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Crosslinked Coating Improves the Signal-to-Noise Ratio of Iron
Oxide Nanoparticles in Magnetic Particle Imaging (MPI)
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Abstract: Magnetic particle imaging is an emerging tomo-
graphic method used for evaluation of the spatial distribu-
tion of iron-oxide nanoparticles. In this work, the effect of
the polymer coating on the response of particles was
studied. Particles with covalently crosslinked coating
showed improved signal and image resolution. )

Magnetic particle imaging (MPI) is a novel tomographic method
used for determination of the spatial distribution of super-
paramagnetic iron oxides (SPIOs). It is shown that MPI is capable
of making high-resolution images of distribution of SPIOs
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accumulated in lungs, blood vessels and cancer tissues, and
recently it has been even used to image brain on a human scale
with high precision and sensitivity."”

MPI is based on the non-linear response of SPIOs magnet-
ization to time-varying magnetic fields and provides direct
access to information about the local concentration of SPIOs,
which is not possible by magnetic resonance imaging (MRI). For
imaging, a strong gradient in the form of a field-free point (FFP)
or field-free line (FFL) is rapidly moved through the field of view
(FOV) collecting successively MPI signal from SPIOs utilizing the
fact that only in the vicinity of FFP or FFL MPI signal is
generated. Traveling wave MPI used in this study provides a
FOV enabling scanning probes with the size of small rodents
with high temporal and spatial resolutions and high
sensitivities.””

Besides hardware design, the spatial resolution in MPI
depends strongly on the SPIOs.®* To evaluate the suitability of
nanoparticle system for imaging, magnetic particle spectro-
scopy (MPS) is usually employed. In comparison to MPI, MPS
gives more specific information about the particle system,
because of the absence of a gradient required for spatial
encoding.”’ Larger crystallites have larger magnetic moments
resulting in a steeper magnetization curve, which led to a
spectrum of higher harmonics with higher amplitudes.®

Besides optimization of the core size for imaging, SPIOs
require a coating to ensure stability and biocompatibility for
pre-clinical and clinical applications,” which might impact their
physical properties and, therefore, image resolution. It has been
shown that crosslinking of a coating to a hydrogel-like network
significantly improved relaxivity of SPIOs in MRL® but the
impact of the crosslinking of polymer coating of SPIOs in MPI
has not been studied to our knowledge so far.

This study reports on the preparation of iron oxide nano-
particles as biocompatible tracers for MPI and evaluates the
influence of particle coating, especially crosslinked versus non-
crosslinked coatings, on signal intensity in MPS and image
resolution in MPI.

Firstly, SPIOs with size of 18 nm+4 nm were synthesized by
thermal decomposition of an iron-oleate complex (SI, Fig-
ure 51-52).”

Subsequently, particles were coated by poloxamer Pluronics
F127 (PF127) to render them water-dispersible (Figure 1). In
addition, PF127 was modified with acrylate groups (PF127DA,
Figure S3) to enable the conjugation of polymers containing
thiol groups.
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Figure 1. Schematic diagram of preparation of thermo-responsive SPIOs.

After phase transfer using PF127DA, conjugation of biocom-
patible thiol functionalized poly(glycidol)s (PG—SH) to the
PF127DA coating on the SPIO surface was achieved by thiol-
acrylate Michael addition,"®'" and coating identity was eval-
uated by Fourier transform infrared spectroscopy (Figure S4).

The hydrodynamic diameter determined by dynamic light
scattering (DLS) was around 180 nm at 25°C, suggesting
aggregation.” However, higher diameters of SPIOs coated with
PF127 than expected were reported previously."? Furthermore,
the flat arrangement of particles in STEM images (Figure 2)
indicated that capillary forces during drying lead to apparent
aggregation, but that those were not permanent in the
solution. Therefore, we assumed that if aggregation in solution
occurred, it was rather transient than permanent.

Particles showed thermo-responsive behavior, which was
monitored by DLS. PF127DAPG SPIOs incubated from 4°C to
41°C decreased almost by two-fold and this change became
most evident between 4°C and 25°C. On the other hand,
shrinkage of SPIO coated only with PF127 was much lower in

100 um

Figure 2. STEM analysis of (a) PF127 and (b) PF127DAPG SPIOs. (c) After
phase transfer particles are completely dispersible in water.
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Figure 3. Swelling behaviour of (a) copolymer coated SPIOs. Full and empty
symbols stand for dh and polydispersity (PDI), respectively. (b) Influence of
temperature on the relaxivity r2 of particles measured at 7 T.
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the same temperature range (Figure 3a). As a control, PF127DA
coated SPIOs were also analyzed. The swelling of these nano-
particles resembled the swelling behavior of PF127 SPIOs
(Figure S5). Similar behavior was observed of unloaded nano-
gels (hydrogel nanoparticles) and micelles composed only of
the respective polymers (S, Figure S5).

