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Iron oxide nanoparticles (IONPs) have been largely investigated in a plethora of biological fields for their
interesting physical-chemical properties, which make them suitable for application in cancer therapy,
neuroscience, and imaging. Several encouraging results have been reported in these contexts. However,
the possible toxic effects of some IONP formulations can limit their applicability. In this work, IONPs were
synthesized with a carbon shell IONP@C), providing enhanced stability both as colloidal dispersion and in
the biological environment. We conducted a careful multiparametric evaluation of IONP@C biological
interactions in vitro, providing them with an in vivo-like biological identity. Our hybrid nanoformulation
showed no cytotoxic effects on a widely employed model of alveolar epithelial cells for a variety of con-
centrations and exposure times. The IONP@C were efficiently internalized and TEM analysis allowed the
protective role of the carbon shell against intracellular degradation to be assessed. Intracellular redistribu-
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Introduction

Iron oxide nanoparticles (IONPs), with their magnetic pro-
perties, have been considered for a range of biological appli-
cations spanning magnetic resonance imaging (MRI)," neuro-
nal modulation,® cancer therapy,® drug delivery,”® and mag-
netic sorting.”® Thanks to their magnetic properties that
allow for thermotherapy (magnetic hyperthermia)™® and their
capability to overcome biological barriers,"* IONPs have also
been used to treat glioblastoma, up to clinical trials.">*®
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tion of the IONP@C from the lysosomes to the lamellar bodies was also observed after 72 hours.

In 2009, the Food and Drug Administration (FDA) approved
the iron oxide colloidal formulation “ferumoxytol” to treat
iron-deficiency anemia in adults with chronic kidney
disease.”'® Ferumoxytol, extensively employed in both pre-
clinical and clinical studies, is composed of a superpara-
magnetic iron oxide core and a hydrophilic carboxymethyl-
dextran shell and has shown potential in several biomedical
applications, including immunomodulation."®

Starting from the encouraging results, it is of paramount
importance to understand the IONP interactions with the body
machinery to be able to engineer IONP formulations that fully
exploit their biological potential. Indeed, the cytotoxicity of
these NPs towards different biological systems is still
controversial.”>*" It has been shown that IONPs can be
degraded within the lysosomal compartment releasing iron
ions, which, depending on the concentrations and kinetics of
release, might induce reactive oxygen species (ROS)-mediated
cytotoxicity.>*>* This phenomenon is counterbalanced by the
role of intracellular protein cages (such as ferritin) implicated
in iron homeostasis. The iron ions, products of IONP degra-
dation, are intracellularly transferred to ferritin that can cage
and store them in the acidic physiological environment of the
lysosomes, as demonstrated in vitro and in vivo.>®

The particle size of IONPs intended for magnetic hyperther-
mia is generally below the superparamagnetic critical size.*®
However, some studies suggest that ferromagnetic IONPs with

This journal is © The Royal Society of Chemistry 2022
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particles of size around 40 nm exhibit a better heat efficiency,
thus allowing to use low-frequency field, producing a magnetic
field that minimizes possible damage to healthy tissues.?”"*®
On the other hand, ferromagnetic particles present lower col-
loidal stability if compared to superparamagnetic particles due
to particle-particle magnetic attraction.

The use of a shell increases the stability of IONPs in the bio-
logical environment, also improving their biocompatibility by
preventing rapid degradation.>®*° Different coating materials
have been investigated, such as silica, inorganic metals (or
metal oxides), and, more recently, carbon which can enhance
biocompatibility, provide new optical properties and allow for
anchoring of molecules through covalent bonding.*'**

Furthermore, it is well-known that the NPs surface chem-
istry affects their interactions with the airways mucus layer:**
the NPs shell functionalization with hydrophilic moieties,
such as PEG,**?> minimizes the interactions of NPs and
mucus, consequently preventing the NPs mucus entrapment
and enhancing mucus penetration, that eventually results in
an improved cellular uptake.®

Inorganic carbon shell coated IONPs (IONP@C) have been
previously synthesized by solvothermal carbonization of ferro-
cene, leading to superparamagnetic magnetite nanoparticles
embedded in a carbonaceous matrix, and used as a carrier for
doxorubicin.’”*° IONP@C core-shell nanohybrids are promis-
ing materials for medical applications, as they combine the
magnetic properties of the core with the optical properties of
the carbon shell, but the investigation of their biological inter-
actions has been so far overlooked. In this work, ferromagnetic
hybrid core-shell nanoparticles (IONP@C) were synthesized,
and their colloidal stability was measured in water and cell
media. The bio-nano interactions of IONP@C were investi-
gated on a lung alveolar cellular model. In this kind of study,
the role of protein corona’®*! is of paramount importance, as
it can be responsible for the mismatch between in vitro and
in vivo results.”>™*> Indeed, the layer of proteins adsorbed onto
the surface of nanomaterials regulates their interactions with
the cell membrane,*®° their intracellular pathway'>*'>* and
eventually their final fate in the body.”* In this optics, classic
biological milieu supplemented with 10% serum might not be
sufficient to give a complete picture of the interactions occur-
ring in vivo, and higher protein concentration should be
adopted.*®*®>* For this reason, in our work, we paid particular
attention to the use of an appropriate biological environment
to analyze IONP®@C interactions with cells. From our result,
IONP@C showed excellent biocompatibility towards a widely
used in vitro model and good stability in the biological
environment (including intracellular compartments), making
them suitable for promising applications in nanomedicine.

