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ABSTRACT

Herein, by studying a stepwise phase transformation of 23 nm FeO-Fe3O4 core-shell nanocubes
into Fe;O4, we identify a composition at which the magnetic heating performance of the nanocubes
is not affected by the medium viscosity and aggregation. Structural and magnetic characterizations
reveal the transformation of the FeO-Fe;Os4 nanocubes from having stoichiometric phase
compositions into Fe?" deficient Fe3O4 phases. The resultant nanocubes contain tiny compressed
and randomly distributed FeO sub-domains as well as structural defects. This phase transformation
causes a tenfold increase in the magnetic losses of the nanocubes, which remains exceptionally
insensitive to the medium viscosity as well as aggregation unlike similarly sized single-phase
magnetite nanocubes. We observe that the dominant relaxation mechanism switches from Néel in
fresh core-shell nanocubes to Brownian in partially oxidized nanocubes and once again to Néel in
completely treated nanocubes. The Fe?" deficiencies and structural defects appear to reduce the
magnetic energy barrier and anisotropy field, thereby driving the overall relaxation into Néel
process. The magnetic losses of the particles remain unchanged through a progressive
internalization/association to ovarian cancer cells. Moreover, the particles induce a significant cell
death after being exposed to hyperthermia treatment. Here, we present the largest heating
performance that has been reported to date for 23 nm iron oxide nanoparticles under cellular and
intracellular conditions. Our findings clearly demonstrate the positive impacts of the Fe*"
deficiencies and structural defects in the Fe;O4 structure on the heating performance under cellular

and intracellular conditions.
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Anisotropically shaped magnetic nanoparticles have attracted great attention in the last few years
especially with regard to magnetic hyperthermia (MH) and magnetic particle imaging (MPI)
applications.!™ Magnetic nanoparticle mediated MH is an emerging therapeutic approach which
induces cancer cell death through heat damage, which has succeeded in retreating brain tumors in
clinical trials.>® Iron oxide based nanoparticles are an indispensable candidate for MH due to their
biocompatibility (i.e. they are FDA approved) and biodegradability.” There has been significant
progress in controlled syntheses of spherical, cubic, star-, and octapod-shaped iron oxide
nanoparticles thanks to advancements in the thermal decomposition of organometallic
precursors.> 16 Over the last few years, a fairly good understanding of how the particle’s
morphological features depend on the synthesis conditions has been also acquired.

The thermal decomposition of iron-oleate, pioneered by Hyeon et al.,® is one of the most studied
synthesis procedures due to its versatility and scalability. The biggest drawback of this synthesis
is the formation of antiferromagnetic (AFM) FeO-ferrimagnetic (FiM) Fe3O4 core-shell (CS)
particles caused by the reductive chemistry of the decomposition reaction.!”* Such core-shell
nanoparticles, synthesized using iron-oleate? or other iron precursors,?® have been characterized
by a variety of advanced methods. It is known that the FeO phase deteriorates the overall
magnetization of the particles, thus jeopardizing their hyperthermia efficacy. There have been
handful of studies on resolving the issue by attempting to directly fabricate single Fe3O4 phase
particles.?”-?® Recently, Chen et al.?’ have modified the iron-oleate decomposition pathway by
adding aromatic ethers as co-solvents and synthesized single phase ferrimagnetic spherical
nanoparticles. Unni et al.’*® have shown that, by adding molecular oxygen to the reaction’s
protective gas during the decomposition reaction, semi-spherical single phase iron oxide

nanoparticles can be formed. Alternatively, other studies have also shown post-synthesis
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oxidations of the FeO-Fe304 CS particles,!! mostly at elevated temperatures in organic media.’! It
has been shown that structural defects like anti-phase boundaries in as-prepared and annealed
particles form small domain-like regions, which account for the reduction in both the magnetic
moment and the heating performances.?’

An equally crucial feature of magnetic nanoparticles for use in intracellular hyperthermia is that
they need to generate sufficient heat in the cellular space, regardless of whether they are immobile
(intracellular viscosity #=50-140 mPa-s)** or clustered within endosomes. Recent studies have
shown that the magnetic losses of particles strongly depend on their environment e.g. the
immobilization and clustering and will be dramatically reduced (up to 90%) depending on the
particle size, chemical composition, and aggregation inside the live cells.>*® Cabrera et al.** have
exploited alternating-current (AC) hysteresis loop measurements to demonstrate that 24 nm
magnetite nanocubes lose their high specific absorption rate (SAR) nearly entirely when dispersed
in viscous media (~100 mPa-s). Theoretical studies have also described how the viscosity
influences the magnetic heat dissipation of nanoparticles.>>*' It would appear that magnetic
nanoparticles with a perfect crystal structure and high magnetic anisotropy, thus relaxing via the
Brownian mechanism, do not adequately fulfill intracellular hyperthermia requirements. In an
attempt to overcome the intracellular magnetic losses and degradation, 15 nm aminosilane-coated
iron oxide nanoparticles have been directly injected at the tumor site which aggregated and stayed
in place for multiple treatments.** Although 15 nm nanoparticles are less dependent on the medium
viscosity, they generate considerably less magnetic heat than bigger nanoparticles.***>* Thus far,
despite being a highly relevant criterion, very few studies have been dedicated to engineering the
magnetic relaxation mechanisms of iron oxide nanocubes in order to fabricate heat mediators,

which generate large heat and concomitantly preserve it inside the cells. Moreover, the fact that
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the magnetic nanoparticles that are utilized in intracellular MH and MPI experiments share the
same nanomagnetism principles highlights the importance of designing novel magnetic
nanoparticles as MPI/MH theranostic agents.**** To this end, nanoparticles should be fabricated
so that they can efficiently maintain the heating capacity in the intracellular environment. To date,
there have not been any reports on such a particle system that can accomplish this. This poses an
intriguing question: could compositional deficiencies and structural defects in the particles favor
their heating capacity into biological matrices?

In this study, we tackle this specific question by performing a stepwise thermal treatment and phase
transformation of 23 nm FeO-Fe304 CS nanocubes. The nanocubes transform from a CS structure
to an Fe?" deficient Fe;04 phase, which have compressed FeO sub-domains and defects, through
the thermal process. The SAR of the nanocubes increases significantly, yet it remains insensitive
to the medium viscosity, clustering, and internalization to cells, unlike similarly sized iron oxide
nanocubes that are produced via direct methods. Our findings demonstrate that the Fe?*
deficiencies and structural defects drive the overall relaxation to Néel rather than Brownian and
hence favor the heating performance of the nanocubes in cellular or viscous environments.
Highly uniform FeO-Fe3Os CS nanocubes with an edge length of 23 nm were synthesized by
thermal decomposition of iron-oleate (Figure S1, refer to the electronic supporting information
(ESI)).%!® The nanocubes were thermally treated at 80°C for set time intervals after being coated
with polyethylene glycol (PEG) derivative polymers and being transferred into water (ESI, Scheme
1, and Table 1). Dynamic light scattering (DLS) measurements confirm that the particle’s
hydrodynamic size remains unchanged throughout the entire thermal treatment process in water
(Figure S3, ESI). The magnetic heating performance of the particles, which was evaluated with

the calorimetric measure of the SAR quantity, increases significantly as the particles are thermally
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treated. The SAR, measured at 301 kHz and 24 kA/m, soars from 15 to 382 W/gg. upon 48 h of
treatment (Figure la, a typical calorimetric SAR measurement is plotted in Figure S4). The SAR
values obtained for aliquots taken at intermediate time intervals increase stepwise, suggesting a
gradual shrinkage of the FeO and an enlargement of the Fe3O4 domains, respectively, as a result
of a longer thermal treatment. The observed improvements are to be expected since the FeO phase
is paramagnetic at room temperature and therefore it scarcely contributes to the magnetic losses
(Scheme 1).

