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Abstract: Magnetic particle imaging (MPI) is an attractive
new modality for imaging distributions of iron oxide nan-
oparticle tracers in vivo. With exceptional contrast, high
sensitivity, and good spatial resolution, MPI shows prom-
ise for clinical imaging in angiography and oncology. Crit-
ically, MPI requires high-quality iron oxide nanoparticle
tracers with tailored magnetic and surface properties to
achieve its full potential. In this review, we discuss opti-
mizing iron oxide nanoparticles’ physical, magnetic, and
pharmacokinetic properties for MPI, highlighting results
from our recent work in which we demonstrated tailored,
biocompatible iron oxide nanoparticle tracers that pro-
vided two times better linear spatial resolution and five
times better signal-to-noise ratio than Resovist.
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Introduction

Optimized tracers can enhance magnetic particle imaging
(MPI) signal-to-noise ratio (SNR) and spatial resolution
[13, 16, 19, 25]. In fact, tracers represent the most efficient
means of improving MPI performance and may be the
key to bringing MPI to the clinic. For clinical applications
such as vascular imaging and oncology, tracer magnetism
and pharmacokinetics must be optimized to achieve long

circulation time, good resolution, and sufficient SNR at
safe tracer concentrations and without any adverse side
affects. The physical parameters that govern MPI perfor-
mance are optimized by tailoring tracer magnetic core
properties, including size, size distribution, and phase
homogeneity, whereas pharmacokinetic properties are
tailored with surface chemistry and functionalization to
prevent cytotoxicity and ensure desirable biodistribution
and circulation time. When designing tracers for clinical
MPI application, biocompatibility and performance are
both necessary conditions.

Fortunately, iron oxide particles are well tolerated and
have a long history of safe application in the clinic [27, 31,
38]. Furthermore, owing to their relatively large magnetic
moment and low magnetic anisotropy (cf. “MNP magnet-
ism and MPI”), they are also suited to MPI. To achieve the
desired performance and pharmacokinetics, nanoparti-
cle size, uniformity, and surface functionalization must
be controlled. In this review, we discuss the key points of
MPI tracer design for performance and biocompatibility,
emphasizing results from our work.

Magnetic nanoparticle detection in MPI

MPI exploits the non-linear magnetization (Figure 1) of
superparamagnetic nanoparticles to generate a localized
signal during imaging. A modulating magnetic field, H(¢),
(typically 25kHz, 0.02T/u ,amplitude) excites the magnetic
nanoparticles (MNPs). The MNP moment, m(H), responds
in a non-linear manner, inducing a signal voltage in a
receive coil. An additional gradient field, called the selec-
tion field, is applied to localize the received signal. The
selection field features a field-free point (FFP) surrounded
by a gradient of ~2-8 T/u /m, sufficient to saturate the
magnetization of MNPs located outside the FFP. Images
are formed by scanning the FFP through the sample and
recording the MPI signal.
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Figure1 Non-linear magnetization of magnetic particles and the
tracer response, m’(H).

Two algorithms are now commonly employed to
reconstruct an image from the raw MPI data. System
matrix reconstruction [16, 29] is the original MPI method,
wherein images are formed by recording the Fourier
transform of the received signal and solving the inverse
imaging problem using a NN NN, N, matrix (called the
system function) [29, 30], where there are N, N, and N,
imaging voxels along the principal directions; N is the
number of harmonics of the drive frequency that are
detected by the N, independent detectors. While system
matrix reconstruction can be very fast [39], it requires
that the system function be acquired before the imaging
scan, and that the particle response during imaging
experiments is the same as during the system function
measurement.

In x-space MPI reconstruction [17, 18] the instantane-
ous MPI signal is assigned to the current FFP location after
velocity compensation. The MPI image, which is linear
and shift invariant, is now simply a convolution between
the MNP distribution and the point spread function (PSF),
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where G is the gradient strength in T/ /m and the PSF is
assumed to be isotropic over the imaging volume. X-space
reconstruction requires no a priori knowledge of a system
function; however, it is necessary that the FFP position
and velocity be well defined at all times during the acqui-
sition scan. If deconvolution is used to improve the dis-
played image, the PSF should be measured for each tracer
formulation.

Whether using system matrix or x-space reconstruc-
tion, MPI physics is governed by the tracer response,
defined as the derivative of tracer magnetization, m’(H)
[m’], as well as the excitation field slew rate, G-x[T/u/s],
where G is the gradient strength [T/u /m] and x/ the FFP
velocity [m/s]. The tracer response is recognized to be a
crucial determinant of SNR and spatial resolution. Meas-
urement of the tracer response is critical for tailoring MNPs

h(x)=m’(G-x),
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for MPI; magnetic particle spectrometry, a rapid charac-
terization method for evaluating the tracer response, is
discussed in the next section.

Magnetic particle spectrometry

In the absence of MPI scanners, which are currently scarce,
an easy-to-construct [13] magnetic particle spectrometer
(MPS) [8] provides a means for rapid characterization of
MNP performance under magnetic excitation relevant
for MPL. (Typically, MPS refers to an instrument designed
to measure the Fourier transform, F(m’), of the tracer
response, relevant for system matrix reconstruction, while
x-space relaxometer [20] refers to an instrument designed
to measure the tracer response, m’(H), relevant for x-space
reconstruction. (It is possible to measure both with the
same instrument [13], as we have done here.) When
evaluating tracer performance, a broader spectrum, with
higher harmonic intensity, measured by the spectrometer
and narrower tracer response (FWHM) measured by the
relaxometer indicate superior spatial resolution; intensity
per unit iron determines the tracer contribution to SNR for
both instruments.

