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Abstract

This study investigates the impact of post-synthesis oxidation on the performance of superparamagnetic iron
oxide nanoparticles (SPIONs) in magnetic particle imaging (MPI), an emerging technology with applications in
diagnostic imaging and theranostics. SPIONs synthesized from iron oleate were subjected to a post-synthesis
oxidation treatment with a 1% Oxygen in Argon mixture. MPI performance, gauged via signal intensity and
resolution using a MOMENTUM™ scanner, was correlated to the nanoparticles' physical and magnetic
properties. Post-synthesis oxidation did not alter physical attributes like size and shape, but significantly
enhanced magnetic properties. Saturation magnetization increased from 52% to 93% of the bulk value for
magnetite, leading to better MPI performance in terms of signal intensity and resolution. However, the observed
MPI performance did not fully align with predictions based on the ideal Langevin model, indicating the need for
considering factors like relaxation and shape anisotropy. The findings underscore the potential of post-synthesis
oxidation as a method to fine-tune magnetic properties of SPIONs and improve MPI performance, and the need
for reproducible synthesis methods that afford finely tuned control of nanoparticle size, shape, and magnetic
properties.

Keywords: magnetic particle imaging, magnetic nanoparticles, iron oxide, post-synthesis oxidation, thermal
annealing, magnetic diameter, saturation magnetization, relaxation

Iron oxide nanoparticles have tremendous potential as magnetic particle imaging (MPI) tracers, with
applications in diagnostic imaging and theranostics.'?> MPI can generate 3D images with high spatial and
temporal resolution, allowing for visualization of the tracer’s distribution in biological environments.” MPI signal
is derived from the nonlinear response of magnetic iron oxide nanoparticle tracers to an alternating magnetic



field (AMF). Superimposed in the field of view (FOV) is a selection field gradient created by opposing magnets,
which generates the field free region (FFR). Only tracers in the FFR respond strongly to the AMF, giving rise to
the MPI signal that is mapped in space to produce an image. This renders MPI an ideal method for non-invasive
quantitative imaging as the signal generated is directly proportional to the tracer’s mass, providing high sensitivity
and millimeter-scale resolution. Due to the nature of signal generation in MPI, solely from the tracer’s magnetic
response, this imaging modality results in negligible tissue and background attenuation, as well as no tissue
penetration limitations. These are clear advantages over other imaging modalities to track nanoparticles, such
as magnetic resonance imaging (MRI) and fluorescence imaging.’

There are currently two main modes of image reconstruction in MPI: harmonic space reconstruction and x-
space reconstruction.’- 2325 Bruker, in partnership with Phillips, has commercialized pre-clinical harmonic space
reconstruction MPI scanners, while Magnetic Insight, Inc., has commercialized pre-clinical x-space
reconstruction MPI scanners. There are also several groups developing prototype scanners according to these
reconstruction modalities and others under development.?6-28 The current tracer sold by Magnetic Insight for use
in their MOMENTUM™ MPI scanner is VivoTrax™, a form of ferucarbotran, which was originally developed for
use as an MRI contrast agent.® VivoTrax Plus™ is an improved MPI tracer obtained by separating the larger
sized nanoparticles in VivoTrax™.2° Tailoring tracers to improve MPI performance is crucial to fully maximize this
imaging modality’s potential.?* 393 This need for specialized tracers motivates work to synthesize new MPI
tracers with varied size, shape, and composition. Resolution specifically is a bottleneck for scale-up of MPI
scanners and specific clinical applications. Optimized tracers with higher sensitivity and improved resolution
would also reduce costs of clinical MPI scanners by allowing the use of lower magnetic field gradients to achieve
the same signal generation.

The point spread function (PSF) is used to characterize MPI tracer performance.?> ?* The PSF can be
obtained from relaxometry measurements, using the RELAX™ module in the MOMENTUM™ scanner or using
custom built magnetic particle susceptometers?® 37-3° or relaxometers.?”- 37- 40-45 Because the signal in MPI is
related to the time-derivative of the particle’s magnetization response, one can obtain simple relations for the
sensitivity (peak intensity, I, of the PSF) and resolution (full width at half maximum, FWHM, of the PSF) by
assuming superparamagnetic behavior described by the Langevin function:?*

NMgnD3
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FWHM = —22ksT (2)
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Here, N is the number density of magnetic nanoparticles (particles/m?), Ms is the saturation magnetization,
D is the diameter, kg is Boltzmann’s constant, T is the temperature, u, is the vacuum permeability, and G is the
magnetic field gradient strength. Equations (1) and (2) further assume that there are no magnetic interactions
between tracers and that magnetization responds instantaneously to the applied field (there are no finite
relaxation effects).

While simplistic, equations (1) and (2) have served as guides in the development of MPI tracers. Optimization
of tracers tailored for MPI consists of increasing signal intensity (I) and reducing FWHM. Theoretically, from
equations (1) and (2), this should be achieved by increasing tracer diameter (D) and saturation magnetization
(My). Increasing tracer size to improve performance also increases relaxation time, therefore limiting the diameter
range for which equations (1) and (2) apply. The saturation magnetization is related to the composition of the
tracer, but typical experimental values are lower than those of the corresponding bulk material, and this is often
explained by what has been called the “magnetically dead layer,” arising due to spin canting and other surface
phenomena causing disorder of magnetic dipoles.¢4° Furthermore, saturation magnetization is affected by the
nanoparticle crystallinity and phase purity, which studies have shown to control through modifications of
synthesis conditions.3+ 50-52

Recent development of MPI tracers have focused on studying superparamagnetic nanoparticles of various
sizes, shapes, and compositions. ' 16,20, 21, 27, 28, 38, 39, 4245, 53-64 Thys far, tracers with the best MPI performance
have been synthesized via thermal decomposition, the synthesis method of choice for applications that require
fine control over nanoparticle size, shape, and properties. The best tracer reported, LS-1, a 26 nm spherical



single core iron oxide had three times better sensitivity than the commercial tracer Resovist and improved
resolution of 1.7 mm in x-space MPI.?” LS-1 was synthesized by a thermal decomposition method followed by
post-synthesis oxidation. This makes sense, given that other studies have demonstrated that oxygen exposure,
during or after synthesis, plays a crucial role in magnetic properties of iron oxide nanoparticles.?” 0. 51

Here we evaluate the effect of post-synthesis oxidation on the thermal decomposition synthesis of iron oxide
nanoparticles intended for use as magnetic particle imaging (MPI) tracers. Physical and magnetic properties are
reported and correlated to MPI performance, probing agreement to the Langevin model. Post-synthesis oxidation
consistently improved magnetic properties and MPI performance, although there were deviations from the
predictions of the Langevin model. It was observed that shape anisotropy and discrepancy between physical
and magnetic diameters significantly hinder MPI performance. Statistical analyses were used to evaluate which
tracer properties have the greatest impact on MPI performance.

