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Abstract

Superparamagnetic iron oxide nanoparticles (SPIONs) are a foundational platform for a
variety of biomedical applications. Of particular interest is Magnetic Particle Imaging (MPI),
which is a growing area of research and development due to its advantages including high
resolution and sensitivity with positive contrast. There has been significant work in the
area of in vivo optimization of SPIONs for MPI as well as their biodistribution in and
clearance from the body. However, little is known about the dynamics of SPIONs following
cellular internalization which may limit their usefulness in a variety of potential imaging and
treatment applications. This work shows a clear 20% decrease in magnetic performance of
SPIONSs, as observed by Magnetic Particle Spectroscopy (MPS), after internalization and
systematic consideration of applicable factors that affect SPION signal generation, including
microstructure, environment, and interparticle interactions. There is no observed change to
SPION microstructure after internalization, and the surrounding environment plays little to
no role in magnetic response for the SPIONs studied here. Interparticle interactions described
by dipole-dipole coupling of SPIONs held close to one another after internalization are shown

to be the dominant cause of decreased magnetic performance in cells. These conclusions were
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drawn from transmission electron microscopy (TEM) image analysis at relevant length scales,
experimentally prepared and characterized SPIONs in varied environmental conditions, and

theoretical modeling with Monte Carlo simulations.

Introduction

Biomedical imaging! is central to understanding biological processes as well as disease
management from diagnosis to staging, treatment planning, and monitoring the efficacy
of treatment. Current clinical imaging modalities include angiography, molecular imaging

2 and stem cell-based therapies.® Magnetic Particle Imaging® (MPI), the first

of cancer,
completely new imaging method in nanomedicine to emerge in the last three decades, offers the
potential of being an ideal in vivo tomographic imaging modality with demonstrated preclinical

applications that include real-time perfusion imaging in acute stroke,® cancer detection,®

stem-cell tracking,® gut-bleed detection,® angiography, and blood-pool imaging. '0-!2

MPI is a tracer-based modality that directly images superparamagnetic iron oxide nanopar-
ticles (SPIONSs), ! with signal intensity and resolution critically dependent on their in vivo
relaxation dynamics.!® As such, MPT offers high image contrast (with negligible background
signal from diamagnetic tissue), a signal linear with tracer concentration'® and zero depth
attenuation, and is safe as it uses no ionizing radiation. Additionally, a demonstrated high
sensitivity (200 nm Fe) !¢ and high temporal resolution!” is achieved when optimized SPIONs
of tailored size and size dispersity are used.!®!? Overall MPI promises a biomedical imaging
modality that combines the speed of X-ray computed tomography (CT), the safety of magnetic
resonance imaging (MRI), and the sensitivity of positron-emission tomography (PET). Almost
all these recent advances in MPI, especially in the context of clinical translations, are criti-
cally dependent on the in vivo magnetic relaxation behavior and pharmacokinetics?® of the

SPION tracers. Much progress in MPI has been accomplished by the optimization of SPION

cores, including their size and size distribution, iron oxide phase purity and crystallinity, 2!
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as well as their colloidal characteristics, such as their hydrodynamic size, zeta potential,
surface hydrophobicity, and surface functionalization. However, further developments in MPI,
particularly the translational applications for cardiovascular disease, molecular imaging of
cancer, and stem-cell tracking, requires a detailed understanding of the biological fate of the
SPIONS, their interactions with cells, and the effects of these interactions on MPI signal,
especially in the in vivo environment.

