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ABSTRACT We present the top-down synthesis of a novel type of MRI

T, contrast agent with great control over size and shape using a colloidal

lithography technique. The resulting synthetic antiferromagnetic nano- % 1004

particles (SAF-NPs) yield improved relaxivities compared to superpar-

amagnetic iron oxide alternatives (SPIONs). For T, weighted imaging, the ;

outer sphere relaxation theory has shown that the sensitivity of a T, E b

contrast agent is dependent on the particle size with an optimal size that 3

exceeds the superparamagnetic limit of SPIONs. With the use of the 14— e pom

1 10000

10 1(‘)0
interlayer exchange coupling effect, the SAF-NPs presented here do not Particle diameter (nm)

suffer from this limit. Adjusting the outer sphere relaxation theory for spherical particles to SAF-NPs, we show both theoretically and experimentally that the
SAF-NP size can be optimized to reach the r, maximum. With measured r, values up to 355 s~ mM~", our SAF-NPs show better performance than
commercial alternatives and are competitive with the state-of-the-art. This performance is confirmed in an in vitro MRI study on SKOV3 cells.
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agnetic nanoparticles show great  and

promise and are widely investigated

2
as agents in various biomedical ap- @)

1 /TZ =1 /TZ,O + 1/T2, particles

plications including analyte detection, bio-
sensing, drug delivery and theranostics.' 3
A particular field of interest is magnetic reso-
nance imaging (MRI) where such particles
can serve as contrast enhancers. Most of the
reported research related to MRI is focusing
on superparamagnetic iron oxide nano-
particles (SPIONs), synthesized by bottom-up
wet chemistry methods.*® These particles
are very efficient in lowering the transverse
(T,) relaxation time of water proton spins in
tissues. This effect is induced by the inhomo-
geneous magnetic field produced by the
SPIONs which results in changes in the Larmor
frequency of the precessing proton spins
leading to a phase loss in combination with
proton diffusion, which prevents refocusing.
The efficiency of this process is described by
the relaxivity r, and is mostly defined as:

m

1/7—2, particles = racm
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Here, 1/T, is the relaxation rate in absence of
magnetic particles and ¢y, is the total concen-
tration of magnetic ions. The relaxation rate is
thus dependent on the magnetic content of
the particle and high r, values are desired to
increase MRI-sensitivity.

SPIONs are restricted to the superpara-
magnetic regime to avoid magnetic rema-
nence leading to aggregation in the absence
of a magnetic field. This restriction therefore
implies a size limit (d = 10—20 nm)’ and
consequently a limited magnetic moment
per particle. The ideal particle size for con-
trast agents in MRI-experiments unfortu-
nately exceeds this limit® To increase the
magnetization of SPIONs within the super-
paramagnetic limit, dopants such as Mn?*°
Zn%*9 or other materials such as FeCo'’
have been used. To overcome the size issue,
methods for controlled clustering of SPIONs
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Figure 1. Synthesis process of SAF-NP particles. Starting from a blank wafer (A), resist is spun on the wafer (B) and a magnetic
stack is sputtered on top (C). Subsequently, polystyrene beads are drop casted (D), which serve as an etch mask for an ion
milling step (E) to create the SAF-NPs. Finally, polystyrene beads are removed using oxygen plasma treatment (F) and the

particles are released from the wafer (not shown).

have been designed. This has been done by using
hydrophilic or amphipihlic polymers,'? silane exchange,
liposomes,'* and hydrogels.'® These approaches unfor-
tunately are tedious and result in clusters of which the
size is hard to control.

As an alternative to the above-mentioned limitations
we report a new approach for MRI contrast agents,
based on synthetic antiferromagnetic nanoparticles
(SAF-NPs) that do not suffer from the size limitations
SPIONs encounter. When the interlayer exchange cou-
pling effect, also known as RKKY-interaction,'® is used,
highly magnetic SAF-NPs can be synthesized with zero
remanence. This effect occurs when two thin layered
ferromagnetic alloys such as Fe, Co or Ni are separated
by a nonmagnetic spacer layer such as Cr,'”” Ru'® or
Au.'® Depending on the spacer thickness, ferro- or
antiferromagnetic coupling will occur between the
ferromagnetic alloys. Here, fine-tuning of the spacer
layer thickness resulted in antiferromagneticallly
coupled particles that mimic superparamagnetic beha-
vior (i.e., zero remanence) without suffering from the
superparamagnetic size limit: due to the antiferromag-
netic coupling, the particles show no net magnetic
moment in absence of a magnetic field but show
a high saturation moment when a field is applied.
Furthermore, the fabrication process allows for a very
good control of size and shape resulting in monodisperse
particle suspensions. As an extra advantage, the control-
lable synthesis process makes it straightforward to com-
bine magnetic properties with optical or X-ray properties
(e.g., through the introduction of gold as a cover), making
them ideal candidates for multimodal imaging.