Results

Iron oxide nanoparticles were synthesized via thermal decomposition of iron oleate and with a post-synthesis
oxidation treatment to evaluate its effect on nanoparticle physical and magnetic properties and their MPI
performance. Recognizing the possibility of variation in nanoparticle properties, something that is not widely
reported in the literature but known to researchers in the field, we sought to perform multiple syntheses under
each condition to apply statistical analysis in making these comparisons. This motivated us to design a synthesis
setup that can carry out 8 simultaneous reactions in a molten metal bath to allow 8 replicates to be synthesized
under each synthesis condition (Scheme 1). A replicate of the control group was used to validate our design by
showing reproducibility between sets of syntheses synthesized under the same conditions. Two groups of post-
synthesis oxidation treatment were used to evaluate the effect of post-synthesis oxidation duration. We will use
the following nomenclature for the synthesis conditions tested: C1 for the first control group, C2 for the second
control group, PO3 for the 3-hour post-synthesis oxidation group, and PO30 for the 30-hour post-synthesis
oxidation group. One replicate of each of the C1 and PO3 groups was eliminated from the study due to sample
loss during processing. Ordinary one-way ANOVA statistical analysis was used to compare the means of various
physical, magnetic, and MPI properties of these four groups. Statistical comparisons were made between all
groups, but only significant differences are shown, which correspond to p-values below 0.05.
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Scheme 1. Iron oxide nanoparticles were synthesized via thermal decomposition of iron oleate
precursor in an experimental setup that allowed eight (8) simultaneous reactions and post-synthesis
oxidation treatments (PO). The effect of post-synthesis oxidation was studied by comparing two control groups
that were not treated, C1 and C2, and two treated groups, PO3 and PO30.




Post-synthesis oxidation did not significantly affect nanoparticle size distribution and aspect ratio

Nanoparticle physical properties, such as size and shape, were investigated via bright field transmission
electron microscopy (TEM), and representative images are shown in Figure 1a and Figure 1b, corresponding to
sample PO3_5 (D, = 18.5 nm) and PO3_3 (D, = 29.2 nm). TEM images and histograms for all samples are
included in the Supplementary Information (Figure S1-S4). We noted that the shape of the particles varied from
spherical to slightly elongated, and therefore Figures 1a and 1b are representative of the samples with the lowest
and the highest aspect ratio (AR), respectively. Because particles deviate from sphericity, the physical diameter
calculated from their two-dimensional projections in TEM corresponds to that of a sphere with equivalent
projected area. The distribution of the volume-weighted median physical diameter of the tracers is shown in
Figure 1c for each of the four synthesis groups, with no statistically significant difference between groups and a
global average of 23.5 nm. The distribution of the geometric deviation of the physical diameter, In cp, is shown
in Figure 1d. A statistically significant difference was observed between C1 and the other three groups. However,
values of In o, were below 0.1 for all groups and are monodisperse. The AR is the ratio of the longest and the
shortest lengths of the projected particle shape captured from TEM images, which ranged from 1.1 to 1.3. Figure
1ais a representative TEM image of nanoparticles with AR = 1.1, while Figure 1b is a representative TEM image
of nanoparticles with AR = 1.3. The distribution of AR values was consistent across synthesis groups (Figure
1e); however, a linear relationship was found between AR and physical size for both C and PO groups, with a
correlation coefficient (R?) of 0.55 and 0.93, respectively (Figure 1f). Shape anisotropy, here measured as the
AR, has been observed to increase with nanoparticle size in thermal decomposition synthesis.° Although these
irregularities can be often overlooked, Vanhecke et al. has demonstrated with electron microscopy and small
angle x-ray scattering that the shape of nanoparticles synthesized by thermal decomposition can evolve from
spherical to elongated as the reaction progresses, supporting the trend observed of increasing aspect ratio with
increasing physical size.®® These comparisons suggest that our synthesis setup resulted in nanoparticles with
similar physical properties that were not affected by post-synthesis oxidation.
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Figure 1. Tracer physical size and aspect ratio (AR) evaluated from transmission electron microscopy
(TEM) are consistent across synthesis conditions. Representative TEM images of tracer with (a) the lowest
physical size and AR (PO3_5, D, = 18.5 nm, AR = 1.1), and (b) with the largest physical size and AR (PO3_3,
D, = 29.2 nm, AR = 1.3). Comparisons of (c) volume-weighted median physical diameter (D), (d) geometric
deviation (In op), and (e) AR, for the control and post-synthesis oxidation conditions suggest these properties are
consistent across groups and not significantly affected by post-synthesis oxidation. In (d) the P-values obtained
from the ordinary one-way ANOVA analysis comparison of C1 to C2, PO3, and PO30 were: p<0.0001 (****), p =
0.0123 (*), and p = 0.0006 (***), respectively. (f) AR as a function of the volume-weighted median physical
diameter, with correlation coefficients in parenthesis in the legend (R?).

Post synthesis oxidation resulted in increased magnetic diameters and saturation magnetization

SQUID magnetometry was used to evaluate the nanoparticle’s magnetic properties, measuring the
magnetization vs magnetic field (MH) curves to evaluate superparamagnetic behavior (Figure S5), and
determine the magnetic diameter and saturation magnetization. For this, PEG-coated nanoparticles suspended
in water were analyzed, as described under methods. The volume-weighted median magnetic diameter,
determined from fitting of the MH curve to the Langevin function, significantly increases with post-synthesis
oxidation from an average of 9 nm for control groups to 18 nm (Figure 2a) for post-synthesis oxidation groups,
with statistically significant differences between the control and post-synthesis oxidation groups (p < 0.0001,
****). In contrast, there were no statistically significant differences in magnetic diameter between groups C1 and
C2, and PO3 and PO30. Distributions of the geometric deviation of the magnetic diameter show no statistically
significant differences (Figure 2b), except between groups C2 and PO3 (p = 0.0121). We noted that the geometric
deviations for the magnetic diameter were consistently larger than 0.2, whereas the geometric deviations for the
physical diameters (Figure 1d) were consistently smaller than 0.1. A paired t-test comparing In om and In op
confirmed the difference is statistically significant (p < 0.0001, ****), supporting the notion that the underlying



magnetic diameters of the particles are more polydisperse than their physical diameters. Furthermore, it is
evident from comparing Figure 1d and Figure 2b that the distribution of values for In o is broader than that for
In op, suggesting greater variation in magnetic properties relative to physical size. This difference can be more
clearly observed in Figure S6.
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Figure 2. Tracer magnetic properties, magnetic diameter (D) and saturation magnetization (Ms),
increase with post-synthesis oxidation. Comparisons of (a) volume-weighted median magnetic diameter (Dn),
(b) geometric deviation (In o), and (c) saturation magnetization (Ms) all suggest improvements in magnetic
properties after post-synthesis oxidation treatment. The p-values obtained from the ordinary one-way ANOVA
analysis were: (a) p<0.0001 (****), (b) p = 0.035 (*), and (c) p<0.0001 (****).