A change of swelling ratio for micellar structures of PF127
crosslinked with polymers such as heparin or polyethyleneimine
was observed before."¥ The higher thermo-responsiveness was
explained by the hydrophobicity changes in the micellar
structures and by electrostatic interactions between polymers.
Reportedly, NP size changed up to 200 times in micellar
constructs by varying temperatures from 4 - 37°C when
polymers were used that contained both hydrophobic and
hydrophilic regions."™ As it is known that thiol modification
renders PGs more amphiphilic,"" aside from a better swelling
through the hydrophilic PG, the amphiphilicity might in a
similar manner imply that the PF127DAPG coating could also
exhibit sufficient hydrophobic interactions for a pronounced
de-swelling above the lower critical solution temperature.

MRI was firstly employed to evaluate magnetic properties of
particles. The transverse relaxivity r2, as the ability of a contrast
agent to alter T2, was determined at different temperatures
(Figure 3, Table S1). The transverse relaxivity r2 at 7 T of both
types of SPIOs was significantly higher (330 mM~'s™' and
410 mM™"s7" for PF127 and PF127DAPG SPIOs, respectively,
measured at 25°C) than relaxivity of commercially available
products such as Ferumoxytol (Feraheme, 68 mM™' s, 7 7).
The higher transverse relaxivity of our samples could be
attributed to possible transient aggregation of particles in
solution as well as to the larger core size of the nanocrystals
in comparison to ultra-small particles in commercial products.
Apart from the core size, the coating could have a great impact
on the relaxivity of SPIOs. Coating permeability and thickness
influence water diffusion to the SPIO surface and therefore
particle MRI performance.”” As PF127 SPIOs coating was
comprised of poloxamer assemblies with the OA due to
hydrophobic-hydrophobic interactions, while PF127DAPG layer
on SPIOs was based on the crosslinked polymeric network, it
probable that a hydrogel-like crosslinked polymeric network
around SPIOs was more water permeable than the layer of
PF127.2' Further, elevated temperatures decreased the relax-
ivity of both samples, and this change was greater for the
PGPF127DAPG SPIOs. At higher temperatures, polymers col-
lapsed and were closer to the particle surface. In the case of the
PF127DAPG SPIOs, this contraction led to higher polymeric
network density as compared to the PF127 SPIOs due to the
presence of both PG and PF127. This suggested that with
increased temperature, reduction of diffusive accessibility of
water led to the decrease of relaxivity.'”

Suitability of nanoparticles for MPI was analyzed firstly by
MPS (Figure 4a—c). The decay of spectra of higher harmonics
decreased with rising temperatures (Figure 4a,b), which might
be attributed to the temperature-dependent change in viscosity
of surrounding media.”® However, decays of spectra of higher
harmonics of PF127DAPG and PF127 SPIOs markedly differed
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Figure 4. (a) Influence of temperature on MPS performance of PF127 and (b)
PF127DAPG SPIOs. (c) Higher response of PF127DAPG SPIOs in MPS
measured at 25°C and (d) improved signal-to-noise ratio in MPI. () MPI
images of PF127 and PF127DAPG SPIOs.
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for PF127DAPG SPIOs (Figure 4c) which performed better,
although both systems contained the same magnetic cores.

Similarly, PF127DAPG SPIOs displayed a superior signal-to-
noise (SNR) ratio in comparison to PF127 (Figure 4d), when the
same amount of SPIOs was used. Consequently, images with
higher SNR resulting in a higher spatial resolution were
obtained for PF127DAPG SPIOs in MPI (Figure 4e), where 5.3 ug
of iron amount in PF127 SPIOs gave the same resolution as
1.3 ug of iron in PF127DAPG SPIOs. This outcome could be
attributed to the differences in the coating between two types
of particles. Usually, the optimization of tracers for MPIs is based
on the optimization of the core size, whereas coating is
considered important only for the in-vivo studies.”” Our study,
however, implicates that particle coating might have an
essential influence on the MPI performance and should not be
neglected during the optimization of the tracers.

Finally, crosslinking of coating did not only improve r2 in
MRI, the signal in MPS and resolution in MPI but also
cytocompatibility (Figure 5). Coating of SPIOs by PF127 showed
cytotoxicity probably due to its high amphiphilic nature, which
can lead to the solubilization of the lipids from the cell
membrane.”” The presence of the biocompatible PG on the
surface of SPIOs prevented PF127 dissociation and lowered the
cytotoxicity of particles. PF127DAPG SPIOs did not induce any
toxicity on healthy human fibroblasts and malignant plasma
cells (Figure 5). These results, therefore, suggest that
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Figure 5. Cell toxicity studies of PF127 and PF127DAPG SPIOs on (a) healthy
fibroblasts and (b) malignant plasma cells.

PF127DAPG SPIOs have high potential to be used in diagnos-
tics.

In summary, this study demonstrates that crosslinking of
the polymeric coating improved SPIO performance in MPI, MPS
and MRI and highlights the importance of SPIOs coating for
their application in imaging. Our study shows that the type of
coating besides the iron oxide core size should not be
neglected in the optimization of the SPIOs. Lastly, as cross-
linking of the polymeric network on the surface of SPIOs with
biocompatible PGs did not result in cytotoxicity, these tracers
hold great promise for the application in diagnostics.
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