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for consideration for publication in Small.

Given the growing use of nanomaterials in daily life products and their many promising
applications in biomedicine, humans are expected to be increasingly exposed to nano-
objects. Consequently, many research efforts are presently focused on the life cycle
and toxicity of nano-sized materials. However, the emerging field of nanotoxicity must
be considered from different angles. While most toxicology studies warn about the
effects of nanomaterials on biological functions (cytotoxicity, biopersistence,
immunogenicity, genotoxicity...), it is also essential to understand the transformation of
nano-objects in living environment in order to unravel the mechanisms determining
their fate.

In that regards, we report a valuable methodology to monitor nanoparticle
biodegradability from macroscopic to nanometric levels. This multi-scale approach
consist in following the magnetic and structural transformations of multicore maghemite
nanoflowers in a medium mimicking intracellular lysosomal environment, where the
nano-objects injected in vivo are usually confined. By confronting atomic-scale and
macroscopic information on the biodegradation of these complex nanostuctures, we
have determined the mechanisms involved in the critical alterations of their
hyperthermic power and their Magnetic Resonance imaging T1 and T2 contrast effect.
This complete annihilation of the technologically relevant properties of these
nanoflowers highlights the harmful influence of cellular medium on the therapeutic and
diagnosis effectiveness of iron oxide-based nanomaterials. To overcome this issue, we
demonstrate that the coating of inert gold layer changes the surface reactivity of the
nanosystems and protects the iron-oxide core from degradation. Such inorganic
nanoshields could be a relevant strategy to modulate the degradability and ultimately
the long term fate of nanomaterials in the organism.

More generally, by examining the influence of the biological medium on the structure
and physical properties of nano-objects, our material science approach opens up a
new way to evaluate the life cycle of nanoparticles and their biodegradation products
and provides relevant information on the design of safer and more efficient
nanomaterials.
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Understanding the relation between the structure and the reactivity of nanomaterials in
the organism is a crucial step towards efficient and safe biomedical applications. The
multi-scale approach reported here, allows following the magnetic and structural
transformations of multicore maghemite nanoflowers in a medium mimicking
intracellular lysosomal environment. By confronting atomic-scale and macroscopic
information on the biodegradation of these complex nanostuctures, we can unravel the
mechanisms involved in the critical alterations of their hyperthermic power and their
Magnetic Resonance imaging T1 and T2 contrast effect. This transformation of
multicore nanoparticles with outstanding magnetic properties into poorly magnetic
single core clusters highlights the harmful influence of cellular medium on the
therapeutic and diagnosis effectiveness of iron oxide-based nanomaterials. As
biodegradation occurs through surface reactivity mechanism, we demonstrate that the
inert activity of gold nanoshells can be exploited to protect iron oxide nanostructures.
Such inorganic nanoshields could be a relevant strategy to modulate the degradability
and ultimately the long term fate of nanomaterials in the organism.
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Abstract

Understanding the relation between the structure and the reactivity of nanomaterials in the
organism is a crucial step towards efficient and safe biomedical applications. The multi-scale
approach reported here, allows following the magnetic and structural transformations of
multicore maghemite nanoflowers in a medium mimicking intracellular lysosomal environment.

By confronting atomic-scale and macroscopic information on the biodegradation of these
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complex nanostuctures, we can unravel the mechanisms involved in the critical alterations of
their hyperthermic power and their Magnetic Resonance imaging T, and T, contrast effect. This
transformation of multicore nanoparticles with outstanding magnetic properties into poorly
magnetic single core clusters highlights the harmful influence of cellular medium on the
therapeutic and diagnosis effectiveness of iron oxide-based nanomaterials. As biodegradation
occurs through surface reactivity mechanism, we demonstrate that the inert activity of gold
nanoshells can be exploited to protect iron oxide nanostructures. Such inorganic nanoshields
could be a relevant strategy to modulate the degradability and ultimately the long term fate of

nanomaterials in the organism.

1. Introduction

Given the growing use of nanomaterials in daily life products and their many promising
applications in biomedicine, humans are expected to be increasingly exposed to nano-objects.
Consequently, many research efforts are presently focused on the life cycle and toxicity of nano-
sized materials.” 2 However, the emerging field of nanotoxicity must be considered from
different angles. While most toxicology studies warn about the effects of nanomaterials on
biological functions (cytotoxicity, biopersistence, immunogenicity, genotoxicity...), it is also
essential to understand the transformation of nano-objects in living environment in order to
unravel the mechanisms determining their fate.l*! By examining the influence of the biological

medium on the structure and physical properties of nano-objects, the material science approach
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opens up a new way to evaluate the life cycle of nanoparticles and their biodegradation products
and provides relevant information on the design of safer and more efficient nanomaterials.

In addition to the nature of the materials and surface properties,” ¥ the morphology and
architecture of nanostructures are crucial determinants of their physical properties and outcome in
the organism.[® Multicore assembly of nanoparticles have been proposed for medical applications
due to enhanced properties as contrast agent for imaging, nanoheaters for thermotherapy and
mesoporous drug carrier for sustained drug delivery.[’? The capability of multicore structures to
disintegrate into smaller entities might be a key advantage to penetrate tumor environment,
reduce biopersistence and facilitate degradability and/or excretion.’* 41 Therefore there is a
crucial need in controlling the biodegradation of such structures by following their physical
properties and morphological transformations. In spite of the tremendous potential of iron oxide
nanoparticles (NPs) in the biomedical field, not enough attention has been paid to their
biodegradation mechanisms. % 81117221 A5 most inorganic nanomaterials interacting with cells,
iron oxide NPs are rapidly confined within intracellular lysosomes, where they are exposed to the
combined effect of acidic pH around 4.7, digestive enzymes and iron chelators involved in iron
regulation. Recently, we have evidenced that the biotransformation of iron oxide nanospheres and
nanocubes takes place in this lysosomal environment, resulting in a transfer of iron from
synthetic particles to ferritin proteins.!*® %! However, although in vivo experiments are necessary
to understand the pathway for biotransformation of inorganic NPs, the impossibility of analyzing
the atomic structure and properties of the same NPs over time in living environment, prevents the
understanding of the atomic-scale mechanisms leading to the degradation products. The
methodology reported here gives the opportunity to follow both the magnetic and structural