When SPIONS are delivered via injection into the bloodstream, they are exposed to a
complex mixture of serum proteins, and these extracellular serum proteins adsorb onto the
SPION surface forming a protein corona.?? Protein adsorption is driven by hydrophobic and
electrostatic interactions, combined with the increase in entropy as the protein unfolds when
bound on the curved SPION surface.?® This protein corona, comprising largely of albumin
and some lower abundance proteins (immunoglobulins, apolipoproteins, fibrinogen, etc.),?*
determines the nanoparticle stability, cellular binding, and cellular internalization.?> However,
a polymer brush coating, e.g. a neutral polymer such as polyethylene glycol (PEG), can
reduce protein adsorption by generating steric forces; both the brush surface density and the
polymer molecular weight are important parameters.?® Indeed, the SPIONs used in prior
work leading up to this study were optimally loaded (18.8%) with a high molecular weight
(20kDa) PEG and show long-term systemic retention in mice and are promising blood-pool
agents for MPI imaging in cardio- and cerebrovascular disease models.?? Delivery of these
long-circulating SPIONS to the leaky tumor vasculature of a breast xenograft mice model by
the enhanced permeation and retention mechanism?’ has been used to demonstrate® MPI as
an in vivo imaging platform for cancer detection.

The logical question that follows relates to what the cellular fate is of these SPIONS that
are being optimized for in vivo applications in MPI. Magnetic relaxation physics dictates that
the SPIONS be 23 to 28 nm in core diameter for best MPI resolution and signal intensity.
Coincidentally, theoretical considerations®® based on membrane deformation result in models

that also converge on the same conclusion: particles have to have a minimum hydrodynamic
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diameter of 40 to 60 nm to achieve cellular uptake by endocytosis.?? While a large amount of
work®® has been devoted to studying endocytosis of SPIONs, only a minimal understanding
has been obtained on their fate after they enter the cells.?! It is known that the SPIONs
reside in membrane-bounded vesicles,?? or endosomes, right after endocytosis; however, the
ramification of the intracellular fate of SPIONS on their magnetic relaxation dynamics and
the MPI signal is an open question. In this paper, we address this critical question by
combining experiment and Monte Carlo simulations and provide crucial insight relevant to

the future development of MPI as a viable cell-tracking imaging modality.

Experimental

Core Synthesis

The SPIONSs used in this work were prepared based on previously published methods.?!33

Briefly, a solution of iron (III) chloride and sodium oleate were dissolved in a mixture of
hexanes, ethanol, and water (liquid ratio 5:3:1.8). In a flask equipped with a cooled condensing
column, this mixture was heated for 4h at reflux (57°C). The resultant iron oleate product
was washed three times and extracted in a separatory funnel. The organic phase was collected,
dried with sodium sulfate, and filtered with qualitative filter paper. The solvent was removed
first by careful rotary evaporation, then by vacuum for at least 2 h.

Based on determined mass after solvent removal, iron oleate was diluted to the appropriate
concentration with 1-octadecene and oleic acid. The reaction mixture was placed under
vacuum and heated at 50 °C overnight. Two bump bulbs were added to the reaction flask and
the system purged by vacuum and argon gas. Under an inert atmosphere, the temperature
was brought to 324 °C and held until nucleation occurred (observed as a color change to white
brown) plus 15min. The temperature was then lowered to 318°C and a 1% oxygen/99%
argon gas flow was added. The reaction was held in this state until 39 h had passed since the

initial point of nucleation.
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Characterization of the size, size distribution, and crystallographic phase was carried
out by Transmission Electron Microscopy (TEM). TEM samples are prepared on 200 mesh
pure carbon-coated copper grids by depositing 2L of 1 mgmL~! nanoparticle solution in
chloroform on the carbon surface and allowed to air-dry. Sizes and size distribution are

determined using ImageJ and histograms fitted with a log-normal distribution.

Polymer Synthesis

As synthesized SPIONs were made hydrophilic through the addition of amphiphilic polymer
coatings. Briefly, poly(maleic anhydride-alt-1-octadecene) (PMAQO) and amine-terminated
polyethylene glycol (PEG) were each added to solutions of dichloromethane (DCM) and
small amounts of triethylamine (Et3N), allowed to dissolve fully; then the solutions were
combined in one container. The reaction was allowed to proceed for 48 h and the viscosity of
the solution was observed for signs of reaction progress.

The resulting copolymer was dried by rotary evaporation, placed under vacuum for several
days, and then dissolved in deionized water. The new solution was transferred to 100 kDa
cutoff tubing and put in a beaker with deionized water. The water was replaced several times
over two to three days and the purified product was transferred to a round-bottom flask.
The solution was frozen in an acetone and dry ice bath while spinning at 300 rpm. The
copolymer was lyophilized over four days and the final product collected and weighed. It was

then stored under vacuum or inert gas until used in the SPION coating process.

