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ABSTRACT: This work aims at studying how the transformations
that magnetic nanoparticles suffer in vivo affect their heating
properties in the frame of hyperthermia treatments. Iron oxide
magnetic nanoparticles (%13 nm) with two different coatings
[PMAO (polymaleic anhydride-alt-1-octadecene) and DMSA
(dimercaptosuccinic acid)] have been subjected to an accelerated
degradation in a medium simulating lysosome conditions. The
particles physicochemical properties (size, size distribution, and
magnetic properties) have been followed over the degradation
process along 24 days. It was found that DMSA-coated particles
degraded much faster than PMAO-coated ones. In addition, their
heating properties under both the exposure to an alternating
magnetic field or a near infrared light have been tracked along this
degradation processes, assessing how the changes in their physicochemical properties affect their heating capacity. Along the
degradation procedure, a stronger decrease of the particles heating properties has been observed in the frame of magnetic
hyperthermia measurements, in comparison with the photothermal ones. Finally, the PMAO-coated particles have been selected for
a degradation study in vivo after intratumoral administration. Interestingly, although the number of particles decreases with time in
the tissue, the size and size distribution of the particles do not change significantly over time. This work is especially relevant in the
frame of the design of in vivo hyperthermia treatments using magnetic nanoparticles as it would provide fundamental clues regarding
the need of repeated doses or the possible use of a single administration depending on the treatment duration.
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B INTRODUCTION

Magnetic nanoparticles (MNPs) and in particular those
composed of iron oxides are being used for several in vivo
biomedical applications,"” such as drug delivery,” imaging,* or
disease treatments’ among others. For some of these
applications, a single use of the particles is required,” meaning
that, for example, once the particles have delivered the drug or
have been used as contrast agents for imaging purposes, they
do not have any further role. Therefore, clearance of the
particles from the body afterward would be desirable. In some
cases, as for example, in the frame of imaging purposes,

approach, the particles are used as “antennae” able to absorb
energy from an external stimulus [either an alternating
magnetic field (AMF), a near infrared (NIR) light, or a
combination of both] and transform it into local heat. Similar
to other classical oncological treatments as chemotherapy or
radiotherapy, the magnetic hyperthermia or photothermal
therapy approaches are likely to require several cycles in order
to achieve a better tumor regression.

In the case of repeated treatments, it is crucial to evaluate
the degradation profile of the particles over time. Such studies
would provide information about the time frame in which an

particles have been designed to achieve fast renal clearance
after their administration.” In other cases, it is the iron
metabolism of the body the one in charge of the MNP
recycling through the particle degradation and iron accumu-
lation in the form of ferritin,® a process whose length may vary
depending on the particle size, coating, dose, and so forth.
However, in some other cases, the particles have a role similar
to an implanted medical device for repeated uses (or at least
during a given period of time).” One of these examples could
be the use of MNPs for cancer treatment using magnetic
hyperthermia'® or photothermal therapies.'"' In such an
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injected particle remains in a given tissue.'>™"° However, more
importantly, in the context of therapy design, it is fundamental
to know how any possible particle transformation would affect
their performance over time.'® For instance, in the frame of
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Scheme 1. Scheme of the Iron Oxide Nanoparticle Synthesis and Coating Procedures
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hyperthermia, it has been described that subtle changes in the
particle size, shape, or aggregation may have a huge impact on
their heating properties. ”'° Therefore, gathering as much
information as possible about the transformations that the
particles are undergoing once administered is fundamental to
evaluate their suitability for treatment over a long period of
time. As a result, in the case of having “viable” particles in the
body over a prolonged period of time, a single particle
administration could be used, minimizing the discomfort to the
patient caused by repeated administrations and lowering the
possible risks associated to complicated intratumoral admin-
istrations in deep organs. However, in the case of faster
degradation processes, repeated nanoparticle administrations
would be required to assure the optimal outcome of the
treatment.

In this work, we have evaluated how the particle coating
affects their degradation proﬁle using a medium that simulates
the lysosomal conditions.'”*° However, we have gone one step
forward, tracking how this degradation affects their heating
performance in the frame of both magnetic hyperthermia and
photothermal treatments. The idea behind this study was to
determine how a reduction of the particle size affects their
heating performance, which in turn could indicate if a repeated
use of the particles would be possible, even if some partial
degradation has occurred. From those results, the particles
with the longest resistance to degradation were selected and
tested in a mouse model in order to evaluate their
transformations in vivo over a period of 1 month.