The magnetic field applied by the MPS can be
described as

H(t)=H sin(wt) @

in which H is the peak excitation amplitude and w the
angular frequency (27f,). The induced voltage, V, is deter-
mined by the variation of the MNP tracer’s net magnetic
moment with applied field, m(H), according to [13, 20, 33]:

V(O)=-1,S(m’(6))=-1¢,S(m’(H))(H'(£)) 3

in which u, is the vacuum permeability [47x107 Vs/Am]
and S is the coil sensitivity [1/m]. Rearranging Eq. (3)
yields

-1 V(t)

m,(lLI(t))ZuOSa)H0 cos(wt)’

(4)

Harmonic spectra are generated by Fourier transform
of the received signal, V(t). When evaluating candidate
MNPs, the tracer response, which has units of m?, should
be scaled by the quantity of iron in the sample to give
units of m?/g Fe. The tracer response is a useful metric for
evaluating tracer behavior based only on the applied field
and tracer properties. In x-space MPI, the tracer response
can be related directly to the PSF [Eq. (1)] when the field
gradient, G, is known; the tracer response can therefore
be used to predict spatial resolution. However, as will
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be discussed in “MNP magnetism and MPI”, the tracer
response depends on the applied field amplitude and
frequency; it is therefore important that the MPS applied
field match that used during imaging.

MPI signal linearity

The MPI signal described in the previous section is per-
fectly linear with MNP concentration in the voxel. This
important feature is useful for MPI applications in molec-
ular imaging, cell tracking, etc., as well as potential
applications in angiography (measuring artery volume)
and oncology (measuring tumor size, vasculature). The
signal remains linear provided the tracer MNPs are non-
interacting, and remain so (i.e., do not aggregate) in vivo.
Results of a dilution series, showing signal linearity, are
provided in Figure 2.

MNP magnetism and MPI

Magnetic reversal in nanoparticles

In nanoparticles, magnetic behavior is governed by the
particle anisotropy [34], which establishes preferred ori-
entations of the magnetic moment within the particle,
determines the energy barrier between these orientations
and thus the magnetic relaxation dynamics. Furthermore,
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Figure 2 Linearity of MPI signal.
(A) m’ of dilutions is constant with decreasing concentration.
(B) Maximum m’ and harmonic intensity is linear with concentration.
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thermal fluctuations are of critical importance and we will
discuss in this section why the thermal energy and ani-
sotropy energies should be similar for MNPs to perform
well in MPI. A recent report by Weizenecker et al. [40]
uses micromagnetic simulation to emphasize this balance
of energies. In that work, shape anisotropy was empha-
sized, although in practice spin-orbit-lattice coupling
(magnetocrystalline anisotropy) and surface effects can
also contribute. It is common practice to treat the effective
nanoparticle anisotropy as being first-order-dominant
uniaxial.

For single-domain MNPs dispersed in solution, the
magnetic moment can rotate within the magnetic crystal
(the Néel mechanism) or by the physical rotation of the
entire nanoparticle (Brown mechanism). One or the
other mechanism will typically dominate, as determined
by the energy barrier (e.g., the product of the anisot-
ropy constant and the particle volume), thermal energy,
viscous drag forces between the MNP and carrier, and
the applied field amplitude and frequency. For spinel
phase iron oxide MNPs and the applied field conditions
typically used in MPI (25 kHz, ~20 mT/u,, amplitude), the
energy supplied by the applied field is strong enough to
reduce the energy barrier created by magnetic anisot-
ropy. Thermal energy also contributes to lowering the
energy barrier for rotation of the moment into the direc-
tion of the applied field. As a result, the observed relaxa-
tion behavior of the nanoparticle tracer depends on the
applied field ramping rate.

In this section, we discuss models of magnetic relaxa-
tion, and utilize them to interpret MPS experiments per-
formed with different applied field conditions (250 kHz,
25 kHz, and varying field amplitude). We will show that
Néel reversal dominates, but as a result of the relatively
large field amplitudes employed in most MPI experiments,
hysteresis is predicted in m(H) behavior of typical MNPs,
with coercivity, H, that depends on MNP anisotropy (size)
and characteristics of the applied field.

Néel and Brownian relaxation processes

In nanoparticles, thermal fluctuations compete with mag-
netic order to determine the MNP response to an applied
field. The degree of order is influenced by particle size,
as well as measurement time. A particle is blocked when,
for a given measurement time, thermal energy is insuf-
ficient to surmount the energy barrier established by the
particle anisotropy, ensuring that the moment is tied to
the anisotropy direction. Thus, the blocking condition is
given by
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where the anisotropy is assumed to be magnetocrystal-
line, with K the magnetocrystalline anisotropy constant
[J/m’], V the magnetic volume, k, Boltzmann’s constant,
7 ... the measurement time, and 7, the attempt time (typi-
cally 10"°s).

Superparamagnetism is usually defined for static
measurements as the behavior shown by particles smaller
than the critical size for blocking when 7__ =100 s [10].
Therefore, according to Eq. (5), the critical size for mag-
netite is ~28 nm (diameter). The typical time scale, 7___,
in MPI is ~20 us, or half of the period of the commonly
used 25 kHz excitation field. In this case, the critical size is
smaller, about ~21 nm (diameter) for magnetite particles.
In both calculations, we have assumed that K=11 kJ/m?,
the value for bulk magnetite [10].

For spherical, non-interacting particles subject to an
applied field, the energy barrier due to an effective uni-
axial magnetocrystalline anisotropy is

2 2
MH
e (H)=kv| 1L =I<V[1-”°—Sj ,
B H 2K

K

(6)

where u, is 4mx107 [Vs/Am], M_is the volume saturation
magnetization [A/m], and H is the magnetic field [T/u]
applied parallel to the anisotropy axis. When H is large,
the particle moment prefers to align parallel to the field,
causing the energy barrier for rotation into alignment
to shrink and ultimately disappear as the moment is
forced into the parallel orientation at the critical field, H,
(K/uM,).