Phase Transfer

SPIONSs were transferred to aqueous solution following adaptation of previous methods. 343

SPIONs were washed in different solvent mixtures to remove synthesis by-products and
excess reaction solvent and surfactant. The solvent mixtures were ethyl acetate (100%) once,
hexanes and ethyl acetate (50%/50%) once, and hexanes/acetone (40%/60%) five times. Each

solvent mixture was added and the sonicated with the SPIONs for 30 to 60s. The container
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was then placed on a strong magnet until the SPIONs had entirely moved in solution to be
adjacent to the magnet. The supernatant was then removed by pipette and the next solvent
mixture added. After the final removal of solvent, the SPIONs were placed under vacuum for

approximately of 24 h.

The dried SPIONs were weighed and chloroform added to a concentration of 1 mgmL™!.

Amphiphilic polymer was then added in a ratio of 10mg per 1 mg SPIONs and allowed
to dissolve overnight while on a shaker table. The solvent was then removed by rotary
evaporation, leaving behind a film of SPIONs and polymer coating the container. This was
dried under vacuum for 24 h followed by the addition of deionized water to a concentration
of 1mgmL~!. The new solution was sonicated for approximately 3h and the hydrodynamic
size checked by Dynamic Light Scattering (DLS). The SPIONs were transferred to 1X PBS
by gel chromatography in a PD-10 column equilibrated in 1X PBS. The final concentration
of the solution was determined through elemental analysis by inductively coupled plasma
optical emission spectrometry (ICP-OES). SPIONs in aqueous solution were stored at 4 °C

until ready for use.

Cell Culture and SPION Exposure

Human epithelial fibrosarcoma cells (HT-1080) were maintained in Eagle’s Minimum Essential
Medium (EMEM) supplemented with 10% FBS and 1% Penicillin-Streptomycin at 37°C
and 5% CO, atmosphere. Cells were passaged at least three times after thawing before use
and never allowed to reach higher than 90% confluence. SPIONs were made sterile through
200 pm filtration and diluted down to the necessary concentration using 1X PBS. SPION
solutions were then diluted to final exposure concentration with EMEM supplemented with
1% Penicillin-Streptomycin. All solutions had equal total volumes and percentage of media;
only SPION concentration was varied.

Cells were seeded in 6-well plates at 3 x 10° cells/well in 3mL of media and maintained

for 24h at 37°C and 5% CO, atmosphere. Media was then aspirated off, cells washed

Page 6 of 25



Page 7 of 25

Nanoscale

with 1X PBS, and media containing SPIONs added to the wells. Exposure was allowed to
continue for 24 h, then the supernatant was aspirated off, cells washed with 1X PBS, and
cells collected with 0.25% Trypsin-EDTA. The cells were then spun down at 1000 rcf for

5min, the supernatant removed, and 100 pLi fresh media added.

Magnetic Particle Spectroscopy

All SPION samples were analyzed using a home-built spectrometer®® with a drive frequency, fo,
of 26 kHz and a maximum field amplitude, H,,,;, of 20mT. All measurements were repeated
three times and the acquired signal averaged. Before measurement, iron concentration of each
sample was determined while in the liquid state using an Inductively Coupled Plasma-Optical
Emission Spectrophotometer (ICP-OES; Perkin Elmer Optima 8300). Samples were digested
in concentrated HCI and diluted 1000-fold in deionized water prior to analysis. Concentrations
were interpolated from a linear fit of measured standard concentrations (R* > 0.999).

150 pLL of SPIONSs dispersed in aqueous media were transferred to individual tubes for
measurement by MPS. Samples containing cells exposed to SPIONs were maintained in
culture media of no more than 100 pL. previously ensuring that media did not produce any
MPS signal. Immobilized samples were prepared initially with 150 pL. of SPION dispersion
transferred to individual tubes to maintain consistency with liquid samples, then frozen
through immersion in liquid nitrogen and lyophilized at approximately —60°C and 6 mTorr.
Any physical changes of dried matrices were noted to ensure sample remained within the

appropriate region for detection in the MPS pick-up coil.

