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Multiscale Multimodal Investigation of the Intratissural
Biodistribution of Iron Nanotherapeutics with Single Cell
Resolution Reveals Co-Localization with Endogenous Iron

in Splenic Macrophages

Alice Balfourier, Elena Tsolaki, Laura Heeb, Fabian H. L. Starsich, Daniel Klose,

Andreas Boss, Anurag Gupta, Alexander Gogos, and Inge K. Herrmann*

1. Introduction

Imaging of iron-based nanoparticles (NPs) remains challenging because of

the presence of endogenous iron in tissues that is difficult to distinguish from
exogenous iron originating from the NPs. Here, an analytical cascade for char-
acterizing the biodistribution of biomedically relevant iron-based NPs from the
organ scale to the cellular and subcellular scales is introduced. The biodistribu-
tion on an organ level is assessed by elemental analysis and quantification of
magnetic iron by electron paramagnetic resonance, which allowed differentiation
of exogenous and endogenous iron. Complementary to these bulk analysis tech-
niques, correlative whole-slide optical and electron microscopy provided spatially
resolved insight into the biodistribution of endo- and exogenous iron accumula-
tion in macrophages, with single-cell and single-particle resolution, revealing
coaccumulation of iron NPs with endogenous iron in splenic macrophages. Sub-
sequent transmission electron microscopy revealed two types of morphologically
distinct iron-containing structures (exogenous nanoparticles and endogenous
ferritin) within membrane-bound vesicles in the cytoplasm, hinting at an attempt
of splenic macrophages to extract and recycle iron from exogenous nanoparti-
cles. Overall, this strategy enables the distinction of endo- and exogenous iron
across scales (from cm to nm, based on the analysis of thousands of cells) and

illustrates distribution on organ, cell, and organelle levels.

Iron-based magnetic nanoparticles (NPs),
such as iron oxides or iron carbide NPs,
have demonstrated promising potential
for medical applications. Such particles
have successfully been employed as diag-
nostic tracers for magnetic resonance
(MR)M and magnetic particle imaging
(MPI),@ for therapeutic purposes (mag-
netic hyperthermia, targeted drug or
gene delivery),3¥ in magnetic separa-
tion processes (cell isolation, pathogen or
toxin removal, or molecular detection)>°l
and as magnetic actuators in tissue engi-
neering.”l The appealing magnetic prop-
erties of iron-based nanoparticles and
their high biocompatibility have led to the
approval of several iron oxide-based NP
formulations for magnetic imaging (e.g.,
Resovist) and the treatment of iron defi-
ciency (e.g., Venofer or Monofer) by the
U.S. Food and Drug Administration and/
or European agencies.!®!
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Despite successful transfer from the laboratory to clinics, iron
NP-based products suffer from considerable batch-to-batch and
product-to-product variability, which has wide-ranging implica-
tions, including inconsistent clinical performance.””! This varia-
bility occurs because the structure—activity relationships remain
poorly understood due to the inherent complexity of NP-based
drugs'® and because the assessment of the iron-based NP bio-
distribution remains challenging, as iron is the most abundant
metal present in the body (3 to 4 g for a normal human being in
comparison to 2.3 g of zinc, but only 72 mg of copper or 12 mg
of manganese).”! The distinction between endogenous iron and
exogenous iron introduced in the form of NPs is therefore non-
trivial, especially not in a spatially resolved manner.

It is well-accepted that intravenously administered inorganic
NPs larger than 10 nm accumulate in organs of the reticu-
loendothelial system (RES), also known as the mononuclear
phagocytic system; these macrophage-rich organs include the
liver, spleen, and lungs.'*¥ The biodistribution is strongly
dependent on NP size and colloidal stability, and smaller par-
ticles may be renally excreted. For larger NPs, histological
analyses have indicated that within these organs of the RES,
NPs accumulate inside macrophages, such as the Kupffer cells
of the liver, the marginal zone and red pulp of the spleen, and
the alveolar macrophages of the lungs.'> Transmission elec-
tron microscopy (TEM) investigations have revealed that, at the
cellular level, NPs generally accumulate in endosomes and lys-
osomes, which are acidic organelles responsible for the degra-
dation and recycling of exo- and endogenous compounds.[>14
Despite this general knowledge, a comprehensive analysis ena-
bling statistical evaluation of the biodistribution and enabling
straightforward unambiguous distinction between endogenous
iron and exogenous iron-based NPs and their intratissural dis-
tribution has yet to be developed.