Scheme 1. Evolution of the structural, compositional, and magnetic configurations of the
nanocubes through the thermal treatment process. The different spin colors indicate differently

oriented domain-like regions.
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To elucidate the governing magnetic relaxation mechanism at each oxidation stage, we first
performed SAR measurements at different medium viscosities (1) and matched these results with
the results of the ac-susceptibility (ACS) measurements. These measurements enabled us to
distinguish the Néel relaxation, which occurs when internal magnetic spins rotate from the

Brownian relaxation which, in turn occurs through the rotation of the whole particle. The particles
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were dispersed in 58.5:41.5 wt%, 27.2:72.8 wt%, and 15.7:84.3 wt% water-glycerol mixtures,
corresponding to a mean 5 of 3.8, 23.0, 97.3 mPa-s.>* Remarkably, the 1023/48 sample shows only
a 15 to 18% drop in the SAR value at 301 and 100 kHz, respectively, when the viscosity increases
by nearly two orders of magnitude, whereas the drop in the SAR value in the intermediate 1023/24
sample is significantly larger despite having a smaller magnetic volume ¥V, (Figure 1b). These
results demonstrate that the 1023/48 nanocubes relax more dominantly via the Néel mechanism
than the intermediately treated nanocubes. Note that the time constant 7, depends exponentially
on both the anisotropy constant K and the particle magnetic volume V, (Eq. S10), and is
independent of #. This seems counterintuitive to one’s expectation, implying that particles with a
larger V., relax predominantly via the Brownian mechanism, in which the time constant 75 depends
linearly on both # and the particle hydrodynamic volume V (Eq. S9), therefore responding more
drastically to #. The promising viscosity-independent magnetic heating performance of the
1023/48 sample is remarkable considering there is nearly a 100% SAR drop over a similar
viscosity range for 24 nm magnetite nanocubes that are synthesized via a different heat-up

protocol.*

The findings suggest that the relaxation mechanism of the nanocubes is governed by
other structural features, not just by the apparent physical sizes, which despite their subtlety are
decisive.

To further verify the SAR results by applying magnetic measurements, AC hysteresis loops were
recorded at 200 kHz for the 1023/48 nanocubes that were dispersed in similar water-glycerol
mixtures. No significant changes in the hysteresis loop area (4) were observed when 7 was

increased by two orders of magnitude, confirming that the SAR (i.e. proportional to Axf)* is

marginally dependent on the particle immobilization (Figures 1c¢ and S5). The viscosity effect,

ACS Paragon Plus Environment



oNOYTULT D WN =

Nano Letters

however, became more significant when lower field intensities were applied (Figure S6), which is
in agreement with recent findings.*’

The effect of particle clustering on the heating efficiency was further probed by increasing the
particle’s hydrodynamic size by adding BSA protein to the dispersion and recording the AC loops
at 100 kHz (Figure 1d, Table S1). The hysteresis loop area 4 of the 1023/48 nanocubes drops
merely by 34% when d), increases from 74 to 114 nm, but it remains virtually constant for §10 nm
clusters (Figure S5). Although the 1023/48 nanocubes reveal slightly higher aggregation effects

on the SAR than the 20 nm maghemite nanoparticles reported by Ovejero et al.,*®

it is significant
to highlight that the SAR of the 1023/48 in the aggregated state is two times higher than that of
maghemite nanoparticles. The stronger aggregation effect is likely attributed to the larger core size
of the 1023/48 nanocubes, which results into stronger intra-aggregate magnetic dipolar
interactions. The maximum magnetization (M.) and remanence magnetization (M,) reduce by
20% as bigger clusters are formed. This indicates that the intra-aggregate dipole-dipole interactions

lead to demagnetizing configurations in the clusters.

Table 1. Sample names, treatment conditions, edge length (L.), number-weighted hydrodynamic
diameter (d5), polydispersity index (PDI), lattice constants (ars and as), and weight fraction of

FeO and Fe3;04 phases extracted from TEM, DLS, and Rietveld analyses, respectively.

name L. (nm) time(h)/temp.(°C) du(nm)/PDI ags/as(A) FeO/Fe304 (Wt%)
1023/0 23 0/--- 43(3)/0.17  4.270(5)/8.432(5) 53(3)/47(3)
1023/3 23 3/80 40(1)/0.14  4.259(5)/8.420(5) 36(3)/64(3)
1023/6 23 6/80 40(2) /0.15  4.259(5)/8.410(5) 29(3)/71(3)
1023/24 23 24/80 41(3)/0.14  ---/8.390(3) 0/100

1023/48 23 48/80 45(3)/0.19 ---/8.385(3) 0/100
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Figure 1. (a) Field dependence of the specific absorption rate (SAR) of 23 nm nanocubes that
underwent the thermal treatment for different time intervals, measured at 301 kHz. (b) SAR
evolution vs. glycerol content (wt%) and #, measured at 24 kA/m and 301, 200, and 100 kHz for
1023/48 and 301 kHz for 1023/24 nanocubes. (c) Effect of the medium viscosity # and (d) the
particle cluster hydrodynamic size d» on AC hysteresis loops of 1023/48 nanocubes, recorded at
200 and 100 kHz, respectively. The samples’ characteristics are summarized in Table 1.

Complex ACS measurements were then carried out on all the samples in water and in water-
glycerol mixtures in order to probe their magnetic relaxation mechanisms as well as their
dependence on 7. The imaginary part y” of the as-prepared CS nanocubes 1023/0 shows an

appreciable double peak spectrum (marked with arrows in Figure 2a). The peak positioned at ca.
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3 kHz can be unambiguously attributed to the Brownian relaxation, whereas the broad hump at
ca.150 kHz is assigned to the Néel relaxation (Figure 2a). This means that in the 1023/0 sample
Ty < Tp, and thus the Néel relaxation dominates. After 3 and 6 h of thermal treatment, the y" peak
becomes symmetric and has no high frequency shoulder, indicating the domination of the
Brownian process (i.e. Ty > 1) in the 1023/3 and 1023/6 samples (Figure 2a). Remarkably, the
x" peak becomes asymmetric towards high frequency regimes in the 1023/48 sample, indicating
that Ty < 75 and hence the Néel process contributes more significantly to the effective relaxation.
The Néel shoulder can be easily appreciated by observing a pronounced double peak spectrum
when the particles are dispersed in #=97 mPa-s (Figure 2b, green markers) wherein the Brownian
and Néel relaxation frequencies are well separated. The peak assignment can be further confirmed
by looking at the ACS spectra that were recorded at different viscosities (Figure 2b). The peak at
3 kHz moves gradually towards lower frequencies as # increases, as is to be expected for the
Brownian relaxation. The hump at 150 kHz preserves its position, which is an intrinsic nature of
the Néel relaxation.

These results suggest that there are intermediate structures (i.e. 1023/6) which behave in a more
magnetically blocked manner than the 1023/48 nanocubes. This is an intriguing phenomenon
which has not yet been reported. These findings fully support the viscosity dependent SAR
behavior wherein a higher SAR drop was detected for the 1023/24. Remarkably, the viscosities
estimated from the fits to the y" spectra (see Eq. S8, Figure 2b) match well with the values
measured using a rheometer (Figure S7, ESI). This confirms the credibility of the applied model.

These phenomena are quantitatively reflected in the magnetic energy barrier quantity KV, which
is derived from modelling the ACS spectra using the modified Debye model (Eq. S5, Figure S8,

ESI). Interestingly, KV, rises from the 1023/0 sample to the 1023/3 and 1023/6 samples,
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indicating a switch in the dominant relaxation mechanism from the Néel to the Brownian
mechanism during the initial oxidation stages (Figure S8). We hypothesize that the Fe;O4 domains
grow towards the core more easily along disordered boundaries and defects, as they offer a higher
ion diffusion rate. This could plausibly lead to the formation of a mosaic crystal structure with
small FeO grains (Scheme 1) rather than a perfect planar growth of the FeO-Fe3O4 interface
towards the core. The Fe3Os domains that formed during the initial stages appear to possess a
short-range cation/magnetic ordering and K quantity, which is closer to the bulk magnetite i.e. 11-
13 kJ/m? 3! This leads to the domination of the Brownian mechanism in the 1023/6 particles. The
KV decreases as the oxidation proceeds further, which is a strong indication of a larger
contribution of the Néel mechanism to the effective relaxation. These trends were also reflected in
the SAR vs. H plots (Figure S9). Noticeably, the SAR already saturates at /=20 kA/m for the
1023/48 sample, whereas it keeps rising linearly for the [023/6 sample. These results indicate that

there is a lower anisotropy field (Hy4, given by H4=2K/M;) and K for the 1023/48 sample than for

the 1023/6 one.
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Figure 2. (a) Real (dashed lines) ' and imaginary (markers) y" parts of complex ac-susceptibility

spectra measured on 1023 sample series in water, and (b) on 1023/48 samples in different
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viscosities (i.e. water-glycerol mixtures). The solid black lines are the best fits to y" using Eq. S5
and S8.