B RESULTS AND DISCUSSION

A single batch of MNPs was produced by thermal
decomposition, rendering oleic-acid coated nanoparticles that
were stored in hexane (Scheme 1). Then, two aliquots of these
particles were further treated to produce materials stable in
water and coated with two different molecules: poly(maleic
anhydride-alt-1-octadecene) (PMAOQO) and dimercaptosuccinic
acid (DMSA) (Scheme 1). In both cases (NPs@PMAO and
NPs@DMSA), spherical particles with an average core size of
~13.5 nm were observed by transmission electron microscopy
(TEM) after the coating procedure (Figure 1A).

In general, the PMAO-coated particles showed better
dispersion in the TEM micrographs than DMSA. Although
such observation could be a result of the sample preparation,
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Figure 1. Characterization of MNPs. (A) TEM micrographs and
particle size histogram including the size normal distribution function
of each type of MNP. (B) Hydrodynamic size distribution obtained
by DLS measurements of the MNPs in water. (C) FTIR spectrum of
the oleic-acid-coated MNPs and the final nanoparticles after the two
different coating procedures. (D) Field-dependent magnetization at
room temperature (300 K). (E) UV—vis—NIR spectrum of the
nanoparticles with different coatings.

the MNP aggregation after the DMSA coating was also
observed by dynamic light scattering (DLS) measurements. In
this particular case, NPs@DMSA showed a hydrodynamic
diameter of 67.3 + 3.4 nm, while NPs@PMAO presented a
significantly smaller one (20.2 + 0.3 nm), in agreement with
the individual coating of the magnetic cores using this polymer
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(Figure 1B). In the past, these differences were explained by
the crosslinking occurring between several particles during the
ligand exchange in the DMSA coating procedure, in contrast
with the intercalation of the chains of the polymer (PMAO)
with the oleic acid chain that avoided the agglomeration.”'
Therefore, in water, NPs@PMAO behaved as single-core
particles, while NPs@DMSA were probably present as
multicore particles. The zeta potential ({-potential) values of
the colloidal suspensions at pH = 7 were —32.7 + 1.2 and
—30.7 + 2.2 mV for the NPs@PMAO and NPs@DMSA,
respectively.

The successful particle coating was also verified by IR
observations. In the NPs@PMAO sample, the characteristic
C=0 bands from PMAO were observed at 1561 and 1707
cm™1.** Moreover, C—H bands at 2850 and 2918 cm™" were
also identified for that coating. In contrast, the NPs@DMSA
sample showed the characteristic C=O stretching bands at
1431 and 1643 cm™'*’ and C—O stretching bands at 1106
em™ (Figure 1C).**

Field-dependent magnetization of the two types of particles
showed a superparamagnetic behavior at room temperature
(Figure 1D). Although particles had a different coating, as the
iron oxide cores from both particles came from the same
synthetic batch, the results plotted per mass of magnetite were
the same; in both cases, similar remanent magnetization (M, ~
4 Am?/ kgg..0,), coercive field (H, & 793 A/m), and saturation

magnetization (M, ~ 78 A m*/ ng6304) values were obtained.

Optical absorption was analyzed as this is a fundamental
parameter for the characterization of these materials in the
frame of photothermal experiments. A decrease in the
absorbance from the visible to NIR region was observed for
the NPs@DMSA sample (Figure 1E). Additionally, an increase
in absorbance was observed for the NPs@PMAO sample in
the NIR region. This trend on the wavelength behavior was
similar to other reported measurements in the literature."’

Tracking of Magnetic Nanoparticle Degradation over
Time. One of the objectives of this work was to assess the
impact that possible changes in the particles occurring during
their degradation in biological media could have on their
heating properties under the exposure to both an AMF and an
NIR light. For this purpose, it was then fundamental to
perform a detailed characterization of the particle’s properties
along the transformation process.

The degradation procedure was mimicked by placing the
two types of particles in a citrate buffer medium (at pH 2.5).
Although the lysosomal pH was reported to be 4.5,% in the
past, stronger acidic media (up to pH = 2.5) were used to
speed up the degradation procedure in order to reduce
significantly the time needed to observe transformations.'” In
this work, the MNPs ([Fe] = 0.5 mg/mL) were placed in
microcentrifuge tubes and maintained at 37 °C in a
thermomixer under continuous mixing conditions during 24
days (Figure 2A). Tubes were removed from the thermomixer
at selected times to perform the characterization of the
colloidal suspensions. Some techniques were only used until
shorter times, below 24 days, due to limitations associated to
the detection of very small particles or iron ions in the
suspensions along the degradation process. The specific time
frame in which each technique was used is specified along the
text.