Post-synthesis oxidation resulted in nanoparticles with increased saturation magnetization compared to
control, with some individual replicates having saturation magnetization close to that of bulk magnetite. Here we
report properties such as saturation magnetization relative to iron mass, instead of magnetite, as the latter would
require an assumption of the crystalline phase. The bulk saturation magnetization of magnetite is 86 Am?/kgreso4,
and conversion to iron mass basis results in a saturation magnetization of 120 Am?/kgr.. The average saturation
magnetization for the control and post-synthesis oxidation groups was 62.4 and 111.5 Am?/kgre, respectively.
Post-synthesis oxidation increased the saturation magnetization from 52% to 93% of the bulk value for magnetite
(Figure 2c), with comparisons showing statistically significant differences between each control and post-
synthesis oxidation group (p < 0.0001, ****) and no statistically significant differences when comparing C1 to C2
and PO3 to PO30. No strong correlation was observed when probing the dependence of the saturation
magnetization on the physical diameter (D,) (Figure S7). We note that although the magnetic diameter and
saturation magnetization both increased with post-synthesis oxidation, there is still an inherent variability in these
values. Furthermore, we note that two replicates (one in the PO3 group and one in the PO30 group) had
saturation magnetization values slightly above the bulk value. We attribute this to inherent error in estimating
iron mass.

Post-synthesis oxidation resulted in improved MPI resolution and signal intensity

MPI performance was characterized using MPI RELAX™ scans obtained in the MOMENTUM™ scanner,
which uses a 16 mT 45 kHz excitation field and measures the magnetization for a field sweep between -160 mT
and 160 mT. Point-spread functions (PSF) were obtained for each sample and normalized by iron mass to allow
for comparison of different nanoparticles (Figure S8). The maximum signal intensity corresponds to sensitivity,
while the full-width half-maximum (FWHM) corresponds to resolution. Comparison of individual control (C1 and
C2) and post-synthesis oxidation (PO3 and PO30) groups did not result in statistically significant differences.
Post-synthesis oxidation improved MPI performance by increasing signal intensity from an average of 14
mV/mgr. for the control groups to an average of 47 mV/mge. for the post-synthesis oxidation groups (Figure 3a).
Differences between control and post-synthesis oxidation groups were statistically significant with p-values of
0.0041 (**) for C1 vs PO30, 0.0022 (**) for C2 vs PO30, 0.0394 (*) for C1 vs PO3, and 0.0233 (*) for C2 vs PO3.
Resolution also improved due to post-synthesis oxidation, with an average FWHM of 22 mT for the control groups
and of 12 mT for the post-synthesis oxidation groups (Figure 3b). Again, differences between control and post-
synthesis oxidation groups were statistically significant (p<0.0001, ****). Using similar methods in the same



MOMENTUM scanner we have previously reported that the commercial nanoparticle Ferucarbotran had FWHM
of 11.2 mT and a signal intensity of 25.8 mge.', whereas the commercial nanoparticle Synomag®-D had a FWHM
of 9.2 mT and a signal intensity of 87.8 mgge™."°

Beyond these inter-group comparisons, we noted that the spread of the signal intensity and FWHM also
varied between control and post-synthesis oxidation groups. For signal intensity, the standard deviation was 7.2
mV/mgr. for the control groups and 23.8 mV/mgr. for the post-synthesis oxidation groups, taken together. This
suggests that while post-synthesis oxidation resulted in increased signal intensity, it also resulted in greater
variability in this MPI performance characteristic. On the contrary, for the FHWM the standard deviation was 3.6
mT for the control groups and 1.7 mT for the post-synthesis oxidation groups, suggesting that post-synthesis
oxidation reduced variability in resolution. To effectively compare MPI signal intensity and FWHM, which are
measurements with different units and are changing in opposite directions, the relative variability was calculated
using the coefficient of variation (CV), the ratio of standard deviation to the mean. For signal intensity, the CV
was 50% for both the control and post-synthesis oxidation groups, meanwhile for the FWHM the CV was 16%
and 14% for the control and post-synthesis oxidation groups, respectively. This comparison suggests that the
MPI signal intensity has a larger variation than the FWHM, independent from the post-synthesis oxidation
treatment. Clearly, post-synthesis oxidation plays a role in producing nanoparticles with enhanced MPI
performance, but further work is necessary to control variability in the resulting properties.
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Figure 3. Post-synthesis oxidation improves MPI performance. Comparisons of PSF (a) peak specific
intensity (mV/mgre) and (b) full-width-half-maximum (FWHM, mT) suggest improvements in sensitivity and
resolution due to post-synthesis oxidation. The P-values obtained from the ordinary one-way ANOVA analysis
were: (a) from top to bottom p = 0.0041 (**), p = 0.0022 (**), p = 0.0394 (*), and p = 0.0233 (*), and in (b) p<0.0001

(****).

MPI performance correlations deviate from the predictions of the Langevin model

Here we explore how MPI performance correlates to values of physical and magnetic diameters and
saturation magnetization, to test if these correlations conform to the predictions of the simple Langevin model,
given by equations (1) and (2). Because we did not find statistically significant differences in mean physical
diameter, aspect ratio, mean magnetic diameter, or saturation magnetization between C1 and C2 or between
PO3 and PO30, below we distinguish solely between particles obtained without, denoted as C, and with, denoted
as PO, post-synthesis oxidation.

First, we investigated correlations of MPI signal intensity and FWHM to physical diameter, the measure of
nanoparticle size most often reported in the literature. According to the Langevin model, signal intensity should
vary with the cube of the particle diameter and FWHM should vary with the inverse cube of the particle diameter.
Figure 4a shows signal intensity plotted as a function of the cube of the physical diameter. Contrary to the
predictions of equation (1), signal intensity decreases with increasing physical diameter cubed, for both the
control and post-synthesis oxidation groups. Figure 4b shows FWHM plotted as a function of the inverse of the
cube of the physical diameter. As with signal intensity, the FWHM data does not follow the predictions of the
Langevin model, given by equation (2) in this case.
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Figure 4. MPI performance correlations to tracer physical size deviate from Langevin model.
Correlations to MPI (a) intensity and (b) FWHM are opposite to the expected improvement with the cube of the
physical diameter for both control and post-synthesis oxidation groups. The correlation coefficients (R?) are given
in parenthesis in the legend.