Fluorescence and Electron Microscopy

Samples were prepared for electron and confocal fluorescence microscopy following the
same cell exposure procedure as stated above. Three wells were seeded with coverslips on
the bottom to allow for confocal microscopy. After 24h of incubation, the supernatant

was aspirated and serum-free media added. Two drops of NucBlue fluorescent dye was
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added to each well and allowed to sit at room temperature for 20 min. This mix was then
aspirated away, cells gently washed with 1X PBS, and coverslips were transferred to a new
well plate with 4% paraformaldehyde that had been prepared fresh in 1X PBS and 0.03 M
sodium cacodylate. This was incubated at room temperature for 20 min while protected

from light. The paraformaldehyde solution was aspirated, coverslips washed with 1X PBS

twice, and mounted to microscope slides using one drop of Vectashield mounting medium.

Samples were stored for no more than one day at 4 °C before imaging. Confocal fluorescence
microscopy was performed using a Leica DMi8 (Leica Microsystems GmbH, Germany) inverted
confocal microscope with 405, 488, and 532 nm excitation lasers and PMTs corresponding
to fluorophore emission peaks to avoid spectral overlap and allow simultaneous multicolor
imaging.

To the remaining culture plate wells, without coverslips initially, 0.25% Trypsin-EDTA
was added. Released cells were collected in centrifuge tubes, pelleted, and supernatant was
removed. 100 uL of pre-melted 1% low-melting-point agarose was added and the mixture
spun down at 1500 rcf for 10 min. Tubes were cooled at 4°C for 30 min to solidify the
agarose solution, after which 1 mL of Karnovsky’s fixative was added. Samples were kept at
10°C and shaken at 300 rpm overnight. Samples were then stained in 1% osmium tetroxide
for 3h. Agarose blocks were trimmed to remove excess not containing cells, noted by a
lack of blackened color from osmium cell staining. The cell-containing agarose blocks were
then dehydrated in the following ratios of acetone and Milli-Q water; 50:50, 70:30, 90:10,
100:0, 100:0. Samples were embedded in PolyBed/Araldite resin following a dilution series
of increasing resin and decreasing acetone at each step in the following ratios; 33:67, 50:50,
67:33, 100:0. The resin was cured at approximately 65°C for five days.

Resin blocks were trimmed with razor blades until cells were near the resin block surface
and ultra-thin sectioned using a diamond knife to 70 nm thick. Serial-sections were collected
where possible, with the priority being consistent section coloring. Sections were adhered to

75 mesh Cu TEM grids coated with pure carbon and Formvar. Samples were post-stained
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with 2.5% Uranyl Acetate Alternative (Ted Pella, Inc.; Gadolinium Triacetate) for 8 min
and 0.1% Lead Citrate solution for 90s. Bright-field imaging was carried out using a JEOL
JEM-3000SFF (JEOL USA, Inc., Peabody, MA) transmission electron microscope with a
direct electron detector and operated at 300kV. Scanning probe imaging was carried out

using an FEI Titan 80-300™ with a Gatan CCD camera and operated at 300kV.

Monte Carlo Simulation

SPIONs under an applied magnetic field will have some magnetization defined, in the
equilibrium case, by the Langevin function.!'® Here it is assumed that equilibrium occurs
when 7 << 1/f where 7 is the relaxation time and f is the magnetic field frequency. MPI
employs frequencies greater than several kHz where the equilibrium approximation is no
longer valid. The non-zero relaxation time results in a phase-lag of magnetic nanoparticle
alignment with the applied field, which varies between different core sizes in real-world
samples with a distribution of core sizes. The overall effect of non-zero relaxation times in
MPI is a decrease in resolution.