RESULTS AND DISCUSSION

A schematic overview of the standard fabrica-
tion procedure of SAF-NPs is shown in Figure 1. With
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this process, SAF-NPs of various dimensions could
be synthesized with high precision and uniformity.
Figure 2 shows SEM and HAADF-STEM images of the
resulting SAF-NPs. SEM images show that the disk
shaped particles are very uniform in size and shape.
The layered structure is clearly visible in the HAADF-
STEM image in Figure 2E. The particle consists of a
[Au(10 nm)/NigoFe,o(5 nm)/Au(2.5 nm)/NiggFe,o(5 nm)/
Au(10 nm)] layered structure with a diameter of
~110 nm. On top of the structure, a crown of rede-
posited material is visible which is inherent of the
ion milling process. The side walls of the particles are
covered with a thin redeposited layer as well which
can be useful to protect the magnetic layers from the
solution in later applications.

Post synthesis, the mean diameter of the resulting
SAF-NPs was determined using ImageJ and is shown
in Table 1. The SAF-NP diameter ranges from 89.8 to
523.2 nm, which is a 20—30 nm increase compared
to the original, nominal bead size. This is due to the
slope that is created during the ion milling process.
The standard deviation is extremely low for the 143.5,
2223, and 523.2 nm particles (3—5%) and low for
the 89.8 nm particles (20%). The latter shows a larger
deviation because of the polydispersity of the original
PS-bead solution and the lower precision of the SEM at
these dimensions (see Supporting Information). Never-
theless, these measurements show it is possible to
synthesize disk shaped SAF-NPs ranging from 89.8
to 523.2 nm in diameter with great precision using
colloidal lithography.

After synthesis, the particles were suspended in
2-propanol and coated with 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-{carboxy(polyethylene glycol)-
2000]. This amphiphilic phospholipid (PL) consists of a
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Figure 2. (A—D) SEM-images of SAF-NPs fabricated using (A) 60 nm, (B) 110 nm, (C) 200 nm, and (D) 500 nm polystyrene bead
masks. (E) HAADF-STEM-image of a 110 nm diameter SAF-NP. The layered structure of [Au/NigoFe,o/Au/NigoFe,o/Aul is clearly
visible. The bright layers on top and bottom are the gold capping layers. The inner magnetic part consists of two NigoFe,q

layers (dark), separated by a gold spacer (bright).

TABLE 1. Mean Nominal Diameter of the PS-Bead Mask,
Mean Diameter of the Resulting SAF-NPs (Determined
Using SEM) and Their Standard Deviation Determined on
at Least 300 Particles, Mean Diameter after Phospholipid
Functionalization of SAF-PL-NPs (Determined Using DLS)
and the Standard Deviation of 3 Different Measurements,
and the Polydispersity Index (PDI, Describes the Width
of the Particle Size Distribution) of the DLS Size
Distributions of SAF-PL-NPs

PS SAF-NP SAF-PL-NP

nominal (nm) SEM (nm) DLS (nm) PDI
60 89.8 + 18.6 153.7 £ 2.1 0.14
110 1435 +7.8 205.7 2.8 0.17
200 2223 +9.1 2782 + 3.2 0.15
500 5232 + 211 570.3 &+ 4.1 0.19

distearoyl group which provides a hydrophobic tail that
can interact with the hydrophobic particle, a phosphate
group which creates a negative charge, a long hydro-
philic PEG group that can interact with hydrophilic
molecules (e.g., water) and a carboxylic end group. This
made a phase transfer from organic solvent to water
possible thereby creating a stable colloidal suspension
with carboxylic groups on the surface of the SAF-NPs,
resulting in phospholipid coated SAF-NPs (SAF-PL-NPs).

To determine the hydrodynamic diameter of the
SAF-PL-NPs, DLS measurements were performed. This
resulted in particles with hydrodynamic diameters of
153.7 £ 2.1, 205.7 £+ 2.8, 278.2 + 3.2, and 570.3 +
4.1 nm for polystyrene masks of 60, 110, 200, and
500 nm, respectively (Table 1). Compared to the results
obtained by SEM, the average diameter increases with
50—60 nm for all particle suspensions. The reason for
this size-increase compared to SEM analysis has several
origins. First, DLS measurements are performed in
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suspension leading to a larger hydrodynamic diameter
compared to the dry SEM-diameter. Second, the for-
mation of the PEG-phospholipid polymer shell around
the particles results in an extra increase of the hydro-
dynamic diameter of 10—15 nm.?>?' Further devia-
tions can originate from the disk shape of the particles.
Since the DLS system is calculated for spherical parti-
cles it determines an equivalent spherical diameter for
the SAF-PL-NPs. This is the diameter of a sphere that
would give the same DLS signal as the sample under
observation.”? Nevertheless, the DLS size distribution is
narrow (see Supporting Information) with polydisper-
sity indices (PDI, describes the width of the particle
size distribution) of 0.14—0.19, indicating aggregation
is absent in these suspensions. For the smallest parti-
cles (60 nm template), a larger standard deviation is
observed using SEM, but apparently not in the DLS
evaluation. The reason behind this is that DLS is more
sensitive toward bigger nanoparticles as they scatter
the light more intensely compared to the smaller
nanoparticles. As such the smaller nanoparticles are
neglected in the specific particle population based on
intensity.?