Several strategies have been suggested to address this issue,
e.g., imaging methods such as magnetic resonance imaging
(MRI) have been employed to assess magnetic NP biodistribu-
tion in living rodents. This strategy allows the noninvasive detec-
tion of label-free NPs in a time-resolved manner. However, MRI
is limited by its sensitivity and resolution both in vivo and ex vivo:
while subcellular resolution can be achieved in ideal conditions
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ex vivo, in complex biological environments, MRI resolution
is limited to 100 um. Moreover, the inability to quantify the NP
biodistribution with sensitivity high enough to detect the entire
particle population, or to visualize and distinguish endogenous
from exogenous iron limits the applicability of MRI.! MPI may
overcome some of these limitations and allows background-free
imaging of magnetic NPs with higher temporal resolution, but is
not yet widely available and limited to small animal studies."®"]
Post-mortem tissue analysis strategies have also been exploited,
relying on either the quantification of the magnetic signal
by electron paramagnetic resonance (EPR)!®! and vibrating-
sample magnetometery" or the quantification of a tracer based
on doping the NPs with another metal or an isotope with low
natural abundancy.?*-?2 The aforementioned methods enable
the quantification of magnetic compounds at the level of entire
organs or pieces thereof, but only at the bulk level.

To reach the micrometer scale, which provides access to
spatial information with single cell resolution, histopathology
remains the gold standard and enables identification of spe-
cific cell types inside the tissue. However, the identification and
localization of NPs in histological sections typically requires
the labeling of the nanoparticles, e.g., with fluorescent probes.
Such probes act as surrogate markers to indicate the presence
of NPs but suffer from significant drawbacks, including pos-
sible detachment of the marker and alteration of the NP char-
acteristics by surface functionalization (e.g., changes in charge
and/or hydrophilicity), which potentially affect their biodistri-
bution.?3?4 Commonly employed techniques, such as Prussian
blue staining (also known as Pearl’s staining), to detect iron are
known to be confounded by the high amount of endogenous
iron, resulting in false positive signals that erroneously indi-
cate the presence of NPs, and are thus subject to controversy.?%l
Additionally, such optical microscopy techniques are greatly
limited by sensitivity and the optical diffraction limit and do not
allow the detection of single particles and small agglomerates.

Here, we propose a set of complementary methods that
enable straightforward determination of the biodistribution of
iron-based NPs at the organ, cellular, and subcellular levels as
well as a straightforward distinction between exogenous iron
and the endogenous iron background (Scheme 1). At the organ
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Scheme 1. Multiscale (from cm to nm) multimodal analytical cascade for the intratissural distribution analysis of inorganic (iron-based) nanoparticles

in biological tissues.
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scale, elemental analysis by inductively coupled plasma optical
emission spectroscopy (ICP-OES) and mass spectrometry (ICP-
MS) is employed to measure the amount of iron in the sam-
ples. EPR is employed as an orthogonal technique to quantify
the amount of exogenous iron. Subsequently, histological sec-
tions are investigated to assess the cellular scale based on the
correlation of the signal between histologically stained sections
for cell type identification (e.g., macrophages) and whole-slide
scanning electron microscopy (SEM) in backscattered electron
(BSE) mode to allow visualization of metallic NPs directly in
the histological samples prepared according to standard proce-
dures. While heavily underused,?>%"! this visualization method
enables direct NP detection and analysis of the intratissural
distribution of nonlabeled metallic NPs between different cell
types from the single-cell scale to the single-particle scale. This
information is not readily available by alternative techniques
and typically involves burdensome characterization including
mass cytometry?$2l or single cell ICP-MSB%3! both of which
lack spatial information. At the subcellular level, SEM findings
can be complemented by conventional TEM with a typically lim-
ited field of view to visualize the NPs with ultrastructural con-
text and assess their subcellular localization, state of aggrega-
tion, and integrity. Overall, our approach avoids artifacts arising
from labels and uses straightforward sample preparation widely
available in research laboratories worldwide to provide access to
the quantitative intratissue distribution of iron-based nanopar-
ticles with single-cell resolution over large sample areas (and
even volumes), yielding statistically meaningful results.