The Néel relaxation time, 7,, describes reversal of
the magnetic moment vector within the magnetic crystal
itself, without any physical motion of the particle. In the
absence of an applied field, thermal fluctuations can allow
the moment to hop over the energy barrier. In the presence
of an applied field, the energy barrier is modified, increas-
ing the probability of hopping from the antiparallel to
parallel state. Combining and rearranging Eqgs. (5) and (6),
the Néel relaxation time can be written as

KV*[l- i

2
HI( j

kT

b

@

=T *
T =T, %*€Xp

Example times, calculated from Eq. (7) for magnetite
particles subject to increasing applied field strengths,
are plotted in Figure 3. The anisotropy constant, K,
was assumed to be the bulk value, i.e., K=11 kJ/m?3.
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The application of a 10 mT/u,, field significantly shortens
the Néel relaxation time (Figure 3A). For 30-nm magnetite
particles, it reduces 7, by ~8 orders of magnitude. Owing
to exponential dependence on magnetic volume, V; 7
ranges from nanoseconds to days for the range of diam-
eters between 10 and 30 nm in the absence of an applied
field (Figure 3B). Exponential dependence on anisotropy
leads to similar variation. Anisotropy can vary owing to
surface/volume effects due to size as well as the shape of
the nanoparticles, and from variations in crystalline struc-
ture between different materials.

For particles in solution, magnetic relaxation can also
occur by physical rotation of the particle (i.e., rotation of
the anisotropy axis) at a rate that is governed by random
collisions with molecules in solution. By this mechanism,
called Brownian relaxation, blocked particles can relax
faster than 7, provided they are able to move freely. The
Brownian rotational diffusion time constant is [15, 34]
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Figure 3 Magnetic relaxation times.

(A) Néel relaxation time calculated using Eq. (7) for magnetite
nanoparticles with different diameters, under applied fields of
increasing strength. Magnetocrystalline anisotropy with k=11 kJ/m?
was assumed. (B) Relaxation times calculated for H=0 according to
Egs. (7)-(9). For calculations, the hydrodynamic layer thickness, 6,
was assumed to be 10 nm, and the magnetocrystalline anisotropy,
K, was the bulk value, 11 kJ/m3.
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where 7 is the fluid viscosity and d,is the hydrodynamic
diameter. We note that 7, in Eq. (8) is defined for small
angles of rotation and small fields (H<<H,), so that field
amplitude is neglected. For the ~20 us time scale typical in
MPI, the critical hydrodynamic size for Brownian relaxa-
tion is 39 nm diameter; according to Eq. (8), anything
larger will not show Brownian relaxation within the time
limit defined by the MPI instrument. For weak applied
fields, the faster of the two relaxation times will dominate,
such that the effective time is
TNTB

reff =

©)

‘L’N+TB

Generally, for unblocked particles, the Néel mecha-
nism will dominate, although it is important to note that
for blocked particles, Brownian and Néel relaxation modes
compete, with the fastest mode dominating. However, it
can be challenging to determine the active mode in prac-
tice. Properties of the MNPs, their environment, and the
applied field must be considered: carrier fluid viscosity,
magnetic domain size, anisotropy energy barrier, particle
hydrodynamic size, applied field frequency, and ampli-
tude each influences the active mode. For example, the
Brownian relaxation time of nanoparticles will change
significantly in vivo if the nanoparticles are opsonized by
plasma proteins, or could be prevented entirely by binding
to tissue. More discussion of in vivo particokinetics follows
in the section “Synthesis of biocompatible iron oxide par-
ticles tailored for MPI: performance, pharmacokinetics,
biodistribution, circulation, and clearance”. It is also pos-
sible that multiple modes can be active simultaneously if
there is a distribution of MNP sizes or compositions. For
magnetically blocked particles with small hydrodynamic
size subject to small fields, Brownian relaxation will typi-
cally dominate, while for larger fields, comparable to H,,
such as those used in MPI, or if MNPs are bound such
that they cannot physically rotate, Néel processes will
dominate.

For iron oxide MNPs tailored for MPI performance in
our laboratories, the Néel reversal mechanism dominates
under typical conditions (15-27 nm core diameter MNPs,
25 kHz, 20 mT/,uo). We emphasize that, under these condi-
tions H<<H, is not satisfied and the moment of such iron
oxide particles will be driven to reverse by the applied
field through the Néel process. As a result, according to
Eq. (7), in a strong enough field, the Néel relaxation time
is quite short even for MNPs larger than ~19 nm, which
would be blocked in the absence of an applied field. Field-
driven reversal leads to the appearance of hysteresis in the
M-H loops measured by MPS. (However, no hysteresis is
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measured during room temperature M-H measurements of
the same MNPs by VSM, where the ramping rate is slow.)
A model of MNP magnetization that accounts for the field-
driven reversal under typical conditions and shows good
agreement with measured results is described in “Mode-
ling MNP magnetization in response to alternating fields”.
Finally, we note that Brownian relaxation could play a
role in aligning the anisotropy axes of the nanoparticles
in solution and thereby have some impact on the system’s
magnetic response; the extent of this role should be inves-
tigated in future work.

A simple experiment was designed to evaluate the rel-
ative contributions of Néel and Brownian/viscous relaxa-
tion to the MPI process: MNPs were dispersed in water
and immobilized in agarose gel and their MPS signal was
measured.

Experimental: MPS evaluation of mobile and immobilized
tracers

MNPs with magnetic core size of d =23 nm were selected,
as magnetite MNPs of this size with typical magnetic ani-
sotropy (K=11 kJ/m?) are expected to be blocked at stand-
ard MPI conditions of 25 kHz, 20 mT/u, applied field.
Magnetic size distributions for this sample and all others
mentioned in this work were determined by fitting to room
temperature m(H) curves measured by vibrating sample
magnetometer [14]. A log-normal distribution of the form

gld)=— 1

od 2%

exp- (10)

was assumed, with d_the magnetic core diameter, d the
median core diameter, and o the standard deviation of the
distribution.

The sample was dispersed in water following standard
coating with PMAO-5 kDa molecular weight poly(ethylene
glycol) (PEG) (see “Synthesis of biocompatible iron oxide
particles tailored for MPI: performance, pharmacoki-
netics, biodistribution, circulation, and clearance” for
discussion, and ref. [24] for experimental details). The
hydrodynamic size, d, of the water-dispersed tracer was
58 nm. The same MNPs were dispersed in a 1 wt% agarose
gel. Equal parts of MNP solution and 2% agarose solution
in water were combined at 90°C to make the sample, which
was allowed to cool and solidify before measurement.