To characterize the magnetic properties of the par-
ticles, Alternating Gradient Force Magnetometer
(AGFM) measurements were performed on the SAF-
NPs postsynthesis before release from the carrier
wafer. The coupling between the magnetic layers
oscillates between ferromagnetic (same direction)
and antiferromagnetic (opposite direction) as a func-
tion of the spacer layer thickness. Figure 3A shows a
similar trend for SAF-NPs, attached to a Si substrate.
Results are shown for 222 nm diameter SAF-NPs,
consisting of 10 nm NigoFe,o layers, separated by a
Au layer. The saturation field oscillates between ferro-
magnetic (at 0, 1.5, and 3.0 nm) and antiferromagnetic
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Figure 3. (A) Magnetic saturation field of SAF-NPs in function of the spacer thickness. An oscillation between ferromagnetic
(valley) and antiferromagnetic coupling (peaks) can be observed. The trendline is a guide for the eye. (B) Magnetic hysteresis
curves of 222 nm SAF-NPs [Au(10 nm)/NiggFe,o(10 nm)/Au(x nm)/NigoFe,o(10 nm)/Au(10 nm)], before release from the
carrier wafer. The curves show a clear difference between ferromagnetic coupling (black, x = 1.5 nm) and antiferromagnetic
coupling (gray, x = 2.5 nm). The schematic figures represent the magnetization directions of the magnetic layers in
antiferromagnetically coupled structures at zero field and saturation field (the gold capping layers are not shown for clarity

reasons).

(at 1 and 2.5 nm). Moreover, the oscillation is clearly
damped with increasing spacer thickness and the
saturation field decreases from 0.08 Tat 1 nm to 0.02 T
at 2.5 nm. Figure 3B shows the magnetic hysteresis
curves for typical antiferromagnetic and ferromagnetic
spacer thicknesses at 1.5 and 2.5 nm, respectively.
At 1.5 nm, the ferromagnetic coupling results in a high
magnetic susceptibility because the two layers tend to
align their magnetization spontaneously and can follow
the applied field together. Increasing the thickness to
2.5 nm leads to lower magnetic susceptibilities which is
typical for antiferromagnetic coupling. These nanoparti-
cles show nearly zero magnetic remanence and coerciv-
ity. With increasing applied magnetic field, the moments
of the individual ferromagnetic layers scissor toward the
field direction until they are in a parallel configuration at
the saturation field. Therefore, synthetic antiferromag-
netic particles with a spacer thickness of 2.5 nm were
further used. After lift-off and functionalization, the
saturation magnetization (Ms) in suspension was deter-
mined using Superconducting Quantum Ineterference
Device (SQUID) magnetometry. An average M; of 4.15 X
10° A/m (normalized to the magnetic content of the SAF-
NPs) was determined which is around 48% of the bulk M,
of permalloy.?* This M; value is significantly higher than
typical M; values for SPIONs used in MRI (2.7 — 3.7) x 10°
A/m).® Because of the possibility to synthesize larger
particles using our technique and the higher M, value
compared to SPIONs, the performance of SAF-NPs
as contrast agents in MRI was expected to be better.
It should be noted that the use of SAF-NPs is not
restricted to MRI. For example, it is possible to go
to multiplex magnetic separation of biomolecules by
tuning the spacer thickness and thus the magnetic
susceptibility.2~3° This way particles can be synthesized
that exhibit different magnetophoretic velocities. Due
to the combination of antiferromagnetic coupling and
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Figure 4. Theoretical (black lines) and measured (points) r,
values of [Au(10 nm)/NiggFe,(10 nm)/Au(2.5 nm)/NigoFeo-
(10 nm)/Au(10 nm)] SAF-NPs as function of SAF-NP dia-
meter. The reference theoretical values for spherical
NigoFe,o particles according to Vuong et al. are shown in
gray. Calculations were performed for a magnetic concen-
tration, ¢y = 0.044 mM, a volume fraction, v = 6.3 x 1077,
a saturation magnetization, M = 4.15 X 10° A/m and an
echo time of 12 ms.

their large size, the magnetophoretic velocity of SAF-NPs
tends to be much greater than the velocity of super-
paramagnetic particles which could make them more
suitable for various applications including immunomag-
netic separation and drug delivery.