2. Results and Discussion

2.1. Physicochemical Properties of the Nanoparticles

The multiscale multimodal intratissue analysis of iron-
based NPs after intravenous injection into the tail veins of
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mice was investigated based on two types of biomedically rel-
evant NPs. First, NPs composed of iron carbide (Fe;C) coated
with a few layers of graphene and functionalized with polyeth-
ylene glycol (PEG), hereafter named FeC NPs, were considered.
These NPs are particularly difficult to identify, as they contain
only elements that are highly abundant in the body. FeC NPs
have successfully been used for high-performance magnetic
separation, hyperthermia applications, and MRI because their
saturation magnetization is superior to that of iron oxides.[32-3!
Second, nanoparticle heterostructures made of iron oxide and
gold (AuFeOx) stabilized by a thin layer of silica (molar ratio
Auw:Fe:Si = 4:1:0.75) and coated with PEG were investigated.
These AuFeOx NPs are readily identifiable based on gold, an
element that can be used here as a tracer due to its low abun-
dance in tissue, making the identification of the particles more
straightforward. They also unify capabilities for MRI detection
and photothermal therapy.>¢!

Scanning transmission electron microscopy (STEM) micro-
graphs of the two types of NPs and elemental analysis by energy
dispersive X-ray spectroscopy (EDXS) are displayed in Figure 1.
Figure 1A-C shows clearly that the three elements Au, Fe, and
Si can be detected by EDXS for AuFeOx NPs. The heterostruc-
tures contain distinct Au and Fe phases, as can be seen from
the differential material contrast and elemental distributions in
Figure 1A,B, and are coated with a thin silica shell. Elemental
characterization of the carbon content of FeC NPs is more chal-
lenging (Figure 1D,E). However, profile analysis performed on
NPs clearly evidences the presence of carbon (Figure 1F).

2.2. Analysis of the Biodistribution based on Elemental
Analysis and EPR

In order to assess the biodistribution, the two types of NPs were
injected into female C57BL/6 mice (8-10 weeks old) via tail vein
injection at two doses (200 or 600 g per mouse corresponding

1
Energy (keV)
15

5 100 150 O 50 100 150
Position (nm) Position (nm)

Figure 1. A-C) STEM electron micrograph using A) high angle annular dark field (HAADF) detector and B) elemental mapping of AuFeOx NPs.
C) Corresponding EDX spectrum of the AuFeOx NPs. D—F) STEM electron micrograph using D) HAADF detector and E) elemental mapping of FeC
NPs. F) EDXS counts of Fe and C along the line indicated in white on panel (E).
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Figure 2. A-C) ICP-OES and ICP-MS analysis of the gold and iron content of lung, liver, and spleen pieces of mice injected with saline (control), AuFeOx
NPs, or FeC NPs at different doses. D) EPR analysis of paramagnetic material in lung, liver, and spleen pieces of mice injected with saline (control) or
FeC NPs at different doses. Each point represents two pieces of organ from different mice that were pooled together. N = 3 per experimental condi-

tion. Data show mean + standard deviation.