transformations of multicore maghemite nanoflowers (NFs) in a medium mimicking intracellular
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lysosomal environment. The combined use of aberration-corrected high resolution transmission
electron microscopy (HRTEM) and magnetic measurements allows confronting atomic-scale and
macroscopic information on the biodegradation mechanisms of iron oxide NFs. Through this
magneto-structural approach, we aim to establish the link between the structural degradation of
the multicore NFs and the critical alterations of their hyperthermic power and their Magnetic
Resonance Imaging T; and T, contrast effect. Therefore, we provide a deeper understanding of
the harmful influence of cellular medium on the therapeutic and diagnosis effectiveness of
complex iron oxide nanostructures. Finally, we suggest that the coating of a protective gold layer
on maghemite, in addition to potentiate the efficiency of nanostructures for many biomedical
applications, is an interesting strategy to slow-down the degradation Kinetic of the iron oxide

multicore structures.

2. Results

Iron oxide nanoflowers consist of an isotropic assembly of cores, forming nearly spherical porous
supercrystals (Figure 1a). During the polyol synthesis of the nanoflowers, the merged cores
rotate to share the same crystalline orientation and then minimize their surface energy.’?”
Therefore, NFs exhibit a mono-crystalline inverse spinel FCC structure. Recently we have shown
that the distinctive architecture of multicore iron oxide nanoparticles accounted for their
outstanding efficacy as both heating mediators for magnetic hyperthermia and MRI contrast
agent.’ The magnetic properties of multicore particles have been compared to those of single

cores, revealing a cooperative behavior due to exchange interactions between the cores

constituting the particles. This collective magnetic behavior of internal cores was possible due to
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the crystal continuity at the core interface, which also ensured a continuity of spin orientation. As
a consequence, the multicore particles showed enhanced susceptibility compared to single core,
while maintaining a superparamagnetic behavior due to a reduced surface anisotropy. The
combination of their high susceptibility, high saturation magnetization and low magnetic
anisotropy for particles of 24 nm size were responsible for their outstanding heating power and
MRI relaxivities. Hence those biocompatible water-dispersed multicore particles, which are made

of pure iron oxide, hold great promises for biomedical applications.

2.1 Time evolution of magnetic properties in the lysosome-like medium

The reactivity and degradation of multicore NFs were first monitored by measuring the evolution
of their magnetic properties in a medium mimicking the lysosomal environment. A suspension of
multicore NFs (10 mM iron concentration) was exposed to an acidic buffer at pH 4.7
supplemented with 20 mM citrate for a period of 23 days at 37°C. This simple medium
containing citrate as iron chelators has been shown to efficiently trigger the degradation of single
core iron oxide nanoparticles used as MRI contrast agent.'® 2! This medium was first proposed
by Arbab et al® to mimic lysosomal environment. The field-dependence of the magnetization
was first probed at 310K by VSM measurements on the NF colloidal suspension. As observed in
Figure 1b, the magnetization was reversible (no hysteresis) and was rapidly saturating when
increasing the magnetic field beyond 200 kA/m, regardless of the incubation time in the
lysosome-like buffer. However, in the meantime, the saturation magnetization of the suspension
exponentially decreased, losing 83% of its initial value after 23 days in the acidic buffer (Figure
1b, Table 1). This loss of magnetization could be explained by the complete dissolution of some

nanoparticles in the acidic medium and/or by their transformation into less magnetic structures. A
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closer view into the low field magnetization (Figure 1c) shows that the initial susceptibility is
also diminished over time in the acidic medium. This suggests that the particles are being
transformed and potentially break down their multicore structure. Indeed the distribution of the
“effective” magnetic size of the particles can be deduced from a fit of their magnetization curve
by a Langevin function weighted by the magnetic size distribution® (see Table 1 and Figure S1
in Supplementary Materials). The initial multicore nanoparticles show a broad log-normal
distribution of their magnetic sizes centered around 14 nm (Figure 1d). As discussed in our
previous work,™® this effective magnetic size is larger than the TEM size of each constitutive
core (10.6 nm). Consistently the saturation magnetization Ms of NFs is 82 A.m®.kg™ (close to the
bulk value of maghemite) while it is reduced to 58 A.m?.kg™ for 10.6 nm single cores.*” Upon
exposure to the acidic citrate buffer, the magnetic size of particles tends to diminish and after
three weeks, the distribution becomes narrow around a mean diameter of 12.2 nm, suggesting the
loss of their multicore organization. In line with macroscopic magnetization measurements,
electron microscopy confirms the physical transformation of NFs (Figure 2): the multicore
initial structures (with a mean TEM diameter of 24 nm) seem to dissociate into smaller single
cores over time. At day 23, some degraded structures clearly coexist with some single cores,
resulting in a bimodal distribution of TEM size. After three months, the scarce resilient particles
all appear as single core with a mean size of 8-10 nm (Figure 2).