To assess the SAF-NP particles for their use in MRI,
T, relaxivities were measured at 9.4 T and 298 K. The
particles were suspended in agar to make sure sedi-
mentation (of the largest particles) had no effect on
the measurements. Studies where SPIONS are sus-
pended in agar during relaxivity measurements have
already been reported.?'>2 Transverse relaxation rates,
R, (= 1/Ty), of different sizes of SAF-NPs were deter-
mined and normalized to the magnetic content using
the analytical concentration of Ni and Fe, obtained by
Inductively Coupled Plasma Optical Emission Spectro-
scopy (ICP-OES). The thus obtained relaxivities (r,)
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Figure 5. (A) Generated flux density (COMSOL) in the equatorial plane for SAF-NPs (left) and spherical particles (right)
with d = 100 nm and M, = 4.15 x 10° A/m under an applied magnetic field, H = 9.4 T. (B) Mean stray field intensity in a
0.6 um x 0.6 um x 0.6 um box as function of the diameter for spherical (black) and SAF (red) particles [Au(10 nm)/
NigoFez0(10 nm)/Au(2.5 nm)/NigoFe;o(10 nm)/Au(10 nm)]. (C) Mean stray field gradient in a 0.6 um x 0.6 um X 0.6 um box as
function of the diameter for spherical (black) and SAF (red) particles. The trendlines in (B) and (C) are quadratic fits of the

simulation results.

are plotted as a function of the particle diameter
(90—523 nm) in Figure 4. From these data, a clear
decay is visible with increasing diameter, dsarnp-
The highest r, value is observed for SAF-NPs with a
diameter of 90 nm (355 s~' mM~"). The r, value then
gradually decreases at larger sizes to 331 s~ ' mM™'
at dsppne = 144 nm, 305 s=' mM~" at 222 nm,
226 s mM' at 422 nm and 210 s°' mM ! at
523 nm. To explain these results, theoretical predic-
tions of the relaxivity are shown in Figure 4 according
to the theory of Vuong et al.® but adapted to the
SAF-NP format as described next.

For spherical particles, the theory describes three
relaxivity regimes in the dependence of R, on the
size of superparamagnetic iron oxide particles. In the
motional averaging regime (MAR), R, increases with
increasing diameter until a maximum is reached at
the static dephasing regime (SDR). This is followed
by a decrease at even larger diameters in the partial
refocusing regime (PRR). In the first regime (MAR),
the volume with disturbed magnetic field around the
particles is small compared to the proton diffusion
length within the echo time. Hence, the protons
sample all the different disturbed fields during the
echo time. These disturbances are sampled randomly
and consequently the dephasing cannot be recovered
by a 180° refocusing pulse. In this regime, the
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transverse relaxation rate (R,) increases with increasing
particle diameter and is described by:

Ry = 1/T, = 16/45vip(Aw)? 3)

where v is the volume fraction of the particles. 7p =
d*/4D is the translational diffusion time of the protons
in the magnetic field inhomogeneities generated by
the particles, dependent on the particle diameter d
and the translational diffusion constant of water D
(25 x 10° m?/s at 298 K). Aw = yuoMy/3 is the rms
angular frequency shift at the particle surface
(compared with a point infinitely far away) with y
the gyromagnetic ratio of a proton, uo the magnetic
permeability of vacuum and M the saturation magne-
tization of the spherical particles. To convert this
model from spheres to SAF-NPs, the average stray field
intensity generated by spheres with diameter d,,, and
SAF-NPs with diameter dsar and thickness t = 42.5 nm
[Au(10 nm)/NiggFeo(10 nm)/Au(2.5 nm)/NigoFe,o-
(10 nm)/Au(10 nm)] were calculated using COMSOL
(Figure 5), and dsar was correlated to dpn such that
the average stray field intensities are the same. In
Figure 5A, the magnetic flux density distribution (H =
9.4 T) of both a spherical particle and SAF-NP with a
diameter of 100 nm is depicted. From these simula-
tions it is clear that the induced field inhomogeneity at
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this diameter is completely different for both types of
particles and thus different behaviors in MRI are ex-
pected. Figure 5B shows the simulated mean stray field
intensity as a function of the diameter for spherical
particles and SAF-NPs. For both types of particles a
quadratic relationship between the diameter and the
average stray field intensity over the simulated volume
could be observed. At very small sizes (d < 30 nm)
the induced intensity is larger for SAF-NPs. Because of
the fixed magnetic layer thickness (2 x 10 nm), the
magnetic content in our SAF-NPs is larger for these sizes
compared to spheres. For d > 30 nm the reverse is the
case and the mean stray field intensity becomes larger
for spheres.