Next, we investigated correlations of MPI signal intensity and FWHM to magnetic diameter. We note that
results in Figures 1 and 2 show that there was greater variability in the nanoparticle’s median magnetic diameter
and geometric deviation. Figure 5a suggests that for the control groups, signal intensity is strongly correlated (R?
= 0.92) with the cube of the magnetic diameter, as expected from equation (1) assuming the diameter in the
equation is the magnetic diameter. On the contrary, for the post-synthesis oxidation groups the signal intensity
is negatively correlated with the cube of the magnetic diameter, in contradiction with the predictions of equation
(1). For resolution, Figure 5b shows that for the control groups FWHM is correlated with the inverse cube of the
magnetic diameter, albeit with a relatively weak correlation coefficient (R? = 0.44). This agrees with equation (2).
However, for the post-synthesis oxidation groups, Figure 5b shows a very weak correlation with inverse cube of
the magnetic diameter, in disagreement with equation (2).
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Figure 5. MPI performance correlations to tracer magnetic size show agreement with the Langevin
model for the control group but deviate for the post-synthesis oxidation group. (a) MPI intensity strongly
correlates to the cube of the magnetic diameter for the control group (R? = 0.92), meanwhile the post-synthesis
oxidation group opposes Langevin expectations. (b) MPI FWHM weakly correlates to the inverse of the cube of
the magnetic diameter for the control group (R? = 0.44), meanwhile the post-synthesis oxidation group does not.
The correlation coefficients (R?) are given in parenthesis in the legend.

Next, we noted that in addition to varying in physical and magnetic diameter, the control and post-synthesis
oxidation groups had variability in their saturation magnetization (Figure 2c). We did not see strong correlations
between MPI signal intensity or FWHM with saturation magnetization alone (Figure S9), however, we noted that
saturation magnetization and cube of diameter appear together in equations (1) and (2). Figure 6 shows the
signal intensity plotted as a function of the product of saturation magnetization and cube of magnetic diameter
(Figure 6a) and FWHM plotted as a function of the inverse of the product of saturation magnetization and cube
of the magnetic diameter (Figure 6b). A strong positive correlation is seen for the signal intensity and FWHM for
the control groups (R? of 0.89 for signal intensity and 0.50 for FHWM), in agreement with equations (1) and (2).
However, an inverse and weaker correlation is seen for the post-synthesis oxidation groups, in disagreement
with the predictions of equations (1) and (2). Additionally, differences in the effective hydrodynamic diameter (D)
were observed (Figure S10a) between the control and post-synthesis oxidation groups, however, no correlation
to MPI performance (Figure S11), aspect ratio (Figure S12a), or magnetic diameter (Figure S12b) was found.
Overall, these comparisons suggest that the simple Langevin model predictions of equations (1) and (2) are
incapable of capturing the variability in MPI performance observed in the synthesized nanoparticles.
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Figure 6. MPI performance correlations to the product of the saturation magnetization and the cubic
magnetic diameter (MsDm®) show agreement with the Langevin model for the control group but deviate
for the post-synthesis oxidation group. (a) MPI intensity has a strong positive correlation to MsDn? for the
control group (R? = 0.89), while the post-synthesis oxidation group shows a negative correlation. (b) MPI FWHM
correlates positively to the inverse of MsD? for the control group (R? = 0.50), and the post-synthesis oxidation
group does not. The correlation coefficients (R?) are given in parenthesis in the legend.

Shape anisotropy and discrepancy between physical and magnetic diameters negatively impact MPI
performance

Next, we sought to determine if deviations from ideal superparamagnetic behavior, introduced by shape
anisotropy and the discrepancy between physical and magnetic diameter, could explain trends in MPI
performance of the nanoparticles. In fact, simulation studies suggest that MPI performance of anisotropic
particles can be sensitive to the sampling trajectory used during image acquisition.®® Others have previously
studied the effects of size and shape on MPI performance. However, such studies were typically limited to small
size ranges and lacked sufficient replicates for statistical testing, and presented contradictory results. For
example, one study evaluated differences in harmonic spectra for particles with different polydisperse size
distributions and structures, including single-core, multicore, and chainlike arrangements.®” These authors
suggest that particles that were large and had low effective anisotropy, arising from an unspecified combination
of size and structure, had better MPI signal intensity and resolution. However, they studied a single sample
representative of each condition and the four studied samples had a narrow range in shape. Another suggested
that shape anisotropy of ~50 nm long and ~ 8 nm wide nanorods improves their MPI performance.® However,
this study provided very limited physical and magnetic characterization of the nanoparticles used and the claim
is based on comparison between ~50 nm long nanorods and ~13 nm spherical nanoparticles. It is well
established that small spherical particles are poor MPI tracers. The study also lacked evaluation of multiple
batches of nanoparticles to enable statistical analysis and evaluate reproducibility. As magnetic core size largely
impacts MPI performance, we explore the effect of shape anisotropy in the narrower physical size range of this
study for samples with smaller and larger magnetic core sizes, corresponding to the control and post-synthesis
oxidation groups, respectively. First, shape anisotropy can be expected to result in an increase in particle
relaxation time because of the introduction of an easy axis along the long dimension of the particle.3! 32 6° |t has
been shown in the literature that relaxation degrades MPI performance and asymmetrically blurs the PSF in the
scanning direction, which is analogous to an increase in center offset.3’ Simulations of dynamic magnetization
of idealized particles also suggests that center offset increases with increasing effects of finite magnetic
relaxation.®! As a surrogate for direct measurements of particle anisotropy or of nanoparticle relaxation we used
the shift in the peak of the PSF, called the center offset. Figure 7 plots the center offset as a function of aspect
ratio for control and post-synthesis oxidation groups, showing the corresponding PSF peak intensity for each
nanoparticle using a color scale. Center offset increases in the direction of the scan as AR increases for both
control and post-synthesis oxidation groups, with an R? of 0.52 and 0.82, respectively. Furthermore, the color
scale suggests that signal intensity decreases with increasing AR. However, we cannot isolate the effect of AR
completely, as it correlates positively with particle size (Figure 1f), and both are expected to increase relaxation
time. Comparing control and post-synthesis oxidation groups, the larger R? and slope for the post-synthesis
oxidation group suggests a stronger effect of AR on the performance of the nanoparticles in this group, which
could explain why the post-synthesis oxidation nanoparticles were observed to deviate from the predictions of
equations (1) and (2) in the analysis above.
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Figure 7. Shape anisotropy from increasing AR negatively impacts MPI performance by shifting the
PSF peak, with a stronger effect on the post-synthesis oxidation group. The center offset is a measure of
the shift of the PSF obtained directly from MPI RELAX™ measurements, and it shows positive correlations with
AR for both control (R? = 0.52) and post-synthesis oxidation groups (R? = 0.82). The color scale shows MPI
intensity, which was heavily impacted by increasing AR and center offset for the post-synthesis oxidation group.