Ferromagnetic resonance (FMR) spectroscopy also provides a nanometrology method to
investigate the spin dynamics in nanoparticles and its evolution in the acidic medium. Initial
multicore particles show a complex asymmetric resonance spectrum at 9.25 GHz comprising
several absorption lines, whereas single cores of 10.6 nm exhibit a single symmetric resonance

centered on 3 kOe. The asymmetry of the resonance spectrum of the multicores can be ascribed
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to the exchange interactions at the core boundary, while the broad spectrum of single core is
attributed to a large surface anisotropy.l’> 2! Here we observe that, upon degradation in the
lysosome-like, FMR spectra evolve from the asymmetric shape characteristic of the multicores to
the symmetric shape of the single core (Figure 1e). In addition the area of the absorption
spectrum (FMR absorption signal), which is a measure of the ferrimagnetic materials in the
suspension,?® rapidly decreases over time in acidic buffer (Figure 1f) in line with the decrease of
saturation magnetization. This supports the hypothesis that NFs are degraded into single cores,
while an increasing mass of iron is released from ferromagnetic lattice and forms non-magnetic
chelates with citrate. It is worthy to note that the transition from asymmetric to symmetric FMR
line occurs from day 3 to day 5, suggesting that exchange interactions at the core boundaries
might be early affected. Because some multicore structures are still observed on TEM at time
points up to three weeks, we hypothesize that magnetic hallmarks of NFs are debased in acidic
medium before the complete degradation of multicore organization as observed by TEM.

The next step was to investigate how such structural and magnetic transformations of NFs might
affect their efficiency for therapeutic and imaging applications. The specific absorption rate
(SAR) of nanoparticles was measured in an alternating magnetic field of 24 kKAm™ at a
frequency of 520 kHz. The SAR, determining the heating power of nanoparticles, is governed by
key parameters of nanoparticles which comprise their magnetic anisotropy, size, susceptibility
and saturation magnetization.?® ) Recently, we have shown that the nanostructuration of single-
core to multi-core structure increases the SAR from 150 W/g to 1604 W/g.™ Here the exposure
to acidic medium has a dramatic effect on the SAR. After 6 days, the heating power decreases by
70%, from 1761 W/g to 552 WI/g, and fall to no more than 19 W/g after 23 days (Figure 3a,

Table 1). This effect testifies not only the early loss of magnetic hallmarks due to multicore
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nanostructuration but also undeniably reflects the dissolution of nanoparticles. Altogether it
highlights the potential deterioration of heating efficiency of multicore nanoparticles that are
uptaken by cells (including cancer cells) and underwent lysosome degradation.

Finally we focused on the contrast properties of NFs for magnetic resonance imaging. The use of
superparamagnetic nanoparticles as MRI contrast agent relies on the accelerated relaxation of the
magnetization of water protons diffusing in local magnetic fields created by particles. The spin-
lattice (r;) and spin-spin (r;) relaxivities are defined as the increase of the longitudinal and
transverse relaxation rate of the medium (here water or acidic buffer) induced by 1mM of the
magnetic agent (here iron). The improvement of sensitivity in MR sensing and imaging requires
an optimization of both rl and r2 in the application medium. As magnetic nanoparticles are
readily internalized by cells in vitro and particularly by macrophages in vivo, the persistence of
their contrast properties within intracellular lysosomes is an important concern for the success of
long term cell tracking by MRI. However little is known on the outcomes of nanoparticle
degradation in lysosomes,® partly because a number of environmental factors, including
nanoparticles distribution, aggregation, magnetic interactions and lysosomal confinement, 3!
actually change the relaxivities of intracellular nanoparticles. NFs possess very large r; and r;
relaxivities that surpass that of single core particles and may be attributed to their multicore
structure.™ More particularly the nuclear magnetic resonance dispersion (NMRD) profile, which
provides r; measurements over a wide range of *H resonance frequency (0.015 MHz to 40 MHz)
or equivalently of the magnetic field strength (0.35 mT to 0.94 T) demonstrates for NFs a
monotonous decrease of r; relaxivity with increasing frequency and exceptionally high relaxivity
value at low fields. Such behavior is unusual for superparamagnetic particles which generally

show a maximum of rl at a field which depends on the dynamics of the particle magnetic
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moment.?) However Lévy et al established that the low field longitudinal relaxivity could be
considerably enhanced and could make disappear the typical r; maximum when the fluctuations
of the transverse component of the particle magnetic moment are slowed down.®¥! As NFs are in
the limit of the superparamagnetic regime, this model could account for their exceptionally high
relaxivity at low fields. In the present study, we measured the NMRD profile of NFs at different
time-points in the lysosome-like medium. As expected from the loss of nanoparticles
magnetization reported above, the longitudinal relaxivity dramatically diminished at long time in
the acidic medium regardless of the *H resonance frequency (Figure 3b). However, at short times,
we first observed a 25% decrease of the r; relaxivity as soon as NFs are transferred from water to
acidic medium (0 day) which accentuates to 73% after one day and then retrieve 45% of its initial
value in water at day 3 and continuously decreases at longer time-points. The transverse
relaxivity r, measured at 20 MHz exhibits a similar variation over time in lysosome-like medium
(Figure 3d). To understand this non-monotonous temporal variation of relaxivities, we recall the
importance of nanoparticle aggregation on their relaxation properties. Indeed very large clusters
of particles cannot be detected by NMRD profile: their corresponding r; is too small at the used
magnetic fields.*Y Agglomeration of nanoparticles above a critical volume also diminishes the
transverse relaxation rate r.*> **! Here, nanoflowers might be more prone to aggregation than
single cores due to their large diameter and enhanced magnetic interactions. We thus investigated
the colloidal stability of NFs by magnetically-induced birefringence measurements, a previously
described method that probe the orientational dynamics of magnetic particles in response to a
magnetic field.2”) Interestingly the mean hydrodynamic diameter of NFs was more than doubled
in acidic medium in comparison to the initial water suspension (91.5 nm versus 37 nm) and