The MAR-regime is valid as long as the particles
are small and the protons diffuse fast enough through
the particle stray fields (described by the Redfield
condition: Awtp < 1) and R, increases with increasing
particle diameter d. From the point where d reaches
values where the characteristic dimensions of the
disturbed field region become larger than the proton
diffusion length (Awtp > 1) not all protons can sense
the disturbed field and the dephasing levels off.
Without refocusing pulse, and assuming motionless
protons, the dephasing only depends on the overall
magnetic field distribution and no longer on the proton
diffusion length (static dephasing regime). It has been
shown for spheres that the relaxation rate is indepen-
dent of the particle size in this regime. Consequently,
the maximum relaxation rate due to (local) field inho-
mogeneities without refocusing (R>) is constant:

Ry = ——=vAw 4)

Since simulations of the SAF-NPs did not show con-
clusive proof that SAF-NPs behave differently from
spherical particles in this regime, the same conditions
were applied here.

When refocusing pulses are applied, these can par-
tially recover the dephasing, depending on the length
scale of the field inhomogeneities and thus the particle
size (partial refocusing regime). The smaller the stray
field gradient (large particles), the better the recovery
and hence the smaller R,. R, then decreases with
increasing d and is dependent on the echo time:

Xx4/3
R, = 2.25 — [1.34+wx]*3 (5)
D

with x = (4/5)"*Awtcp and 7cp the echo time during
the spin—echo sequence (Vuong et al®).The longer the
echo time, the fewer proton spins are refocused and
thus the higher R, values reach.

To estimate the relaxation rate in the partial refocus-
ing regime (PRR) for SAF-NPs, the average stray field
gradient as function of dy, and dsae was calculated
(Figure 4C). Similar to the average field distribution,
a quadratic relation could be found between the
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diameter and the mean stray field gradient for SAF-
NPs and spheres. Correlating these relations for the
MAR and PRR resulted in apparent spherical di-
ameters dsar.ne for which the stray field distribu-
tion (MAR) and the stray field gradient (PRR) are
matched with the distribution generated by SPIONs
of diameter dspp:

dspr-np = Z[Q(ﬁdszph/4+?’d5ph/2+5)l/2 —¢&l (6

with o= 121 x 107 (288 x 107", 5 =379 x 10" "
(1.78 x 10, y =5.56 x 1072 (3.54 x 10%), d = 4.08 x
107° (7.99 x 10% and & = 7.69 x 10° (8.15 x 10°) as
empirically defined parameters for the MAR (PRR)
regime. This way the relaxation theory of Vuong et al.
could be converted from spherical particles to SAF-NPs
with a good approximation.

Furthermore, the concentration of magnetic ions
(cm) and gold were determined by ICP-OES. Combining
these two, the volume fraction (v) could be calculated.
The saturation magnetization (M) was measured by
SQUID. Using these data in eqs 1—6, the three relaxa-
tion regimes could be determined as shown in Figure 4.
Compared to the original results for spheres, r, values
for SAF-NPs are higher for small particles (1 nm >
dsarnp > 30 nm) because their magnetic content is
higher. Consequently, SAF-NPs are theoretically much
more potent r, contrast agents than SPIONs in this
range but in practice, the synthesis of SAF-NPs at
these sizes is not possible using colloidal lithography.
Above 30 nm, the maximum theoretical r, value of
798 s7' mM™" is reached in the static dephasing
regime. This value is only valid in absence of refocusing
pulses (r>) but it gives a good approximation of r,
as long as partial refocusing does not occur with a
maximal value at dsar.np = 75 Nm (Awtp ~ 10)%° after
which r, decreases slightly again until the PRR is
reached. For dsarnp > 30 Nm, the volume per particle
and the resulting mean flux density gradient for sphe-
rical particles increase more rapidly with increasing
diameter than for SAF-NPs. As a consequence, the r,
decay for SAF-NPs in the PRR is less pronounced than
for spheres. r, values are thus expected to be much
higher at large diameters (e.g., 500 nm) than for SPIONs
of the same diameters. This way, a broad size range
where high relaxivities are observed is introduced
using SAF-NPs, making them suitable as T, contrast
agents at small and large scales.

Comparing our relaxation theory with experimental
results, a good qualitative agreement is obtained. The
highest experimental r, value is observed for SAF-
NPs with a diameter of 90 nm (355 s~' mM™"), which
is close to the size-optimum predicted by the relaxa-
tion theory (75 nm). For larger diameters, a decreasing
trend is noticed in the r, measurements in accordance
to the SDR and PRR. Although the maximum r,
value is reached around the predicted SAF-NP-size,
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the absolute r, value differs from the predicted value
(355 vs 798 s~' mM™"). This discrepancy may have
various reasons. In the theoretical predictions we
assumed all particles are dispersed separately with an
interparticle distance of one micrometer. This is a fair
assumption in the absence of a magnetic field, but
when a field is applied the particles tend to align in
linear chains which results in a reduction of the r; rates.
The influence of this effect was already investigated
theoretically for spherical particles,® stating this could
lead to relaxivities down to half the value of the
corresponding nonaligned spherical particles. Because
of their disk shape, this effect could be even more
explicit for SAF-NPs and the particles were suspended
in agar aiming to avoid or at least minimize this effect.
Nevertheless, at the high fields used during the relax-
ivity measurements, the agar pore size might still have
been large enough to allow a partial alignment of
SAF-NPs.3® Alternatively, some particles may already
have been clustered prior to suspension in agar. Such
clusters would decrease the stray field gradients gen-
erated by the particles, contributing to the lowering of
ry values.