MPS measurements, acquired using the UW system
(13] at 25 kHz, 20 mT/u, are provided in Figure 4.
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The hysteresis loop (Figure 4A) was obtained by integrat-
ing the measured tracer response [m’(H), Eq. (4)], shown
in Figure 4B. The harmonic spectrum, calculated from
m’(t), is shown in Figure 4C.

Despite the change in viscosity between water and
the solid gel, very little change was observed in the tracer
response or harmonic spectrum. Error bars in Figure 4B
show the standard deviation of three measurements made
for each sample (for visual clarity, the error bars are shown
only for the ascending branch). There are some slight dif-
ferences, although the measurement errors overlap almost
completely, indicating that the magnetic reversal had
negligible dependence on Brownian rotation. We can con-
clude that the magnetic moment must have rotated within
the crystal itself through the Néel process. Importantly,
hysteresis in m(H) and m’(H) indicates that the MNPs were
blocked during the experiment and that the applied field
contributed significantly to the magnetic reversal energy.

Slight differences in the m(H) loops near the edges of
the field of view may be due to a small contribution from
Brownian rotation, which enables the anisotropy axes of
the particle to fully align in water. Such alignment should
be prevented in the gel and could explain the observed dif-
ference. The pore size of 1 wt% agarose gel was measured
by previous researchers to be approximately 200 nm [28],
of the order of the hydrodynamic size of the magnetic par-
ticles (~60 nm). While further investigation is needed to
determine precisely how the MNPs behave within the gel
pores and to what extent they locally wiggle [41], there is
sufficient change in sample morphology from water to gel
that we would expect a measureable change in response if
Brownian reversal were the dominant mode.

MPS measurements of the gelled sample were
obtained with varying applied field amplitude while
holding the frequency constant. The results are shown in
Figure 5. For 10 and 5 mT/u, excitation, only minor m(H)
loops (Figure 5A) are excited, although the maximum in
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m’(H) (Figure 5B) remains constant with changing ampli-
tude. Harmonic intensity was calculated from measured
V(t). Spectra were normalized by the first term in Eq. (4),

, so that the variations in field ramping rate did
Sou H|

not influence the spectral intensity. Spectral intensities
were constant for the complete loops (H>15 mT), but
decreased when only a minor loop was excited by the
lower drive fields.

Experiments like the one described here illustrate the
importance of understanding how MNP anisotropy influ-
ences the MPI response. The simple model of Néel relaxa-
tion time given in Eq. (7) provides a basic description of
the reversal process, including the response to a continu-
ous, instantaneously applied field. However, more sophis-
ticated models are needed to model the MNP response to
continuously varying fields typically used in MPI. In the
next section, we describe such a model and compare it
with experiments. Subsequently, we discuss tracer perfor-
mance at different applied field strengths and frequencies.

Modeling MNP magnetization in response to alternating
fields

When blocked MNPs are subject to an alternating field of
sufficient amplitude to shorten their Néel relaxation time,
hysteresis appears in the m(H) loop. Modeling the MNP
response can be complex and typically requires numeri-
cal methods [9, 36]. Recently, a model was presented that
uses a stochastic differential equation to model the MNP
response during MPI as a function of particle anisotropy
and applied field conditions, with thermal fluctuations
modeled as a randomly fluctuating field [40]. We are devel-
oping a model that uses a kinetic Monte Carlo method to
introduce thermal fluctuations to the Stoner-Wohlfarth
model. In this section, we discuss ferromagnetic behavior
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Figure 4 MPS results of water and gel samples.

(A) m(H) curves integrated from measured tracer response (B) of 23 nm (d,, 0=0.28, hydrodynamic diameter, d,=58 nm) MNPs dispersed in
water and immobilized in 1 wt% agarose gel. The hydrodynamic diameter was (C) harmonic spectrum measured by MPS.
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Figure 5 MPS response to changing field amplitude.
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(A) M-H loop, calculated by integrating the measured tracer response (B). (C) Harmonic spectrum of a gelled MNP sample subjected to

varying field amplitude. d was 23 nm, d, was 58 nm.

of single-domain MNPs when thermal fluctuations are
present, then briefly describe the model and provide some
preliminary results.

The Stoner-Wohlfarth model [35] describes the mag-
netic response of single-domain ferromagnetic particles
with general anisotropy. However, the Stoner-Wohlfarth
model considers only the anisotropy and Zeeman ener-
gies in determining the moment orientation, so while it is
valid for all domain sizes at T=0, it should be modified to
include thermal fluctuations when T>0, in particular for
particles with small energy barriers. Thermal fluctuations
have the effect of reducing the coercivity, H., proportion-
ally with the energy barrier, K V. Coercivity also depends
on the driving field amplitude and frequency (i.e., ramping
rate). For the case of the field applied along the easy axis
of magnetization, the coercivity is given by [9]

1
toHe =1 Hy (1'k2), 1
where
k.T k.T
k=-—2 n[ b ] (12)
KeffV 4'MOHmaxMSI/fTO

with H, the field at which the energy barrier due to

general uniaxial anisotropy is suppressed (equal to M )
0 S
for magnetocrystalline anisotropy, where K is the mag-
netocrystalline anisotropy constant), K is the effective
uniaxial anisotropy, and V is the particle volume. For a
random orientation of particles, the coercive field is given

by [9]

1, H=0.48 u H,(b-k"). (13)

where b=1and n~0.8. It is important to note that the applied
field ramping rate influences the coercivity: when more
time is permitted for thermal hopping over the barrier, i.e.,

for slower ramping rates, the coercivity is reduced, while
for faster ramping rates the coercivity is greater. Coercivi-
ties were calculated using Eq. (13) for particles of varying
size and anisotropy, and the results are shown in Figure 6B.

To simulate tracer magnetization in relevant driving
field conditions, we are developing a numerical model
that combines the Stoner-Wohlfarth theory of coherent
rotation with a kinetic Monte Carlo method to introduce
thermal fluctuations in the moment vector orientation
[21]. The model calculates the orientation of the magnetic
moment for each particle in a collection of 2000 particles
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Figure 6 Simulated magnetic behavior.

