 mm distance were 12.3 ± 0.6%, 11.3 ± 1.3% and 9.6 ± 1.3% for flow
velocities of 5, 8 and 10 mms−1 respectively.

When repeated with 50 nm sized particles, magnetic capturing was
only possible ≤6 mm away from the magnet at 5 mms−1 velocity,
≤6mm at 8mms−1 and only 0 mm at 10mms−1. We observed a signif-
icant difference between capturing efficiency of 100 nm and 50 nmpar-
ticles at 6mmdistancewhen flowing at our lowestflow (5mms−1) and
at 0 mm distance when flowing at 8 and 10 mms−1 (n = 3, *P b 0.05).

To investigate capturing with the magnetic mangle, the flow phan-
tom experiment was repeated on 100 nm particles and at the same
flow velocities as the disk magnet. Compared to the conventional disk
magnet, the magnetic mangle produces a larger region of space with
substantial magnetic field gradients. For example, the sum of B.gradB
values in the vertical direction at 3 mm distance (dashed area, Fig. 1B,
E) from the mangle (212 T2m−1) was found to be 1.6-fold higher than
the corresponding value for the disk magnet (133 T2m−1). The tubing
was placed between the two magnets (Fig. 1D, Supplementary Fig. 5)
at distances of 0–14 mm. Capturing efficiency was markedly increased
compared to the disk magnet at 0, 3 and 8 mm distances when flowing
at 5 mms−1 (n = 3, *P b 0.05, Fig. 1F). The capturing efficiency at
5 mms−1 and 3 mm distance (17.3 ± 1.3%) was observed to be 1.9-
fold higher than the corresponding value for the disk magnet experi-
ments (8.9 ± 0.8%). Interestingly, the difference in capturing efficiency
Fig. 2. In vivo magnetic targeting of nanoparticles using the disk magnet (A) T2*-weighted M
tumour exposed to external magnetic field (left) during and after intravenous nanoparticle
tumours overlaid on T2-weighted image indicating spatial distribution of T2* reduction as a c
magnet design significantly reduces mean T2* after injection of nanoparticles (⁎P b 0.05, n
indicated by quantitative ferrozine assay; mean ± SEM (⁎P b 0.05, n = 4). (E) Subcutaneous
targeting of nanoparticles. (G) Nanoparticle accumulation confirmed by Perl's Prussian blue hi
between the twomagnets was similar to the 1.6-fold difference in the B.
gradB generated by themagnets. Due to the design of the pyramidmag-
net similar experiments could not be performed for comparison.

In order to decide which particle size to take forward to in vivo ex-
periments,we noted that both the disk andmanglemagnets, were read-
ily able to capture 100 nm particles at our maximum flow velocity (10
mms−1) and 8 mm distance (B.gradB values were 3 and 4 T2m−1 re-
spectively). As such, the 100 nm particles were taken forward as
targeting at 8 mm or less would provide total coverage of a subcutane-
ous tumour.

3.2. Disk magnet - in vivo targeting and imaging

Next we used quantitative MRI to investigate targeting of 100 nm
particles to tumours in vivo. We observed marked magnetic targeting
of nanoparticles to tumours on the MR images as hypointense regions
(decreased T2*) within the tumours (circled, Fig. 2A). Quantitative T2*
maps (overlaid onto anatomical T2-weighted images, Fig. 2B) give a
clear indication as to the extent and spatial distribution of nanoparticle
accumulation in the targeted tumour. T2* was markedly reduced in the
targeted tumours (n=6, *P b 0.05, Fig. 2C)when using the diskmagnet,
while the non-targeted tumour did not change. To validate the MR im-
aging results, a quantitative ferrozine assay measurement was carried
out onhomogenised tumour tissues. The assay showed a higher concen-
tration of nanoparticles in the targeted tumour tissue compared to non-
targeted controls (n = 4, *P b 0.05, Fig. 2D).