An initial characterization of the particles at pH 2.5 was
performed (Figure S1). Interestingly, although the hydro-
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Figure 2. Nanoparticle degradation process. (A) Schematic
representation of the degradation experiment. (B) Photos of the
nanoparticle suspensions at different times during the degradation
process. (C) G parameter values from images acquired at different
times during the degradation process.

dynamic size of NPs@PMAO was very similar in water and in
the citrate buffer (20.2 and 24.0 nm, respectively), a bigger
change was observed for NPs@DMSA, in which the
hydrodynamic size increased from 67.3 to 119.9 nm, indicating
the aggregation of the particles in these conditions. Measure-
ments of the {-potential values at pH 2.5 indicated a small
reduction of the negative charge for NPs@PMAO, from —32.7
to —26.6 mV, and a larger one for the NPs@DMSA ones, from
—30.7 to —15.5 mV.

The degradation procedure was followed by naked eye just
through the color change occurring in the colloidal suspension.
The liquid color changed from dark brown at the initial time
point to yellow in the complete degradation step (Figure 2B;
see Figure S2 for the degradation results at pH 4.5). This color
transformation was monitored in a more quantitative way
through the RGB (red, green, and blue) parameters that
describe the suspension color up to day 15.°° Images of the
suspension were acquired with a mobile phone and analyzed
with a dedicated app able to determine particle color RGB of
the suspension using always the same lightning conditions.
This color analysis has been used in the past to monitor
changes on iron oxide nanoparticle concentration.”® In this
case, we found that the G parameter was a valid indicator of
the particle transformations. In particular, this parameter
reached a saturation value of 220 + 14 two days after the
degradation started for NPs@DMSA, while it kept increasing
from 127 + 10 to 195 + 4 up to day 15 of the experiment for
NPs@PMAO (Figure 2C), indicating a still ongoing
degradation for the particles with the polymeric coating. The
faster degradation of DMSA in comparison with other coatin_gs
was previously reported in the literature in in vivo studies.”

A drop of the suspension was collected every 24 h and
prepared for TEM analysis (Figure 3). Micrographs obtained
the first day of the degradation process showed a reduction of
the average particle size of NPs@PMAO, resulting in a broader
particle size distribution with an average size of 8.6 + 2.4 nm.
In contrast, that same day, the particle size reduction of the
NPs@DMSA sample was so large that no particles were
observed on the grid. Only a few very small particles could be
hardly perceived in the observation conditions. However, given
the fact that TEM acquires information at an extremely local
level, it was hard to discern if the degradation was complete or
a small percentage of particles remained in the sample. A
similar behavior was observed for NPs@DMSA at day 15 of
the degradation experiment; none of the initial particles were
observed. Interestingly, for the sample NPs@PMAO, still a
broad distribution of particles sizes was observed at day 15,
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Figure 3. TEM images, histogram, and size normal distribution
function of MNPs at different times during the degradation process.

resulting in an average size of 8.8 + 2.5 nm. It had to be
considered that particles with sizes below 1 nm would have
been easily neglected in the particle size measurement analysis
given the resolution limits of the microscope and the presence
of organic matter that complicated the observation of such
small sizes.

As mentioned above, TEM is a very local technique that did
not allow getting a complete picture of the transformation
occurring to the whole sample. Moreover, while TEM analysis
at day 1S revealed no presence of particles in the case of the
NPs@DMSA sample, suggesting a complete degradation, that
was not the case for the NPs@PMAO sample, in which smaller
(~9 nm diameter) particles were still detected at that time
point. Therefore, to obtain information at longer degradation
times and to have a more general picture of the degradation
process at the whole sample level, a detailed magnetic
characterization was performed. These measurements allowed
tracking particle size transformations using a bigger amount of
material and thus providing global information about the
sample.

Two types of magnetic measurements were performed (AC
magnetic susceptibility measurements varying the temperature
and field-dependent magnetization curves at 300 K) at
different time points along the degradation process of NPs@
PMAO and NPs@DMSA (Figure 4).

In the AC magnetic susceptibility measurements, in all cases,
the typical maxima in both the in-phase and out-of-phase
susceptibility components, which serve as a fingerprint of the
presence of MNPs in complex matrices, were observed.”® The
temperature locations of such maxima, being at slightly lower
temperatures for the out-of-phase component in comparison
with the in-phase one, were indicative of a magnetic relaxation
process.”” Therefore, in order to focus on the temperature
locations of the susceptibility maxima along the degradation
process, the results were scaled to their maxima (Figure 4A).
This type of representation facilitates tracking the changes in
temperature locations of the susceptibility maxima informing
about the transformations occurring along time.