(A) M-H loops calculated for randomly oriented, monodisperse par-
ticles where K=11k}/m?. (B) H (d) for K [k]/m?]=11, K=6, and K=3 cal-
culated using Eqg. (3) (sold lines), and from Monte Carlo simulations
(dots). Open squares were measured for samples of the specified
median diameter under 25 kHz, 20 mT/u applied field.
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with randomly oriented anisotropy axes, which are fixed
(i.e., no Brownian rotation is permitted). Particle anisot-
ropy is modeled with an effective uniaxial anisotropy
term,

#M
2

2
K =K +K, =K+ s (NL-N”) (14)

that contains uniaxial magnetocrystalline (K,) and shape
anisotropy (K,,) terms (in this work, we have neglected the
shape anisotropy, which is appropriate considering the
isotropic shape of our synthesized nanoparticles). Accord-
ing to the Stoner-Wohlfarth model, the energy of the
system, F’, is determined by the anisotropy and Zeeman
energies [35],

E'=E +E =V[K sin*6)-u ,MH cos(6-6,)], (15)

H_ is the applied field, 6 is the angle between the anisot-
ropy axis and the magnetic moment, and 6,,, is the angle
between the anisotropy axis and the applied field. For a
given orientation of the particle anisotropy and applied
field, the minimum energy of the system, and thus the
orientation of the particle moment at thermal equilib-
rium, can be determined from Eq. (15). For example, in
the absence of an applied field, there are two equivalent
energy minima: 6=0, the “+” state, and 6=, the “-” state.
Given some initial orientation of the moment, the transi-
tion rates, w+, between the states are given by [7]

1 [AQ}
w,=—exp| — |,

T T, kT
where AG, are the two energy barriers between the up and
down states determined by Eq. (15). In our model, the ori-
entation of the applied field is divided into discrete time
steps, and the moment is calculated at each time step of
the applied field using kinetic Monte Carlo governed by
the transition rates given in Eq. (16).

We used the model to calculate hysteresis loops at 25
kHz, 20 mT/pt0 field conditions common in MPI. Results
for K=11 kJ/m’ are shown in Figure 6A. The model predicts
the appearance of hysteresis in m(H) measurements for
particles >20 nm, with coercivity that increases with par-
ticle size. The differential susceptibility, dM/dH, does not
increase significantly with particle size once the m(H) loop
has opened. In fact, when particles are monodisperse,
maximum susceptibility occurs just as the loop begins
to open, followed by a reduction of 5-10%. Note that this
contradicts Langevin theory, which predicts a monotonic
increase in susceptibility with increasing particle volume.
Therefore, the Langevin model is not the best theory for

(16)
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MPI under commonly used conditions for particles larger
than ~20 nm diameter (actual size depends on the aniso-
tropy particular to a given sample).

The importance of minimizing size distribution is
apparent when one considers that mixing sizes creates
an effective m’(H) response with a broader peak, due to
the mix of coercivities present in the sample. This has the
effect of reducing the received MPI signal, per unit iron,
and broadening the spatial resolution of the native MPI
tracer response.

We have approached MPI tracer optimization by
focusing on synthesizing highly uniform single-core
MNPs with size and shape (and therefore anisotropy)
tuned to maximize response for the driving frequency of
interest. However, in addition to magnetic core properties,
properties of the surface must also be optimized to ensure
stability of the magnetic core in vivo. In the next section,
we discuss methods for synthesizing tailored, biocompat-
ible MPI tracers, as well as some in vivo and in vitro experi-
mental results.

Synthesis of biocompatible iron

oxide particles tailored for MPI:

performance, pharmacokinetics,
biodistribution, circulation, and

clearance

Tailored magnetic behavior is essential for MPI perfor-
mance, as discussed in “MNP magnetism and MPI”.
Thermal decomposition reactions are an effective
approach to controlling MNP size, size distribution,
phase purity, and their resulting magnetic properties
[13]. Phase transfer protocols should protect tailored
behavior by minimizing cluster formation during addi-
tion of a biocompatible shell to the MNPs. The polymer
shell composition should also be tailored to achieve
the needed hydrodynamic size for in vivo stability and
favorable circulation, biodistribution, and whole body
clearance [23].

In this section, we discuss magnetic core synthesis
reactions, emphasizing the importance of size (and shape)
control. We also discuss surface modification to ensure
that particles are stable in vivo, with favorable pharma-
cokinetics. Examples are provided from recent results of
MPS measurements of tailored tracers in vitro and prelimi-
nary circulation time and biodistribution measurements
of tailored tracer.
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Synthesis of tailored iron oxide MNPs

Iron oxide MNPs are biocompatible and biodegradable,
and several formulations have previously been approved
clinically safe by the Food and Drug Administration [27,
31]. Furthermore, the magnetite and maghemite phases are
suited to MPI physics, with relatively large saturation mag-
netization and small magnetic anisotropy. Generally, there
are two major approaches for preparation of iron oxide
nanoparticles: coprecipitation and thermal decomposition.

Conventionally, iron oxide MNPs were prepared from
coprecipitation of Fe? and Fe** ions by addition of an alka-
line solution (such as NaOH or NH,OH). To make the MNPs
stable in aqueous media, the synthesis is usually done in
the presence of polymer molecules with proper molar ratio
[6]. Coprecipitation synthesis has been extensively inves-
tigated using different types of polysaccharides, such as
dextran [37], chitosan [6], and starch [22]. This method is
cheap and scalable, and MNPs are biocompatible without
any further processing. However, coprecipitation synthe-
sis provides little control over the magnetic core size, and
samples usually have broad size distributions owing to
continuous nucleation and growth of the MNPs during the
synthesis. Furthermore, magnetic clusters that contain
multiple, magnetically coupled MNPs can be produced
during synthesis. Clusters have different magnetic behav-
ior than the smaller, single MNPs. When clusters of varying
size and polydisperse single MNPs are produced together,
as in coprecipitation methods, the resulting MPI response
is suboptimal. For example, the MPI signal observed from
Resovist, a most commonly used MPI tracer in the pre-
liminary evaluation of this technique, was only 3% of the
signal predicted by theory for uniformly sized MNPs with
the same iron content [16]. Note that clusters are not nec-
essarily undesirable. For example, in the case of Resovist,
clusters provide the desirable part of the response [12].
Recently, investigators produced, through fractionation,
nanoparticle solutions that contained appropriately sized
clusters in greater concentration and yielded an improved
MPS response [26]. We point out that with this approach,
it is critical that cluster size be both uniform and tailored
to maximize MPI response.