It is important to understand the relaxation mechanisms by which magnetic nanoparticles
align with an applied field to fully characterize deviations from ideal performance under a given
applied field and frequency. The two mechanisms are Brownian®” and Néel3® relaxation which
are different methods of moving the magnetic moment within a particle by physical rotation
of the particle and internal rotation of the moment itself, respectively. These mechanisms are
both available to nanoparticles in liquid and thus both must be considered when describing
the dynamics of nanoparticles under an applied field with relatively high frequencies. To more
accurately characterize the behavior of SPIONs, then, we utilize Monte Carlo simulations on
nonlinear dynamics. The implementation used in this work has been validated previously
against experimental conditions.? In brief, combined stochastic differential equations are

solved to determine the magnetization direction based on internal magnetization,
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dm _ 7
dt  1+a2

(H4+am x H) xm (1)

where m is a vector describing the magnetization, H is the effective magnetic field, « is the
electron gyromagnetic ratio, and « is the damping coefficient. The second equation describes
the physical dynamics,

dn 0

dn _ 2
a oy, 2)

where n is a vector describing the easy axis, 0 is the effective torque, 7 is the solution viscosity,
and V}, is the hydrodynamic volume. These equations are unit vectors and describe direction
while the magnitude of the magnetic moment is defined by the saturation magnetization, M
times the volume of the nanoparticle core, V..

In this model, additional considerations are made for thermal fluctuations by assuming
a Gaussian stochastic process effectively describes the nanoparticle movement at a given
temperature.®® In addition, under normal operation, dipolar interactions between magnetic
nanoparticles are ignored by assuming they will be sufficiently dispersed in a liquid environment
to be non-interacting. In the more compact space within a cell it is possible for nanoparticles
to be held in close proximity; thus magnetostatic interactions have been taken into account
in this work by incorporating the change in total energy from dipolar coupling between all

particles.

Results & Discussion

Three separate batches of SPIONs have been synthesized The sizes and magnetic properties of
these particles have been characterized before use by TEM, VSM, and MPS and are shown in
Fig. 1. The SPIONs show increasing core diameters and narrow size distribution parameters

of 21.9 (0.04), 25.3 (0.08), and 27.8 (0.06) nm (o) and are approaching optimal performance

10
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in MPI. There is some overlap in size for these batches as illustrated by the histograms in
Fig. 1a. These SPIONs show expected MPS properties as core diameter increases including
increasing peak intensity, narrowing FWHM, shown in Fig. 1c, and slower loss in amplitude
with increasing harmonic number, shown in Fig. 1d. Note that the FWHM of the point spread
function (PSF) is correlated with the rate of amplitude loss with increasing harmonic in the
harmonic distribution where narrower FWHM equates to slower amplitude loss. Deviation
from the expected trend is observed by VSM in Fig. 1b where the largest core diameter,
27.8nm, shows a lower saturation magnetization than the next largest, 25.3nm. This is
attributed to increased agglomeration during the phase transfer process resulting in a small
fraction of SPIONs in this sample acting as multicore particles with dipolar interactions

between cores. This is also observed by the small shoulder in Fig. 1c for the 27.8 nm sample.

11
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Figure 1: Initial characterization of SPIONs used in this work by TEM for the determi-
nation of size and size distribution (a), VSM to confirm superparamagnetic hysteresis
and saturation magnetization (b), and MPS as a substitute for direct MPI imaging
performance including the point spread function (c¢) and harmonic distribution (d).

Once SPIONs were suitably characterized, they were exposed to epithelial cancer cells
with the goal of observing their magnetic performance by MPS and determining if any
changes result. Environmental conditions present within cells and known physical properties
of magnetic materials were used to dictate intracellular performance. Each of these factors is
experimentally and theoretically controlled for direct comparison to cell internalized SPION
counterparts.

SPION uptake into cells is dependent on the particle coating characteristics including
PEG chain length, loading percentage of PEG chains per PMAO backbone chain, and surface

charge. Previous work!? helped identify the optimal combination of these characteristics for

12
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long-circulation, but to promote cell internalization, the PEG loading percentage has been
decreased to 3-5% for this work with resulting increased surface charge per particle. The
20kDa PEG chain molecular weight has been held constant from previous work to maintain
most or all of the magnetic performance.