Additional insight was acquired by investigating the crystal structure of the particles using high
angle annular dark field scanning transmission electron microscopy (HAADF-STEM). The
intensity difference observed in the high resolution HAADF-STEM image (Figure 3a) suggests
that the I023/0 nanocubes have a CS structure. The Fast Fourier Transform (FFT) pattern acquired
from the middle of the particle can be indexed to the [100] zone axis of FeO. Instead, the FFT
pattern obtained near the edge can be indexed to the [100] zone of either magnetite (Fe3O4) or
maghemite (y-Fe2O3). The X-ray diffraction (XRD) pattern of the I[023/0 confirms the presence
of both crystalline FeO and Fe3;O4 phases (Figure 3b). The reflection positions coincide with
Feo.9420 (ICSD: 98-002-4696, Rock-salt (RS)) and Fez9604 (ICSD: 98-008-2443, Inverse spinel
(S)), with a FeO:Fe3;04 phase ratio of 53:47 wt% based on the Rietveld analysis (Table 1, Table
S3, and ESI).

The fine structure of monochromated electron energy loss spectroscopy (EELS) is used to
differentiate between Fe?" and Fe** valency, which enables us to distinguish between maghemite
and magnetite. Based on the EELS maps, the core of the as prepared 1023/0 sample contains
88.9+6.2% Fe*" (Figure S10, ESI). The small amount of Fe*" detected at the core most likely
originates from the shell on top and underneath. Near the edge of the nanoparticle, the shell
contains twice as much Fe** (62.1£6.4%) as Fe?", which is characteristic of the Fe;O4 phase. These
findings indicate that the I023/0 nanocubes have a CS structure with sharp AFM-FiM interfaces.
A gradual evolution of the nanocubes from a biphasic system to a nearly single spinel phase after
48 h of thermal treatment can be seen by comparing the XRD patterns (Figure 3b), which were

recorded at different time intervals (see Table 1 for a quantitative phase analysis). The FFT analysis

ACS Paragon Plus Environment

12

Page 12 of 40



Page 13 of 40

oNOYTULT D WN =

Nano Letters

of the high resolution HAADF-STEM image of the 1023/48 sample (Figure 3c) reveals the
disappearance of the CS structure. Nevertheless, it was possible to detect relatively small FeO sub-
domains which had not been observed in the XRD pattern. These domains are randomly distributed
throughout the entire particle, even on the shell (green rectangular in Figure 3c). Anti-phase
boundary defects are also expected in these particles as they survive even higher annealing
temperatures.?*4

From the Rietveld analyses of the XRD patterns, we have discerned that the lattice constants of
FeO (ars, 4.270 A) and Fe304 (as, 8.432 A) in the 1023/0 sample decrease when the treatment time
is prolonged, which is visually apparent through a shift in the reflection positions towards higher
angles (e.g. (311)s, (400)s, and (200)rs reflections). A similar trend has been reported for a
comparable system?® and CoxFe1.xO/CoxFesx04 nanoparticles.*® A decrease in as with respect to
the nominal bulk value of magnetite is expected for Fe;O4, which indicates the release of the lattice
expansion. The drop in the FeO lattice constant is, however, unexpected and suggests an
accumulation of pressure on the FeO sub-domains as the oxidation progresses. This is presumably
caused by the Fe304 domains which grow throughout the particles.*’ The GPa pressure range on
the FeO domains substantially hampers the diffusion of Fe*" towards outer layers, leading to the
survival and migration of the FeO domains through the particles (Scheme 1).2° According to the
EELS valency maps (Figures 3d and 3e), the 1023/48 particles consist mainly of Fe** (84.4+7.1%),
with some leftover Fe?" (ca.16%). Compared with the nominal Fe**/Fe?* ratio in magnetite (i.e.
66% versus 34%), this result suggests ca. 18% Fe?* deficiencies.

Tilt series of HAADF-STEM images of the nanocubes were used as an input for a 3D
reconstruction. It then became clear that the 1023/0 particles have a cubic shape with a smooth

surface (Figure 3f). After the full thermal treatment, the morphology of the particle surface is more
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rough (Figure 3g). It is known that nanoparticles that have a reduced valency, e.g. FeO and CoxFei.-
xO, become bigger when they are oxidized due to the adsorption of a considerable amount of
oxygen.*® The formation of small hills and valleys on the particle surface may be an indication of
particle growth. The shape of the 1023/48 nanocubes falls between a perfect cube and a sphere as
a result of the surface roughness and rounded edges. This leads to the reduction of shape anisotropy
and eventually the effective K and H4 quantities, driving the dominating spin relaxation to the Néel

process and favoring the heating in viscous environments.

Intensity (arb.units)
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Figure 3. (a) High resolution HAADF-STEM image of as-prepared (1023/0) particles: insets are

Fourier analysis diffraction patterns of regions containing FeO and magnetite/maghemite. (b) X-
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ray diffraction patterns of all the samples: (1) 1023/0, (2) 1023/3, (3) 1023/6, (4) 1023/24, and (5)
1023/48. (c) High resolution HAADF-STEM image of the 1023/48 particles: insets are Fourier
analysis diffraction patterns of regions containing FeO and magnetite/maghemite. (d) Fe™ and (e)
Fe™* valency maps obtained by fitting the EELS spectra in each pixel to the reference spectra. (f)
and (g) 3D visualizations of individual 1023/0 and 1023/48 nanocubes, respectively, which were
reconstructed using electron tomography. Darker spots in the HAADF-STEM image (c) are due

to a relatively long exposure time to the high energy electron beam.

TFe Mossbauer spectroscopy (MS) was performed in order to differentiate between the magnetite
and maghemite phases*’ and to study the magnetization dynamics of the 1023/48 particles. The
shape of the 300 K spectrum, having more weight to the outer lines at the positive velocity side,
clearly indicates the presence of Fe;O4 (Figure 4a).>%>! It was possible to fit all MS spectra with a
superposition of three magnetic hyperfine patterns. Two 6-line patterns (#1 and #2) are dominant,
showing a distribution (assumed Gaussian) of static magnetic hyperfine fields. A weaker third one
(#3) is better approached assuming a relaxation pattern due to dynamical fluctuations of the

hyperfine field, as it is expected for nanoparticles (refer to Table 2).

First, we concentrate on the contributions from the static patterns. Both the center shifts (S) and
the relative spectral areas (RA) of the 300 K spectrum are well consistent with magnetite.
Subspectra #1 and #2 correspond to the Fe*" in the tetrahedral A sites and the Fe?”" in the
octahedral B sites due to the fast electron hopping between Fe?* and Fe®" at this temperature. The
area ratio of RA (#1) and RA (#2) is 0.6(1) (the ideal one would be 0.5), indicating that there are
Fe?* deficiencies in octahedral sites. Upon lowering temperature the area ratio changes as the
electron hopping slows down. This results in the presence of Fe** in both the A and B sites, and

Fe?" in the B sites. In bulk magnetite this is connected to a well-defined phase transition, the
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Verwey transition, from cubic to monoclinic around 120 K. Mdssbauer spectra of magnetite
nanoparticles with sizes comparable to ours have shown that the transition may occur continuously
over a wide range of temperatures, caused by fractal-like granular assemblies originated from the
synthesis.’! At lower temperatures, even a well crystallized magnetite reveals a complex pattern
due to the presence of Fe’" (A), Fe?" and Fe*" in the distorted B sites. However, based on our MS
spectra at 20 K, no distinctions can be made among the various octahedral sites. Despite this,
subspectra #1 and #2 can be assigned to Fe** and Fe*" with a spectral area ratio of 2.3(2) based on
the center shifts. This diverges from the ideal ratio of 2 in magnetite, once more indicating that
there are some Fe** deficiencies.