to 8 and 24 mg kg! body weight, thereafter named low and high
doses, respectively). Mice injected with phosphate-buffered
saline as vehicle solution are thereafter referred to as control.
One day after the injection, the mice underwent MRI scans
before being sacrificed and their organs harvested. Our first
objective was to determine the content of exogenous iron
in the livers, spleens, and lungs of the mice, which are the
organs where the MRI signal indicated the highest presence
of iron-containing nanoparticles in previous experiments.!*’!
First, ICP-OES and ICP-MS were used to determine the total
amount of iron in all the samples and the amount of gold in
the AuFeOx NP-exposed samples (Figure 2). As expected,
the gold concentration in the control samples was below the
detection limit, which enabled the detection of an increase
after AuFeOx NP injection based on the gold content in the
organs investigated, with a visible dose effect and the highest
accumulation in the liver (Figure 2A). In the case of iron, the
background was higher due to the presence of endogenous
iron, particularly in the spleen, where it reached 6500 ng mg™
[equivalent to 0.65%)] of dry organ mass (Figure 2B,C). Due to
the high iron background, the differences in iron load between
the control condition and the AuFeOx NPs treatment could not
be easily discerned anymore. Similarly, for the FeC NPs, no
increase could be seen in the lungs, but an increase in the iron
level was visible for both the low and the high dose in the liver.
In case of the spleen, the background level was so high that
only the high dose showed a noticeable increase. Expectedly,
most NPs seemed to accumulate in the liver and the spleen in
both cases, interestingly, however, the liver was the main organ
of accumulation for AuFeOx NPs, while for the FeC NPs, the
main accumulation was observed in the spleen. To overcome
the difficult differentiation between endogenous and exogenous
iron from FeC NPs, magnetic measurements were performed
using EPR (Figure 2D and Figure S1, Supporting Informa-
tion). Based on EPR, FeC NPs could be detected in all organs,
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including the lungs (1.5 ng mg™ of dry organ for the low dose,
20.5 ng mg! for the high dose) with a clear dose effect. These
results demonstrated the high accumulation of FeC NPs in the
spleen, a lower accumulation in the liver, and a very low accu-
mulation in the lungs, consistent with the ICP-OES/MS data.
Excellent agreement was found for the ICP and EPR datasets
for the liver samples, as this organ presented both a low endog-
enous iron level and a pronounced accumulation of FeC NPs
(Spearman’s rho > 0.85, p = 0.04). In the spleen and lung, the
high level of endogenous iron in the first case and the low accu-
mulation of NPs in the second did not enable us to obtain a
high correlation between the ICP-OES/MS and EPR datasets
and illustrates the limitations of the ICP techniques for such
cases. Hence, these results strongly support the use of EPR
measurements for cases where endogenous and exogenous
levels cannot easily be discriminated by ICP.

2.3. Intratissural Distribution of Iron-Based Nanoparticles

Further investigations were, therefore, predominantly focused
on the livers and spleens, where most of the nanoparticles
accumulated, according to MRI and elemental analysis data.
To obtain insights at the cellular level, histological sections
were stained with hematoxylin and eosin (H&E staining), to
observe the structure of the tissue, or with an anti-F4/80 anti-
body to visualize macrophages, as they are believed to be the
cell type accumulating most of the NPs. Figure 3 shows repre-
sentative images obtained for a liver exposed to AuFeOx NPs,
and a spleen exposed to FeC NPs. Liver tissue shows a rather
uniform structure in H&E staining (Figure 3A,B), with mac-
rophages (stained brown) distributed homogenously in the liver
sinusoids (Figure 3D,E), while for the spleen, the red and white
pulp can be distinguished based on the pink and purple color
in H&E staining (Figure 3G,H).

© 2022 The Authors. Small Methods published by Wiley-VCH GmbH

858017 SUOWIOD A1) 8|qeo! dde au A peuenob aJe Sapiie YO ‘8sn JO SNl 10} Aeiq18UIUO 48] 1M UO (SUORIPUOD-PUR-SLUB)/LI0O" A3 [ 1M"AeIq | BUlUO//:SdNL) SUORIPUOD pue SWwie | 8y} 89S *[202/70/TT] U0 Ariqiauliu A8|IM ‘ISd INISU Je1ieyds [ned Aq T90TOZZ0Z PILS/Z00T OT/I0pAL0D" A8 1M Ake.d 1 jpul[Uo//:SANY WOy papeojumod ‘2 ‘€202 ‘80969952



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

Liver with
AuFeOx NPs

Spleen with
FeC NPs

1000 ym
[

www.small-methods.com

100 pim

1000 pm

Figure 3. A-F) Whole-slide (WS) optical micrographs of a histological section of the liver of a mouse exposed to a high dose of AuFeOx NPs stained
with A,B) H&E or D,E) anti-F4/80. The anti-F4/80 stained section was imaged additionally with WS-SEM in C) SE and F) BSE modes. G-N) WS optical
micrograph of a histological section of the spleen of a mouse exposed to a high dose of FeC NPs stained with G,H) H&E or K,L) anti-F4/80. The anti-

F4/80 stained section was imaged additionally with WS-SEM in ,)) SE and M,N) BSE modes.