In the NPs@PMAO sample, a shift in the temperature
location of the out-of-phase susceptibility maxima from 170 K
at the initial time point to 110 K at 15 days was observed, in
agreement with the smaller particle sizes observed by TEM at
that time point. Furthermore, transformations continued for
longer times, with the out-of-phase susceptibility maximum
located at 90 K at 24 days and indicating an ongoing
degradation process. In contrast, in the NPs@DMSA sample, a
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Figure 4. Magnetic characterization of nanoparticle suspensions
during the degradation process. (A) In-phase y'(T) and out-of-phase
x"(T) normalized magnetic susceptibility components of the MNPs
during the degradation process to observe the differences between the
temperatures corresponding to maximum of the signal at different
degradation times. (B) In-phase »'(T) and out-of-phase y"(T)
magnetic susceptibility components of the MNPs during the
degradation process. (C) Field-dependent magnetization (room
temperature) of MNPs at different degradation times.

larger shift (from 170 to 60 K) was already reached 1 day after
the degradation process started. At that time point, an
additional paramagnetic contribution was observed in the
NPs@DMSA sample. The paramagnetic contribution is
described by a Curie law behavior that results in a signal
that decreases when increasing the telnperature,30 and this is
easily observed at the lowest temperatures. This paramagnetic
contribution indicated the release of iron atoms from the
particle, probably forming a complex with the citrate molecules
present in the degradation media. In fact, for the NPs@DMSA
sample at the 15 days time point, the main contribution to the
magnetic signal was coming from paramagnetic species and not
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from the initial nanoparticles. In the case of the NPs@PMAO
sample, a weak paramagnetic contribution was only observed
at the 24 days’ time point. This observation did not mean that
no iron atoms were released from the particles before that time
point; only their magnetic signal per iron atom, much lower
than that of the magnetic particles, was under the detection
limits of the technique until that time point.

When plotted per mass of sample, the height of the out-of-
phase susceptibility maxima acts as a surrogate measurement of
the amount of iron in the form of particles in a given sample.”®
In the degradation experiment, a reduction of the out-of-phase
susceptibility maxima height along time was observed for both
samples. In agreement with the TEM observation, the
observed results indicated the decrease of the amount of
particles present in the sample as a consequence of the
degradation processes. Moreover, the degradation speed
identified by the analysis of the out-of-phase susceptibility
per mass of iron also revealed a faster degradation for the
NPs@DMSA sample when compared to the NPs@PMAO
one.

The faster degradation of the NPs@DMSA sample was also
clearly visualized in the analysis of the field-dependent
magnetization curves, where the saturation magnetization
value per mass of iron was =107 A mz/kgl;e at the initial
time point for both samples and quickly decreased for the
NPs@DMSA sample to 3.7 A m*/kgg, just 1 day later, with the
reduction of the M values along time much slower for the
NPs@PMAO sample (48 A m2/1<gFe at 1 day) (Figure 4C). In
this case, the results were plotted per mass of iron, in contrast
to the results per mass of magnetite from Figure 1, because the
formation of different iron-containing species prevented the
use of such units.

From all these results, the RGB color variation, the TEM
observations, and the magnetic characterization, it was
concluded that the NPs@DMSA sample degraded much faster
than the NPs@PMAO one. This behavior was possibly
associated to the stronger resistance to degradation of the
PMAO coating in the conditions tested, preventing the
degradation of the iron core.

Effect of the Degradation on the Particle Heating
Properties. It was important to track how the transformations
suffered by the particles over the course of their degradation
process affected their heating properties, especially considering
that in vivo treatments may be repeated several times along
long periods of time, using a single particle administration at
the beginning of the treatment. "

To assess this, the heating produced by the particles when
exposed to an external AMF and a NIR light was measured
along the degradation process (Figure S5). Both the AC
magnetic field and the light power conditions [763.4 kHz and
360 Gauss for the AMF and 4 = 1064 nm and power 1.2 W
(P/A = 32 W/cm?) for the NIR light] were above the biosafety
limits described for these techniques (5 X 10° A/m s*' and 1
w/ cmz,32 respectively). However, these measurement con-
ditions were selected to have a stronger initial heating and
therefore be able to track changes in the particle heating
capacity within a longer time frame, instead of not being able
to track any transformation because of the resolution of our
temperature probes.

In both cases (AMF or NIR light exposure), the degradation
process resulted in a decrease of the heating capacity of both
types of materials. As a result of the faster degradation of the
NPs@DMSA particles, the reduction of the heating properties
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Figure S. Evaluation of the nanoparticle heating capacity during the
degradation process. (A) Magnetic and (B) photothermal character-
ization of MNPs with different coatings at different times of the
degradation process. Suspensions containing always 0.5 mg Fe/mL at
different stages of the degradation process were used for both
techniques. The AMF used in the magnetic hyperthermia measure-
ments had an amplitude of 360 Gauss and a frequency of 763.4 kHz.
The wavelength of the laser light was 1064 nm with a power of 1.2 W
(P/A = 32 W/cm?).

along time was increased for this material when compared to
the NPs@PMAO sample.