further increased after one day (101.4 nm), indicating the formation of small aggregates of
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citrate-coated NFs at pH 4.7 (Table 1 and Figure 3e). Beside such small aggregates that remain
dispersed in the suspension, we also observed some large sedimenting agglomerates that were not
probed by the birefringence experiment. Nevertheless from day 2 in acidic medium, the whole
suspension becomes limpid and the hydrodynamic diameter starts to decrease and fall down to 18
nm, below the initial value in water. This suggests that the degradation of magnetic properties
and of multicore organization reduces the propensity of particles to form aggregates or chains and
that the degrading particles become isolated while diminishing in size (Figure 2). In line with
these results, the temporal evolution of relaxivities results from the interplay between the
aggregation effect until day 2, the disaggregation effect at intermediate time (which increases r;)
and the progressive loss of magnetic materials (which further decreases r; and r To test this
hypothesis, we changed the anionic monomeric citrate coating of NFs for a polymeric anionic
coating made of poly(acrylic) acid (PAA). PAA-coated NFs have a larger hydrodynamic size in
water (70 nm) compared to citrate-coated NFs, but are less aggregated in the acidic medium due
to steric hindrance and reduced dipole-dipole interactions (Supplementary Figure S2).
Consistently their hydrodynamic diameter slowly diminishes in the acidic buffer and the r;
relaxivity progressively decreases with time mainly due to the loss of magnetic properties. In
contrast to the relaxivity measurements which are very sensitive to the local arrangement of
particles,® the type of coating —PAA versus citrate — has a marginal effect on the loss of
nanoparticle magnetization and FMR absorption which reflect similar diminution of magnetic
materials. Hence while the transient aggregation of citrate-coated NFs strongly impact relaxivites
at short times, the gradual deterioration of magnetic properties and multicore structure plays in
concert to diminish r; and r, at longer time. Interestingly, the shape of the NMRD profile at the

longest time investigated (14 days) was shifted to higher magnetic field in comparison to the
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initial shape, showing a shoulder that is characteristic of smaller single core particles, suggesting
the loss of cooperative magnetic behavior (Figure 3c). This interpretation can be quantitatively
confirmed by fitting the NMRD profiles. The usual equations for relaxation induced by
superparamagnetic nanoparticles®? were used and the corresponding NMR sizes extracted. These
sizes correspond to the minimal approach distance between the water molecules and the magnetic
particles — as a consequence, they are larger than the magnetic core size but smaller than their
hydrodynamic size, which is verified in our case (see Table 1). As NFs are in the limit between
the low and high anisotropy energy limit, the obtained parameters must be carefully interpreted.
The rigid dipole model of Levy et al®! was also used for comparison and correctly fit the data
with similar NMR sizes. During the first 6 days, some NFs (with a slightly smaller size than the
initial one) remain in the solution while large aggregates cannot be detected by NMRD profiles.
At day 14, the obtained NMR size is twice smaller, which is consistent with the fact that a large
amount of NFs is degraded into smaller isolated single cores.

In conclusion, we have shown that monitoring the macroscopic properties of an assembly of
multicore nanoparticles, such as their magnetic and FMR properties, heating power or MR
relaxivity, provides an accurate methodology to follow their degradability and to predict their
behavior in a simple model of intracellular environment. It is worth noticing that both magnetic
and structural properties of the NF remain unaltered over several months into water (see
supporting information, Figure S3). In what follows, we focus on the evolution of single

particles at the nanoscale in order to highlight the mechanisms of degradation.

2.2 Atomic-scale investigations of the degradation mechanisms
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The nanoparticle degradation was characterized at the atomic level using aberration-corrected
HRTEM on NFs flatly deposited on a lacey carbon-coated TEM grid. The grid was immersed
into the acidic buffer for different time periods, and the nanoparticle evolution was probed after
each immersion step. First, about 100 isolated NFs were localized on the grid and identified to
monitor their degradation kinetic. This statistical analysis summarized in Figure 4a reveals the
high reactivity of NFs structures in the lysosome-like medium. Indeed, the atomic structure of all
the isolated particles is damaged after only 30 minutes of immersion. However, although the NFs
promptly show signs of structural degradation, these latter do not systematically induce the
complete dissolution of NFs. The percentage of totally dissolved NPs increases from 5 % after 30
minutes to 45 % after 100 minutes and stays below 50% after 140 minutes. This asymptotic
behavior is consistent with the many single core nanoparticles observed in the lysosome-like
medium after several weeks of immersion (Figure 2) and indicates that these single core
structures are much more stable in the medium than the multi-core architecture of the initial NFs.
As previously observed on nanocubes,'?® the degradation is faster on two dimensional grid in
comparison to the suspension probably due to a larger ratio of available citrate chelators per
particle. In addition the spatial organization of iron oxide NPs has also a strong influence on their
reactivity to the lysosome-like medium.”®) While the acidic medium always causes severe
damages to the structure of isolated NFs, the aggregation of NFs significantly slows down their
degradation kinetic (see supporting information, Figure S4). The reinforced stability of large
three-dimensional assemblies may relate to the reduced accessibility of iron oxide surface for the
chelating agents. Thus agglomeration tendency of nanoflowers, which occur following
internalization into early endosomes and lysosomes,™ could severely diminish their reactivity