Investigating the spatial distributionmore closely, we observedmore
T2* hypo-intense regions in locations closest to the magnet (Fig. 2F, red
R image showing bilateral subcutaneous tumours (circled) with hypointense regions in
injection; homogenous MR signal in non-targeted tumour (right). (B) T2* map of same
onsequence of nanoparticle accumulation. (C) In vivo magnetic targeting using the disk
= 6). (D) Magnetic targeting significantly increases iron measurement in the tumour
tumour prior to nanoparticle injection; Scale bar 5 mm (F) Same tumour after magnetic
stology. Scale bar 100 μm.
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arrow), which were not present prior to injection of nanoparticles and
magnetic targeting (Fig. 2E). Prussian blue staining of ex vivo tissue sam-
ples provided further confirmation of iron in the proximal region of the
tumour (Fig. 2G).
3.3. Mangle and pyramid magnets - in vivo targeting and imaging

To investigate in vivo targeting of tumours exposed to a larger mag-
netically active space, we performed further in vivo experiments using
the mangle and pyramid magnet designs (Fig. 3A, B).

We observed a significant reduction in the T2* of the tumour tissues
targetedwith both themagneticmangle (n= 6, *P b 0.05) and pyramid
magnet (n = 6, *P b 0.05) designs. In the contralateral control tumour,
the tumour T2* did not change after injection of nanoparticles (Fig. 3A,
B, Supplementary Fig. 7A, B). Linear regression analysis revealed a sig-
nificant correlation between the percentage enhancement in iron mea-
surement of the ferrozine assay and the T2* reduction of the targeted
tumours (r2 = 0.9635, *P b 0.05, Supplementary Fig. 7C).

Three-dimensional reconstructions display the nanoparticle distri-
butionwithin the targeted (Fig. 3C) andnon-targeted (Fig. 3D) tumours.
Hypointensities can be observed throughout the whole volume of the
targeted tumour and are not confined to the region closest to the mag-
net, consistent with the strong force experienced by the nanoparticles
Fig. 3. In vivomagnetic targeting of nanoparticles using themangle and pyramidmagnets. (A)
the pre and post injection for targeted tumours. Scale bars 5 mm. Magnetic targeting significan
(⁎P b 0.05, n = 6). (B) In vivo magnetic targeting using the pyramid magnet design. The figu
Magnetic targeting significantly reduces the mean tumour T2* after injection of magnetic nan
from a tumour targeted using the pyramid magnet and the contralateral non-targeted tum
references to colour in this figure legend, the reader is referred to the web version of this artic
from the pyramid magnet over the whole tumour (Supplementary
Fig. 4E, F).

3.4. Effect of largermagnetically active space – in vivo targeting distribution

The ideal magnet design would apply a sufficiently strong magnetic
force throughout the whole tumour. As such we took a quantitative ap-
proach to compare our 3 magnet designs. We investigated the spatial
distribution of nanoparticles within the tumours quantitatively bymea-
suring the T2* values across tumours (1 to 4 mm within each tumour)
before and after nanoparticle administration (Fig. 4A–C). We further
performed linear regression analysis on the post-injection T2* values
to investigate whether the slope of T2* deviates from zero as we move
deeper within the tumour.

Investigating themagnets individually: i)Diskmagnet,weobserved an
increasing trend in post-injection T2* of the targeted tumours. The slope
of the post-injection T2* was different from zero (n = 6, *P b 0.05,
Fig. 4A) and as expected, the further away from the magnet, the less
targeting was observed. ii) Mangle design, we found a similar increasing
trend in post-injection T2* of the targeted tumours, presumably as the tu-
mour was located close to one of the magnets. The slope of the post-
injection T2*was different from zero (n=6, *P b 0.05, Fig. 4B) iii) Pyramid
magnet, T2* of tumours targeted showed no change in T2* with respect to
distance. No deviation from zero was observed on the slope of the post-
In vivomagnetic targeting using themagnetic mangle design. The figure shows the ROIs of
tly reduces the mean tumour T2* after injection of magnetic nanoparticles; mean ± SEM
re shows the ROIs of the pre and post injection for targeted tumours. Scale bars 5 mm.
oparticles; mean ± SEM (⁎P b 0.05, n = 6) (C) Three-dimensional reconstructed image
our (D). Segmented hypointense regions are shown in red. (For interpretation of the
le.)