Interestingly, the heating properties at the initial time point
for the NPs@PMAO sample were very similar under the
exposure to both an AMF and an NIR light, reaching 22 °C of
temperature increase at 500 s time. This coincidence allowed
us to easily compare the effect that reductions of the particle
size along time had on the heating capacity of the particles in
both situations, either AMF or NIR light exposure. The
analysis of the NPs@PMAO heating performance indicated
that the transformations suffered by the particles had a
significantly higher effect in the magnetic hyperthermia
experiments when compared to the photothermal ones. One
day after the degradation experiment started, the increase in
temperature produced by the NPs@PMAO particles was
reduced by 45% in the magnetic hyperthermia experiments,
while a much smaller reduction, only 4.5%, was measured for
the photothermal experiments. Moreover, at day 15 of the
degradation experiment, the heating of the particles was
reduced by 78% for the magnetic hyperthermia experiments
and 48% for the photothermal ones.

In the case of the NPs@DMSA particles, at the initial time
point, the heating capacity under NIR exposure was
significantly higher than that under the exposure to an AC
magnetic field. We assume that this behavior could be due to
the aggregation of the DMSA-coated MNPs.”' Following the
same trend observed for the NPs@PMAO ones, the impact of
the degradation was much higher on the magnetic hyper-
thermia experiments in comparison with the photothermal
ones.

In the frame of magnetic hyperthermia, it was previously
described that small fluctuations on the particle size or particle
size distribution have a strong impact on the heating properties
of iron oxides,** and our results agree with such observations.
In contrast, in the frame of photothermal experiments, not so
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many studies have evaluated the role that particle size has on
the heating properties of iron oxides, and in some cases, the
obtained results are contradictory and remain under study.’* If
the photothermal heating is related to the band structures of
magnetite/maghemite,” size should not have a strong impact
on the heating, and the changes observed in this work would
be attributed to a decrease in the total amount of magnetite/
maghemite mass in the sample due to the formation of other
iron-containing species, related to the paramagnetic contribu-
tions observed in the magnetic characterization data (Figure
4). Our observations indicated a smaller influence of the
particle size on the heating properties of particles when
exposed to an NIR light than to an AMF, pointing to the fact
that the particle degradation along time could have a smaller
impact on photothermal therapies in magnetic hyperthermia
treatments when performed along long periods of time after
particle administration.

In Vivo Tracking of Particle Transformations. The
impact of the degradation process was proved to be critical for
the particle heating properties. Nevertheless, a simulated
degradation in test tubes will never be able to mimic
completely the in vivo scenario. Therefore, the NPs@PMAO
sample was selected for the in vivo analysis to evaluate the
degradation speed of this material in tissue samples. All
previous results indicated the faster degradation rate of NPs@
DMSA nanoparticles, indicating that the polymeric coating
alternative may be more resistant to degradation and therefore
more adequate for treatments in which repeated exposures of
the animal to the AMF or the NIR light are required.

As discussed before, magnetic susceptibility measurements
were selected as an adequate characterization technique, given
their capacity to analyze large portions of animal tissues (even
complete organs in the case of mice), to track changes in
particle size and amount, and to distin%uish MNPs from
endogenous iron-containing species.27’2 3% NPs@PMAO
particles were intratumorally administered to a xenograft
mouse model bearing a pancreatic tumor in one flank. Animals
were sacrificed at different time points after the MNP
administration and tumor tissues were collected and analyzed
magnetically. The analysis of the temperature dependence of
the magnetic susceptibility presented the typical behavior of a
relaxation process of MNPs already described in the analysis of
the degradation in the previous sections.

Interestingly, in contrast with the observations in the
simulated lysosomal medium, in this case, minor changes in
the temperature-dependence susceptibility profiles were
observed in the tumor tissues collected at the three different
time points analyzed (2 h and 15 and 30 days after the MNP
administration). These “almost” overlapping profiles when
scaled to their maximum value (Figure 6A,B) indicated that no
major transformations of the particles average size had
occurred along 1 month. Indeed, in both cases, a minimal
shift of the temperature location of the susceptibility maxima
was observed for both coatings. These results are probably
linked to a very small increase of the degree of dipolar
interactions among the particle magnetic cores, which could be
associated to the degradation of the coatings. In the past, some
works have reported the biosynthesis of MNPs after
degradation processes in stem cells;*”** however, given the
small differences observed here, this possibility is very unlikely
in this case.