Results and discussion
Synthesis and physical chemical properties of the nanohybrids

For the synthesis of the nanohybrids, a solvothermal method
using ferrocene as a precursor was used starting from the pro-

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

tocol described by Wang et al®® As previously reported,
besides temperature and reaction time, the concentration of
hydrogen peroxide is a key parameter that determines the size
of the nanohybrids.?” The synthesis (see Experimental section)
was performed firstly by using 40:1 hydrogen peroxide/ferro-
cene ratio. Particles of diameter higher than 100 nm were
obtained (Fig. S1t). By reducing the ratio to 4:1, particles
having a diameter lower than 100 nm were obtained
(IONP®@C). Also the core/shall sizes ratio (shell thickness) is
affected by this parameter.

The morphology of the particles was investigated by trans-
mission electron microscopy (TEM). A representative micro-
graph is shown in Fig. 1A where the iron oxide core sur-
rounded by a continuous carbon shell is clearly visible. The
mean geometrical diameter as measured by statistical TEM
analysis was around 50 nm (Fig. 1B). The mean thickness of
the shell was 12 nm, while the mean diameter of the iron
oxide core resulted to be about 35 nm (Fig. 1B). This value well
agrees with the mean hydrodynamic diameter measured by
DLS in water (60 nm). The colloidal suspension in water was
very stable, and the particles showed a monomodal size distri-
bution (Fig. 1C). A comparison of the dy distributions of
different batches from different syntheses is reported in the
ESI (Fig. S2A7). The populations were almost identical, demon-
strating the good reproducibility of the synthesis.

Fig. 1D reports the {-potential values as a function of pH
range from 2-10, measured by electrophoretic light scattering
(ELS). At physiological pH, the (-potential was lower than
—40 mV, suggesting good stability of the suspension. Indeed,
colloids having zeta potential from +30 to +60 mV are very
stable due to high electrostatic repulsion between particles,
which prevents agglomeration.”> A negative zeta potential,
which decreased with the pH, suggests the presence of acidic
groups on the surface of the carbon shell. The absence of posi-
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Fig. 1 Characterization of IONP@C NPs. (A) TEM micrograph (scale
bars are 100 nm); (B) statistical size distribution from TEM imaging for
the whole NPs, the iron oxide core, and the carbon shell; (C) size distri-
bution evaluated by DLS (PDI = 0.12); (D) ¢-potential vs. pH evaluated by
ELS; (E) XRD diffractogram.
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tive values at low pH might be an indication that a small per-
centage or no iron oxide core is accessible, being mostly
embedded by the carbon shell.

XRD analysis was performed in order to identify the crystal
phase of the core (Fig. 1E). The XRD pattern indicated that the
iron oxide core is composed of magnetite or maghemite
phases.’® The nanoparticles showed an evident magnetic
response at room temperature, with a specific magnetization
value of 15 A m* kg™ " at 1.8 T, as evaluated considering the
total mass of the sample (Fig. 2A). After renormalizing magne-
tization only to the weight fraction of iron oxide, we could esti-
mate a specific magnetization value in the range of 31-40 A m”
kg™! at 1.8 T. The magnetization curve measured up to 0.5 T
evidenced a ferromagnetic behavior with reduced values of the
coercive field and magnetic remanence (Hg = 7 mT, M,/Mg =
0.17, inset of Fig. 2A). This result is consistent with the dimen-
sional analysis.>” The susceptibility of the particles to applied
magnetic fields was obvious (Fig. S2Bt). However, the particles
formed a stable colloidal suspension again once the magnetic
field was removed.

Surface reactivity

As previously reported in several studies, carbon nanostructures
might have antioxidant properties due to their ability to sca-
venge ROS.”*®! Oppositely, IONPs have been shown to induce
oxidative stress mediated by iron overload.®® The surface reactiv-
ity of IONP@C was investigated here to get preliminary infor-
mation on possible adverse effects elicited in vivo.
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Fig. 2 Magnetic properties, surface reactivity, and degradation. (A)
Magnetization curves of IONP@C measured with AGFM magnetometry
at room temperature up to fields of 1.8 T and 0.5 T (the inset shows a
zoom of the measurement up to 0.5 T); (B) surface reactivity of IONP@C
evaluated by EPR spectroscopy. EPR signals recorded in solutions con-
taining: FeSO,4 [1.4 mM], DMPO [51 mM], H,O, [27 mM] (a) in absence of
IONP@C (the four-line EPR signal corresponds to the DMPO/HO’
adduct) in PBS; (b) in the presence of IONP@C [1 mg mL™] in PBS; (c) in
the presence of IONP@C [1 mg mL™!] in cMEM supplemented with 50%
FBS; (d) in the presence of IONP@C [1 mg mL™Y], and absence of FeSO,4
in PBS. (C) Appearance of the suspensions of IONP@C incubated in
NaClO or H,0,, 0.2 or 2 mM. (D) Absorbance at 450 nm of the suspen-
sions of IONP@C incubated in NaClO or H,O,, 0.2 or 2 mM.
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To investigate the antioxidant properties of IONP@C, hydroxyl
radicals were generated by the Fenton reaction as described in
the Experimental section and their concentration was evaluated
by EPR spectroscopy/spin trapping technique (Fig. 2B).