Fig. 4. Effect of magnetically active space on magnetic tumour targeting. The spatial T2* distribution of the magnetically targeted tumours pre and post nanoparticle injection using the
three magnet designs (A) The disk magnet; mean ± SEM (n = 6). (B) The magnetic mangle; mean ± SEM (n = 6). (C) The pyramid magnet; mean ± SEM (n = 6). B.gradB
topography of the three magnet designs on the same colour threshold. The approximate tumour position is shown in each map (D) The disk magnet. The direction of the vector field
is towards the magnet edge. (E) The magnetic mangle. The direction of the vector field is towards the magnet surfaces. (F) The pyramid magnet. The direction of the vector field is
towards the closest magnet surface.
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injection T2* line (n=6, P=0.9117, Fig. 4C). As such, it can be concluded
that the pyramid magnet produces the most uniform and most homoge-
neous targeting within tumours.

In order to compare the spatial distribution of nanoparticle accumu-
lation with the magnetic force applied by each magnetic design, the
force (denoted by the B.gradB map) generated by each magnet, and
the approximate tumour position within each map are shown in a two
dimensional plot (Fig. 4D–F). The B.gradB magnitude at a distance of
6 mm away from the disk magnet (6 T2m−1) was similar to the corre-
sponding value generated by one of the cylindrical magnets in theman-
gle design (5 T2m−1). The sharp decline in themagnitude of the applied
force, accounts for the reduction in targeting at deeper locations of the
tumour. Conversely, the pyramid magnet generates considerably larger
B.gradB (N90 T2m−1) across the tumour volume, consistentwith the ob-
served homogenous targeting within the tumours.

3.5. Translation of magnet design from mouse to human

In order to target individual nanoparticles at distances similar to
human proportions, we aimed to translate our scalable magnets into
larger dimensions. The ideal external magnet would have a magneti-
cally active space large enough to accommodate a part of human body
and strong enough to target nanoparticles in human tumours. The
flow phantom experiments showed that the minimum B.gradB value,
which allowed capturing of 100 nm particles against flow was 3
T2m−1. As such, we used mathematical modelling in accordance with
Nacev-Shapiro magnetic targeting construct (see supplementary infor-
mation) to confirm that this B.gradB magnitude is large enough to cap-
ture 100 nm particles in human blood vessels. We adopted the blood
and blood vessel parameters in humans from the Lubbe et al. clinical
study [1], as reported in Nacev et al. [31] and Al-Jamal et al. [24]. The re-
sults of these calculations predict a boundary layer formation regime,
which indicates successful magnetic targeting (Supplementary Fig. 8).
We then worked with Giamag magnet company to design a scaled-
up pyramid magnet, which generates a minimum B.gradB value of 3
T2m−1 (threshold value). The threshold value generated by themagnet
decreases with increasing the size of the magnetically active space. As
such we employed the high magnetic gradient design [35] of the pyra-
mid magnet to develop a magnet with a magnetically active space
that generates the threshold strength value, and is readily constructed.
Finite element modelling and simulations resulted in a U-shaped mag-
net design, which contains a magnetically active space of 10 cm long,
7 cm deep and 7 cm wide, equivalent to a total volume of 490 cm3

(Fig. 5A), producing a feasible solution for capturing chemotherapy
agents in the breast, neck, leg, and other body organs with similar
sizes. Themaximumdepth at which the threshold B.gradB value is gen-
erated is in the range of 5–7 cm from the bottom surface of themagnet-
ically active space depending on the position with respect to the X-axis
of the magnet (Fig. 5B). The direction of the magnetic force is pointing
towards the nearest magnet surface at any point within the magneti-
cally active space (Fig. 5C). These data confirm that the high magnetic
gradient design of the pyramid magnet can be scaled-up with suitable
strength and dimension for the clinical setting.