Nevertheless, it was also important to analyze the same
susceptibility data but plotted per mass of tissue (Figure
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Figure 6. Tissue analysis for the identification and quantification of
MNPs (A—E in tumor tissues and F in liver). (A,B) Temperature
dependence of the AC magnetic susceptibility profiles of tumor
tissues collected at different time points scaled to the maxima value in
order to evaluate the particle transformations over time. (C,D) Same
results as in panels (A,B) but represented per mass of tissue to
evaluate transformations in the amount of particles in the tumors. (E)
Iron mass in the form of particles in the tumor tissues collected at
different time points, calculated from the out-of-phase susceptibility
data represented in (D). (F) Temperature dependence of the AC
magnetic susceptibility profile of liver tissues collected at different
time points.

6C,D). In such a case, a clear trend of a decrease of the
susceptibility maximum height along time was observed in
both the in-phase and out-of-phase components. In this type of
representation, the height of the susceptibility is a surrogate
value of the amount of particles present in the tissues. In fact, it
was also possible to quantify the amount of particles in the
tumor, assuming that minor transformations had occurred and
using as “calibration standard” the signal coming from the
administered particles. Using the 150 ug of particles intra-
tumorally injected to the animals as total, only 31% of that
dose was found 2 h after the administration. Taking that value
as the initial amount of particles in the tumor, then, the
percentage of remaining particles from that initial value
observed in the tumor decreased until 26% at 30 days after
the administration (Figure 6E).

Taken together, the results from the magnetic character-
ization of the tumor samples indicate that although the number
of particles decreased along time after their administration, no
transformations in the average particle size of particles
occurred. In order to explain this, two possible alternatives
(or a mixture of both) could have occurred.

One possibility could be that particles could have leaked
from the injection site in the tumor tissue to other organs. In
fact, intratumoral administration may lead to the location of
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particles in the periphery of the tumor’” and in many cases in
the extracellular matrix."” This inhomogeneous distribution of
the particles may be related to their leakage to other organs. In
fact, previous works have shown that intratumoral admin-
istration of MNPs may lead to their initial accumulation also in
the liver and the s.pleen.41 However, as far as we know, the
continuous transference of particles from the tumor to other
organs along time has not been studied in detail yet. Some
studies have also described cycles of uptake/release of particles
in tumor cell lines.*” Release of the particles from the cells
could have also occurred in our case, transferring the particles
to other organs. In fact, in this case, the presence of magnetic
particles was detected in liver tissues 1 month after the particle
administration probing that some particles had migrated to
that organ (Figure 6F). However, the limited number of
animals used in this work does not allow to confirm if the
presence of particles was produced by a leak along time of the
particles to other organs or was a consequence of a non-
homogeneous particle distribution resulting from a small initial
leak caused during the intratumoral administration (see the
different orders of magnitude of the susceptibility data between
livers and tumors).

The second possibility could be a heterogeneous degrada-
tion of the particles, meaning that not all the particles were
degraded simultaneously but in a sequential manner. This
behavior has already been described in the past in cell culture
models evaluated during periods of times of days. Mazuel et al,,
using stem cell spheroids, described an “all-or-nothing”
degradation, meaning that nanoparticles were either totally
dissolved or wholly intact.*> Our group also found a similar
“all-or-nothing” degradation behavior in vitro.® However, a
more heterogeneous degradation of the particles has been
reported when analyzing animal model tissues over longer
periods of time (weeks or months).***°

Indeed, both possibilities could have also been occurring at
the same time, and further studies will be necessary to
elucidate the exact mechanism that explains the decrease of the
number of “intact” particles in tumor tissues along time.

Anyway, the degradation process observed in vivo was
significantly different from the degradation that occurred in the
medium mimicking lysosomal conditions. This difference had
also been observed by previous works using MPI (magnetic
particle imaging) to track the degradation of MNPs."’
Therefore, in order to reduce the number of animal
experiments, further work should be performed aiming to
generate artificial degradation conditions that simulate more
accurately the media responsible for the particle degradation in
vivo.

Furthermore, our results were fundamental in relation to a
key aspect of the development of future cancer treatment
plans: the number of AMF exposures and MNP admin-
istrations. A recent review on magnetic hyperthermia
preclinical methodology revealed that there was no %olden
standard regarding the number of AFM exposures."” The
results obtained with the NPs@PMAO particles pointed to the
idea that if a single MNP administration is performed and
several applications of the AMF are included in the treatment
scheme, a reduction of the treatment efficacy along time may
occur, mainly due to the decrease of the number of NPs
available in the tissue but not because of their size or
aggregation transformations over time. These observations
highlight the need for monitoring the MNP “disappearance”
speed to be able to adjust the therapeutic dose with “booster”