SPIONSs coated with PMAO-PEG and incubated with HT-1080 epithelial cancer cells
are readily observed to show uptake by quantification of iron content in cells (not shown
here), but their localization exterior or interior to the cell is unknown by that method.
Nanoparticles will experience significantly different environments based on their localization.
For example, media and serum containing salts, sugars, and proteins exist outside of the
cell membrane, and these components are capable of adhering to the nanoparticles thereby
potentially changing their hydrodynamic size or causing electrostatic agglomeration that
may prevent uptake. Inside the cell, the nanoparticle will experience increased viscosity of
cytoplasm and organelles and decreased pH within lysosomes,“®*! to name a brief subset of
possible conditions.

Particle localization in imaging is first established through confocal microscopy of cells
with fluorescent dye-labeled nuclei and exposed to dye-conjugated SPIONs. Z-projections
of cells both non-exposed, Fig. 2a, and exposed, Fig. 2b, to SPIONs illustrate significant
uptake. Individual organelles are visible as locally concentrated higher intensity fluorescent
signal as compared to surrounding cellular material suggesting the highest concentration of
labeled SPIONSs are present in these vesicles. It is not possible to discern the vesicle type
through these images and magnifications nor do they unambiguously confirm internalization
vs. adherence to the cell surface of SPIONs. Thus, further investigation has been carried
out through the use of TEM imaging of cells both without, Fig. 2c, and with, Fig. 2d,
internalized SPIONs. These images confirm localization of SPIONs only within cytoplasmic
vesicles. Higher magnification imaging further confirms that these vesicles are endosomes,
shown in Fig. 2e, and lysosomes, shown in 2f, as is expected for uptake of nanoparticles

through endocytosis pathways and in agreement with prior observations of PEG-coated

13
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SPIONs.8

Figure 2: Nanoparticle internalization observed before internalization of SPIONs, (a)
and (c), and after, (b) and (d). Increasing detail of localization observed first through
confocal fluorescence microscopy, (a)-(b), and then TEM, (c¢)-(d). Further magnified
imaging by TEM confirms encapsulation of SPIONs in cytoplasmic vesicles including
endosomes, (e), and lysosomes (f).

SPIONSs being found only in endosomes and lysosomes provides a small number of potential

14
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mechanisms through which changing magnetic performance can occur after internalization in
cells. The first mechanism to consider a change in the average core size and size distribution
of the SPIONs after internalization. Both of these characteristics are key to the relaxation

42,43 and there is potential

dynamics and resulting relaxation times of magnetic nanoparticles
for the environment within lysosomes to affect them after extended incubation periods.* In
addition, the coating protecting the nanoparticles plays a significant role in their stability
over time with previous studies showing extensive biodegradation of nanoparticles coated
with citric acid*® and PEG.*® Each of these possible circumstances is evaluated over relatively
short periods (24 h) in the work presented here as the short-term fate is of primary interest.

TEM size analysis was performed using ImageJ software using a macro to outline the edges
of particles and determine their diameter. This was done for as-synthesized and internalized
SPIONSs to assess if any decrease in size or change to size distribution occurred. Fig. 3a
shows the two cases where there is no significant change and confirming that, over the
incubation periods studied in this work, the physical dimensions of the nanoparticles remain
constant. This is likely attributed to the PMAO-PEG coating having sufficient thickness to
prevent acidic species from readily diffusing to the nanoparticle core and allowing for acidic
reactions. This is promising for SPION use in MPI as fate after injection into the body and
internalization in cells is of crucial importance for short- and long-term clinical use.

Seeing no change in the physical characteristics and observing no obvious reasons why
magnetic characteristics would be affected, it is important to directly observe the MPS
performance of SPIONs after internalization in cells. One of the three batches of SPIONs has
thus been exposed to cells under the same conditions as were used to observe internalization
through microscopic imaging. Here a noticeable change in magnetic performance is observed
for internalized SPIONs measured in live epithelial cancer cells. This change from freely
dispersed in water to internalized in cells, shown in Fig. 3b, is a noted decrease in the
amplitude of harmonics greater than the 1% and a 20% decrease in the ratio of the 5" over

3'd harmonics, As/As.
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Figure 3: Comparison of pre- and post-internalization core diameter size and size
distribution (a), and MPS harmonic distribution (with inset As/Ajs) (b). No significant
difference observed for the SPION core physical dimensions while a reasonable decrease
in harmonic amplitude is noted after internalization.