Another factor that could introduce deviations from the ideal Langevin model is the discrepancy between
physical and magnetic diameters of the particles. This discrepancy can be evidence of crystal defects, presence
of multiple magnetic domains or phases within particles, or the existence of a so-called magnetically dead layer."
As such, we sought to understand trends in this discrepancy for the control and post-synthesis oxidation groups.
Figure 8 plots the magnetic diameter against the physical diameters for all nanoparticles in the control and post-
synthesis oxidation groups, with AR values represented using a color scale. The dashed line corresponds to
parity between the two diameters. Clearly, most particles have a significant discrepancy between physical and
magnetic diameters. Interestingly, the discrepancy correlates differently with physical diameter for the control
and post-synthesis oxidation groups. The discrepancy between physical and magnetic diameters increases more
rapidly for the control group than for the post-synthesis oxidation group. Furthermore, it appears that
nanoparticles with the smallest values of AR had the smallest discrepancy between physical and magnetic
diameters.
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Figure 8. Post-synthesis oxidation partially reduces discrepancy between physical and magnetic
diameters, D, and Dn, respectively. The discrepancy between diameters increases with increasing D, and AR
for both groups, deviating from the ideal Dy, = D, that is indicated by the dashed line. However, D, correlates
negatively with Dy, for the control group, and it correlates positively for the post-synthesis oxidation group,
highlighting the efficacy of the treatment. The correlation coefficients (R?) are given in parenthesis in the legend.



Having established that shape anisotropy and discrepancies between magnetic and physical diameters are
prevalent in both control and post-synthesis oxidation nanoparticles, next we sought to evaluate if these
deviations from ideal particle properties can explain trends in MPI performance. Figure 9 is a plot of MPI
resolution (FWHM) against signal intensity for all nanoparticles in the study, with shape anisotropy (AR)
represented by the size of the markers and discrepancy between physical and magnetic diameter represented
using a color scale. Particles in the lower right quadrant of the plot represent the best combination of resolution
and signal intensity. Most of the nanoparticles from the control group are in the upper left quadrant, corresponding
to poor MPI performance. The control nanoparticles also have the largest discrepancy between physical and
magnetic diameters. Nanoparticles from the post-synthesis oxidation group are distributed in the bottom half of
the figure, corresponding to better resolution, with several nanoparticles in the lower right quadrant,
corresponding to the best MPI performance of the group. Importantly, the best performing nanoparticles also
have among the lowest values of AR and smallest discrepancy between physical and magnetic diameters.
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Figure 9. Tracers with the best MPI performance have low discrepancy between physical and
magnetic diameters (Dp,-Dm) and aspect ratio (AR). MPI FWHM and intensity are plotted to compare
performance of control (markers with white borders) and post-synthesis oxidation nanoparticles (markers with
black border). The size of the marker corresponds to AR and the color scale corresponds to Dp-Drm, suggesting
that minimizing these improves MPI performance.

Pearson Correlations of MPI performance

As shown above, our results suggest that post-synthesis oxidation effectively increases Dn and Ms,
decreasing Dp-Dm, and improving MPI performance. A Pearson correlation matrix was used to quantify the
direction and magnitude of correlations between MPI performance, and tracer physical properties, magnetic
properties, and center offsets measured in this study. Results for control and post-synthesis oxidation groups
are shown in Figure 10, where the color scale represents the direction and magnitude of the correlation. As
optimization of MPI performance corresponds to increasing intensity and reducing FWHM, improvement of
performance translates to positive correlations for intensity and negative correlations for FWHM. MPI intensity
of the control nanoparticles show the strongest correlations with Dm, In 6m, and Dy-Dm, with values of 0.97, -0.82,
-0.87, respectively. Interestingly, for the post-synthesis oxidation group the strongest correlations are with D,
AR, and center-offset, with values of -0.96, -0.97, -0.91. This change in the strongest correlations from magnetic
properties to physical properties suggests that shape anisotropy effects dominate for the post-synthesis oxidation
group and hinder further improvement in MPI performance. For the FWHM, the strongest correlations for the
control group are observed with Dm, Ms, and Dp-Dm, with values of -0.64, -0.43, 0.32, respectively. Stronger
correlations were found for the post-synthesis oxidation group with In om, center offset, and D,, with values of
0.84, 0.64, and 0.53, respectively. However, correlations to AR and Dp-Dr are almost similarly as strong with
values of 0.51 and 0.50. As with MPI intensity, the properties that correlate the strongest to FWHM change from
being dominated by magnetic properties for the control group to physical properties for the post-synthesis
oxidation group. Increasing tracer size, either physical or magnetic via post-synthesis oxidation, poses the
challenge of increased relaxation effects that deviate performance from that expected from the Langevin model.
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Figure 10. Correlations to MPI performance are dominated by magnetic properties for the control (C)
group and by physical properties for the post-synthesis oxidation (PO) group. The Pearson correlation
matrix relates MPI intensity and FWHM to tracer properties and the scan center offset for control and post-
synthesis oxidation groups. The color scale represents the direction and magnitude of the correlation, where
positive correlations are desired to improve MPI intensity (increase), and negative correlations are desired to
improve the FWHM (decrease).

Discussion

The results of this study demonstrate the significant effect of post-synthesis oxidation on the magnetic
properties and MPI performance of iron oxide nanoparticles synthesized via thermal decomposition of iron oleate
for use as MPI tracers. The findings reveal that post-synthesis oxidation leads to an increase in magnetic
diameter and saturation magnetization, improving MPI performance in terms of signal intensity and resolution.
However, a large variation in performance is observed for the post-synthesis oxidation groups (Figure 3), which
we partly attribute to the larger variation in magnetic diameter, geometric distribution, and saturation
magnetization compared to the control groups. Correlations to the tracer size often reported, the physical
diameter, show disagreement from the predictions of the Langevin model, equations (1) and (2), for both control
and post-synthesis oxidation groups (Figure 4). Correlations to magnetic diameter and its product with the
saturation magnetization show agreement with the Langevin model for the control group and disagreement for
the post-synthesis oxidation group (Figure 6). Aiming to understand the root of these deviations, correlations with
other properties were probed. The study highlights the negative impact on MPI performance of shape anisotropy
by relating the aspect ratio to the shift of the PSF obtained from MPI RELAX™ scans, the center-offset, which
has been previously attributed to relaxation effects and degradation of MPI signal. Results show that increasing
aspect ratio, and hence increasing shape anisotropy, correlates with increasing center offset, which we attribute
to increasing relaxation effects for both the control and post-synthesis oxidation groups (Figure 7). Since the
effect is greater for the post-synthesis oxidation group, results suggest that shape anisotropy and relaxation
effects are most likely responsible for the disagreement from the Langevin model, which assumes negligible
relaxation and uniform magnetization.