The above relaxivities measured at 9.4 T are also
valid in the field range used in clinical scanners. It has
been shown theoretically that the main dependence
on the applied field of the transverse relaxivity r, of
magnetic nanoparticles is through the field-dependent
magnetic moment of the particles.>* The moment of
our particles saturates at 0.02 T (see Figure 3B), far
below the 1.5—3 T used in clinical scanners, and also
well below the saturation field of the conventional
superparamagnetic contrast agents (=~ 1 T). The fact
that r, is independent of the field once the particle
moment is saturated has also been confirmed experi-
mentally for Endorem particles with r, values of
158 s ' mM 'at 15T 148 s ' mM " at 7 T, 140
s'mM " at11.7 Tand 150 s' mM ™" at 17.6 T.°
With r, values up to 355 s~' mM~', our SAF-NPs are
thus much more effective in reducing T, than com-
mercial alternatives like Endorem and competitive
with the state-of the art doped (r, = 380 s~' mM~")*’
and clustered (r, ~ 400 s~ ' mM~") SPIONSs. Still, super-
paramagnetic particles containing Mn'®* or Co*
show higher relaxivities (r, = 528 and 644 s mM ™',
respectively) because of their increased saturation
magnetization. Similarly, switching to materials like
Co or CoFe with higher saturation magnetization than
NigoFe,o can further improve the performance of SAF-
NPs as T, contrast agents. Moreover, the introduction
of a gold capping layer induces a decrease in r,
performance because this results in the reduced access
of protons to the magnetic stray fields of the particle.
Since gold is nonmagnetic, it does not influence the
stray field distributions. The only relevant parameter is
the cap layer thickness. Hence, thicker capping layers
result in a worse performance as T, contrast agent in
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Figure 6. The use of SAF-PL-NPs for MRI using SKOV3 cells as
an in vitro model. (A) Dark-field microscopic image of SKOV3
cells after overnight incubation with 154 nm SAF-PL-NPs.
The interaction of gold coated SAF-PL-NPs (orange) and cells
(green) are clearly visible. (B) Dark-field microscopic image
of unlabeled SKOV3 cancer cells. (C) MRI images of SKOV3
cells in agar (2500 cells/«L) at different echo times showing
an enhanced contrast at all echo times for the 154 nm SAF-
PL-NPs (lower) compared to the unlabeled samples (upper).
(D) Average T, intensity decay (3 samples) in function of the
echo time for unlabeled (triangle) and 154 nm SAF-PL-NP
labeled (dot) SKOV3 cells. The trendlines are exponential
decay fits of the experimental results.

MRI and optimization of the capping layer thickness
can result in better r, performances. Next to gold as
capping layer, other materials may be opted for de-
pending on the surface functionalization strategy of
choice.

For in vivo applications, particle sizes between 10
and 100 nm are typically considered optimal as these
are believed to have the longest blood circulation
time.3° However, studies have shown that the rate of
clearance for particles with diameters that exceed
100 nm can be reduced by modification of nanoparti-
cle surfaces with coatings that resist reticuloendothe-
lial system interactions, such as polyethylene glycol
(PEG)." The same work showed long circulations times
for PEGylated particles with a hydrodynamic diameter
up to 170 nm which could be visualized in tumors
by MRI through a period of 24 h. Our best performing
90/154 nm SAF-NPs/SAF-PL-NPs fit well within this
range. To demonstrate the feasibility of our fabricated
particles for in vitro MR imaging, SKOV3-cells were
incubated overnight with 154 nm SAF-PL-NPs. After
incubation, a clear interaction between the gold
coated SAF-PL-NPs and cells was observed using dark
field microscopy (Figure 6A). As expected and shown in
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Figure 6B, no SAF-PL-NP light scattering was observed
for the control cells. With ICP-OES, the NiggFe,o con-
centration in labeled cells was determined to be
4.2 pg/cell. To evaluate the MR contrast generation,
T, weighted images of labeled and unlabeled cells
were recorded at 9.4 T in an agar phantom as shown
in Figure 6C. The corresponding signal intensities are
plotted as function of echo time in Figure 6D. Com-
pared to unlabeled cells, the observed signal intensity
decay was more significant for labeled cells. This
resulted in a higher contrast generation for any echo
time, clearly indicating the effect of the presence of the
SAF-PL-NPs and confirming the increased T, relaxation
for labeled cells. The average of three different cell
suspensions was taken to determine the T, decay,
indicating the reproducibility of the measurements.
We thus show that SAF-PL-NPs can be used to effi-
ciently label SKOV3 cancer cells and induce in vitro
contrast enhancement in T, weighted MRI.