For all temperatures, we find an additional spectrum (#3) that is attributed to some trivalent iron
ions, which are subjected to magnetic moment fluctuations. For the fitting, we have used a standard
2-level relaxation process without exchange splitting.>> Moment fluctuation rates are in the order
of 100 MHz. A close-lying origin of this contribution could be iron on the surface layers of
particles. While the spectral area of #3 amounts to about 10% at low temperatures, it increases to
about 30% of the total spectral area at 300 K. The increase is mainly due to approaching the
superparamagnetic blocking temperature of the particles’ ensemble. Furthermore, we have found
no resolved spectral contribution of FeO, which typically shows two doublets with divalent isomer
shifts of ca.1 mm/s>* that should become clearly visible at 300 K (when FeO is in its paramagnetic
state). Further discussions on the superparamagnetic behavior of the nanocubes can be found in
the ESL

A remarkable feature of zero-field-cooled (ZFC) curves is the appearance of a sharp Verwey
transition hump upon annealing for 6 h (1023/6) (Figure 4b and S11). The transition peak does not

exist in the 1023/0 sample and becomes more pronounced from the 1023/3 sample to the 1023/6
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sample. The transition occurs at ca. 120 K in these nanocubes, which perfectly matches the
transition temperature of bulk Fe;O4, i.e. 121 K.%? Noticeably, the Verwey hump disappears in the
1023/48 sample as if the transition happens over a wide temperature range, in agreement with the
previous findings from Mé&ssbauer spectroscopy.®! This phenomenon could be related to some Fe?*
deficiencies, a short-range cation disorder, and a spin disorder. It is also known that off-
stoichiometric magnetite nanoparticles do not reveal a sudden rise in M around the transition
temperature.?®>? The Fe?* deficiencies, remaining FeO sub-domains, and structural defects distort
the magnetic domain coherency and presumably results in the reduction of K5, and H4. These
features drive the overall relaxation to the Néel rather than the Brownian. Temperature dependent
AC susceptibility spectra recorded at different excitation frequencies reveal interesting features
such as a pronounced y" kink at ca. 300 K (Figure 4c¢). This kink could be related to the blocking
temperature 7 of the Fe3O4 domains, which are separated by tiny FeO domains and/or anti-phase
boundaries. Moreover, there seems to be another y"’ peak at temperatures higher than 400 K, which
can be attributed to an increase in the Tz due to inter-particle dipole-dipole interactions® and/or

the collective behavior of the Fes04 domains within a single nanocube.
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Figure 4. (a) >’Fe Mdssbauer absorption spectra of 1023/48 recorded at different temperatures.

The red lines are the best fits to experimental data composed of a superposition of various

subspectral components (#1, #2, #3). (b) Temperature dependent zero-field-cooled ZFC

magnetization curves of 1023 sample series recorded at 5 mT warming-cooling fields. (c)

Temperature dependent imaginary parts y" of the susceptibility measured at various excitation

frequencies w. (d) M-H loops recorded at 298 K, and (e) M; values estimated from the fits to the

M-H curves and the exchange bias fields Hr which were derived from FC hysteresis loops at 10 K.

Table 2: Hyperfine parameters of °’the Fe Mdssbauer spectra of the 1023/48 sample recorded at

different temperatures.

T (K) subspectrum S (mm/s) B(T) o(T) RA(%)
20 #1 0.34(1) 51.3(2) 1.2(2) 62(2)
20 #2 0.74(1) 51.4(2) 1.7(2) 27(2)
20 #3 0.2(1) 50% 11(3)
80 #1 0.39(1)  50.9(2) 1.3(2) 61(2)
80 #2 0.71(1)  48.52) 3.7(2) 32(2)
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80  #3 02(1)  50* 73)
120 #1 0.36(1)  50.6(2) 1.02) 51(2)
120 #2 0.66(1)  48.3(2) 2.9(2) 39(2)
120 #3 02(1)  50* 11(3)
300 #1 024(1)  47.4(12) 1.1Q2) 27(2)
300 #2 0.52(1)  442(2) 2.6(2) 44(2)
300 #3 0.12)  40* 29(3)

T: absorber temperature; S: center shift relative to a-Fe at room temperature; B: magnetic
hyperfine field; o: width of Gaussian distribution of B; RA: relative spectral area contribution; *:
fixed parameter, 2-level relaxation pattern (ref. to the main text)

The magnetization M increases abruptly during the initial stages of the thermal treatment (Figure
4d). The saturation magnetization M; values were obtained by fitting M-H curves to a discrete form
of the Langevin function (Eq. S12, ESI). Firstly, M, increased from 225 to 325 kA/m during the
first 24 h of the treatment then it dropped as the treatment was prolonged to 48 h (Figure 4e). As
is the case for the ferrimagnetic FesOs, the overall magnetization originates from the
uncompensated Fe?* spins, therefore the reduced M; of the 1023/48 can be presumably attributed
to the Fe’" deficiencies. Although it seems that M, reaches an apex after 24 h treatment, the
particle’s magnetic moment m grows twice (from 5.3x10"” A-m? to 1.1x10™'® A m?) upon 48 h
treatment. This can be qualitatively discerned by observing that the normalized M-H curves reach
the non-linear regime at lower magnetic fields (Figure S12). It is worth to mention that the
intermediate 1023/6 nanocubes reveal the most bulk-like Fe3O4 inherent properties such as the
highest K and M; values among all the samples. The exchange bias field Hg, which was estimated
from the FC hysteresis loops at 10 K (Figure S13), drops gradually over time which indicates a
slow reduction in the volume of the AFM-FiM interface. It should be noted that Hr does drop to
6.5 mT in the 1023/48 sample. Structural defects such as anti-phase boundaries, spin canting, and

tiny FeO sub-domains could be accounted for a non-zero He.
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In order to elaborate on the viscosity and clustering independent heating response of the 1023/48
once exposed to the cellular environment or after cellular internalization we have designed two
experiments. In the first one, the response of the SAR to a progressive internalization/association
of the nanoparticles was evaluated. The nanoparticles (50 puL at 4 gre/L) were added to a pellet of
5x10° ovarian cancer cells (IGROV-1 cell line), which simulate a small tumor mass, and the
calorimetric SAR measurements were carried out at set incubation periods (0, 15, 45, 90 and 180
minutes). The heat profile and estimated SAR values indicate that there was no drop in the
particles’ heating efficiency within the first 180 minutes, albeit a 30% of the initial nanoparticle
dose (0.06mg of iron) was found associated to the cell pellet (Figure. 5b and Figure S14(a)). This
suggests that the heating capability of the 1023/48 nanocubes remains unchanged when
progressively associated or internalized by the cells (see TEM images of the nanoparticles
internalization, Figure S15(a)). This significantly differs from what has been reported for
viscosity-dependent iron oxide nanocubes or nanospheres of similar sizes when incubated with

tumor cells in similar cellular conditions.>’
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Figure 5. (a) Scheme of the adopted strategy for evaluating the heating performance of the [023/48
particles once interacting with IGROV-1 cell pellet. (b) SAR values measured at field frequency
and amplitude of 301 kHz and 24 kA/m at different incubation time intervals. (c) Scheme of the
intracellular hyperthermia experiment on the IGROV-1 cell pellet and the nanocubes after 48 h of
incubation. (d) PrestoBlue viability assays on the cells re-cultured for 24, 48 and 72 h, which were
treated with MHT (red bar) and without (w/0) MHT (pink bar). The viability of the treated cells
was normalized to control cells (black bar, no nanoparticles and no MHT exposure).
In the second experiment, the suitability of the 1023/48 particles, upon the cellular internalization,
to induce temperature raise and cellular damage was probed. For this aim, adherent IGROV-1 cells
were incubated with the 1023/48 nanocubes (50 pL at 8 gre/L in 2 mL of medium) for 48 h to

ensure an efficient particle uptake. It was found that a 75% of the administered nanoparticle dose

(0.3 mg of iron) was internalized or associated to the cell pellet, as evidenced by TEM studies

ACS Paragon Plus Environment

21



oNOYTULT D WN =

Nano Letters

(Figure S15(b)). The magnetic hyperthermia treatment (MHT) was performed on the cell pellet at
the frequency of 182 kHz and field amplitude, which was varied from 40 kA/m at the beginning
of the treatment to approximately 28 kA/m once the desired temperature of 47°C was reached
(Figure S14(b)). Remarkably, the cell pellet was able to maintain this temperature for 90 minutes.
The cytotoxicity PrestoBlue assay, on the cells once re-cultured for 24, 48 and 72 h, shows that
the viability of cells that were exposed to MHT was severely compromised (red bar, Figure 5d),
while a modest toxicity was exhibited by the cells that were non-exposed to MHT (pink bar, Figure
5d). The intracellular organization and typical cytosolic and nuclear structures of the cells appear
to collapse completely after the MHT (Figure S15(c)-(d)). These data indicate that the 1023/48
particles are highly-efficient hyperthermia mediators as they are able to supply a required thermal
stress to the cells in order to induce their death under biologically safe field conditions.