Post-synthesis oxidation reduces the discrepancy between physical and magnetic diameters (Dy-Dm),
however, its effectiveness is limited as tracer size increases for the conditions explored in this study.
Nanoparticles with the best MPI performance have low aspect ratio and small discrepancy between physical and
magnetic diameters, highlighting the need to carefully control these properties in the design and synthesis of
MPI tracers. The Pearson correlation matrix identified the magnetic properties that correlate strongest to MPI
performance for the control group, while also revealing a change in the strongest correlations from magnetic
properties for the control group to physical properties for the post-synthesis oxidation group. These results



provide valuable insight into the challenges introduced by increasing relaxation and shape control when
synthesizing tracers tailored for MPI. Still, we believe that post-synthesis oxidation shows tremendous potential
as a processing step in the synthesis of tracers with superior MPI performance.

Conclusions

This study elucidates the impact of post-synthesis oxidation on both the magnetic properties and MPI
performance of iron oxide nanoparticles synthesized via thermal decomposition of iron oleate. The post-
synthesis oxidation treatment enhances saturation magnetization and magnetic diameter, effectively enhancing
MPI signal intensity and resolution. Nonetheless, we observe discrepancies between actual MPI performance
and predictions based on the Langevin model. These deviations are most likely attributable to shape anisotropy
and relaxation effects, which are more pronounced in the post-synthesis oxidation group. Furthermore, the study
highlights the limited effectiveness of post-synthesis oxidation in reducing the gap between physical and
magnetic diameters as tracer size increases. Optimal MPI tracers obtained in this study are characterized by a
low aspect ratio and minimal discrepancy between physical and magnetic diameters. Analysis of Pearson’s
correlations reveals a shift in the strongest correlations from magnetic to physical properties following post-
synthesis oxidation, suggesting new challenges in tracer synthesis due to increased relaxation and shape
control. Despite these challenges, post-synthesis oxidation emerges as a promising avenue for enhancing the
MPI performance of tracers, underscoring the need for fine control of both physical and magnetic properties in
their design and synthesis.

Materials and Methods
Materials

Iron (IIl) acetylacetonate (>98% pure) and 3-aminopropyltrimethoxysilane (APS, >98%) were purchased from
TCI American (Portland, OR). Oleic acid (90% technical grade) was purchased from Alfa Aesar (Haverhill, MA).
1-octadecene (90%), polyethylene glycol monomethyl ether (mMPEG, 5kDa), sulfuric acid (99.999%), and
isopropyl alcohol (70%) were purchased from Sigma-Aldrich (St. Louis, MO). Toluene (>99.5%, ACS reagent),
ethanol (200 proof), acetone (certified ACS), chromium trioxide (crystalline, certified ACS), diethyl ether (certified
ACS), hydrochloric acid (37% w/v), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), activated charcoal
(12-40 mesh) , diethyl ether (ACS chemical, BHT stabilized), dichloromethane (99.6%, ACS reagent), nitric acid
(Certified ACS Plus), potassium hydroxide (85%, ACS reagent), and CBQCA protein quantitation kit were
purchased from Thermo Fisher Scientific (Waltham, MA). N-hydroxysulfo- succinimide (sulfo-NHS) was
purchased from ProteoChemTM (Hurricane, UT). Copper TEM grid (carbon film only, 200 mesh) was purchased
from TED PELLA, INC (Redding, CA).

Particle Synthesis

Synthesis of iron (lll) oleate

Iron oleate was prepared according to published work with some modifications.® Iron acetylacetonate (22.38
g, 63.36 mmol) was combined with oleic acid (89.48 g, 316.80 mmol) in a 1:5 molar ratio inside a 500 mL 3-neck
round bottom flask. The flask was then introduced into a molten metal bath set at 110°C, with a condenser,
thermocouple, and overhead stirrer in the 3 necks. The condenser was connected to a chiller set to 12°C and
attached to the right neck of the reactor. The overhead stirring, set up in the middle neck, was set to a rate of
350 rpm. The thermocouple and gas flow needle were held by a septum in the left neck, with the argon gas flow
set to 100 sccm. Once the equipment was set up, the molten metal bath was ramped up in temperature to a
setpoint of 325°C at a rate of 6.2 °C/min. After the reaction crosses 300°C, close monitoring requires taking
aliquots with a syringe and SS needle through the septum in the left neck. FTIR is used to scan aliquots in real-
time and determine the reaction endpoint, controlling the percentage of free oleic acid left in the oleate. Once
the free oleic acid present in the precursor mixture was estimated to be close to 35%, the reactor was taken off
heating, and the mixture was recovered, purged with Argon, and stored for use in iron oxide nanoparticle
synthesis in the following two days.

Synthesis of magnetic iron oxide nanoparticles



Iron oxide nanoparticles were synthesized using a high throughput approach, running eight reactions
simultaneously in 15 mL PYREX™ glass tubes using a molten metal bath as the heating element. Reaction
conditions were chosen based on published work *° and scaled down to a reaction volume of 5 mL. The following
reagents were pipetted into each pyrex tube: 3207 uL (11.3 mmol) of 1-octadecene, 968 L (3.05 mmol) of oleic
acid, and 825 pL (0.5 mmol) of iron oleate synthesized as described above. Custom 3D printed septum-like caps
made of flexible resin were used and the reaction vials were agitated using a vortex to homogenize the reaction
mixture. Finally, reaction vials were placed in a custom 3D printed holder made of high temperature resin,
submerged halfway into the molten metal bath, and attached to a gas manifold supplying 50 sccm of Argon to
each reaction vial using a mass flow controller. The molten metal bath was heated to 340°C at a rate of 5°C/min,
to reach an internal reaction temperature of 330°C. Once the reaction temperature was reached, the reaction
was maintained for two hours and ten minutes. To finalize the reaction, the reactor holder and manifold was lifted
out of the molten metal bath and allowed to cool before capping with a septum for storage. Toluene and ethanol
were used in a 2:3 volume ratio to precipitate nanoparticles from the crude synthesis product, and the pellet was
resuspended with toluene via sonication, resulting in oleic acid coated particles.

Post-synthesis oxidation

Control samples (C1 and C2) were stored directly after synthesis, meanwhile post-synthesis oxidation
samples were re-introduced to the molten metal bath at a lower temperature of 300°C. A mixture of 1% Oxygen
in Argon was supplied at a rate of 50 sccm to each vial using the same gas manifold for a total time of either 3
of 30 hours for samples labeled PO3 and PO30, respectively.