Going to clinical use, some structural optimization of
SAF-NPs might still be needed. For example, permalloy
is not well suited as magnetic material because of
nickel toxicity. Although the particles are covered with
shielding layers to protect the permalloy layers from
the surroundings, it will be hard to exclude in vivo
toxicity completely. The easy switch to other materials
like Co and Mn will therefore prove to be convenientin
future clinical studies. Additionally, the imaging ca-
pabilities of SAF-NPs do not have to be limited to MRI.
The outer particle layers can be engineered because of
the layered synthesis approach. By choosing specific
materials (e.g., Au), bimodal particles can be fabricated
which can be used for combined imaging approaches.
As such, SAF-NPs are ideal candidates for multimodal
imaging combining their high performance as contrast
agents in MRI with other imaging techniques like

METHODS

Nanoparticle Synthesis. To synthesize SAF-NPs, a silicon wafer
was cleaned by successively submerging in acetone (45 + 2 °C)
and 2-propanol (60 + 2 °C) for 5 min. Next, a sacrificial
photoresist layer (AZ 6612, AZ Electronic Materials) was spun
at 5000 rpm for 30 s and baked on a hot plate at 120 °C. With adc
sputter tool, a multilayered stack of [Au(10 nm)/NigoFe;0(10 nm)/
Au(2.5 nm)/NiggFe;0(10 nm)/Au(10 nm)] was deposited on top
of the sacrificial layer. This was done at a base pressure of
3 x 108 mTorr at a rate of 1—3 A/s. The thickness of each layer
was controlled by the deposition time, based on deposition
rates that were obtained from X-ray reflectivity (XRR) thickness
measurements on separate calibration samples. Polystyrene
beads (d = 60, 110, 200, 400, and 500 nm; Sulfate latex, Life
Technologies) were applied as a mask by drop casting. First,
a positive surface charge was created by immersing the sample
in 0.2% (w/v) poly(diallyldimethylammonium) chloride (Sigma-
Aldrich) in water for 30 s. After rinsing with water, the PS-beads
were drop casted (0.2% (w/v) in water) for 120 s and rinsed again.
The SAF-NPs were formed by ion beam etching of the metallic
stack in between the PS-beads. Prior to lift-off, organic contami-
nants were removed by a 10 min O,-plasma treatment (100 W;
2.3 sccm O,). Finally, lift-off was performed by dissolving the
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Computed Tomography (CT), Dark-Field imaging and
Photoacoustic imaging.

CONCLUSION

In summary, we were able to fabricate disk shaped,
phospholipid coated synthetic antiferromagnetic par-
ticles (Au/NiggFe,o/Au/NigoFe,o/Au) of different sizes
(d = 90—523 nm, h = 42.5 nm) with high precision
and very small size distributions. Magnetic characteriza-
tion confirmed the presence of antiferromagnetic cou-
pling between both magnetic layers. This resulted in
SAF-NPs that showed a very low magnetic remanence
and high magnetization, making them perfectly suited
for biomedical applications. In this work, we showed the
performance of these SAF-NPs as T, contrast agents in
MRI. The highest r, value of 355 s™' mM™" was observed
for the smallest particles with a diameter of 90 nm. As
the diameter further increased, the r, values dropped.
We adapted the theory by Vuong et al. from spheres to
SAF-NPs by renormalizing the SAF-NP diameter to an
equivalent spherical diameter, based on the field and
field gradient distributions. Herein, it was demonstrated
that our experimental results follow the theory well with
an expected maximum at a SAF-NP-diameter of 75 nm
in the static dephasing regime followed by a decrease of
r, for larger diameters in the partial refocusing regime.
These results clearly demonstrate the advantage of very
uniform, highly magnetic SAF-NPs over SPIONs as the
ideal r, particle size can be reached, circumventing the
superparamagnetic limit. With the use of dark-field
imaging, cellular uptake of SAF-PL-NPs in SKOV3 cancer
cells was visualized and the labeled cells were detected
through MRI, confirming the SAF-PL-NP performance.
Their easily controllable synthesis method will make it
possible to optimize the SAF-NP structure to induce
even better relaxivities in the future.

sacrificial layer in microstrip 2001 (Fujifilm) for 15 min at 85 °C
and subsequent sonication for 15 min at 85 °C. After centrifuga-
tion (30 min, 5000 rpm), excess microstrip was removed and the
suspension was washed in 2-propanol (3x).

Nanoparticle Functionalization. SAF-NPs (200 ug) were washed
with chloroform and suspended in 5 mg/mL 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[carboxy(polyethylene
glycol)-2000] (Avanti Polar Lipids) in chloroform (500 uL). After
incubation and shaking for 1 h, the sample was dried under
nitrogen flow. Finally, the sample was resuspended in water and
sonicated to obtain a stable and monodisperse suspension.