and short time degradation kinetics in the organism.
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Following at high resolution the degradation of individual NFs sheds light on the atomic process
involved in the transformation of multicore nanoparticles with promising magnetic properties into
poorly magnetic single core. As observed in Figure 4b-c, the gradual corrosion of the NP surface
results in a clear size decrease of the NFs, but the initial atomic arrangement of nanoparticles is
maintained throughout the degradation process. This result confirms that the alteration of the NF
atomic-structure in intracellular-like environment is controlled by surface reactivity mechanisms.
Simultaneously, we observe the formation of holes into the atomic structure of the NFs which
appears as brighter contrast on TEM images. The atomic-scale study of this milling process
shows that these holes are formed on structural defaults of the initial NFs (Figure 4c). Indeed, the
multicore architecture of the NFs gives rise to porous atomic surfaces. These pores are more
vulnerable to chelating agents either because of the change in coordination number due to surface
curvature and defects, or because of a possible lack of protecting coating inside these nano-
cavities. Consequently, the degradation kinetic is faster inside the pores and their size increases
from 1 to 20 nm? within the first minutes of immersion. Surprisingly, the structure of the
resulting holes reveals that the corrosion mechanisms are also influenced by the thermodynamic
properties of the iron oxide structure. Indeed, when the degraded NFs are oriented along the [001]
zone axis the enlarged pores consist in rectangular patterns sharing the same orientation. By
comparing the structural information from the direct and Fourier spaces, we observe that the
rectangular holes are oriented along the [400] and [040] directions. The formation of these
{400}-type facets suggests that these particular surfaces are less reactive (i.e. more stable in the
buffer medium) and consequently the degradation kinetic is slower along the [400]-type
directions. This result is consistent with the degradation of iron oxide nanocubes,®! which

preferentially occurs on small {220} facets than on large {400} facets. Nevertheless, this higher
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stability remains insufficient to avoid the step by step degradation of iron oxide NFs. The gradual
corrosion of the iron oxide surfaces, which is enhanced though the pores of the NFs structure,
inevitably induces a size reduction of the multicore particles and leads to the separation of the
single cores. This mechanism is consistent with the long term TEM observation described in
Figure 2 showing that single core NPs are mainly found in the lysosome-like solution after three

weeks of immersion.

2.3 Slowing-down the degradation kinetic with a gold-protective layer

Among many parameters influencing the fate of NPs inside cells (size, shape, composition...),
the key role of nanoparticle functionalization has been reported. %18 By raising the first barrier
against environmental reagent, the nature and distribution of organic/inorganic coating might be a
crucial determinant of the degradability of nanoparticles. Here, we investigate the influence of
gold inorganic coating on the corrosion of iron oxide NP in lysosome-like media. Gold layers
with nominal thicknesses of 3, 5 and 7 nm were physically deposited by pulsed laser deposition
over NF samples. Bragg filtered high resolution imaging was used to generate chemical maps
exhibiting the distribution of both Au and iron oxide within the nanostructures and then analyze
the morphology of the gold layers depending on its nominal thickness. The isolated gold clusters
observed on the NFs with the thinnest protective layer (Figure 5a, nominal thickness of 3 nm)
reveals the poor wetting properties of gold over iron oxide. To minimize its interface energy the
gold layer tends to reduce its cover rate by forming isolated 3D islands over the NFs. By
increasing the quantity of Au, this VVolmer-Weber growth mode leads to a percolated film over

the magnetic NPs (Figure 5b, nominal thickness of 5 nm). Finally, NFs coated with a continuous
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granular Au layer were obtained with a nominal thickness of 7 nm (Figure 5c). The true thickness
of this full metal layer is 3 nm.

These three types of core-shell nanostructures were then immersed into the buffer medium for
different time periods, and the nanoparticle evolution was probed after each immersion step by
using both Bragg filtered high resolution TEM and energy dispersive X-ray (EDX) nano-analysis.
By combining the imaging and analytical capabilities of TEM we can quantitatively characterized
the degradation of the magnetic cores as a function of the incubation time, by following their size
reduction and the evolution of the Fe/Au composition ratio within individually-analyzed core-
shell NPs. Chemical imaging of the magnetic cores before incubation and after 45 minutes in the
lysosome-like medium illustrates that isolated Au clusters and percolated Au films cannot
prevent the fast size-reduction of the iron oxide NFs (Figures 6a and 6b). On the contrary,
continuous Au shells seem to be an efficient shield layer against surface corrosion, since the size
of the fully-covered magnetic cores remains almost constant in the acidic medium (Figure 6c).
EDX nano-analyses reinforce this conclusion, given that the Fe/Au composition ratio within
single core-shell NPs remains constant when the gold layer is continuous, where as it decrease by
25% and 70 % over one hour, for gold layers consisting in percolated film and isolated clusters,
respectively (Figure 6d). These nano-scale analyses reveal that the kinetic of degradation of the
iron oxide NFs clearly depends on the cover rate of the Au layer: the lower the cover rate, the
better the accessibility for the chelating agent and consequently the faster the corrosion of the
magnetic cores. It is worth noticing that there is currently great interest in the development of
such NPs composed of magnetic cores with plasmonic shell layers that combines magnetic and
plasmonic properties for theranostic applications. ***Y In that regard, gold layers are promising

candidates because of their shape-dependent plasmonic properties and their biocompatibility.
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Here, we shed light on the protective properties of gold layers that could also be exploited to
avoid a too fast annihilation of the magnetic properties of iron-oxide nano-objects due to the
deterioration of their atomic-structure in cell compartments. This potential application of gold
nano-shields arises from their very low biodegradability, as gold is mostly inert to chemicals it
should encounter inside the body.*? It is interesting to note that the thickness and morphology of
the gold coating (here obtained by physical deposition) could be modulated in order to tune the
degradation rate of NFs. Whenever this gold shield strategy could be achieved with colloidal

chemical synthesis of core-shell nanocomposites, [“* #4146l

it would give the unique
opportunity to control the degradability of NFs so that they keep their magnetic properties for the
time of therapeutic treatment and degrade at longer time to be locally processed by iron
metabolism or eliminated by biliary excretion. This concept of hybrid nanostructures with

materials possessing different reactivity to their environment opens new route for the modulation

of nanoparticle fate in the organism. Further studies are necessary to assess this strategy in vivo.