In addition, macrophages in the spleen are nonhomog-
enously distributed, most of them were present in the red
pulp (Figure 3K,L). Following light microscopy imaging of the
standard histological sections, the macrophages-stained sec-
tions were observed with an SEM using whole slide scanning
mode. Importantly, this procedure can be applied to any histo-
logical tissue section mounted on standard microscopy slides,
and hence allows high-magnification analysis even of archived
samples without the need for any special preparatory steps.
WS-SEM imaging was performed using co-registered acquisi-
tion in secondary electron (SE) mode, which provides access to
the topography of the samples, and BSE mode with sensitivity
toward the atomic number, thus yielding a brighter signal in
the presence of elements that are heavier than the surrounding
organic tissue matrix. The SE signal was consistent with the
histological staining, as it underlined the relative homogeneity
of the liver (Figure 3C), and the heterogenous structure of the
spleen (Figure 31,]). Regarding the BSE signal (Figure 3F,M,N),
bright dot-like signals were observed in both cases, and will be
described based on high-magnification analyses (Figure 4).

From the liver observations, comparison between control and
NPs-exposed tissues enabled the identification of two types of
signals with the BSE mode (Figure 4A—E). First, uniform bright
areas were present in all liver samples, including the con-
trols, originating from the microscopy glass slide (Figure 4B,
white arrow). Indeed, this background can be attributed to

Small Methods 2023, 7, 2201061 2201061 (5 of 12)

the glass surface appearing through holes that were present
in the histological section due to the porous structure of the
liver, as evidenced by the SE image (Figure 4A, white arrow).
In the AuFeOx NP treated liver, a second type of high intensity
areas, composed of structures with sharp edges and a granular
appearance was observed. High-magnification images and
EDX spectroscopic analysis (Figure 4C-E) showed that these
bright spots originated from both individual and agglomerated
nanoscale particles containing iron and gold, suggesting that
they were related to AuFeOx NPs (Figure 4G) by comparison to
the background signal (Figure 4F). This methodology does not
only enable the identification of metal-rich areas in histological
sections, as it can also be performed with laser ablation (LA)
ICP-MS,?d X-ray fluorescence,®! or hyperspectral dark-field
imaging,®! but can also achieve a nanoscale resolution ena-
bling single particle detection (Figure 4E).

For the spleen, the same type of bright granular spots related
to the presence of NPs in the tissue was observed (Figure 4J,K),
and was associated with the detection of iron (Figure 4M). How-
ever, interestingly, all spleen samples, including the spleen tis-
sues of the control mice, also exhibited a low-intensity spongy
signal, with heterogenous distribution across the sample
(Figure 4L). EDX spectroscopy revealed that these areas are rich
in iron, suggesting that the cells that accumulate endogenous
iron can be visualized with SEM (Figure 4N). This distinction
between endogenous and exogenous iron can only be achieved

© 2022 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 4. High-magnification scanning electron micrographs acquired using WS-SEM and corresponding EDXS. A-E) Micrographs of a histological
section of the liver of a mouse exposed to the high dose of AuFeOx NPs. F,G) Elemental analysis obtained by EDXS on the areas indicated by the F) red
and G) blue frames in (D). H-L) Micrographs of a histological section of the spleen of a mouse exposed to the high dose of FeC NPs. M) Elemental
analysis obtained by EDXS on the areas indicated by the M) pink and N) green frames in (I). M) These areas contain bright objects meeting the char-
acteristics of exogenously administered NPs or N) on areas containing spongy objects, which are present in both NP-treated and control subjects.

due to the aforementioned nanometric resolution and struc-
tural as well as compositional information offered by WS-SEM,
showing the particular advantage of this method to discrimi-
nate endogenous metals from exogenous metals, as well as the
identification of their nanoscale organization.