The high number of radicals generated in this condition is
proved by the intense (1:2:2:1) fourline EPR signal
recorded, corresponding to the DMPO/HO" adduct (a = a" =
14.6 G) (Fig. 2B, spectrum a).

In the presence of the IONP@C, the EPR signal was sup-
pressed entirely (Fig. 2B, spectrum b), suggesting a high
scavenging capability. The same reactivity was observed when
the nanoparticles were suspended in the cell culture medium
(Fig. 2B, spectrum c). When the particles were incubated with
hydrogen peroxide (Fig. 2A, spectrum d), no signals corres-
ponding to hydroxyl or superoxide radicals were detected.

These data further indicate that the carbonaceous shell is
able to inhibit or balance the surface reactivity of the core
since exposure to the solvent should result in a Fenton-like
surface reactivity as previously reported.®®

Degradability of the carbon shell

Iron oxide nanoparticles have been shown to be degraded by
macrophages in spleen and liver with kinetics that depends
upon the kind of particles coating.>>®* In the present case, the
carbon shell is expected to inhibit the degradation of the
IONP@C, potentially leading to accumulation in tissues.”® On
the other hand, the carbon shell prevent the rapid release of
iron ions in the intracellular compartments that may induce oxi-
dative stress.®”> Carbon nanomaterials are known to be degraded
by myeloperoxidase,®>®® the enzyme expressed mainly in neu-
trophils, which generates the strong oxidant hypochlorous acid,
and by hydrogen peroxide in macrophages.®”®® To investigate
the possible degradation of the carbon shell by these oxidants,
the sample has been incubated in NaClO or H,O, at two
different concentrations (0.2 and 2 mM). After 14 days, the sus-
pensions in NaClO turned from brown to a pale red color,
suggesting the degradation of the carbon shell that leaves the
core exposed to the solvent (Fig. 2C and S37). Similarly, a clear
change of color was observed with H,0, treatment, but only for
the highest concentration. In parallel, a decrease of the absorp-
tion at 4 = 450 nm was observed (Fig. 2D). An obvious shift of
the color from brown to red was also visible in the pellet
(Fig. S37).

These preliminary results suggest a possible degradation of
the carbon shell in activated neutrophils, while degradation by
hydrogen peroxide in the lysosomal milieu of other cell types
appears unlikely. Further investigations will be necessary to
confirm the relevance of the present findings in cells.

Biological identity of IONP@C in cell media

Protein corona formation is a fundamental aspect to consider
when investigating the bio-nano interaction, as it governs the
cell receptor-nanoparticles recognition that takes place on the
plasma membrane, on which the cellular uptake and the intra-
cellular trafficking largely depend.*®*®°® It also might play a
pivotal role in NPs stabilization and toxicity mitigation.*””°

This journal is © The Royal Society of Chemistry 2022
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The protein corona formation was evaluated by 1D
SDS-PAGE electrophoresis. IONP@C were incubated with Fetal
Bovine Serum (FBS) at increasing concentrations to mimic
both in vitro and in vivo conditions.*> A washing protocol was
applied to remove proteins weakly bound to the surface and to
analyze the hard protein corona exclusively.”*

The SDS page reported in Fig. S4f revealed the formation of
complex protein coronas, with some visible changes in the
protein profile for an increasing percentage of FBS, indicating
that classical in vitro conditions might not be a good proxy for
the in vivo bio-nano interactions scenario.

NPs designed for systemic delivery need to be monodis-
persed and stable in the biological medium used in the toxico-
logical in vitro tests, similar to what is expected in vivo.
Therefore NPs stability must be assessed, for the used con-
ditions, before proceeding to the in vitro investigation.

Differential centrifugal sedimentation (DCS) represents an
ideal tool to assess the possible occurrence of aggregation/
agglomeration processes. IONP@C suspended in MEM
supplemented with 10% v/v FBS underwent aggregation.
Therefore, we increased the FBS supplement to 50%; this
condition resulted in very good stability of the IONP@C stabi-
lity over time (see Fig. S5T) and was therefore adopted for the
following in vitro experiments. Of note, the DCS curve showed
a shift towards larger sizes, compatible with the formation
of the protein corona layer. However, some parts of the
NPs surface might still be exposed to the solvent. In fact,
IONP@C suspended in 50% FBS-supplemented MEM to form
the protein corona still exhibited antioxidant properties
(Fig. 2B).

An alternative strategy leading to similar stability results
consisted of forming a pre-corona around the particles before
resuspending them in the culture medium.