As no change in core size and size distribution is observed, other potential mechanisms
must be explored for deterioration in intracellular SPION magnetic performance. Looking
to the mechanisms utilized by these nanoparticles to generate a signal, Néel and Brownian
relaxation, it is possible to attribute changing magnetic performance to either or both the
viscosity of the surrounding environment and effective anisotropy, arising from the interparticle
interactions of the nanoparticles. The variation in how much these two conditions will affect
performance is dependent on the contribution of each relaxation mechanism to the total
signal. This changes with core size and size distribution with the exact contributions in the
range of core sizes between 20 and 30 nm being not fully known. It is expected that as core
size increases, the contribution of Brownian relaxation will increase.

In order to determine if a significant reduction in Brownian contribution has occurred,
control solutions of varying viscosity were prepared from glycerol and deionized water. These
solutions, ranging from 0 to 100 weight % glycerol, were mixed with solutions of SPIONS,
controlling the mass of iron across all samples, and characterized by MPS. Direct comparison
to exact viscosity values used in Monte Carlo simulations is accomplished through conversion of

final weight % of glycerol to viscosity through experimentally derived numerical formulae. 4”49

16
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Fig. 4 clearly shows no change in the magnetic response of SPIONs as a function of
increasing viscosity, for average core diameters between 20 and 30 nm. This is consistent with
the non-linear Monte Carlo simulated response of SPIONs under identical conditions and
suggests that over the range of viscosities studied, up to more than one order of magnitude
greater than would be expected within a cell, there is no shift in magnetic response. In
particular, the lack of decrease in A;/Aj suggests that the Brownian contribution to the
magnetic performance of SPIONs with diameters between 20 and 30 nm is minimal. As
viscosity only affects the Brownian component of magnetic nanoparticle relaxation, then it
can further be said that viscosity should be ruled out as a contributing factor in the observed
changes in the magnetic response of SPIONs with core diameters near those used in this

work and internalized in cells.

0.02 -
(90]
gl.o ‘/ij/b,r.\“,,~wn;vo\,-c,vl{.;v~,':\\/4AH,\;
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-0.02F - 219
- 25.3
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Figure 4: Magnetic Particle Spectroscopy performance, As/Aj, as a function of solution
viscosity of three different batches of SPIONs with increasing average diameters and
approaching the optimal limit for Fe3O4 and v-Fe;O3. Monte Carlo simulation results,
shown as lines, of equivalent nanoparticle characteristics show consistent performance
over expected range of viscosities.

With viscosity ruled out as a significant factor, it is necessary to address magnetostatic
interactions of SPIONs for which the first step is further analysis by TEM. Specific charac-
teristics of the sample preparation, including ultra-thin section thickness and well calibrated

known pixel size of obtained images, allow for determination of interparticle separations in

17
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the projected image of a three-dimensional sample. Using ImageJ and python script analysis,
two-dimensional interparticle separations have been tabulated, Z-separation equal to 0 nm in
Fig. 5a. The range of possible three-dimensional interparticle separations has been estimated
using the Pythagorean theorem where Z-separations are set at approximately equal intervals
throughout the thickness of the ultra-thin resin sections. These are shown as Z-separation
equal to 30, 50, and 70nm in Fig. 5a. The averages of the minimum and maximum Z-
separation histograms can be used as a range of the most likely interparticle separations.
These average interparticle separations are used to compare dipole-dipole interaction energies
to the thermal energy of the system, Fig. 5b. It is observed that the dipole-dipole energy
of SPIONSs in the size range in this work is expected to be significant and unable to be

destabilized by random thermal energy, kpT'.
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Figure 5: Direct two-dimensional and estimation of three-dimensional interparticle sep-
arations as observed by TEM (a). The gray region highlights the range interparticle
separations possible within the constraint of ultra-thin section thickness as a maximum
Z-separation. Dipole-dipole interaction energies are compared to random thermal en-
ergy, kgT, over the extracted range of interparticle separations (b). The dipole-dipole
interaction energy is notably higher than random thermal energy over most of this range.