MNP re-administrations at certain time points before the re-
exposure to the AMF. This could have a significant
repercussion on the patient’s treatment, depending on the
MNP administration route. Until now, most of the preclinical
studies on magnetic hyperthermia for cancer treatment
(~80%) used intratumoral administration.'® This is the
preferred route in animal studies as it allows a significant
amount of the particles to be delivered to the tumor area.
Furthermore, in most cases, animal models generally used are
heterotopic models, where the tumor implantation is generally
performed subcutaneously in the animal flank, therefore
assuring the easy access for a direct intratumoral admin-
istration. Nevertheless, going one step further, the direct
intratumoral administration of the particles in human patients
may result a more complex task, especially when thinking of
internal organs affected. In such a case, a single MNP
administration requiring some kind of surgery could be
bearable if the benefits of the treatment outweigh the risks.
However, the need for repeated intratumoral administrations
may be a challenge for the medical practice, increasing the risks
associated to the treatment and definitely resulting uncomfort-
able for the patients.

Therefore, we believe that further preclinical work is needed
to estimate the clearance of particle speed over time after
intratumoral administration, paying especial attention to the
physicochemical properties of the material, especially the
coating. Thicker coatings with longer times of intact
permanence in the tumor may be the clue for successful
future cancer treatments.

Bl CONCLUSIONS

When placed in an acid medium mimicking lysosomal
conditions, DMSA-coated MNPs degraded much faster than
PMAO-coated ones. The transformations that particles
suffered along this degradation process had a big impact on
their heating properties when exposed to either an AC
magnetic field or an NIR laser light, lowering their heating
capacity when the particles degraded. This reduction of heating
capacity was significantly higher for the case when the heat was
produced by the AC magnetic field in comparison with the
NIR laser light, suggesting that the particle degradation could
have a stronger impact in magnetic hyperthermia treatments in
comparison with photothermal therapies.

When tested in vivo, the particle’s evolution over time was
found to be different from the experiments in an acid medium
mimicking lysosomal conditions. After intratumoral injection
of PMAO-coated particles, the number of particles decreased
over time along 1 month after the particle’s administration;
however, their size did not change much. It is foreseen then
that the particles coming from a single particle administration
would preserve their heating properties at least 1 month after
their administration. Nevertheless, given the decrease on the
number of particles over time, a repetition of the treatment 1
month after the administration would probably not be as
efficient as at the initial time point.

This work helps understanding the dynamics of particle
transformations in vivo and their impact on the design of
therapeutic strategies using the production of heat by MNPs in
the frame of cancer treatments.

B MATERIALS AND METHODS
Nanoparticle Synthesis. Iron oxide MNPs were synthetized by a
seed-mediated thermal decomposition method using an iron(III)
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acetylacetonate (Fe(acac);) precursor in the presence of oleic acid
(NPs-OA).*® To generate a hydrophilic surface, the resulting oleic-
acid-coated MNPs were modified using two different strategies, an
amphiphilic polymer and a small acid. As a first approach, the
nanoparticles were coated with an amphiphilic polymer (polymaleic
anhydride-alt-1-octadecene (PMAO, MW 30,000—50,000 Da))
(NPs@PMAO). Using this protocol, the long hydrophobic aliphatic
chains of the polymer intercalate with the oleic acid chain than covers
the nanoparticles. As a second approach, 2,3-dimercaptosuccinic acid
(DMSA) was used as an iron oxide nanoparticle coating. A procedure
of ligand exchange previously described in the past was required to
achieve this.*” The DMSA molecule was coordinated to the surface of
the particle replacing the oleic acid coating (NPs@DMSA).

Degradation Process. The nanoparticle degradation with
different coatings was evaluated for 24 days. The nanoparticles were
dispersed in a citrate buffer solution (from Sigma-Aldrich) at 100
mMol (iron concentration 0.5 mg/mL). This solution was incubated
in a thermomixer (Thermomixer Comfort, Eppendorf) at 37 °C using
one microtube (1.3 mL) for each time point. In order to accelerate
the degradation process, a more acidic pH (pH = 2.5) was used. The
incubation was kept under stirring (1000 rpm) to prevent the
nanoparticle precipitation during the experiment. Samples were
collected along the degradation process at different time points (0,
1,2,3,4,7,8,9, 11, 15, and 24 days) for the subsequent evaluation of
the particle transformations with different techniques. Different time
points were characterized depending on the technique used for the
nanoparticle analysis, and the details are described in the next section.

Nanoparticle Characterization. Before starting the degradation
procedure, some basic physicochemical characterization of the
particles was performed. The hydrodynamic diameter and zeta
potential at pH = 7 and 2.5 of the nanoparticle suspension were
measured in a Zetasizer Nano ZS (Malvern). The coating
composition was analyzed by Fourier-transformed infrared spectros-
copy in an FTIR instrument (FT/IR-4100, JASCO). A nanoparticle
suspension (100 L) at 0.1 mg/mL was placed into a quartz cuvette
(3 mm optical path), and absorbance spectrums were acquired on a
UV—vis—NIR Spectrophotometer (JASCO V670) in a wavelength
interval between 600 and 1200 nm.