Biological interactions of IONP@C

In view of a potential application of our nanoparticles against
lung tumors, we investigated the interaction of IONP@C with
the human lung carcinoma cell line A549, which is also a
widely applied in vitro model for cytotoxicity assessment in
nanomedicine. A549 cells were exposed to increasing concen-
trations of IONP@C, up to 200 pg mL™", at different times. It
is important to highlight that, according to the performed
protein corona and stability characterization (Fig. S4 and S57),
the culture medium was supplemented with 50% v/v of FBS to
mimic a more realistic in vivo-like physiological scenario and
ensure long-term stability of the dispersions.

MTS assay, which evaluates the mitochondrial reductase
enzymatic activity, and is a well-established test to assess cell
viability, was employed at first. The cells viability was not com-
promised by the presence of IONP@C in any of the conditions
tested (even though the condition 200 pg mL™" IONP@C incu-
bated for 72 h exhibited a trend), confirming that the cells are
metabolically active (Fig. 3A).

However, when investigating the biocompatibility of a new
nanomaterial, a multiparametric study should be performed
since the health of the cells can be affected in many ways.”>

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Cytotoxicity assessment towards A549 cells. (A) MTS viability
assay for A549 cells treated with increasing concentrations of NPs sus-
pended in MEM supplemented with 50% FBS for 24, 48, and 72 hours
(mean + SD, n = 3). (B) Cell membrane permeability assay of A549 cells
with increasing concentrations of NPs suspended in MEM supplemented
with 50% FBS for 24, 48, and 72 hours (mean + SD, n = 3). (C) HCA cell
count based on the Hoechst counterstain in the field imaged. (D)
Mitochondrial membrane potential assessment for A549 cells treated
with increasing concentrations of NPs suspended in MEM supplemented
with 50% FBS for 24, 48, and 72 hours (mean + SD, n = 3). Statistical
analysis: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05 one-way
ANOVA/Tukey's tests.

For this reason, in addition to MTS, a series of other para-
meters were considered. Cell membrane permeability, a
phenomenon typically involved in late-stage apoptosis, was
assessed.”> TOPRO-3 is a cell impermeable dye, and, as such,
it stains exclusively the apoptotic cells, which have a compro-
mised plasma membrane, intercalating the cell DNA. The cells
were counterstained with both Hoechst to count the total
number of cells, and TOPRO-3, to count the number of the
apoptotic cells. The results shown in Fig. 3B are expressed as a
percentage of cells negative for the TOPRO-3 staining over the
total cell population. The cells treated with IONP@C showed
no significant membrane permeabilization in any of the con-
ditions tested. Again, a trend can be observed for the condition
200 pg mL™' IONP@C incubated for 72 h.

Similarly, no toxicity was observed in cells treated with
IONP@C bearing a pre-corona before dispersion in cell culture
medium (Fig. S67).

High content analysis (HCA) was employed to complement
the multiparametric cytotoxicity investigation and ensure that
the cells were proliferating during the exposure to IONP@C.
The cells were treated as described and then stained with
Hoechst, a cell-permeable DNA intercalating dye that allows
for counterstain in live cells. The number of cells was calcu-
lated using the HCA Cellomics© software, and the total
number of cells counted per well is reported in Fig. 3C. As
expected, the cell number increased exponentially with
increasing times, showing a physiological growth of the cells

Biomater. Sci, 2022, 10, 3514-3526 | 3517
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during the exposure time, meaning that the IONP@C did not
interfere with the regular cell division.

Furthermore, to examine the mitochondria state, the cells
were then stained with tetramethylrhodamine methyl ester
(TMRM), which fluorescence emission is proportional to the
mitochondrial membrane potential. As such, a decrease in the
dye emission corresponds to a loss of potential, which, trigger-
ing the caspases cascade, is a widely recognized marker for
early stages of apoptosis.”* The mitochondria can also receive
several pro-apoptotic signals from most cell organelles, includ-
ing lysosomes, peroxisomes, ER, and nucleus.””> Therefore,
assessing their health is traditionally considered a robust way
to detect toxicity caused by nanomaterials in several cell com-
partments. In good agreement with the MTS assay, the screen-
ing results showed that the mitochondria of NPs-treated cells
were healthy, and the metabolic homeostasis was not altered
by the treatment (Fig. 3D). However, a significant decrease in
mitochondria potential was observed for cells treated for
72 hours with 200 pg mL™" of IONP@C, confirming a trend
already observed with the previous assays.

Similar results were observed in cells treated with IONP@C
bearing a pre-corona (Fig. S77).

To exclude a possible role of the excess of proteins used,
viability test were also repeated using 10% FBS-supplemented
MEM and IONP@C bearing a precorona to ensure stability (see
Fig. S5%). Also in this case, similar results were obtained as
reported in Fig. S8.F

It is well documented that IONPs can induce toxicity by
affecting the cell homeostasis at different levels, and therefore
causing oxidative stress in many cell lines, including
A549.%%75778 Therefore, HCA was also used to assess intracellu-
lar ROS production, using a fluorogenic ROS probe, during the
incubation with increasing concentrations of IONP@C up to
72 hours. The results reported in Fig. S97 indicated that the
carbon shell embedding the iron oxide might act as a shield
during the internalization and trafficking processes.