Dynamic Light Scattering. The hydrodynamic diameter of
the SAF-NPs was measured using a Zetasizer Nano ZS DLS
system equipped with a red laser (633 nm) and an avalanche
photodiode detector (APD) (Malvern Instruments). Zetasizer
software 6.01 was used for analysis. The hydrodynamic sizes
reported are based on intensity averages. Along with the
hydrodynamic diameter, the polydispersity index (PDI) is given
for every sample which describes the width of the particle
size distribution. Three distinct measurements were conducted
with a fixed detection angle of 173° and the averages and
standard deviations of these were calculated and given in
Table 1.
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SEM/TEM. Prior to SEM imaging, SAF-NPs were dried onto a
clean silicon wafer substrate. SEM images were taken using a
XL30 FEG instrument (Philips) operated at an accelerating
voltage of 5 kV. For TEM analysis, the SAF-NPs were dried onto
a carbon-coated copper grid. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
images were taken using a Tecnai F30 ST instrument (FEI) using
a FEG electron source at 300 kV.

SEM Size Analysis. To determine the dry SAF-NP size distribu-
tion, the diameter of at least 300 particles was measured using
ImageJ (NIH) at different spots of the wafer before the lift-off
step. The standard deviation of this size distribution was
determined on the same amount of particles.

Alternating Gradient Field Magnetometer (AGFM). Measurements
were performed on a MicroMag Model 2900 system at a
resonance frequency between 400 and 800 Hz. The samples
were measured on the wafer, prior to lift-off.

Superconducting Quantum Interference Device (SQUID). The mag-
netization curves were measured with a commercial super-
conducting quantum interference device in a field range from
toH=—5105T.The samples were measured in agar at the same
concentration as the original MRI-samples.

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES-
). Prior to ICP-OES measurements, 100 uL of SAF-PL-NPs in
water was dissolved in 900 uL of HCI/HNOs (20% v/v) and
shaken overnight. The samples were diluted with water to an
end volume of 5 mL. Reference standards of Au, Ni and Fe
(Sigma-Aldrich) were prepared with final concentrations be-
tween 0.1 and 10 ppm. The analytical concentration of the
samples was determined using an OPTIMA 3300 DV (Perkin-
Elmer) tool.

Relaxation Measurements. All 7, measurements were per-
formed using a 9.4 T NMR-spectrometer (Bruker Biospin). A
cpmg sequence was used with a 90° RF-pulse followed by
successive 180° pulses to determine r, values. Prior to the
experiment, SAF-PL-NPs were suspended in a 1% agar solu-
tion (Sigma-Aldrich) with an end volume of 800 uL with the
desired concentration. Control samples were prepared without
SAF-PL-NPs.

COMSOL Simulations. The field distribution of both spherical
magnetic nanoparticles (FesO4) and SAF-NPs [Au(10 nm)/
NigoFe0(10 nm)/Au(2.5 nm)/NiggFe,o(10 nm)/Au(10 nm)] was
simulated using the AC/DC module in COMSOL 4.2. Calculations
were performed in a 0.6 um® box for multiple particle diameters
(d=1-200 nm) under the influence of a homogeneous applied
field of 9.4 T.

Cell Culture. SKOV3 cells (ATCCHTB77, Cedex) were cultured
in RPMI 1640 medium supplemented with 10% FCS, 50 units/L
penicillin, 50 ug/mL streptomycin, and 1 x 10~ mol L-glutamine.
Cells were incubated at 37 °C in a 5% CO, environment. All cell
culture reagents were obtained from Life Technologies (Ghent,
Belgium).

In Vitro Cell Preparation. For uptake confirmation, 500 000 cells
per well were seeded in a 6 well plate. SAF-PL-NPs (50 ug in
1 mL) were added after cells attached (typically after 24 h) and
incubation continued for 24 h. Next, cells were washed with
PBS and again incubated overnight with fresh, SAF-PL-NP free
medium. After trypsinization, 100 000 cells were acid-digested
in HCI/HNO3 (20% v/v) and diluted with deionized water to a
volume of 10 mL for ICP-OES (OPTIMA 3300 DV, Perkin-Elmer).
For in vitro MRI, 200 000 cells were suspended in 100 uL of PBS,
mixed with 100 uL of agar (end concentration of 1%) and loaded
into an agar phantom (1.5%) that was prepared using a
previously optimized procedure.*°

In Vitro MRl Measurements of SAF-PL-NP Labeled Cells. Measure-
ments of the cell containing phantom were performed on a
Bruker Biospec 9.4 T small animal MR scanner (Bruker Biospin,
horizontal bore, 20 cm). A quadrature radio frequency transmit/
receive resonator (inner diameter 7 cm, Bruker Biospin) was
used for data acquisition. A cpmg sequence was used with a 90°
RF-pulse followed by successive 180° pulses. ImageJ (NIH) was
applied for image processing. Signal intensities over time were
determined as mean values of a homogeneous section of the
cell loaded areas in the agar phantoms.
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