Three different techniques were used to track the physicochemical
properties of the particles at different time points along their
degradation: RGB analysis, TEM, and magnetic measurements. First,
the nanoparticle transformation during the degradation was also
studied by the suspension color. Images were acquired with a
smartphone “Samsung J3” (at 0, 1, 2, 3, 4, 7, 8, 9, 11, and 15 days)
using the ColorGrab app (v 3.6.1 Loomatix Ltd.) with controlled
lightning conditions. RGB coordinates were analyzed as a function of
time.”® Then, the nanoparticle size and shape were measured at 0, 1,
and 15 days of the degradation through TEM observations. Samples
were prepared by placing a drop of the diluted suspension onto a
carbon-coated grid and allowing it to dry at room temperature.
Images were acquired on a Tecnai G2 TEM (FEI) operated at 200
kV. Finally, the influence of the degradation in the particle magnetic
properties was studied through AC magnetic susceptibility measure-
ments as a function of temperature and field-dependent magnetization
at 300 K. A volume (100 uL) of the solution was collected at different
time points along the degradation process (0, 1, 15, and 24 days; 24
days only for NPs@PMAO). The liquid suspension was placed inside
a cotton ball, allowing it to dry. Then, this piece of cotton was placed
in a gelatin capsule for the magnetic characterization. Magnetic
measurements were performed in a Quantum Design MPMS-XL
SQUID magnetometer. AC magnetic susceptibility measurements
were performed with a field amplitude of 326 A/m and a frequency of
11 Hz, and the field-dependent magnetization was measured at 300 K
with a maximum field of 1600 kA/m.

Evaluation of Nanoparticle Transformations on Their
Heating Capacity. The nanoparticle heating capacity was studied
by magnetic hyperthermia and photothermal conversion measure-
ments during the degradation process. For this, a volume of 1 mL of
suspension was collected at different time points of the degradation
experiment (0, 1, 2, 3, 4, 7, 8, 9, 11, and 1S days). Magnetic

hyperthermia measurements were performed using commercial
equipment (DS Series, nB nanoScale Biomagnetics). The suspension
(1 mL) was placed into a glass vial located at the center of the
magnetic induction coil inside an isolating holder. The temperature
increase over time was recorded at a frequency of 763.4 kHz and a
magnetic field amplitude of 360 Gauss using a fiber optic sensor.

The photothermal conversion was evaluated by temperature
variation of the solution under the exposure to an NIR light. The
same nanoparticle suspension used for the magnetic hyperthermia
characterization (1 mL) was placed into a quartz cuvette (1 cm
optical path) with magnetic stirring to prevent the nanoparticle
precipitation and to homogenize the temperature in the solution. The
sample was irradiated during 10 min (Laser Quantum, mpc6000/
Ventus 1064 of A = 1064 nm and beam diameter 2.2 mm) using a
power of 1.2 W while recording the suspension temperature with a
thermocouple T-type coupled to a Datalogger USB (TC Direct).

In Vivo Experiments and Tumor Tissue Characterization. Six
immunodeficient mice, pathogen-free female athymic nude mice
(Hsd:Athymic nude-Foxnlnu), 6 weeks old, were purchased from
Envigo Laboratory and maintained in the Animal facilities of the
Centro de Investigaciones Biomédicas de Aragon (CIBA, IACS-
Universidad de Zaragoza). Before any procedure, mice were held 1
week after arriving for acclimation. Animals were maintained
according to the institutional animal use and care regulation of the
CIBA. All animal experiments were conducted according to the law
RDS53/2013 and approved by the Ethics Committee for animal
experiments from the University of Zaragoza, which is an accredited
animal welfare body.

Animals were inoculated with human pancreatic cancer cells (MIA
PaCa-2 cells, S million). Then, when the tumor grew to sizes ~0.1
mm?, 150 ug of iron in the form of NPs@PMAO suspended in PBS
was injected intratumorally using a 30 G needle. Mice were then
divided randomly into three different groups, one group for each time
point for the sacrifice, 2 h and 15 and 30 days after the particle
administration. Mice were euthanized by cervical dislocation.
Subcutaneous tumors from euthanized mice were removed and
freeze-dried in a Telstar cryodos-50 during 24 h. Dried tumors were
then placed into gelatin capsules for the magnetic characterization.
AC magnetic susceptibility measurements of tumor tissues were
performed in the same experimental conditions as described above for
the particle suspensions.
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