After excluding acute toxicity effects on A549 cells for the
conditions tested, we moved into investigating IONP@C
internalization. In order to have a statistically relevant quanti-
fication of the uptake rate, NP-treated cells were analyzed by
flow cytometry. The side scatter (SSC-A) signal is a well-recog-
nized proxy for the label-free evaluation of uptake of some
nanomaterials, as it reflects an increased cellular granularity
due to nanomaterial accumulation in intracellular organelles
and vesicles.*®”®®! Details on the analysis are reported in
Fig. S10.7 An uptake kinetic was performed following the
internalization rate of different concentrations of IONP@C up
to 72 hours. From the results depicted in Fig. 4A, we observed
a slow uptake kinetic, both concentration- and time-dependent.

HCA was exploited again to investigate the intracellular
trafficking pathways. Cells were stained with Lysotracker™
deep red and imaged with an ArrayScan HCA in live-cell mode.
The fluorescent emission of the dye proportionally increases
with the decrease of the lysosomal pH; as such, it is a valuable
tool to study the endo-lysosomal dynamics. Cells usually react
to the nanomaterials accumulation with increased lysosomal
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Fig. 4 IONP@C uptake and intracellular trafficking. (A) IONP@C uptake
in A549 cells as measured by SSC-A by flow cytometry. The NPs were
suspended in MEM supplemented with 50% FBS at increasing concen-
trations, and the cells were treated for 24, 48, and 72 hours (mean + SD,
n = 3). (B) Overtime evaluation of lysosomal pH (mean + SD, n = 3).
Lysotracker™ deep red was used to stain the cells, and its fluorescence
emission increase is proportional to the lysosome acidification.
Statistical analysis: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05
one-way ANOVA/Tukey's tests. (C) Representative images of A549 cells
treated with 200 pug mL™* of IONP@C or 24 (first lane), 48 (middle lane),
and 72 hours (bottom lane). The cells showed a healthy morphology
across the conditions tested. Pseudo-colors: blue: nuclei, red: mito-
chondria, green: lysosomes. Scale bar: 20 pm.

activity; therefore, it is commonly expected to observe a lyso-
somes acidification following NPs uptake.®” As expected, a
mild decrease of pH is observed after the 24 hours of incu-
bation, as the NPs are internalized and enclosed in the vesi-
cles, while the acidification reached a peak after 48 hours of
exposure (Fig. 4B). The dye signal increased with the dose of
NPs used, probably reflecting the higher uptake rate (Fig. 4A).
However, IONP@C did not cause long-term acidification as the
fluorescence was not higher than the untreated control after
72 hours of continuous exposure (Fig. 4B). This is in good
agreement with the previously demonstrated biocompatibility.
Note that, in the case of the positive control, the drastic
decrease of the Lysotracker signal is merely due to cell death.

A similar trend was observed for the cells treated using
protein pre-coated IONP@C, as reported in Fig. S11.F

Previous studies correlated the lysosomal pH increase
to the prolonged presence of non-biodegradable nano-
materials (such as gold or carbon) in the endo-lysosomal
compartments.®*%*
caused a reduction of the proteasomal activity and interference

In most cases, the phenomenon also

with autophagy,®® followed by apoptosis that, however, was not
observed in this study.

This journal is © The Royal Society of Chemistry 2022
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We hypothesized that whilst the nanohybrids are not cyto-
toxic, the large volume of NPs internalized within 48 hours
could evoke stress in the NPs containing vesicles and chal-
lenge the cell degradative mechanism causing a partial lyso-
some-related perturbation. However, the cells appear to cope
with the induced stress and adapt after 72 hours. In addition,
we need to consider the effect of the lysosomal load dilution
occurring as a consequence of cell proliferation (Fig. 4C), as
previously reported.®® However, the total uptake amount per
cell does not decrease at 72 hours as shown in Fig. 4A, leading
to think that some intracellular redistribution of the load
might occur.

To further investigate the intracellular trafficking of the
IONP@C, and to gain a better insight into the effect of the NPs
on the lysosomal compartment, we employed TEM. For this
experiment, A549 cells were treated with 100 pg mL™' of
IONP@C, suspended in 50% FBS supplemented media for 24,
48, or 72 hours. More details on the TEM samples preparation
are given in the Experimental section. As a first observation,
the cells’ morphology appeared healthy (Fig. 5 and Fig. S127),
confirming the observed biocompatibility for the conditions
used.

For all the time points, the IONP@C structure appeared
intact, with the magnetic core surrounded by the carbon shell,
suggesting that the shell is preserved in the intracellular
environment and no or very little degradation occurred. This
confirms the poor susceptibility of the carbon shell to oxidants
(hydrogen peroxide), thus possibly confirming the protective
role of the carbon shell inhibiting the reported iron oxide per-

24 hours

B)

48 hours

C)

72 hours

Fig. 5 TEM micrographs showing IONP@C uptake and intracellular
trafficking. A549 cells were treated with 100 ug mL™* of IONP@C for (A)
24, (B) 48, and (C) 72 hours before TEM observation. After 24 and
48 hours, the NPs are enclosed in vesicles, presumably late endosomes
and lysosomes. After 72 hours, NPs are mainly observed in multi-layered
vesicles, known as lamellar bodies (LB). N = nucleus.