In summary, we have shown that it is not necessary to have stoichiometric and defect-free iron
oxide nanoparticles in order to design efficient magnetic nanoparticles for intracellular magnetic
hyperthermia. On the contrary, we have demonstrated here that one can turn cation deficiencies
and structural defects into positive features that enhance the heating. We have identified that the
FeO-Fe304 CS nanocubes transform into the Fe?" deficient Fe;Os nanocubes with structural
defects e.g. anti-phase boundaries and tiny FeO sub-domains, as was revealed by HADDF-STEM,
EELS, and >’Fe Mossbauer analyses, after 48 h of thermal treatment at 80°C in water. Not only
did their magnetic losses (SAR value) increase significantly throughout the process, but the treated
nanocubes also exhibit an exceptionally stable SAR regardless of the medium viscosity,
aggregation as well as association and internalization to the IGROV-1 cells. The same features
have not yet been reported for similarly sized single phase magnetite nanocubes, as they relax via

the Brownian process and thus responding dramatically to such environmental stimuli. The
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nanocubes treated for 48 h have the largest SAR that has been reported thus far for iron oxide
nanoparticles in such an environment. We have identified that the survival and migration of the
FeO sub-domains, which are randomly distributed throughout the entire particle, are caused by the
high pressure exerted by the growing Fe;Os domains. It is plausible that the Fe** deficiencies and
structural defects break the long-range magnetic ordering in the magnetite phase, resulting in
reduced H4and KV, quantities. These features together with spin canting seem to account for the
domination of the Néel relaxation in the 1023/48 nanocubes, which is not a general feature of
particles with large magnetic losses at moderate field conditions (i.e. 182 kHz and 28 kA/m). These
features favor the preservation of magnetic losses into intracellular environments.

Last but not least, the non-interactive nature and colloidal stability of the freshly prepared CS
nanocubes make them very attractive in terms of conducting a particle water phase transfer using
any type of water transfer protocol instead of highly interacting single phase magnetic nanocubes
(especially those with edge lengths above 20 nm). The processed nanocubes possess a remarkably
small anisotropy field H given their comparatively small K. Therefore, they would require a
relatively low excitation magnetic field in order to go through the major hysteresis loop wherein
their full heating capacity will be harnessed. Given that in-vivo magnetic particle imaging (MPI)
and intracellular magnetic hyperthermia share similar physics of magnetism wherein optimal
nanoparticles should relax via the Néel mechanism, the engineered 23 nm are potential theranostic

agents for combined MPI/MH intracellular assays.
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Materials and Methods

Materials:

Iron(lll) chloride hexahydrate FeCl3.6H20 (98%), 1-Octadecene (ODE, 90%),
oleic acid (OLAC, 90%), triethylamine (TEA, 99%), and solvents with the
highest purity grade were purchased from Sigma-Aldrich. N-tetracosane
(99%) was purchased from Alfa Aesar. Sodium oleate (97%) was obtained

from TCIl. The chemicals were utilized without further purification.

Synthesis of the nanocubes:

The iron-oleate precursor was synthesized according to the procedure
reported in Ref.,! with the only difference being that we did not use a
vacuum to dry the iron-oleate.

To obtain 23 nm nanocubes, a mixture of 1.8 g (2 mmol) iron-oleate, 0.3 g
sodium oleate (1 mmol), 0.282 g (1 mmol) oleic acid, 3.75 mL 1-Octadecene,
and 5 g n-tetracosane was poured into a 50 mL three-neck glass flask,
equipped with a thermometer and connected to a Schlenk line thorough a

condenser. The mixture was degassed at 100 °C for 45 min in order to



remove volatile impurities. Afterwards, the flask was filled with N2, heated up
to 180 °C and kept for 20 min to dissolve the sodium oleate and obtain a
fully homogeneous mixture. Subsequently, the mixture was heated up to 350
°C at a heating rate of 3 °C/min and soaked at this temperature for 30 min.
After cooling the flask to 80 °C, the black viscous product was diluted and
dissolved by adding 40 mL chloroform. The resultant particles were
separated by adding a 1:2 v% mixture of methanol and acetone (anti-
solvents) and centrifuging at 6000 rpm for 10 min. After each centrifugation
step, the collected particles were re-dispersed in a 20 mL mixture (1:1 v%) of
hexane and chloroform by vigorously shaking it. The procedure of adding
anti-solvents and centrifugation was repeated five more times to obtain
thoroughly clean particles. At the end of the washing step, the particles were

dispersed in 40 mL of chloroform and stored at 4 °C for further use and

characterization.
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Figure S1. A typical TEM micrograph and particle size histogram of freshly

synthesized 23 nm (1023/0) FeO-Fe304 core-shell nanocubes.

Water transfer of the nanocubes:

The water transfer of the nanocubes was achieved using a block copolymer-
based multi-dentate ligand which was synthesized using a two-step
procedure based on photo-induced copper mediated radical polymerization
according to a procedure set by some of our coauthors. Figure S2 shows the
chemical structure of the block copolymer-based multi-dentate ligand that

was used in this study, as well as its typical 1H NMR spectrum.
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Figure S2. Chemical structure of block copolymer-based multi-dentate ligand
and its 1H NMR. The spectrum was recorded in CDCl3 at 25°C.
Thanks to the good solubility of the ligand in CHCI3, we are able to set a
simple and efficient water transfer protocol with an excellent yield in terms
of particle recovery (ca. 90%). In a typical procedure, 10 mL of a nanocube

suspension in chloroform (i.e. 20 mg of Fe) was mixed with 250 mg of block



copolymers, which had been dissolved in 10 mL chloroform and 1 mL TEA
(10 v% of a polymer), in a 50 mL glass vial. The mixture was stirred
rigorously overnight at room temperature (RT). Afterwards, three folds of
hexane were added to the solution to precipitate the particles and dissolve
and extract unwanted impurities. After centrifugation at 1000 rpm for 1 min,
the particles were re-dispersed in 5 mL of tetrahydrofuran (THF), and a
subsequent washing step was performed using hexane. Having precipitated
the particles by centrifugation, the particles were thoroughly dried by
purging N2. The dried pellet like particles were dissolved in 10 mL of DI water
via vigorous shaking. The particles were easily dispersed in water at this
stage, indicating a successful ligand exchange with a good surface packing
density. Next, the excessive amount of unbound polymers was removed by
filter centrifugation (Amicon filter with 100 kDa molecular weight cut off) at
2500 rpm for 25 min. The cleaning process was repeated 5 times to ensure
that the final particles are free of any unbound polymers. In the last run, the
resultant particles were typically dispersed in 3-5 mL DI water to typically
reach a 4gre/L iron concentration.

Stepwise oxidation of the nanocubes in an aqueous phase:

The nanocubes with an average edge length of 18 and 23 nm were gradually
oxidized at 80°C after being transferred into water. Typically, 2 mL of
aqueous particle suspensions at 4gre/L were poured into a 4 mL glass vial.
The vial was tightly sealed and left in the oven at 80 °C for 3, 6, 24, 36, 48 h.