To correlate histological images with the SEM data, espe-
cially the co-localization of NP signals and macrophages,
the BSE and macrophage-stained images were overlaid in
composite micrographs (following the procedure displayed
in Figure S2, Supporting Information). Briefly, the mac-
rophage signals were extracted from the F4/80 stained section
(Figure S2A,C, Supporting Information), and the intensity of
the BSE signal was converted into color (Figure S2B,D, Sup-
porting Information), ranging from yellow to blue, with blue
representing the highest intensity. Both datasets were then
merged to create a composite dataset where the two signals

Small Methods 2023, 7, 2201061 2201061 (6 of 12)

are visible (Figure S2E, Supporting Information). Representa-
tive data were assembled to include the original histological
images and micrographs, composite pictures, and selected
areas for both the liver and the spleen for the control condition
(Figure S3, Supporting Information), the organs exposed to the
higher dose of AuFeOx NPs (Figure S4, Supporting Informa-
tion and Figure 5A-H, respectively), and the organs exposed to
the higher dose of FeC NPs (Figure 5I-P and Figure S5, Sup-
porting Information, respectively).

In the liver exposed to AuFeOx NPs and in the spleen
exposed to FeC NPs, we observed a high correlation between the
localization of the NPs and the localization of the macrophages.
To quantify this effect, each NP-positive area was classified
either as inside a macrophage, neighboring a macrophage (with
a typical maximal distance of 2 um, as sample preparation
for WS-SEM can induce small distortion) or excluded from a

© 2022 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 5. A-H) Superimposition B,D,F,H) of the A) anti-F4/80 antibody-stained section and C,E,G) the BSE signal of the same section of liver con-
taining AuFeOx NPs. The BSE signal is represented as a color range, as indicated in the bottom right corner of the main picture. Blue arrows indicate the
AuFeOx NPs, and white arrows indicate the signal from the silica substrate appearing through holes in the samples. 1-P) Superimposition J,L,N,P) of
the I) anti-F4/80 antibody-stained section and K,M,O) the BSE signal of the same section of spleen after FeC NP exposure. The BSE signal is represented
as a color range, as indicated in the bottom right corner of the main picture. The blue arrows indicate the FeC NPs, white arrows indicate the signal
from the glass microscopy substrate, and the yellow arrows indicate the signal of endogenous iron. Q) Proportion of NPs detected in macrophages
close to macrophages (d <2 um) or far from a macrophage (d > 2 um). Image analysis is based on 61 events for FeC NP-exposed liver, 222 for FeC
NP-exposed spleen, 40 for AuFeOx NP-exposed liver, and 50 for AuFeOx NP-exposed spleen samples. R) Proportion of NPs detected in endogenous
iron-containing macrophages or macrophages that do not have a signal of endogenous iron. Statistics were made on 197 events for FeC NP-exposed
spleen and 38 events for AuFeOx NP-exposed spleen. M¢ stands for macrophage.
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macrophage (Figure 5Q). In all NPs-containing samples, 64%
and 88% of the NPs-positive areas co-localized with a mac-
rophage for FeC and AuFeOx NPs, respectively, and this pro-
portion increased to 76% and 95%, respectively, when consid-
ering NPs inside and neighboring a macrophage. Even if only
semiquantitative, this classification suggested a clear trend of
NPs capture by the macrophages in these two organs.

In addition, the cells that showed high amounts of endoge-
nous spongy iron also stained positive for macrophage staining,
which is consistent with the presumed role of macrophages in
the spleen, where they capture aging erythrocytes and recycle
the contained iron. Interestingly, not all of the cells that stained
positive for F4/80 contained detectable amounts of spongy
endogenous iron, indicating the presence of subpopulations of
macrophages in the spleen, or a transient nature of the amount
of iron contained in the cells at a certain time. A previous study
showed that not all macrophages can perform erythrophagocy-
tosis, and only macrophages from the red pulp contribute to
endogenous iron recycling, in contrast to macrophages from
the marginal zone and metallophilic macrophages.*¥ These
latter macrophages still have a phagocytosis activity, but mostly
toward pathogens, and represent only around 10% of spleen
macrophages.;3*% Regarding our two types of iron-based NPs,
we observed that 60% to 80% of the macrophages that con-
tained NPs also contained endogenous iron, indicating signifi-
cant co-accumulation of exogenous with endogenous iron. Fur-
ther investigation in this direction has the prospect to lead to a
better identification of the NPs endocytosis capacities of mac-
rophage subpopulations, and the possible recognition of NPs
by macrophages or macrophage subpopulations.