3. Conclusions

In conclusion, we have presented a valuable methodology to monitor nanoparticle
biodegradability from macroscopic to nanometric levels. We manage to correlate the atomic scale
transformations of multicore monocrystalline nanostructures to the evolution of their magnetic
properties over time in lysosome-like medium. The remarkable cooperative behavior of the iron
oxide nanoflowers is progressively impaired in lysosomal acidic medium due to the porous
widening and dissociation of single cores. Hence intracellular uptake should rapidly jeopardize
the NF’s outstanding properties for magnetic hyperthermia and MRI detection, while it enables

dissociation and further dissolution of nanocrystals. The balance between crystal corrosion,
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release of iron species and local processing of iron by iron storage protein should be finely
regulated in order to avoid toxic effect due to Fenton reaction. Hence it should be advantageous
for both therapeutic efficiency and safety issue to control the intracellular degradation rate of
nanostructures. In that regards, we demonstrate that the organization of iron oxide NPs has a
significant impact on their reactivity in lysosome-like medium, since aggregation provides
protection against degradation, while separation encourages the transformation processes. We
also suggest a strategy using gold nanoshield at the surface of the particles to modulate their

degradability and ultimately their long term fate in the organism.

4. Experimental Section

Nanoflower synthesis: magnetite NFs were synthesized following the procedure described in
Hugouneng et al'®*! which uses alkaline hydrolysis of FeCI3.-6H20 and FeCl2-4H20 with
stoichiometric ratio in a mixture of polyols (diethylene glycol (DEG) and
Nmethyldiethanolamine (NMDEA), 1:1 w/w) at 220 °C.

The choice of the solvents, the nature of the precursors, progressive heating to 220°C (2 °C per
min) and constant stirring at 220°C for 12 hours were critical factors to obtain multicore
monocrystalline nanostructures with monodisperse size. A 8M solution of iron nitrate was added
to the particles and heated at 80 °C for 45 min to achieve a complete oxidation of the magnetite
nanoparticles into maghemite. After another treatment with 10% nitric acid, the particles were
washed and redispersed in water. At this stage, the aqueous dispersion of NFs was stable in acid
or basic conditions with a point of zero charge near pH 7.3. Citrate anions were grafted to NF

surface by adding 0.3 mol of sodium citrate per 1 mol of iron element in order to ensure colloidal
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stability at physiological pH. Alternatively, NFs were coated with polymeric poly(acrylic) acid
(PAA) by ligand exchange. To achieve a stable coating, a large excess of PAA molecules were
added to the nanoparticles suspension in acidic conditions (pH 2). At this pH the PAA molecules
are weakly charged and the nanoparticles can be washed using magnetic decantation to remove
the excess of PAA. The nanoparticles are then redispersed by increasing the pH to 9 by adding a
concentrated solution of NH4,OH. The nanoparticles suspension is then dialyzed in water using a
12kDa membrane to remove the remaining free PAA molecules.

Magnetic measurements: Magnetization measurements were carried out on a with a Quantum
Design MPMS-5S SQUID magnetometer. All magnetic measurements were performed in
solutions around 10 mM in iron and the data were corrected from the diamagnetic contribution of
water and sample holder. The field-dependent magnetization curve was measured at 310K in the
range between 0 and 3 Tesla. The distribution of apparent magnetic size was obtained from the fit
of magnetization curve using a Langevin function weighted by a log-normal distribution of
magnetic diameter (characteristic diameter dmag, polydispersity index o) as previously
described.!

Ferromagnetic resonance (FMR) spectra were obtained using a Varian ESR spectrometer
operating at 9.26 GHz (X band) with following parameters: microwave power = 1 mW,
modulation frequency = 100 kHz, modulation field = 10 Gauss. FMR spectra were recorded at
room temperature for 2 pL of NF suspension at iron concentration of 10 mM. Quantification of
the remaining magnetic iron in the suspension was obtained by double integration of the FMR
spectrum and comparison to a calibration curve of non-degraded NFs. It was verified that
paramagnetic iron species that could be released in the medium were not contributed to the FMR

signal at room temperature.
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Hyperthermia Measurement. The evaluation of heat generation was performed with a home-
built magnetothermal setup®® consisting of a resonant RLC circuit with a 16 mm coil. The field
amplitude was fixed to 24 kA/m and the frequency to 520 kHz. 300 uL of the NF solution was
put inside the thermalized coil and the temperature was probed with a fluoro-optic fiber
thermometer (Luxtron Corp., CA) every 0.7 s.

The SLP was calculated using the following formula:

SAR :mi[Zci m, Z—IJ where me is the total mass of the iron, c; is the specific heat, and

m; is the weight of the different species in solution (particles and water) and dT/dt is the slope of
the initial temperature increase. The mass of iron was measured by flame atomic absorption
spectroscopy.

NMRD experiments: The frequency dependence of the *H longitudinal relaxation time 1/T1 in
NF aqueous suspensions was recorded over the frequenc range of 0.015 to 40 MHz using

a Spinmaster FFC-2000 fast-field cycling NMR relaxometer (Stelar SRL, Mede, Italy).

The temperature of the samples was maintained at 37°C using a thermostated airflow system. All
of the 'H magnetization recovery curves were singly exponential within experimental error, and
the random errors in fitting T, were always less than 1%. T, was measured using the CPMG
pulse sequence on a 20MHz Bruker minispec. The relaxivity r; was obtained by normalizing the
relaxation rate (1/Ti - 1/Twawer) With the iron concentration of the sample determined by
Inductively coupled plasma mass spectroscopy.