Induction of nanocube Clustering:



To induce particle clustering and thus increase the hydrodynamic size dh,
bovine serum albumin (BSA) solutions with different BSA contents (20 g/L
and 50 g/L) were added to the 1023/48 particle dispersion, while the iron
content was kept constant (2 gre/L). After adding BSA, the dispersion was
mixed by a vortex for 5 min and sonicated for 5 min. After incubating the
dispersion for an hour at RT, it was sonicated for another 5 min prior to
measuring the AC hysteresis loops and the hydrodynamic size by dynamic
light scattering (DLS). The volume weighted DLS results of single and
clustered nanocubes are summarized in Table S1.

Table S1. Intensity weighted dn and PDI values extracted from DLS
measurements on the clustered 1023/48 nanocubes.

notation BSA dn PDI
(mg/mL)  (nm)
Single NCs 0 74 0.2
0
Medium 1.4 114 0.1
clusters 3
Large 5.5 810 0.2
clusters 3

Characterization methods

Calorimetric measurement of the specific absorption rate (SAR). The
calorimetric measurements to quantify the specific absorption rate (SAR)
value of the nanocubes were conducted using a Nanoscale Biomagnetics

(MN-nanoscale) instrument operating over a broad range of fields and



frequencies. The sample temperature was monitored using a fiber optic
temperature probe. The sample’s equilibrium temperature was reached
every time prior to switching the magnetic field on. The SAR was calculated

using the corrected slope method, given by

SAR = (CS-+ LAT) /m,,, Eq. S1

in which C is the dispersing medium heat capacity in J/K (Cwater=4.185 1/mL),
L is the linear-loss parameter in W/K, AT is the temperature difference
between the sample and baseline (the solution temperature before switching
off the field) and mnp is the total particle mass. This method provides
accurate SAR values because it takes the heat dissipation from the medium
to the environment into account.

Complex ac-susceptibility. Complex ac-susceptibility (ACS)
measurements were carried out using a setup operating from 200 Hz to 1
MHz at magnetic field amplitudes of uoHo=95 pT. The ACS measurements
were carried out at 295 K on 150 pL of nanoparticle dispersions in water (1
gre/L) and various glycerol weight fractions (41.5 wt%, 72.8 wt% and 84.3
wt%, 2 gre/L). For clarity, the spectrum of 1023/0 (Figure 2a) is multiplied by

4.2.

Field and temperature dependent magnetization measurements.

Field dependent static magnetic measurements were carried out using a



Magnetic Property Measurement System (MPMS-XL, Quantum Design) with
EverCool technology on immobile nanocubes. The immobile samples were
prepared by mixing 50 upL of a nanocube water solution at an iron
concentration of 1-2 g/L with 60 mg of gypsum in designated polycarbonate
capsules and letting it dry thoroughly. The zero-field-cooled (ZFC) and field-
cooled (FC) temperature dependent magnetization measurements were
performed on samples prepared in the same way in the cooling field of 5 mT.
The FC M-H hysteresis loops were recorded after the samples were cooled
from RT to 10 K in 5 T magnetic fields. The residual magnetic field in the
SQUID magnets was nulled using the designated low field Hall sensor prior to
ZFC measurements. All the presented magnetization data are corrected with
respect to the diamagnetic and paramagnetic contributions of water and
gypsum using the automatic background subtraction routine. the curves
were normalized to the iron concentration that was obtained from the
elemental analysis.

5>7Fe Mossbauer spectroscopy. >’Fe Mdssbauer absorption spectroscopy
was performed on 23 nm particles that had been annealed for 48 h (1023/48)
using a standard spectrometer equipped with a He-flow cryostat to adjust
the temperature. The sample mass corresponds to ca. 0.1 mg/cm?2 57Fe. The
radiation source serves about 20 mCi of 2/Co in a Rhodium metal matrix

which is kept at room temperature.

AC magnetometry. AC hysteresis loops were recorded with a home-made

inductive magnetometer based on the one described by Connord et al?,



operating at room temperature. The magnetic fields are generated by a Litz
wire solenoid, inside which two counterwise-wounded compensated pick-up
coils with the same diameter and number of turns collect the induction signal
of the sample. Field frequencies and intensities are automatically tuned to
300 kHz and 24 kA/m. The equipment quantifies the magnetization from
particles’ aqueous dispersions, whose values are calibrated by comparing
the magnetization values that were obtained under AC with quasi-static
magnetic field conditions in a similar field intensity range. The AC

magnetization signal was normalized to the iron mass.

Elemental analysis. The elemental analysis was performed using an
Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)
instrument (Thermo Fisher, iCap 6000). Typically, 10-50 yL of a nanocube
suspension was digested in 1 mL of Aqua Regia in a volumetric flask.
Afterwards, the flask was filled up to the graduation mark with Milli-Q water
and filtered through 0.2 ym of membrane prior to the measurement.

Powder X-ray diffraction. Powder X-ray diffraction (XRD) analysis was
conducted on a Rigaku Smart Lab diffractometer, equipped with a 9 kW
CuK= rotating anode operating at 150 mA and 40 kV. The patterns were
acquired in a Bragg-Brentano geometry over an angular range of 2A=20°-
85°, using a D-teX Ultra 1D silicon strip detector set in X-ray fluorescence
reduction mode. The samples were prepared by drop casting the

concentrated particle suspensions on a zero diffraction silicon wafer.



Low-resolution Transmission electron microscopy (TEM). Low
resolution TEM micrographs were taken using a JEOL JEM-1011 microscope
operating at 100 kV. The samples were prepared by drying a drop of the
diluted particle suspension on 400 mesh ultra-thin carbon coated TEM copper
grids. The particle size distribution was analyzed using the automatic particle
size analysis routine in Image) software on a low magnified TEM micrograph.
Typically, more than 300 particles were taken into the analysis.
High-Resolution HAADF-STEM imaging. High resolution HAADF-STEM images were
acquired using an aberration-corrected cubed FEI-Titan electron microscope at an operating
voltage of 300 kV. A camera length of 115 mm was used to guarantee incoherent imaging of
nanoparticles.

Electron tomography. The HAADF-STEM tilt series was acquired using a FEI Tecnai Osiris
electron microscope operating at 200 kV. For the acquisition of the tilt series, a Fischione model
2020 singe tilt holder was used. The series was acquired using a tilt range from -76° to +76° with
a tilt increment of 2°. The projection images were aligned using a cross-correlation algorithm
together with a manual tilt axis adjustment which was implemented in the FEI Inspect3D
software.? For the 3D reconstruction, the simultaneous iterative reconstruction technique (SIRT)
was used as implemented in the ASTRA toolbox*-S.

Electron energy loss spectroscopy (EELS). EELS experiments were performed using an
aberration-corrected cubed FEI-Titan electron microscope operating at 120 kV.

Dynamic light scattering. The particle hydrodynamic size distribution was

measured using a Malvern Zeta sizer operated in the 173° backscattered
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mode on a highly diluted aqueous solution of nanocubes. The measurements
were performed at 20 °C.

Cell culture. Ovarian cancer cells (IGROV-1, ATCC, UK) were cultured in RPMI-1640
medium (RPMI-1640, Merck, Kenilworth, USA) supplemented with 10% Fetal Bovine Serum
(FBS), 1% Penicillin Streptomycin (PS) and 1% Glutamine at 37°C, 95% humidity with 5% CO,.

Cells were split every 3-4 days before reaching confluence.

Calorimetric measurement of the SAR on the cells. Magnetic hyperthermia studies on the
cells incubated with nanoparticles were carried out using nanoScale DM1 Series (Biomagnetics
Corp.). The SAR measurements on a mixture of cells and particles were performed at 301 kHz
and 24 kA/m field conditions and 2 gr./L. In detail, adherent IGROV-1 cells were detached with
trypsin and counted using NucleoCounter® NC-100™ (ChemoMetec, Denmark). Afterwards,
5x10° cells were resuspended in 50 pL of medium in small glass vial and subsequently 50 pL of
the 1023/48 sample at 4 gr/L were added to the vial. The SAR measurement, which typically
take 2-3 minutes, was conducted at 0, 15, 45, 90 and 180 minutes after the incubation of the cells
with the particles. The SAR value was determined by fitting the initial slope (i.e. first 20-30
seconds) of the temperature vs. time curve (Figure S14(b)) to a simplified version of the Eq. S1
without taking into account the loss to the medium L parameter. All the reported SAR values and
error bars were calculated from the mean and standard deviation of at least three experimental

measurements.