In an alternative approach that is employed in
our work, iron oxide MNPs are synthesized by thermal
decomposition of iron organometallic complexes such as
iron oleate or iron pentacarbonyl. Burst nucleation and
uniform growth of the nuclei at high temperatures (e.g.,
320°C) and in the presence of surfactants (i.e., oleic acid
and/or oleyl amine) results in excellent size and shape
uniformity of these MNPs (cf. Figure 7), with core size that
can be tuned by adjusting the precursor-to-surfactant
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ratio and synthesis time and temperature. Synthesized
MNPs are phase-pure magnetite, as measured by mono-
chromatic electron energy loss spectroscopy and Raman
spectroscopy (data not shown). Using this approach, we
have shown that the size of the MNPs can be uniformly
controlled from 7 to 27 nm by changing the molar ratio
of iron oleate to oleic acid [5, 14, 24]. We can therefore
tune the MNP magnetic response to maximize MPI per-
formance, based on the principles described in “MNP
magnetism and MPI”. However, the major challenge in
this method is that the as-synthesized MNPs are coated
with hydrophobic ligands and their surface must be modi-
fied with additional hydrophilic molecules to make them
water soluble and biocompatible. Surface modification
adds greater complexity than single step coprecipitation
reactions, but robust methods are available.

Various methods have been introduced for phase
transfer of hydrophobic MNPs made by thermal decom-
position reactions. Ligand exchange is a commonly used
approach, in which the oleic acid molecules are replaced
by, for example, a hydrophilic silane terminated molecule
[4]. Also, some amphiphilic copolymers (e.g., PMAO-PEG)
favor a hydrophobic-hydrophobic interaction with the
oleic acid molecules on the surface of the as-synthesized
MNPs and can be used efficiently as an additional coating
layer, making the MNPs highly water soluble.

While the coating process can influence magnetic
properties, it primarily determines the MNP’s pharma-
cokinetic properties, such as circulation, biodistribution,
and clearance. The coating determines size and size sta-
bility in blood by modulating adsorption of plasma pro-
teins to the MNPs. PEG and its derivatives are clinically
approved for a wide range of biomedical applications,
and furthermore PEG has an antifouling property that in
combination with its steric hindrance makes the coated
MNPs highly stable during in vivo applications. Therefore,
it seems to be a proper choice for preparation of the first
generation of the MPI tracers with long-term size stability
and consistent signal.

Experimental: MPS evaluation of biocompatible, tailored
MNPs

MNPs were synthesized with core sizes tailored for MPI
performance following the physical principals discussed
in previous sections. Prepared by our standard methods,
including coating with a 5-kDa molecular weight PEG
shell, tracers of ~22-25 nm magnetic core diameter
typically show strong MPI performance. An example
is shown in Figure 7. Bright field transmission electron
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Figure 7 Characterization of a tailored MPI tracer produced at UW.

(A) TEM image of nanoparticles and core size measurements: median magnetic core size, d, was 22 nm measured by fitting to m(H)
measurements, and 24 nm by TEM. (B) Hydrodynamic diameter, d,, was 30 nm (mode, volume distribution) measured by DLS. Number and
volume-weighted hydrodynamic size distributions are shown. (C) Hydrodynamic size measurements (DLS) in RPMI cell culture media that
contained 10% FBS. In media, the nanoparticle size peak is overwhelmed by the serum protein peak (dashed line). After 24 h, the protein
peak shrinks and aggregate particles begin to appear, suggesting that the nanoparticles have begun to absorb proteins from the solution.
(D, E) MPS measured for UW tracer and Resovist in water, and for UW tracer in vitro. UW tracer was measured in cell culture media (RPMI)
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that contained 10% FBS. Displayed data was measured at 0-h time point.

microscopy (TEM) and size characterization measure-
ments are provided in Figure 7A. Magnetic core size was
narrowly distributed (d,=22 nm, 6=0.2) and results of
TEM and m(H) characterization are typically similar,
with TEM size often a few nanometers larger. Hydrody-
namic size (30 nm, volume distribution mode) is typi-
cally 1020 nm greater than the magnetic core size. The
sample showed good long-term stability in biological
media, based on MPS measurements and measurements
of hydrodynamic size over the course of 24 h (Figure 7C).
Dynamic light scattering (DLS) measurements of media
with serum only (no nanoparticles) showed a strong
peak at ~10 nm, which can be attributed to serum pro-
teins. When nanoparticles were dispersed in media
(50% by volume), the protein peak overwhelmed the
nanoparticle signal for early time points. After 24 h, the
protein peak shrank, indicating that the nanoparticles
had begun to adsorb proteins, while at the same time
the nanoparticle peak returned due to the lower concen-
tration of proteins. A new peak at ~300 nm appeared,
indicating some aggregation of nanoparticles and pro-
teins. The relative frequency of the aggregates was small
and is visible only in the volume distribution, which is
weighted toward larger sizes.

MPS measurements are provided in Figure 7D, E.
Experimental conditions were 25 kHz, H__ =20 mT/yO.
Forward (low to high field) and reverse (high to low field)
scans are shown, and the reverse scans are plotted with
dimmed color. Signal intensity, measured by the max,
of UW tracer was 0.03 m?/kg Fe, 5x greater than Reso-
vist (0.006 m’/kg Fe). Resolution, as determined by the
tracer response FWHM, was 6.7 mT/y0 for the UW tracer,
0.5x that of Resovist (13.7 mT/u ). The UW tracer showed
greater harmonic intensity for all harmonics: 3.3x, 7.4x,
and 6.7x greater at the 3rd, 19th, and 39th harmonics,
respectively.