Particle coating

PEG-silane synthesis

A poly(ethylene glycol)-silane (PEGSilane) conjugate was formed via a two-step procedure. First, methyl
ether poly(ethylene glycol) (MPEG) was oxidized to bear a carboxylic acid on its terminal end opposite the methyl
end via a Jones Oxidation method. Jones Reagent was made by preparing 70 g of Chromium Trioxide in 500
mL of deionized water and 61mL of sulfuric acid. Then, 40 g of mPEG was dissolved in 500 mL Acetone and
16.1 mL of Jones reagent was added to the mixture while stirring and allowed to react for 24 hours. Following
the oxidation reaction, 5 mL of isopropanol was added to the solution to quench the reaction and 5 g of activated
charcoal was added to adsorb the chromium salts. These salts and charcoal were then removed via vacuum
filtration. The acetone solution was reduced via rotary evaporation to concentrate the solution, then added to a
separatory funnel with 50 mL of 1M hydrochloric acid (HCI). The polymer was then extracted via liquid-liquid
separation, by adding diethyl ether to the solution, agitating, letting settle, then extracting the aqueous phase.
Then, this aqueous phase was added back to the separatory funnel, followed by addition of dichloromethane.
The separatory funnel was agitated, let to settle, and the organic phase was collected. This organic phase was
concentrated via rotary evaporation and precipitated via diethyl ether addition. This polymer extract was then
dried in a vacuum oven at room temperature for 24 hours. In the second step, mMPEG-COOH was converted to
PEGSilane via an amidation reaction with 3-aminopropyltrimethoxysilane (APTES). Briefly, 20 g of mMPEG-COOH
was added to a round bottom flask and placed into an oil bath at 120°C. Then, APTES was added to the melted
PEG in a 1:1 molar ratio, and the mixture was stirred and allowed to react at 120°C and 500 mbar. Following the
reaction, the PEGSilane was cooled to room temperature and collected.

High-temperature ligand exchange

Tracers were coated with a PEGSilane shell via a ligand exchange procedure, replacing the oleic acid surface
with PEGSilane, following procedures described previously.”® First, PEGSilane was dissolved in dry toluene
using a dry heating block at 101°C. Then, oleic acid coated tracers in toluene were ultrasonicated and added to
the PEGSilane solution followed by 3-aminopropyltrimethoxysilane (APTES), vortexed, capped, then allowed to
react at 101°C in the dry heating block overnight. The resulting solution, containing PEGSilane coated tracers,
was precipitated via diethyl ether addition and subsequent centrifugation. The supernatant was discarded, and
the precipitate was dried in a vacuum oven at room temperature overnight. The resulting pellet consisting of
PEGSilane coated tracers and excess polymer was suspended in deionized water via vortexing and sonication.

Physical and Magnetic Characterization




Transmission Electron Microscopy

Transmission electron microscopy was used to acquire information about the morphology of iron oxide
nanoparticle tracers. Oleic acid coated particles suspended in toluene were loaded onto 200-mesh copper grids
with carbon film and imaged using a FEI Talos F200i S/TEM. Images were analyzed using Fiji software ",
including at least 1,000 particles in the analysis, to report physical diameters (Dy), size distribution statistics
(histograms and TEM image shown in Tables S1-S4), and aspect ratio (AR). The AR corresponds to the ratio of
the major axis to the minor axis and was calculated by the software. The number median physical diameter (Dpg)
and geometric deviation (In o,) of the particle size distribution were obtained by fitting the size distribution
histograms to the log-normal distribution (nn(Dp)):

_ 1 In2Dy, /Dy gy
nN(Dp) ~ V2mDylnoy €xp (_ 2in2ay ) (3)
D,y was converted to a volume median diameter (Dpgv) using:
Dygy = exp [InDy4 + 3In?oy] 4)

Dynamic Light Scattering

The hydrodynamic size of the PEG-coated nanoparticles in deionized water was determined using a DynaPro
plate reader for dynamic light scattering measurements at room temperature. The effective hydrodynamic
diameter (Dn) is compared for all groups in the Supplementary Information (Figures S10a), meanwhile the
polydispersity index (PDI) is compared for samples that did not exhibit a multimodal population (Figure S10b).

Magnetometry and magnetic diameter fitting

Magnetic characterization was conducted using a magnetic property measurement system (MPMS-3)
superconducting quantum interference device (SQUID) magnetometer (Quantum Design, Inc. CA, USA). PTFE
sample holders were loaded with 100 uL of PEGSilane coated tracers suspended in deionized water at
concentrations ranging from 0.1 to 1 mg Fe/mL. Magnetization versus magnetic field (MH) curves were acquired
at 300K to confirm superparamagnetic behavior (Figure S5) and fit the data to the Langevin function L(a) for
superparamagnetism (equations 5 and 6), weighted using a lognormal size distribution (nv(Dm)) (equation 7), as
suggested by Chantrell et al. 72

M(a) = M f, ny(D)L(@)dDy, , (5)
_ _ 1. _ THoMaDiH
L(a) = cotha o O T
6) 2
_ 1 _n (Dm/Dmyv)
My (D) = 2Dy In oy [ 2Iin20 ] (7)

where a is the Langevin parameter, Ms is the saturation magnetization of the sample, Dy is the volume-
weighted median magnetic diameter, In o, is the geometric deviation of the magnetic diameter distribution, yo is
the permeability of free space, kg is Boltzmann’s constant, My is the domain magnetization of the magnetic
nanoparticles, and T is the absolute temperature. The magnetization curves were fitted to these equations using
a nonlinear regression model in MATLAB, providing an estimate of the average magnetic diameters, under the
assumption that the magnetic domains are spherical. The saturation magnetization was obtained from the
maximum of the magnetization curves, normalized by mass of iron.

MPI performance characterization

MPI performance of nanoparticle samples was characterized by acquiring MPI RELAX™ scans using the
MOMENTUM™ scanner (Magnetic Insight, CA, USA). The PEG-Si coated tracers suspended in DI water were
loaded into 0.2 mL microcentrifuge tubes at concentrations ranging from 0.1 to 1 mg Fe/ mL and volumes ranging
from 10-200 uL. Each sample was placed in custom 3D printed sample holder 5, centered in the MPI FOV, and
scanned for 3-5min. The signal of the x-space point spread function (PSF) obtained using the RELAX™ scan
modality was normalized by iron mass to facilitate comparisons. The MPI signal corresponds to the peak specific
intensity reported in units of mVV/mgre, and the resolution corresponds to the FWHM reported as the system
reported value in units of mT.