Elemental analysis of intracellular iron. The cell samples were digested according to a
procedure already shown.” Briefly, 250 pL of a concentrated H2O2/HNOs3 (1:2) solution was
added to the cells and then the mixture was kept for 3 h in water bath at 55 °C under sonication

(in order to ensure the complete digestion of the cells components). After this step, which leads
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to a complete evaporation of H20:, a concentrated HC] was added (3:1 volume ratio with respect
to HNO3) to reach a final volume of 500 pL. The digestion proceeded over-night at RT. The
solution was diluted to 5 mL with milliQ water and filtered with a PVDF filter (0.45 um) before
the analysis. The intracellular Fe concentration was measured by ICP-OES, Thermofisher ICAP

6300 duo).

TEM imaging of the cellular uptake. After the experiments, 800.000 IGROV-1 cells were
collected, washed three times and resuspended in 500 pL of fresh medium. Afterwards, the same
amount of growth medium supplemented with glutaraldeyde (2%) was added and the mixture
was shacked for 45 min at RT. The cells were then centrifuged at 13.200 rpm for 10 min. The
obtained pellet was then dissolved in Na-cacodylate buffer (0.1 M, pH 7.4) supplemented with
glutaraldeyde (2%) and mixed for 1 h at RT. Afterwards, the cells were centrifuged at 14.000
rpm for 10 min. The washing in Na-cacodylate buffer (0.1 M) was repeated three times.
Subsequently, the pellet was incubated with Na-cacodylate buffer (0.1 M) supplemented with
0Os04 (1%) for 1 h at RT. Next, the cells were washed three times with Na-cacodylate buffer (0.1
M) followed. Then, the pellet was washed three times for 5 min with milliQ water and incubated
overnight in Uranyl acetate buffer 1% (in water). Then, the sample was gradually dehydrated in
ethanol (EtOH), at increasing concentration of 70%, 90%, 96% and 100%. Then, pellet was
washed three times for 15 min with propylen oxide. Afterwards, the samples were incubated in a
solution of Spurr and propylen oxide (1:3) and 3 h in Spurr and propylene oxide solution (1:1).
Finally, the pellet was incubated for 3 h in Spurr and included into it by curing at 70°C overnight.
Thin section of 70 nm of selected zones were observed with JEOL Jem1011 electron microscope

operated at 100 keV.
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Hyperthermia treatment experiments on the cells. For magnetic hyperthermia analyses of
biological samples, approximately 3x10® IGROV-1 cells were seeded into a T25 flask
(Corning®, New York, USA) with 3 ml of supplemented medium. After 24 h, the medium was
replaced with 2 mL of fresh medium to which 50 pL of the 1023/48 particles at a final
concentration of 0.2 gr./L were added. After 48 h of incubation, the medium was removed, the
cells were washed with PBS and detached with trypsin. The cells were counted using
NucleoCounter® NC-100™ (ChemoMetec, Denmark) and 3x10° cells were transferred to small
glass vial for the exposure to the hyperthermia treatment (MHT). A nanoScale DM100 Series
(Biomagnetics Corp.) was used to generate the alternating magnetic field. The frequency was set
at 182 kHz and the field was adjusted by the instrument in order to reach the user set temperature

of 47°C. One single cycle of 90 minutes of hyperthermia was done (see Figure S14(b)).

PrestoBlue cell viability assay. The cell viability was studied using the commercially available
PrestoBlue assay (Invitrogen, Carlsbad, CA, USA). Cytotoxicity assay was performed at
different time points after cell treatment with nanoparticles and with (MHT) or without magnetic
(w/o MHT) hyperthermia exposure. In detail, 70.000 cells per well were seeded in triplicate with
I mL of fresh medium, into 24 multiwell plates. The PrestoBlue assay was carried out starting
from 24 h following the hyperthermia treatment up to 72 h. After the desired incubation time, the
medium was replaced by fresh medium supplemented with 10% PrestoBlue reagent and the cells
incubated at 37 °C for 2 h in 5% CO,. Afterwards, the medium of each experiment was
transferred to a 96 multiwell plate and the absorbance of the solutions measured for 570 nm and
600 nm using a Multiskan™ FC Microplate Reader (Thermo Fisher Scientific, Waltham, MA,
USA). The viability of each experiment was calculated considering the values measured for the

control untreated cells (no nanoparticle and no hyperthermia exposure) as the 100% of viability.
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The results were also compared to that of cell treated in the same way as above with

nanoparticles but not exposed to magnetic hyperthermia treatment (w/o MHT).

Numerical simulations

Modelling the ACS spectra. The response of magnetic nanoparticles to an
alternating magnetic field can be described using the complex Debye model,

which is given by:

x(w) = x(w) + ix (w) Eq.S2

. X0
=—— Eqg.S3
x () 1+ (wt,)? d
: XoWT
=—— Eq.S4
x (@) 1+ (wt,)? d

in which ¥ and x are the real and imaginary part of the ACS. By assigning an
equal Ms and a cubic shape to all the particles, the imaginary part xy'' of the
ACS spectra of nanoparticles, which relax via a mixture of Néel and Brownian
mechanisms, can be described by a double integration over the particle core
f(dc) and hydrodynamic f(dn) size distributions8.:

. 1 « “ W,
==X d ————-d®-f(d,)dd.dd;, Eq.S5
K@ =36 | f [ e dfpa)dd.dd, Eq

in which

ponM;
- Eq. S6
Xo =3,
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for cubic particles, given in the unit of volume m3, o is the permeability of
free space, Ms is the saturation magnetization, n is the particle number
density, and kg is the Boltzmann constant. The core and hydrodynamic size
distributions were assumed to resemble a log-normal distribution function as

given by

1 (Ind; — ln,ui)zl
d;u;,o;) = exp|l—————— Eq.S7
f( Lﬂl l) mo_idi p [ 20_12 q

in which uj is the median particle size, and o is the geometric standard
deviation.

For the water-glycerol mixed samples, the Eqg. S5 is modified to

" 1 “ W,
=—yo X | ————-d°-f(d.)dd, Eq.S8
X ((U) 3X0 .fo 1+ (a)Te)Z c f( c) c q

in which the integration is done only over the particle core. Note that a single
mean value is estimated for n, and not a distribution.
The Brownian, Néel, and effective relaxation times at very low magnetic field

amplitudes (i.e. 95 uT) are given by the following expressions?.10,

3ndz
= Eq.S9
Tp kT q
T Kd3
Ty = v Ty €Xp <—C> Eq.S10
(3 kgT
2 c
kg T
TRT
=—2N  Eq.s11
Tp + Ty
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in which K is the magnetocrystalline anisotropy constant, n is the viscosity of

medium, and 7, = 1077 s is the inverse attempt frequency.

The curve-fitting routine is based on the least squares regression method,
exploiting the Levenberg-Marquardt algorithm as a robust scheme for non-
linear problems. To estimate un, on, K, and Ms parameters, the ACS spectra of
water-based samples were modelled using Eq. S5. In all the simulations, the
core size distribution parameters (uc, oc) were set to the values that were
obtained from the analysis of the TEM micrographs (Figure S1). The ACS
spectra of the 41.5 wt%, 72.8 wt%, and 84.3 wt% glycerol samples were
reconstructed using Eq. S8 wherein a single median un, which was obtained
from the analysis of the water-based samples, is assigned and uc and oc were
set to TEM values. These calculations enabled an estimation of the mean n.
Ms was estimated by setting x; (Eq. S6) as a free fit parameter into the
simulations. The particle number density n (Eq. S6) was calculated from the
ICP results by filling Fe and O atoms into a 23 nm large cubic Fe3z04 or FeO-
Fe304 CS lattice structure when needed.

Note that the K values were estimated by setting Vm to the particle physical
volume Vp in the magnetic energy barrier KVm, formula. As Vi, is smaller than

Vp for the biphasic particles, this could lead to an underestimation of K.
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Therefore, the K values have to be considered comparatively and not

absolutely.