MPS performance was also measured after dispersing
the tracer in cell culture media that contained serum pro-
teins [10% fetal bovine serum (FBS)]. The polymer shell
plays an important role in protecting the MNP magnetic
core from agglomeration due to serum protein adsorp-
tion. If the MNPs become unstable and agglomerate, their
magnetic behavior can change owing to dipole-dipole
interactions within the aggregates, leading to suboptimal
behavior. Here, the MPS response showed no change after
adding serum (Figure 7D, E). Although not shown, the
measured MPS response was unchanged over 24 h in the
serum.
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Biodistribution, circulation, and clearance

Biocompatibility and performance are equally important
in MPI tracers. To translate tailored behavior of tuned
MNP magnetic cores in vivo, the MNP shell — in addition
to rendering the MNPs biocompatible and safe — must
play two important roles: (1) demonstrate maximum
bioavailability (blood half-life) and (2) protect the mag-
netic core’s optimal MPI performance in the physiologi-
cal environment. In this section, we will focus on MNP
pharmacokinetics and its relevance to clinical transla-
tion of MPI.

Our models and experimental results suggest that the
optimal core diameter for imaging in a 25-kHz drive field
is ~25 nm. However, preexisting physiological upper and
lower limits set by the sinusoidal capillaries of the liver
and spleen (50-180 nm), which together comprise the
reticuloendothelial system (RES), and the kidney fenes-
trae (~10-15 nm) [32], suggest that MNPs between 15 and
50 nm (hydrodynamic diameter) may prove optimal for
long circulation times. However, defining the optimal
physical conditions for long-circulating nanoparticles is
rather complex and depends on multiple factors, includ-
ing hydrodynamic diameter, surface coating, surface
charge, and, to some extent, the core size as well [1, 3].
For instance, PEG-coated MNPs up to 140-160 nm in
hydrodynamic diameter have been shown to circulate for
several hours in a rodent model [11]. Furthermore, surface
charge is critical; coatings with a neutral or negative
surface charge are preferred as a positive surface charge
often induces undesirable immune responses that result
in rapid removal of MNPs from circulation [1-3]. Among
neutral coatings, dextran and PEG-based surface coatings
are the most widely used [3]; indeed, several preclinical
and clinical iron oxide formulations are coated with either
dextran or PEG.

Experimental: circulation and biodistribution

Here we summarize results of blood circulation and bio-
distribution studies of MPI-tailored MNPs [23]. In the
circulation study, we compared our monodisperse PEG-
coated MNPs with carboxydextran-coated Resovist MNPs
(see Table 1) in female CD-1 mice. Furthermore, results of
a pilot biodistribution assessment that investigated the
organ distribution and the potential clearance mechanism
of two monodisperse MNP formulations in mice, using
T2-weighted MRI, are presented. All animal protocols
were approved by University of Washington’s Institutional
Animal Care and Use Committee.
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Table1 Characterization data of UW-17 and Resovist MNPs.

d,(nm) (@) d,(nm) M_(kA/m) MPS
VSM TEM Signal W,
(V/mg Fe)
UW-17  17(0.20) 19(0.15) 86 416 (+27) 0.102 9.9
Resovist 14 (0.47) 5(0.37)° 72 300 (+34) 0.048 12.4

3o is the standard deviation of the log-normal distribution.
"TEM characterization data from ref. [35], which provides extensive
characterization of Resovist.

Methods

Circulation study

Female CD-1 mice (8 weeks old) were injected with 100 ul
of 2.0 g Fe/l MNPs dispersed in 1x PBS through the tail
vein. Approximately 100 ul of blood was collected retro-
orbitally at two time points from each mouse; mice were
euthanized after the second blood draw. As each mouse
provided two time points, the study was repeated three
times per formulation for statistical relevance; conse-
quently, a total of 15 mice (five mice/trialxthree trials)
were used per formulation. Similar data sets were
obtained for the control and Resovist groups, which were
injected with 100 pul 1x PBS and 2.0 g Fe/l Resovist solu-
tion, respectively. Blood samples were characterized in
our 25 kHz MPS (H=18 mT/u, amplitude) to demonstrate
relevance with clinical applications of MPI. The MPS
signal is linear with concentration (cf. “MPI signal lin-
earity”), but each MNP formulation must be calibrated.
Calibration was performed using a series of MNP dilu-
tions. Iron concentration was measured using induc-
tively coupled plasma-optical emission spectrophotom-
eter (ICP-OES; Perken Elmer, Waltham, MA, USA), and
maximum m’ was measured in the MPS for each dilu-
tion. Whole blood samples (100 ul), extracted at various
time points after tail vein injections, were transferred
in 0.5-ml Eppendorf tubes and measured directly in the
MPS; no processing steps were necessary.

Biodistribution study
To study the dependence of hydrodynamic size on biodis-

tribution and clearance of MNPs, we tested two formula-
tions (see Table 2). For statistical significance, three mice
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Table 2 Properties of the two formulations tested in mice for
biodistribution and clearance.

Formulation d,(nm) d,(nm) r2 (mM/s)
A 17 86 209
B 19 37 435

per formulation were administered, through the tail vein,
with either formulation A or B at 2.5 mg Fe/kg. Control
mice (quantity 3) were injected with 100 ul 1x PBS. Mice
were anesthetized using 5% isoflurane and maintained
at 1-2% during imaging in the 14-T MRI (Bruker Biospin,
MRI, Ettlingen, DE). Respiration rate was monitored and
maintained between 100 and 150 breaths/min. To acquire
reference scans, all mice were imaged before injection.
After injection, mice were imaged at 0.5-, 1-, and 24-h time
points. All mice were euthanized past the 24-h endpoint.

Results and discussion

Circulation study

Figure 8 compares the circulation time of Resovist with
UW MNPs (formulation A, which contained monodisperse
17-nm MNPs). The MNP concentration in blood was quanti-
fied using the same signal that would be used for imaging;
thus, the results directly correlate with the useful MPI
signal. The blood half-life of formulation A — determined
using a one-compartment pharmacokinetic model -
was approximately 5 min, and took about 15 min for the
signal to reach the noise level. It is important to note that
the mouse heart rate is ~500 beats/min, compared with
~70 beats/min in humans; in this context, it is reason-
able to assume that the circulation time of UW-17 would
be significantly longer in humans. Furthermore, a 15-min
circulation time is sufficient for blood pool imaging or
angiography scans using real-time capable MPI scan-
ners. In comparison, the MPS signal over time of Resovist
did not fit the one-compartment pharmacokinetic model
(Figure 8); as a result, its blood half-life pertaining to
MPI was undefined. However, generally, Resovist demon-
strated poor circulation characteristics — the MPS signal
was considerably lower and nearly absent past 5 min of
circulation. The increase in signal detected at 5 min sug-
gests that the injected bolus takes 0—5 min for uniform
distribution and is subsequently cleared from circulation.