This journal is © The Royal Society of Chemistry 2022
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oxidase-like activity (and thus potential oxidative stress) at the
lysosome pH.*

After 24 hours of exposure, NPs IONP@C could be found
clustered inside lipidic vesicles (Fig. 5A) spread across the cyto-
plasm. This observation combined with HCA is coherent with
the hypothesis of NPs accumulation in early or late endo-
somes. In particular, as several particles are contained in each
vesicle, it can be hypothesized that the vesicles belong to a late
phase of the endo-lysosomal pathway, where many vesicles are
fused together to form a late endosome.

After 48 hours, a similar intracellular distribution was
observed, with many particles clustered in each vesicle
(Fig. 5B). By comparing this observation with the HCA results,
it can be hypothesized that NPs are now accumulating in lyso-
somes. A higher number of clusters was observed due to the
higher amount of NPs internalized in 48 hours (Fig. 4A). In
rare cases, NPs were found localized in the lamellar bodies
(LB) (Fig. S13t). These observations are consistent with the
endo-lysosomal pathway, typically followed by NPs in the
internalization process.”*

The 72 hours sample showed a very different distribution,
with most of the NPs embedded in LB (Fig. 5C), suggesting an
intracellular redistribution. Lamellar bodies are lysosome-
related organelles which formation in A549 cells can be associ-
ated with the exporting of NPs.*®

The formation of lamellar bodies in A549 cells in the pres-
ence of different kinds of nanomaterials, including carbon
nanotubes,®® gold,*® and silica,”® was previously reported,
suggesting that NPs might have a role in increasing the pro-
duction and secretion of these vesicles.**°" Their biogenesis is
strictly correlated to the multivesicular bodies generation and
the lysosomes health status, that if compromised, can give rise
to phospholipidic toxicity phenomena.’” It is known that the
physiological LBs role in A549 is secreting surfactant and
related mucus, in a primarily important function of alveolar
cells,”® and therefore they can also be associated with the
exporting of NPs.*® Although the mechanisms involved are not
clear yet, the export of NPs is a well-reported phenomenon in
multiple cell lines.*?>

This observation seems to be in good agreement with the
data obtained by HCA (Fig. 4B). Lysosomes showed increased
acidification after 48 hours of exposure to IONP@C, suggesting
some swelling to incorporate the materials and some energy
devoted to attempted degradation. The new change of lysoso-
mal pH after 72 hours, despite high uptake values (Fig. 4A),
coupled with the TEM imaging observation, suggests that the
cells are adapting and responding to NPs accumulation by
intracellular redistribution of the particles’ load.

Experimental
Synthesis of IONP@C nanohybrids

The solvothermal synthesis was used for the synthesis of
IONP@C, modifying a previously reported method.>* IONP@C
were synthesized as follows: 100 mg of ferrocene (Fe(CsHs)s,
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>98%, F408 Sigma-Aldrich), were dissolved in 30 mL of
acetone and sonicated with a probe sonicator (Bandelin
Sonopuls HD 3100) for 30 minutes in dark conditions, placed
in an ice bath. Then 2.5 mL or 0.25 mL of hydrogen peroxide
30% wiw (HyO,, 30%, H1009 Sigma-Aldrich) were slowly
dropped in the ferrocene solution, under magnetic stirring at
room temperature, and then kept under vigorous stirring for
30 minutes.

The final solution was transferred in a 100 mL stainless
steel Teflon-lined autoclave (Biichi AG) and kept in the oven at
200 °C for 24 hours. Nanoparticles were then purified in order
to remove the ferrocene in excess: the suspension was centri-
fuged at 6000 rpm for 30 min, and the supernatant was dis-
carded; the compact pellet consisting of nanoparticles was
resuspended in acetone after the first centrifugation and then
in ultrapure water. The washing process was repeated three
times until the supernatant appeared colorless instead of
yellow.

Dynamic light scattering

The hydrodynamic diameter of IONP@C was evaluated by
dynamic light scattering (Nano ZS Malvern Instruments, UK).
The measurement was performed immediately after the purifi-
cation process on samples diluted 50x with ultrapure water,
sonicated in an ice bath for 2 minutes at 30% of amplitude
with a probe sonicator (Bandelin Sonopuls HD 3100, Berlin,
Germany).

Electrophoretic light scattering

The {-potential was determined in a pH range of 10-12 by elec-
trophoretic light scattering (Nano ZS Malvern Instruments,
UK). The samples were suspended in ultrapure water at the
concentration of 0.8 mg mL™", and the pH of the nanoparticle
suspensions was adjusted with 0.1 M NaOH, 0.01 M HCl, and
0.001 M HCI (purchased from Sigma-Aldrich).

Transmission electron microscopy

Samples were prepared by drop-casting 1 microliter of sample
on glow-discharged grids (PELCO® TEM grid Support Films of
Formvar Formvar/Carbon TED PELLA INC.) then air-dried.
TEM experiments were performed on a FEI Tecnai G2 20 Twin
operating at 120 kv, and TEM micrographs analysis was
carried out using “Image]” software to obtain the statistical
size distributions.