Interestingly, these correlations between optical and elec-
tron microscopy datasets also enabled us to study the validity
of considering the dark areas appearing in the histological
staining as indications for the accumulation of NPs. Figure S6
in the Supporting Information clearly shows the limits of this
latter approach. With our correlative imaging approach, how-
ever, we have been able to identify, on the one hand, areas that
do not appear dark on the histological section but that have a
strong BSE signal unambiguously evidencing the presence of
nanoparticles (Figure S6A-D, Supporting Information). On
the other hand, we also found areas that appeared dark on the
section stained for macrophages but that did not present any
BSE signal (Figure S6A,B,E-H, Supporting Information). This
observation underlines how common approaches based on
optical microscopy are insufficient for the detection of label-free
NPs, and how our proposed approach can improve the detec-
tion of metallic NPs in tissues and enable the study of biodistri-
bution at single cell resolution.

2.4. Subcellular Distribution, Agglomeration State,
and Compositional Analysis

While the SEM investigations provide insights into the bio-
distribution with single cell resolution and allow extraction of
agglomeration characteristics, information on subcellular struc-
tures is missing. To contextualize the SEM findings, we acquired
TEM data, which additionally provided ultrastructural insights,
albeit with a considerably smaller field of view of only a few tens
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of microns (Figure 6). The observed agglomeration behavior
of the NPs, and the formation of loosely packed agglomerates
of AuFeOx NPs (Figure 6C,E,F) or FeC NPs (Figure 6M-Q)
with typical diameters in the sub-micron range is in excellent
agreement with the SEM observations. Elemental mapping
using STEM-EDXS enabled clear identification of the signa-
ture elements of AuFeOx NPs (Figure 6G—K and Figure S7A-F,
Supporting Information), as well as the iron in FeC NPs
(Figure 6R-T and Figure S7G-I, Supporting Information).

In addition to NP signals, dense particles of =10-100 nm
were observed in the liver, in both the control and NP-exposed
samples (Figure 6B and Figure S8A-E, Supporting Informa-
tion). These particles were highly abundant throughout the
samples and showed the characteristics of glycogen parti-
cles. Indeed, the liver is the organ where glycogen is stored,
and the characteristics of these particles are highly consistent
with previous observations of glycogen.*!l In the spleen, no
glycogen was observed, however, accumulation of a different
type of dense particle was observed within vesicles in both the
NP treated as well as the control samples (Figure 6R,U,V and
Figure S8F-I, Supporting Information).

Elemental mapping by EDXS revealed that these particles
contained iron, indicating that these structures are ferritin,
the protein which stores intracellular endogenous iron. This
protein is particularly abundant in the spleen, and appears as
8 nm spherical particles, which is highly consistent with our
observations.[*?] Fe stored as ferritin has previously also been
detected using electron energy loss spectroscopy (EELS).*!
However, EELS measurements on tissue sections are consider-
ably more demanding compared to EDXS in terms of sample
quality—especially carbon contamination and sample thick-
ness are limiting the applicability of EELS. However, Ferritin-
Fe (presumably protein-coordinated Fe, predominantly in the
Fe(III)) and Carbide-Fe, which takes on different configurations
of Fe, C,, can be expected to show differences in oxidation state
and/or crystallographic structure. Thus, if one could resolve
the energy-loss near-edge structure/extended energy-loss fine
structure of Ferritin-Fe and nanomaterials-based iron, EELS
may offer an interesting approach for chemical (instead of mor-
phological) differentiation. However, TEM alone (and in con-
junction with EDXS) also enables the straightforward identifi-
cation and discrimination of exogenous iron from endogenous
iron at the nanoscale, and shows co-accumulation of iron-NPs
and endogenous iron in the same vesicular compartments of
splenic macrophages. Interestingly, this result hints at a pos-
sible attempt of splenic macrophages to extract and recycle iron
from exogenous nanoparticles, as suggested for iron oxide NPs
elsewhere based on isotopic labeling of NPs.?!l The NP degra-
dation as well as the recuperation of iron and its efficiency is
strongly dependent on particle phase, size, and surface area.[*!