Magnetically-induced birefringence experiment: The change in hydrodynamic diameter caused
by the onset of aggregation was determined by means of a magnetically-induced birefringence

experiment which is described in detail elsewhere.*”) Briefly, in the presence of an external
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magnetic field, the NF suspension acquires a birefringence 4n (4n = n| —ny, n| and n being the
optical indexes, respectively, in the direction of the magnetic field and perpendicular to it), due to
the alignment of optical axes of the nanoparticles along the field and the subsequent alignment of
their optical anisotropy axes. This birefringence induces a phase lag ¢ proportional to 4», which
is measured through a polarizer and analyser. The NF suspension sample is submitted to a pulsed
vertical magnetic field (100 Oe) and the transmitted light I(t) is collected on the photodetector
(PD). The birefringence decay is averaged over a large number of pulses (typically 512, total time
of measurement 20s) and analysed using a stretched exponential. The distribution of
hydrodynamic diameter is deduced from stretched exponential parameters as previously
described. 7

Aberration-corrected HRTEM: TEM investigations were performed with the JEOL ARM 200F
microscope operating at 200 kV. This microscope is equipped together with a CEOS aberration

corrector and a cold field emission gun.[*® %!

Lacey carbon TEM grids (agar) were used to
follow the degradation mechanisms by HRTEM. The recognizable patterns of the lacey carbon
film facilitate the step-by-step following of the nanostructure alteration. Bragg filtered high
resolution imaging is a method of choice to study the structure of non-miscible nanohybrides.
This post-acquisition image processing consist in calculating the inverse Fourier transform of the
power spectrum of an HRTEM image, on which a well defined spatial frequency is selected with
a low-pass filter. This technique is also called digital dark field imaging since the low pass filter
plays the same role as the objective aperture in conventional dark field imaging.”® %! By
selecting suitable reflections for the crystal lattice of gold or iron oxyde, one obtains a chemical

mapping exhibiting the distribution of the two species in the nanoparticles. One displays in fact

the part of the nanocrystal where distances between interference fringes (i.e. atomic planes)
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correspond to the selected reflections on the power spectrum. We note that such a chemical
imaging required a clear visibility of the atomic structure on the whole studied nanocrystal. In
that regard, we greatly benefit from sub-angstrom resolution imaging that allows observing the
atomic structures of both gold and iron oxide almost independently their orientation.

Deposition of the gold protective layers: The gold layers were produced over the iron oxide NFs
by pulsed laser deposition in a high vacuum chamber at room temperature.? *3 The pressure in
the chamber is greater than 10® Torr. A typical target — substrate configuration was used to
deposit Au by PLD using a KrF excimer laser working at a wavelength of 248nm with pulse
duration of 25 ns at a repetition rate of 5Hz.The laser energy was 250mJ. The deposition rate of
Au vapor phase was controlled by an in situ quartz crystal monitor, which indicates the nominal
thickness of deposited materials on the quartz surface, in a continuous thin film approximation.
Gold layers with nominal thicknesses of 3, 5 and 7 nm were prepared. As the iron-oxide
nanoparticles are obviously not a smooth substrate, the nominal thickness of the deposited gold

does not correspond to the true thickness of the gold layer.
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Figure 1: Representative TEM micrograph of the mesoporous multicore nanoflowers (24 nm
diameter) synthesized by a polyol method (a). High resolution image and corresponding Fourrier
transform (inset) show that NFs are single-crystals composed of smaller maghemite cores sharing
a common crystalline orientation. Magnetization measurements demonstrate a deterioration of
their magnetic properties when exposed to the lysosome like medium for different times. Both
saturation magnetization (b) and initial susceptibility (c) are decreasing over time. The
corresponding distribution of apparent magnetic diameter dmag (deduced from the fit of
magnetization curves, see supporting information S1) becomes narrower when increasing
exposure to the acidic medium (d). Ferromagnetic resonance (FMR) spectrum evolves from the
initial multiline shape to a single line spectrum characteristic of single core nanoparticles (e).
Quantification of the FMR absorption signal provides the percentage of magnetic iron in a
particulate form (). The loss of magnetic iron in lysosome like medium is well correlated with
the diminution of saturation magnetization.
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Figure 2: Representative TEM micrograph of nanoflowers at different time points (day 0, day 21,
day 90) in the lysosome like medium and corresponding distribution of the TEM particle size (bar

is 50 nm).
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Figure 3: Degradation of nanoflowers in the lysosome like medium impairs their efficiency for
magnetically induced hyperthermia and magnetic resonance imaging. The specific absorption rate
(SAR) in a magnetic field of 24 kA/m and 520 kHz decreases over time in the acidic medium (a).
The NMRD profile of NFs, representing longitudinal relaxivity r; as function of the proton
Larmor frequency, shows a non-monotonous diminution of relaxometric properties over time (b)
and the normalized NMRD profile (normalization by the relaxation rate at 0.015 MHz) is also
modified at day 14 (c). The transverse relaxivity r, determined at 20 MHz follows the non-
monotonous evolution of longitudinal relaxivity (d). To understand such behavior, the
distribution of hydrodynamic volumes of NFs was determined from magnetically-induced
birefringence experiments. The mean hydrodynamic diameter and the whole distribution of
hydrodynamic diameter are represented in (e) and (f), respectively. The initial increase of
hydrodynamic volumes reveals the onset of aggregation as soon as citrate-coated NFs are
transferred from water to lysosome like medium. The citrate-coated NFs tend to desaggregate
from day 3 to day 6 in the lysosomal medium and their mean hydrodynamic volume is reduced to
18 nm indicating the rapid disintegration of the NF structure into single core nanoparticles. We
note the parallel evolution of r; and r, in the lysosome like medium, which first decreases due to
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aggregation, then increases at day 3 due to disaggregation and then continuously decrease due to
the loss of magnetic iron in the solution. At the longest time, the appearance of a low frequency
shoulder in the normalized NMRD profile is indicative of particles with lower magnetic moment
and increased rotational mobility (c).
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Figure 4: TEM monitoring of NF degradation in a lysosome-like medium. (a) Evolution of the
percentage of attacked (green) vs totally dissolved isolated NFs (violet) over time of incubation
in the lysosome-like medium (100 NFs were analyzed) (b) Low-resolution TEM monitoring of
NFs degradation in the lysosome-like medium (time of incubation is indicated in the top left
corners of the images). The NFs which consist in multicore nanoparticles in the initial state are
gradually eroded. The white arrows indicate the formation of holes inside the structure (bright
spot on the NPs) while the black arrows highlight the slipping process of the multicores
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nanostructures. After 100 min in the lysosome-like medium some NFs totally dissolved and only
single-core clusters are observed. (c) High-resolution TEM monitoring of the degradation of a
single NF in the lysosome-like medium. The black arrows show the milling process of a hole
inside the atomic structure of the NF. The holes are formed on defaults (pores) that are observed
on the initial NF (t = 0 min). After 15 minutes of immersion the holes present rectangular shapes
(indicated by dashed lines) oriented along the [400] and [040] directions of the inverse spinel iron
oxide structure here oriented along the [001] zone axis (the FFT of the image in seen in insert).