X-ray diffraction

Powder X-ray diffraction (XRD) analysis was performed using a
X’'Pert PRO MPD (PANalytical) X-ray diffractometer equipped
with Cu Ka radiation, configured in Bragg-Brentano geometry
over the 20 range of 15-80°. Phase identification was per-
formed using the X'Pert High-Score software. The nano-
particles suspension was air-dried at 70 °C before analysis.

Magnetometry

Magnetization loops were measured at room temperature by
an alternating gradient force magnetometer (AGFM) from
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Princeton Measurements corp. The measurements were rea-
lized first in a magnetic field up 1.8 T and then in a field up to
0.5T.

Scavenging capability toward OH radicals

The scavenging activity of IONP@C towards hydroxyl radicals
was evaluated using electronic paramagnetic resonance (EPR)/
spin trapping technique (Miniscope MS100, Magnettech,
Berlin, Germany). The following parameters were applied: B,
fields = 3344.14 G; sweep = 119.19 G; sweep time = 80 s;
smooth = 0.00 s; steps = 4096; no. pass. = 2; modulation =
1000 mG; MW atten. = 7 dB; gain = 2E2/9E2.

Avolume of 0.2 mL of IONP@C suspension (1 mg mL™" in
phosphate buffer saline (PBS) 0.01 M, pH 7.4) was transferred
in a cuvette and stirred in the dark. 0.25 mL of a solution 0.15
M of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) in water, 0.1 mL
of PBS 0.01 M, pH 7.4 and 0.08 mL of a solution 13 mM of
FeSO, were added. The reaction was started by adding 0.1 mL
of a solution 0.2 M of H,0,. The reaction was also repeated in
the absence of IONP@C as a control. EPR spectra were
measured on the suspension after 10 minutes of incubation in
the dark. In the case of IONP@C, the suspension was filtered
after the incubation, and the spectrum was immediately
recorded.

The antioxidant activity of the sample was also tested after
incubation in the presence of cell culture media: MEM sup-
plemented with 50% FBS. IONP@C suspension was incubated
for 24 hours, at 37 °C, in dark conditions. The sample was
then subjected to centrifugation at 10 000 rpm for 15 minutes.
The pellet was suspended in PBS 10 mM, pH 7.4, obtaining a
final concentration of 1 mg mL™". The scavenging capacity of
the sample was tested as previously described.

Fenton-like reaction

0.2 mL of IONP@C suspended in water (1 mg mL™") was
added to 0.1 mL of PBS 0.01 M, pH 7.4 and 0.08 mL of ultra-
pure water and then incubated with H,0, (0.2 M, 0.1 mL), for
10 minutes, in dark conditions, in the presence of DMPO (0.15
M, 250 pL) as a spin trap. The sample was analyzed by EPR
spectroscopy using the instrumental configuration previously
described.

Degradability by endogenous oxidants

The degradability of IONP@C was investigated by employing a
solution of hypochlorite and/or hydrogen peroxide, the two
main oxidants present in the phagosome. The final concen-
tration of H,0, or NaClO was 0.2 mM, or 2 mM. Samples con-
sisted of 1 mg of IONP@C dispersed in PBS, 10 mM. The final
volume of the sample tubes (10 mL) was kept constant for all
solutions. The pH of the solution was set at 4.5. The samples
were incubated for 14 days at 37 °C, and NaClO or H,0, were
added daily to keep a constant concentration of the oxidants.
The degradation was evaluated by visual observation and
UV-Vis spectroscopy (Uvikon, Kontron Instruments, Inc.,
Everett, MA).

This journal is © The Royal Society of Chemistry 2022
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Differential centrifugal sedimentation (DCS)

CPS Disc Centrifuge DC24000 (CPS Instruments) was used.
The disc was set in motion at a constant speed, from 18 000
rpm to 20 000 rpm, and the disc chamber was filled with an
8-24 wt% sucrose density gradient.

Protein corona characterization by gel electrophoresis

Nanoparticles were incubated at 37 °C for 1 hour in FBS in a
range of concentrations: 10%, 50%, and 80% v/v in phosphate
buffer saline (PBS) 0.01 M. After incubation, the protein-coated
nanoparticles were washed three times by centrifugation to
remove the unbound free proteins from the solution.

The pellet was then resuspended in 20 pl of PBS 0.01 M and
10 pl of denaturation solution prepared with dithiothreitol
(DTT) and sodium dodecyl sulfate (SDS) 3x loading buffer in
ratio 1:10. The mixture was incubated for 5 min at 100 °C to
complete the denaturation process. Conventional 10%
SDS-PAGE was performed, and run for about 45 min at 130 V.
15 pl of each sample was loaded in a 10 wells SDS-PAGE gel.
Pierce™ silver stain kit was used to visualize the protein
bands; the gels were imaged with a G-BOX XT4 (Syngene)
equipped with a UV filter and a white light source.

Cell culture

Human carcinoma cell line A549, alveolar basal epithelial
cells, was obtained from the American Type Culture Collection
(ATCC) and cultured according to standard tissue culture pro-
tocols and sterile technique. Cells were maintained in
Minimum Essential Media (MEM, Gibco), supplemented with
10% FBS (Gibco), 1% penicillin/streptomycin (Invitrogen), and
1% MEM non-essential amino acids (HyClone), referred to as
complete MEM (cMEM). Cells were grown at 37 °C in a
humidified atmosphere of 5% CO, and subcultured after
reaching 70-80% confluency. Cells were screened monthly for
mycoplasma contaminations using the MycoAlert mycoplasma
detection kit.