Circulation time could likely be improved with further
optimization of the MNP shell. The hydrodynamic size
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Figure 8 Blood-circulation time of formulation A and Resovist
MNPs in female CD-1 mice.

Blood samples were taken from retro-orbital bleeds, and MPS
measurements of whole blood samples were used to determine
MNP concentration at the specified time points. Error bars are the
standard deviation of three blood samples (one per mouse) for each
time point.

of formulation A was 86 nm (DLS Zavg), substantially
larger than the magnetic core size of 17 nm. One poten-
tial cause of the larger hydrodynamic size is clustering of
the magnetic particles after coating with polymer, which
could lead to instability in vivo, and thus suboptimal cir-
culation. Reducing hydrodynamic size to 30—50 nm, while
maintaining colloidal stability in biological media, should
prolong circulation time and enable use of ~25 nm MNPs,
which show excellent MPI performance. Indeed, in the
pilot biodistribution study, 37 nm hydrodynamic MNPs
were cleared from the RES at least 2x slower than formu-
lation A. Although formulation B’s circulation time was
still under investigation when this article went to press,
the slower RES uptake provides indirect confirmation that
it circulated longer.

Biodistribution and clearance

T2-weighted MRI of mice before and after MNP admin-
istration provided information on tissue distribution
(Figure 9A). Similar to clinically approved superparamag-
netic iron oxide agents, visual inspection suggests that our
monodisperse MNPs distributed primarily in the liver and
spleen - outlined yellow and red, respectively — post-MNP
administration. Contrast analysis of T2-weighted images
confirmed the latter; critically, there was minimal renal
involvement (Figure 9B). Furthermore, the T2-weighted
MRI contrast in the livers of mice injected with formula-
tion A showed a gradual return to preinjection levels, sug-
gesting a potential clearance pathway through the liver.
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Figure 9 (A) T2-weighted images of mice preinjection, and 0.1 h and 24 h post-MNP administration, highlighting the liver (yellow), spleen
(red), and kidney (green). (B) Biodistribution of MNPs with different hydrodynamic diameters, in the liver (black), spleen (gray) and kidney
(white); formulation A (86 nm) is approximately twice the size of formulation B (37 nm). While both formulations predominantly distribute in
the liver and spleen, with minimal renal involvement, A shows gradual clearance from liver about 0.5 h postinjection, whereas B continues
to accumulate in liver 1 h postinjection. Note: the height of the relative contrast intensity is only qualitative and depends on both iron oxide

concentration and T2-relaxivity (r2/mM Fe/s) of MNPs (see Table 2).

However, MRI contrast in the liver of mice injected with
formulation B suggests that MNPs continued to accumu-
late 1 h postinjection. Clearance occurs between the 1 and
24 himaging time points; thus, the precise onset is unclear.
Critically, the smaller hydrodynamic diameter of formula-
tion B contributes to slower RES uptake. Furthermore, it
is especially promising that both formulations, after RES
uptake, begin to clear through metabolic pathways in
the liver and spleen. In this pilot safety study, the low-
retention time demonstrated here is certainly promising;
however, a comprehensive clearance study will involve
radiolabeling all MNP components (core and shell) to
monitor the eventual clearance of all tracer components.

Conclusions and outlook

For iron oxide MNP tracers used in MPI under standard
conditions, the mechanism of magnetic reversal is pre-
dominantly Néel rotation of the moment within the mag-
netic crystal. However, we observed that MPI-tailored
MNPs with sizes between 20 and 25 nm diameter are not
superparamagnetic under these conditions; rather, their
magnetic reversal is forced by the applied field, leading
to hysteresis in the m(H) response. We observed very little

change in magnetic behavior measured by MPS when
comparing an MNP sample that was dispersed in water
and immobilized in gel, which confirms that the magnetic
moment rotates without rotation of the particle. However,
while Néel rotation is the dominant reversal mechanism,
it is possible that the MNP anisotropy vectors align by
small-angle Brownian rotation when the MNPs are dis-
persed in a liquid carrier.

Tuning the MNP energy barrier is the key to optimizing
MPI response, as it determines the coercive field and the
time rate of change of the moment under a given applied
field. We have shown that controlling MNP size is an effec-
tive means of tuning performance, and that tuned MNPs
can show submillimeter resolution in existing MPI scan-
ners. Alternatively, the performance can also be improved
by reducing the anisotropy constant, an approach that
may be exploited in future developments of MPI tracers.

As viscous rotation contributes negligibly to MNP
reversal under typical MPI conditions, the MNP shell can
be designed to maximize in vivo stability and favorable
pharmacokinetics. In early studies, we have seen that
tuned MNPs circulate longer than Resovist, where the MPI
signal intensity, measured by MPS, was used to determine
circulation time. In more recent studies, we observed that
uptake in the liver was slowed when the MNP coating was
reduced from 86 to 37 nm (diameter). Measurements of
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MNP biodistribution postinjection showed that clearance
occurs through the RES system in the liver and spleen.
Clearance time, like circulation, was affected by the
polymer shell: in one formulation, clearance took place
within 24 h, while in another, MNPs were still measured in
liver and spleen tissue at 24 h. At no time was significant
accumulation observed in the kidneys.

In conclusion, we have designed and synthesized bio-
compatible iron oxide MNPs tailored for MPI performance.
Tailored MNPs showed increased linear resolution by a
factor of 2 (or volume resolution by a factor of 8) compared
with Resovist and improved SNR per unit tracer by a factor
of 5. Results of in vitro studies show that performance is
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