4. Discussion

Magnetic drug targeting offers a promising method to increase de-
livery of chemotherapeutic agents to tumours while reducing the sys-
temic dosing of the drug. However, it is still unclear whether it will be
possible to target SPIONs to tissues deeper in the body [19,24]. This
study reports marked magnetic targeting of magnetic nanoparticles to
tumours using novel custom-made permanent magnetic designs,
which have a clinical end-point in mind. These magnets were designed
to target a specific volume of tissue, known as the ‘magnetically active
space’, where agents can be delivered. We have demonstrated that
our bespoke permanent magnet can target nanoparticles at deeper



Fig. 5. The scaled-upmagnet design. (A) (i) Themagnet shape and dimensions. (ii) The B.gradB planewithin themagnetically active space. (B) The B.gradBmap of themagnetically active
space with a colour scale threshold of 3 T2m−1. (C) The vector field map of the B.gradB in the same plane. The direction of the vector field is towards the closet magnet surface.
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tumour locations in comparison to a traditional disk magnet, while de-
livering a more homogenous distribution of nanoparticles throughout
the tumour. Based on the improved targeting capacity of the pyramid
magnet, we provide designs for a scaled-up magnet potentially capable
of targeting 100 nm particles up to a depth of 7 cmwithin specific loca-
tions of the human body.

During recent years, a considerable amount of research has focused
on developing hybrid magnetic nanoparticles such as SPION-loaded
solid lipid nanoparticles [36,37], SPION-loaded polymeric nanoparticles
[38], and nano-worm structures [39]. These complex systems provide a
biocompatible capsulation, which aid the auto accumulation of the drug
in the tumour tissue due to the EPR effect. Additionally, some of these
nanostructures have shown to be effective in penetrating through BBB
to deliver drug to the brain [40], allowing a higher cytotoxic concentra-
tion at the tumour site and a reduced toxicity in healthy cells. Previous
in vitro [41,42] and preclinical magnetic targeting studies [43,44] were
performed using nanoparticles in association with chemotherapy
drugs in a wide range of brain tumour models, including GBM. This
study builds on these investigations by proposing magnet designs
which may increase SPION-labelled nanoparticles to a tumour site. In
addition to drug delivery, the proposed solution in this study may be
highly beneficial in magnetic hyperthermia applications, in which the
main challenge is to obtain a sufficiently high concentration of nanopar-
ticles in the tumour to result in useful heating at clinically tolerable
levels of alternating magnetic fields [11,45]. Increasing nanoparticle ac-
cumulation in tumours post systemic or local administration using the
methods developed in this study may provide a potential solution to
this challenge.

Although the rapidly emerging field of nanotechnology has led to
production of magnetic nanoparticles with desirable properties in a va-
riety of biomedical applications, some research suggest that these parti-
cles can cause a reactive oxygen species (ROS)-induced oxidative stress
on certain cell types [46], which could initiate undesirable pathophysio-
logical outcomes such as genotoxicity, inflammation, fibrosis, and carci-
nogenesis [47]. Even though the overall toxicity profile of iron oxide
nanoparticles is not well understood [48], particles have been used rou-
tinely in patients for diagnostic and therapeutic purposes (for example
Feraheme® in iron deficiency anaemia [49]), without causing notable
toxicity. In addition,magnetic drug targeting of iron oxide nanoparticles
conjugated with chemotherapeutic agent was reported to be safe and
well tolerated in the phase one clinical study [1]. Furtherwork is needed
to understand the toxicitymechanisms of these nanoparticles at a cellu-
lar level, which may yield novel strategies to mitigate potential short
and long term risks in the future.

In this studywe observed amarked difference in capturing efficiency
between the 50 and 100 nm particles when performing the in vitro
targeting experiments. Reducing the size of nanoparticle may lead to
improved penetration of nanoparticles into tumours, but appears offset
by the lack of applied targeting force. Multiple studies using 100 nm
particles have reported considerable accumulation of this particle size
within the tumour [1,21,26,33]. Importantly, having a 100 nm particle
with a multi-domain core increases the magnetic force substantially
when compared to single core 50 or 20 nm particles, therefore, aiding
the tumour penetration. As such, it was determined that 100 nm parti-
cles were more suitable for in vivo magnetic targeting experiments.

Evidence suggests that targeting of SPIONs with traditional perma-
nent magnets is limited to b5 mm into the human body [1,24]. Using
our magnetic mangle design, composed of two magnets on either side
of the targeting region, we show that capturing depth is almost double
(14 mm) that of the traditional disk magnet (8 mm). Moreover, im-
proved capturing efficiencywas observed throughout the entire targeting
region of themangle compared to the diskmagnet, highlighting the need
for designing magnets with a large magnetically active space. This led to
the development of the pyramid magnet, designed to deliver a strong
magnetically active space that would encompass the total volume of
the subcutaneous tumours. Unlike previous custom-made electro and
permanent magnets for magnetic nanoparticle targeting [26,32] the pyr-
amid magnet is readily scalable to human size proportions.