MTS assay

The MTS assay (Promega) was performed following manufac-
turer instructions. 5000 cells per well were seeded in a 96-wells
plate (Cell Star) 24 hours prior to treatment and let adhere to
the plate. The cells were then treated with different concen-
trations of NPs or placed in fresh cMEM (UT control) or incu-
bated for 1 min with 0.1% Triton X-100 (Merck-Sigma) for the
positive control for cytotoxicity. Results were then obtained by
measuring absorbance at 490 nm using a plate reader
(Varioskan Flash, Thermofisher), the UT values were normal-
ized to 100% viability.

High content analysis

For the HCA experiments, 5000 cells per well were seeded into
96-wells plate (Cell Star) 24 hours in advance. The cells were
treated with the NPs, placed in fresh ¢MEM (UT control), or
treated with commercial amine-modified polystyrene nano-
particles (NP-NH,, L0780, Sigma-Aldrich) as a toxic NPs positive

This journal is © The Royal Society of Chemistry 2022
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control (+ve crtl) for cytotoxicity.”® The cells were stained with
the following dyes (all purchased from ThermoFisher) for
15 minutes, at 37 °C: Lysotracker deep red (1 mM), YO-PRO-3
iodide (1 mM), tetramethylrhodamine methyl ester (TMRM, 100
nM), and Hoechst 33342 (20 mM). The images were acquired in
live-cell mode, in a pre-warmed chamber (37 °C in a humidified
atmosphere of 5% CO,), using a 20x objective, with the follow-
ing combination of wavelength filters: Hoechst was excited
through a 365 + 50 nm bandpass filter and fluorescence emis-
sion was collected through a 515 + 20 nm bandpass filter;
YOPRO-1 was excited through a 475 + 40 nm bandpass filter,
and fluorescence emission was collected through a 515 + 20 nm
bandpass filter; TMRM was excited through a 549 + 8 nm band-
pass filter and fluorescence emission was collected through a
600 + 25 nm bandpass filter; Lysotracker deep red was excited
through a 655 + 30 nm bandpass filter, and fluorescence emis-
sion was collected through a 730 + 50 nm bandpass filter. The
analysis pipeline was set according to the manufacturer’s
instructions, and fixed thresholds were used for each parameter
to separate background noise from the fluorophores signal.

Flow cytometry

The cells for flow cytometry analysis were seeded in a 12-well
plate at a cell density of 50 000 cells per well 24 hours prior to
the NPs exposure. After the nanoparticle treatment, the cells
were harvested by trypsinization, washed in PBS, and fixed in
4% paraformaldehyde. The cells were run in a Cytoflex LX
(Beckman Coulter) flow cytometer. The side scattering signal
per cell was measured for >50000 events collected in the
single-cell population.

TEM imaging cell preparation

The cells were seeded in a 12-wells plate at a cell density of
50 000 cells per well 24 hours prior to the NPs exposure. The
cells were treated as previously described, washed, and fixed
with a solution composed of 2.5% glutaraldehyde in 0.1 M
Sorensen phosphate buffer. The cells were then washed with
Sorensen phosphate buffer and fixed for 1 hour in 1% osmium
tetroxide in deionized water. Cells were dehydrated with
increasing ethanol concentration (from 70% to 100%).
Samples were then immersed in an acetone/Epon (1: 1 vol/vol)
mixture for 1 hour before being transferred to pure Epon and
embedded at 37 °C for 2 hours. The polymerization step was
carried out at 60 °C for 24 h. The ultrathin sections (80 nm)
were mounted on copper grids after sectioning using an ultra-
microtome equipped with a diamond knife (Leica U6). The
sections were stained with 2% uranyl acetate for 20 minutes,
washed carefully, and stained with 3% lead citrate for
5 minutes. The images were acquired with a FEI TECNAI G2 20
Twin TEM operating at an accelerating voltage of 120 kv.

Conclusions

In conclusion, hybrid ferromagnetic IONPs with a carbon
coating were synthesized and fully characterized for their size
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distribution, colloidal stability in water and cellular media,
magnetic properties, and degradability. The carbon shell was
shown to impart high stability in aqueous media, resistance to
degradation, and antioxidant properties. The particles were
found to be efficiently internalized by A549 cells in simulated
in vivo conditions for the protein corona formation (known to
drive the interactions with cell membrane receptors) without
eliciting noticeable acute toxic effects. The cytotoxicity of
IONP@C was evaluated using a multiparametric approach to
cover a broad spectrum of biological readouts following
IONP@C interactions with the cells.

Intracellular trafficking was also investigated, confirming
the protective role of the carbon shell in the intracellular com-
partments up to 72 hours and suggesting an intracellular
redistribution of the NPs cargo from the lysosome to the
lamellar bodies at this time point.

The concentration and time window for safe usage of
IONP@C was identified as the first step in view of future devel-
opment for biomedical applications such as cancer therapy.
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