Table S2. un, on, K, Ms, and n values which were obtained from the modelling
of the ACS spectra.

notati Hh Oh K Ms n
on (nm) (J/m3)  (KA/M)  (uM)
1023/0 42 0.2 2530 68 0.03
5 6
1023/3 43 0.2 5500 152 0.03
4 6
1023/6 43 0.2 5264 212 0.03
5 6
1023/2 44 0.3 4200 260 0.03
4 6
1023/4 53 0.3 3800 308 0.03
8 8 6

Reconstruction of the magnetization M-H curves. To derive the

magnetic moment distribution from the M-H curves, they were reconstructed

using MINORIM11, a non-regularized inversion method which exploits a

discrete form of the Langevin function given by

L(ml,H]) = Coth(

Hom;H;

kyT

kBT ) HomiHj

M(H)) = Z m;L(m;H;)n; Eq.S12
0

Eq.S13
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in which m; is the mean magnetic moment of it size bin with an amplitude
equal to nj, uo is the permeability of the vacuum and kg is the Boltzmann

constant.3

This fit approach requires no a priori assumptions regarding the form and
number of modality of the distribution function which is advantageous for an
accurate determination of the magnetic moment distribution from the M-H

curves. Ms and the mean magnetic moment m were set as fit parameters.

The exchange He and coercive Hc fields can be written as

—(Ht+H"
(H" —H)
2

Eq.S14

H, = Eq.S15
in which H* and H- are the positive and negative coercivities taken from the

field-cooled (FC) hysteresis loops.

Quantitative Rietveld crystal structure analysis. The Rietveld crystal
structure method has been exploited to simulate the experimental XRD
patterns, and to monitor the temporal evolution of the particle phase
composition and lattice constant. The refinements were carried out using the
FullProf Suite program. Firstly, the instrumental resolution function (IRF) file
was generated by performing a profile matching on the LaBes NIST SRM 660a
standard sample XRD pattern. The IRF file was uploaded into the program in

order to take into account the instrumental broadening. The Thompson-Cox-
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Hastings Pseudo-Voigt with an axial divergence asymmetry was selected as
the peak shape. The background was set to a linear interpolation of
background points which were obtained using the WinPLOTR software
(FullProf package). The free parameters, which have shown more than a 50%
cross correlation, were refined independently. The refined parameters were
limited to the scale factor, lattice constants and the first two parameters of
the anisotropic Lorentzian size broadening. To estimate the crystallite size,

the Scherrer formula is written as

g= kA
~ Bcos (0)

in which the anisotropy constants k220=0.789 and kzpo= 0.862 12, &=0.1540
nm is the wavelength of Cu-Kq, 4 is the full maximum at half width (FWHM)
and 4 is the Bragg angle in radians. The peak shape was assumed to be

Gaussian.

Table S3. Atom positions, sites, and occupancies used in the Rietveld

analysis of the 1023 sample series for both FeO and Fe304 phases.
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Fes04

ato valen sit occupan
X y z

m ce e cy

Fe(t 0.12 0.12 0.12

) 2+ 5 5 5 8a 1

Fe( 16

0) 3+ 0.5 05 0.5 d 1

0 2- 025 025 025 > 1

FeO
Fe 2+ 0 0 0 4a 0.942
@) 2- 0.5 05 0.5 4b 1

Further discussion on the Mossbauer results. The static Gaussian
inhomogeneous broadenings of patterns #1 and #2 cannot be separated
from the broadenings that were caused by collective spin fluctuations in the
magnetic anisotropy potential of the particles.13 Notably, we cannot observe
fluctuations that cross the magnetic energy barrier even at 300 K. Note that
the Néel relaxation peak at kHz frequency regime, as was observed in the
ACS spectra (Figure 2), is far lower than the Mdssbauer frequency. Thus, the
superparamagnetic fluctuations that are traced by the ac-susceptibility
appear static on the magnetic hyperfine splitting timescale seen by

Mossbauer spectroscopy.
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Figure S3. (a) The number-weighted and (b) the intensity-weighted

hydrodynamic size distribution of the 23 nm sample series.
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Figure S4. Typical calorimetric measurement of a magnetically induced
temperature elevation versus an alternating magnetic field exposure time,
recorded for the 1023/48 aqueous sample at 301 kHz and 24 kA/m. The
graph indicates that it takes around 30 s to increase the temperature from

37°C to 42°C at 3.49 gre/L.
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Figure S5. Evolution of the AC loop area A (xSAR), derived from the AC loops

shown in Figure 1 of the main text, as a function of the viscosity n and
cluster hydrodynamic size dn, which were recorded at 200 kHz and 100 kHz,

respectively.
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Figure S6. AC hysteresis loops recorded at (a) and (b) 50 kHz and (c) and (d)

200 kHz on the fully treated sample (1023/48) in water and in high glycerol

contents.
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Figure S7. Measured and estimated viscosity of different water-glycerol
mixtures. The viscosities were measured using a DH-2 rheometer (TA
Instruments, Delaware, USA), as it is discussed in Ref. 39 of the main paper.
The values were also obtained from the fits to the '’ part of the ACS spectra

(Figure 2b) using Eq. S8.

26



7.0x10% m—— - 1

6.0x10>° \ .

~
~N

Py \
= 5.0x10%} T~
4.0x10%+ .
3.0x10%F .
0 3 6 30 40 50

Treatment time (h)

Figure S8. Evolution of the magnetic energy barrier KVm vs. the thermal

treatment time

27



100

(Wige,)

10

SAR

T

T

Zx 1023/0
O 1023/3

A |023/6
. = 1023/48

@ 1023/24

15 18 21 24

H (kA/m)

Figure S9. Double logarithmic plot of the magnetic field dependence of the

SAR values. All samples were measured at 301 kHz.

28



L

M center
O edge

Intensity (a.u.)

Figure S10. (a) EELS spectra acquired from the middle and near the edge of

the as-prepared core-shell particle. The valency maps were obtained by
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fitting the EELS spectra in each pixel to the reference spectra of Fe*3 (b) and

Fet2 (c).
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Figure S11. Temperature dependent zero-field and field-cooled ZFC-FC

magnetization curves of the 1023 sample series, recorded at 5 mT warming-

cooling fields. The maximum of the ZFC branch is marked with an arrow. The
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ZFC maximum for the 1023/6 and 1023/24 samples seems to occur above

400 K.
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Figure S12. Normalized M-H curves of the 23 nm sample series, shown from

0 to 7 T. The full curves are presented in Figure 4 in the main paper.
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Figure S13. Field-cooled (FC) loops recorded at 10 K on the immobile 1023/48

nanocubes after cooling from 400 Kto 10 Kin 5 T magnetic fields.
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Figure S14. (a) Tabulated elemental analysis of iron associated to 5 million cells for

the experiment shown in Figure 5a-b. The amount of iron from untreated cells, denoted here as

cells, is reported as reference. (b) Heating profiles recorded on the 1023/48 particle/cell pellet

mixture at different incubation intervals under the field frequency and amplitude of 301 kHz and

24 kA/m. (c¢) Tabulated elemental analysis of iron associated to 3 million cells for the

experiment shown in Figure Sc-d. After 48 h of incubation time, a 75% of the administered dose
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(ad.) of particles was found to be bound or internalized (in.) by the cells. (d) Temperature (7,
red line) and field amplitude (H, blue line) profiles versus time (#) during the hyperthermia
treatment of the 1023/48 doped cells. The field frequency was set constant to 182 kHz and the

field amplitude was adjusted (blue curve) in a way to reach 7. of 47°C.

Figure S15. Thin-section TEM images of the IGROV-1 cells incubated with the 1023/48
nanocubes for (a) 180 minutes and (b) 48 h. (a) After 180 minutes, the particles are bound to the

cell membrane (dashed black arrows) and are progressively internalized (solid black arrows). (b)
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A consistent internalization of the particles is clearly seen after 48 h of incubation with the
particles engulfed by the intracellular organelles (black arrows). (c) After hyperthermia treatment,
the particles are still accumulated inside the intracellular organelles, which have a less defined
structure due to the heat exposure (black arrows). (d) The hyperthermia treatment clearly
compromises the intracellular organization and the typical cytosolic and nuclear structures

appear to collapse completely (dotted black arrows).
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