Based on the calculation of expected dipole-dipole energy of SPIONS; it is hypothesized
that interparticle interactions, even without destabilization of surface coatings and direct
aggregation, are the dominant contribution to decreased magnetic performance after internal-

ization. To support this hypothesis, it is necessary to experimentally and theoretically observe

18
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nanoparticle magnetic performance under changing average interparticle separations. To
control for interparticle separation experimentally, SPIONs have been dispersed in solutions
of mannitol and deionized water with varying weight % of mannitol and lyophilized to control
for relaxation mechanism as a variable. Increasing mannitol weight % has the effect of increas-
ing physical bulk between nanoparticles on average and thus increasing their interparticle
separations. Fig. 6a illustrates the performance of three different average core size SPIONs as
a function of increasing mannitol weight %. Here it is noted that increasing average core size
has the effect of significantly degrading magnetic performance as nanoparticles are allowed to
associate and magnetostatically interact more closely. The largest core size of the three shows
a greater than 80% reduction in As/Aj3 while the next smallest only shows approximately a
20% reduction. The smallest of the three sizes shows no change in magnetic performance over
the possible interparticle separations in this study suggesting that its dipole-dipole interaction
energy is not significant until the particles are allowed much closer together.

Direct calculation of the interparticle separation is limited by the two-dimensional pro-
jection approximation and the experimental results, though broadly in agreement, are not
entirely sufficient; thus the experimental results are also compared to Monte Carlo simulations.
Fig. 6b illustrates supporting trends in SPION magnetic performance between approximately
40 to 60 nm center-to-center interparticle separations. This is a more detailed examination of
the dipole-dipole interaction energy with non-linear dynamics and thus more realistic than
the first principles approximation in Fig. 5b. Based on these results, it is concluded that the
dipole-dipole interactions between SPIONs within cells are the dominant and significant con-
tributor to changing magnetic performance. The latter is a crucial point for which Magnetic
Particle Imaging characteristics of SPIONs must be optimized. It is now understood that
increasing interparticle separations before and after internalization will lead to an overall
improved magnetic performance in MPI and potentially in other diagnostic and treatment

regimes such as magnetic fluid hyperthermia.
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Figure 6: Magnetic Particle Spectroscopy performance, As/As, as a function of mannitol
weight % (a) and theoretical interparticle separation (b) of three different batches of
SPIONs with increasing average core diameters. As before, Monte Carlo simulations
support experimental trends over observed interparticle separations.

Conclusions

This work includes an investigation of SPION localization and dynamics after internalization
in cells. Decreasing magnetic performance is explored through three routes, changing physical
characteristics, changing the surrounding environment, and magnetic dipole-dipole interactions
between nanoparticles in close proximity. Physical changes to the nanoparticle cores are ruled
out through careful TEM size and size distribution analysis of nanoparticles before and after
cell internalization. The effects of the surrounding environmental parameters, in particular
the viscosity, on magnetic performance are experimentally and theoretically observed, but
shown to be insignificantly affecting relaxation dynamics. Magnetostatic or dipole-dipole
interactions of SPIONs, with optimal or near-optimal physical and crystallographic properties,
are observed to affect performance significantly. Experimental and theoretical observations
support the assumption that nanoparticles in this size range are expected to interact with
one another and limit their ability to interact with an applied magnetic field. These results
are of interest to the magnetic particle community, in particular, Magnetic Particle Imaging,

where the imaging quality in vivo and after cellular internalization is key to advancing the
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technique to clinical settings. It is expected that increasing the amount of steric bulk, or
coating material, on the surface of SPIONs will increase average interparticle separation,
decrease magnetostatic interactions, and limit some or all of the loss in performance after
internalization. Optimization of these coatings would advance the possibilities of short-
and long-term applications which rely on magnetic signals. Such work is in progress in our

laboratory.
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