Figure 5: Bragg filtered high resolution images of iron oxide NFs (in red) covered by a gold
layer (in green) deposited by PLD technique. The nominal thickness of the gold layer is (a) 3 nm,
isolated cluster are formed, (b) 5 nm, a percolated film is formed and (c) 7 nm, a continuous layer
is formed.
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Figure 6: Degradation of iron oxide NFs as a function of the nominal thickness of the protective
gold layer. Bragg filtered high resolution images showing only the iron oxide NFs before (top
image) and after 45 minutes in the lysosome-like medium (bottom image). The nominal thickness
of the gold layer is (a) 3 nm (isolated clusters), (b) 5 nm (percolated film) and (c) 7 nm
(continuous layer). (d) EDX quantitative measurement of the Fe/Au ratio in single Au-coated
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NFs as a function of the incubation time in the lysosome-like medium. The ratio is normalized by
the Fe/Au ratio before incubation (several NPs were individually analyzed on each sample and
each data point corresponds to the average of these measurements).

Table 1. Evolution of nanoparticle characteristics over time in the lysosome-like medium.

Time Mg Omag (NM) dy (nm) SAR dawvir
(Days) | (A.m*kg™) (o) (sd) (W/g) (nm)
14.0 22.4
0* 82 0.25) 35.0 (0.80) | 1604 (56)
14.0 21.2
0 71 (0.30) 91.5(0.60) | 1761 (35)
13.0 20.4
1 64 (030) | 1004 (0.44) -
13.2 _
2 51 (030) | 100:3(046) -
3 - - - - 20.8
13.1 20.4
6 35 0.20) 20.8(0.90) | 532 (58)
13.1 13.2
14 19 (0.19) 19.6 (0.90) | 192 (24)
12.2 -
23 14 0.17) 18.4 (0.90) 19 (5)
* Measurement realized in water.
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TOC figure:
Biodegradation mechanism of iron oxide monocrystalline nanoflowers

and tunable shield effect of gold coating

Table of contents entry

By following the magnetic and structural transformations of multicore maghemite nanoflowers in
a medium mimicking intracellular lysosomal environment, we have unraveled the mechanisms
involved in the critical alterations of their hyperthermic power and their Magnetic Resonance
imaging contrast effect. To overcome this harmful influence of cellular medium on the
effectiveness of iron oxide-based nanomaterials, we demonstrate that the inert activity of gold

nanoshells can be exploited to modulate their degradability.
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7 / 1 Day
Z 0.5- J/ 2 Days
= 6 Days
i 14 Days
23 Days
0.0 . .
0 1 2 3
H (kOe)
Fit Langevin (LogNormal)
M (KA/m) Xo
Ayagn (NM) c
0 367.4 336 14.0 0.30
1 329.9 28.3 13.0 0.30
2 268.0 21.7 13.2 0.30
6 174.3 7.2 13.1 0.20
14 101.1 53 13.1 0.20
23 71.5 4.0 12.2 0.17

| IMICRO

Figure S1: Fit (solid lines) of the magnetization curves of citrate-coated nanoflowers (300K)
using a Langevin function weighted by the log-normal distribution of magnetic diameter dmag
(polydispersity index o) displayed in the table. The table also indicates the saturation
magnetization M and initial susceptibility yo of NFs for different times (in days) in the

lysosome-like medium.
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Figure S2: Comparison of magnetic properties of PAA-coated NFs and Citrate-coated NFs in the
degradation medium. Evolution of saturation magnetization (a), FMR absorption signal (b),
Specific Absorption Rate SAR (c) and hydrodynamic diameter (d) as function of time in the
lysosome-like medium. (¢) NMRD profile and (f) r, relaxivity at 20 MHz of PAA-coated NFs at

different time-points.
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Figure S3: Structural stability of NFs over several months in water. TEM images of NFs (a) just
after synthesis, (b) 6 months after synthsis.

The magneto-structural properties of the NFs were firstly studied just after their synthesis. These
results were reported in [lartigue et al. ACS Nano 2012, 6, 10935]. The study of NFs
biodegradation reported here started 6 months after the synthesis of the NPs. The close
similarities between the magnetic measurements reported in [lartigue et al. ACS Nano 2012, 6,
10935] and the ones reported here before the insertion of the NFs in the lysosome-like medium
(namely in water) demonstrate that the long-term aging of the NFs in water has no impact on
their magnetic properties. This result is consistent with the structural stability of the NFs
observed by TEM over several months in water (Figure S3). Therefore, the degradation processes
observed in the lysosome-like medium allows clearly evaluating the drastic effects of a model
biological environment on the structure and properties of iron oxide NFs.

Figure S4: Very slow degradation of a large aggregate of citrate-coated NFs followed by TEM.

-35-