We investigated in vivomagnetic targeting of individual 100 nmpar-
ticles to subcutaneous tumours and utilisedMRI to non-invasively quan-
tify particle delivery. As shownpreviously in glioma tumourmodels [26],
a reduction of T2* was observed in magnetically targeted tumours while
no significant change was observed in the contralateral control tumour.
While Chertok et al noted homogenous hypo-intensities in their MR im-
ages, we observed discrete patches of hypo-intense regions distributed
across the tumour tissue. This is likely the result of the difference in pas-
sive delivery of nanoparticles between the two tumourmodels as the gli-
oma model used in the previous reports has about 4.5-fold higher
capillary blood perfusion [33,50] compared with the tumour model
used in this study [51]. The discrete regions of hypointensities observed
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in this study allowed for the spatial mapping of targeted particles using
MRI. When targeting was performed using the pyramid magnet, hypo-
intense patches were observed throughout the whole tumour region
with significant T2* reduction at all tumour depths (≤4mm). Conversely,
using the disk magnet hypo-intensities were only observed at locations
close to the magnet with T2* reduction only significant at a depth of
1 mm. These results are consistent with the bespoke pyramid magnet
having a magnetically active space covering the entire tumour volume.
Previously, Chertok et al. [52] created a modified electromagnet setup,
which exhibits an improved magnetic field gradient across the tumour
region over their standard electromagnet design. Compared to the B.
gradB value produced by this modified electromagnet setup (14.4 T2/
m), the pyramidmagnet produces aminimumof 6 times higher strength
(90 T2/m) across the targeting region, which increases the likelihood of
nanoparticle entrapment during their passage through the circulation.

Magnetic drug targeting has been demonstrated in animals and
human patients, but its utility has been limited to shallow targets. The
first clinical trial demonstrated efficacy of this technique in superficial tu-
mours, which were located up to a depth of 5 mm from the skin in head,
neck and breast cancers [1]. Here, we have investigated minimum gradi-
ents required to capture 100 nm particles in human blood vessels (sup-
plementary information) and have designed a scaled-up U-shaped
permanent magnet capable of delivering these gradients. One cancer
treatment which would specifically benefit from our developed magnet
design is breast cancer, where single or multiple tumours are located
within the breast tissue. Previous studies have demonstrated the efficacy
of surface functionalised drug conjugated magnetic nanoparticles in
breast tumour suppression and reducing systemic toxicity of drugs
[53,54]. In addition to the selective accumulation of magnetic nanoparti-
cles in tumours, the present study also shows that introduction of an ex-
ternal magnetic field can significantly enhance such delivery, which is in
agreement with previous reports [24,26,55]. Additionally, our study pro-
vides the potential to substantially increase achievable targeting depth
of traditional permanent magnets from 5 mm to 7 cm distance into the
breast or body organs with similar sizes such as neck or legs. It has to be
noted that generating such magnetic gradients at centimetre distance
scales is remarkable. To our knowledge, the most optimised permanent
magnetic system designed for magnetic drug targeting [56] is capable of
producing B.gradB values of about 0.3 T2/m at 5 cm distance from the
magnet. Our scaled-up magnet can generate a minimum B.gradB value
of 3 T2/m at the same distance, delivering a 10-fold highermagnetic force.

In this study, two magnetic devices were developed, generating a
larger magnetic exposure in comparison to a traditional disk magnet.
Magnetic targeting of nanoparticles was then investigated using these
magnet designs both in vitro and in vivo. In summary, our results sug-
gest that compared to the traditional disk magnet, our bespoke magnet
design produces more homogenous and deeper nanoparticle distribu-
tion within the tumour. Using theoretical simulations, we have shown
that our magnetic setup can be extrapolated to target 100 nm particles
in tumours located up to 7 cmdepth at specific locations of human body.
To the best of our knowledge, this is the first study to report magnetic
tumour targeting of nanoparticles using custom-made, strong and scal-
able magnetic designs.
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