Statistical Analysis
GraphPad Prism software was used to perform ordinary one-way ANOVA statistical analysis to compare the
means of properties across the four different synthesis groups: C1, C2, PO3, and PO30 in Figures 1-3. The P-




value tests the hypothesis that samples from all groups are from populations with identical means, allowing us
to statistically test the effect of the post-synthesis oxidation treatment. If the P values are large, the data suggests
that the means do not differ and there is no statistically significant difference. On the other hand, if the P values
are below 0.05, there is statistically significant difference between groups. Correlation coefficients (R?) were
obtained from simple linear regressions. The Pearson correlation matrix obtained using the Prism software uses
two-tailed P values to quantify the direction and magnitude of correlations. This analysis was performed to screen
for correlations between MPI performance and all the nanoparticle properties measured in this study.
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L. Supporting Results
Derivation of Equation 1:

In ref [24], Figure 4 shows the Langevin function, and how the point spread function (PSF) is the derivative of
the Langevin function (£):

. 1 1
L[kH] = Nm ((kH)z B sinhz(kH))

The MPI sensitivity corresponds to the peak of the PSF, for which we can get an expression by calculating the
limit at kH = 0.

lim N ( 1 1 )_Nm
kiiso '\(kH)? ~ sinh2(kH)) T "3

By substituting the equation for the magnetic moment (m)

T 3
m = EMSD

We obtain that MPI signal from the peak intensity corresponds to Equation (1):

[ N7M,D3
- 18
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Figure S1. Representative TEM images and corresponding physical diameter distributions for all particles
synthesized without any post-synthesis treatment in the control group 1 (C1).
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Figure S2. Representative TEM images and corresponding physical diameter distributions for all particles
synthesized without any post-synthesis treatment in the control group 2 (C2).
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Figure S3. Representative TEM images and corresponding physical diameter distributions for all particles
synthesized with a 3-hour post-synthesis treatment (PO3).
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Figure S4. Representative TEM images and corresponding physical diameter distributions for all particles
synthesized with a 30-hour post-synthesis treatment (PO30).
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Figure SS5. Magnetization (M) vs. magnetic field (H) curves at 300K of samples from groups C1, C2, PO3, and
PO30 present superparamagnetic behavior.
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Figure S6. A paired t test of the geometric standard deviation of the physical diameter (In op) and the magnetic
diameter (In om) of all samples in this study suggests larger variability in magnetic size compared to physical size.
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Figure S9. MPI performance correlations to the saturation magnetization (Ms) are very weak for both control and
post-synthesis oxidation groups.
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conditions
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Figure S11. MPI performance correlations to the effective hydrodynamic diameter (Dn) are very weak for both
control and post-synthesis oxidation groups.



(@)

T

5: 1000 ST
— PO (0.08,

E- 800 . #— PO (0.06)

[}

©

E 600 | * .

[m] L]

o 400 . »

5 2004, . .

g T |ttt

S 0 T T

T 1.1 1.2 1.3

Aspect Ratio, AR

(b)

E
E 1000 70— s
= _s— PO (0.00)
8 goo{ 2 .
(1]
°
E 600 P
a »
2 400-| o
c P
c
5 200+ 5.
=4
% 0 I T T
5 10 15 20

Magnetic Diameter, D, [nm]

Figure S12. Effective hydrodynamic diameter (Dn) has no correlation to the nanoparticle (a) aspect ratio (AR)
or (b) magnetic diameter (Dm).

Table 1. Summary of nanoparticle properties measured or calculated for samples in each group: C1, C2, PO3,

and PO30.
Physical properties Magnetic properties MPI performance
Sample N
N -Dm . . eg.
ame Dy [nm] In o AR Dun [nm] In o Dy, -D 1;’[ Intensity | FWHM |Pos. center center
[nm] [Am*/kgre] | [mV/mgre] [mT] |offset [mT] offset [mT]

Cl 2 20.3 0.08 1.21 11.4 0.395 8.9 67.1 2591 18.05 -1.6 3.9
Cl3 22.5 0.08 1.24 8.8 0.503 13.7 543 12.59 20.3 -0.7 3.1
Cl 4 25.2 0.08 1.3 8.5 0.546 16.7 67.2 9.37 22.4 0.5 1.9
Cl. 5 25.2 0.09 1.28 8.1 0.552 17.1 59.8 7.16 23.82 0.4 1.9
Cl 6 18.8 0.08 1.21 10.7 0.369 8.1 63.2 17.86 23.52 -2 4.4
Cl.7 22.2 0.1 1.26 9.1 0.487 13.1 61.6 15.3 21.23 -1.1 35
Cl1_ 8 19.8 0.1 1.26 9.8 0.41 10 61.8 16.33 25.08 -1.8 4.3
C2 1 24.1 0.08 1.28 7.5 0.546 16.6 57 6.38 30.57 1 1.6
C22 20.9 0.06 1.15 8.9 0.472 12 59.8 15.04 23.56 -1.4 3.8
C2 3 27 0.05 1.27 8.1 0.542 18.9 64.1 6.14 24.46 1.8 0.7
C2 4 19.2 0.04 1.11 11.7 0.342 7.5 60.5 24.17 21.11 -1.9 4.4
C25 19.4 0.05 1.14 9.2 0.456 10.2 55 14.65 24.1 -1.9 4.3
C2 6 22.4 0.05 1.19 11.5 0.457 10.9 68.1 27.7 14.39 -1.1 3.5
C2.7 26.5 0.06 1.30 8.3 0.58 18.2 77.1 7.7 21.09 1.5 0.9
C2 8 24.1 0.05 1.23 8.1 0.527 16 58.9 8.38 22.68 0.5 1.9
PO3 1 24.1 0.09 1.19 18.3 0.261 5.8 94.2 53.4 10.8 1.1 1.3
PO3 2 25 0.06 1.18 18.1 0.318 6.9 101.1 45.63 12.13 2.4 0




PO3_3 29.2 0.07 1.29 234 0.382 5.8 99 18.85 10.88 4.5 -2.1
PO3_4 26.2 0.08 1.24 20.9 0.3 53 96.8 3431 11.11 2.8 -0.4
PO3_5 18.5 0.06 1.11 16 0.206 2.5 96.7 80.4 11 -0.9 33
PO3_6 29.8 0.06 1.30 20 0.637 9.8 101.2 12.64 16.92 4.8 2.2
PO3_7 21.8 0.05 1.12 20.6 0.429 1.2 67.6 61.89 11.37 0 2.4
PO3_8 28.4 0.08 1.28 17 0.224 11.4 120.8 20.52 11.07 3.4 -1

PO30_1 26.6 0.06 1.24 18.3 0.412 8.3 107.1 27.24 13.85 39 -1.4
PO30_2 24.6 0.06 1.19 18.1 0.333 6.5 83.4 44.05 12.65 3.5 -1.1
PO30_3 29.3 0.06 1.27 21 0.527 8.3 110.8 17.45 15.18 6 -3.8
PO30_5 25 0.06 1.18 16.5 0.275 8.5 109.2 64.4 11.88 2.9 -0.5
PO30_6 18.8 0.06 1.12 15.5 0.324 33 113.7 79.4 11 -0.5 2.9
PO30_7 19.1 0.06 1.12 15.1 0.264 4 128.6 71.3 11.63 -0.7 3.1
PO30_8 25.7 0.07 1.22 16.1 0.307 9.6 116.9 45.52 13.1 3.6 -1.1