3. Conclusions

The multiscale multimodal characterization of organs from
mice exposed to iron nanotherapeutics by complementary and
orthogonal methods revealed the co-accumulation of exog-
enously administered engineered iron nanotherapeutics with
endogenous iron in splenic macrophages. Whole-slide tissue
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Figure 6. A—F) Transmission electron micrographs of murine liver tissues containing AuFeOx NPs. G—K) and corresponding scanning transmission
electron micrographs and elemental mapping by EDXS. L-Q) Transmission electron micrographs of murine spleen tissues containing FeC NPs.
R-V) Corresponding scanning transmission electron micrographs and elemental mapping by EDXS. Co-localization of FeC NPs and ferritin can be

readily observed in (M), (N), and (R).

analysis gives direct access to intratissural nanoparticle distri-
bution with single cell and even single particle resolution, and
allows (semi)quantitative, semi-automated analysis of a large
number of cells (several thousand up to even millions of cells)
with full histoanatomical context in millimeter large tissue sec-
tions, and even volumes. This readily scalable, high-throughput
high-resolution imaging approach to tissue analysis is of con-
siderable interest, as it enables the identification of both NPs
and specific cell types (based on standard immunohistochem-
ical labeling), without any need to digest and isolate cells, which
enables maintaining spatial information as well as true cellular
proportion compared to other methods. However, at present,
EPR and electron microscopy techniques are only available
in specialized research labs. Nonetheless, as standard sample
preparation widely employed in research labs and hospitals
can be used to prepare and preserve the samples, centralized
sample analysis can be envisioned. Low nanoparticle concen-
trations or highly porous structures of the organs of interest
will make the sample analysis more tedious and restrict the
use of standard automated image analysis tools. Such samples
may need to be deposited on carbon disks instead of standard

Small Methods 2023, 7, 2201061 2201061 (9 of 12)

histological glass slides for more straightforward analysis. The
presented label-free analytical cascade is by no means limited
to iron-based particles but provides a straightforward route to
investigating the fate of engineered inorganic nanoparticles
with single-cell and single-particle resolution using tissues har-
vested and prepared based on standard tissue procurement pro-
cedures. Thus, it can be widely employed in biomedical studies
investigating inorganic nanoparticles, or local metal accumu-
lation, as observed with endogenous iron. While this method-
ology can also be implemented to assess the fate of inorganic
nanoparticles over time and monitor their elimination, translo-
cation between organs or biodegradation, the analysis of ionic
species and their interaction with metabolic pathways is less
straightforward.l?!l However, this strategy bridges an important
gap in nanoparticle distribution analysis and opens up a new
route to rational material design adjustments based on high-
content intratissural biodistribution analyses. Considering
metallic compounds more generally, this multimodal charac-
terization method can also be used to determine the localiza-
tion of endogenous metals and metallic drug accumulation in
tissues. It can thus contribute, e.g., to a better understanding
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of metal homeostasis, metal overload induced diseases, or the
therapeutic and/or toxic action of drugs.

4. Experimental Section

Chemicals: Ethanol > 99.8%, (3-aminopropyl)triethoxysilane 99%,
L-Cysteine 97%, glutaraldehyde 25%, osmium tetroxide sealed ampules,
and epoxy embedding medium kit were purchased from Sigma
Aldrich; Ammonia 25% from Honeywell; methoxypoly(ethylene glycol)
succinimidyl carbonate from Biochempeg; nitric acid 67% and hydrogen
peroxide 30% from VWR; MSAu gold standard, MSFe iron standards,
CMS-2 and CCS-6 multielement standards from Inorganic Ventures;
sodium cacodylate buffer 0.2 m from Electron Microscopy Sciences were
used.

Nanoparticle Synthesis: AuFeOxP® and FeCBZ nanoparticles were
synthesized using scalable flame spray pyrolysis. Briefly, iron (and gold)
precursors were fed into a spray nozzle, and ignited by an oxygen-
methane flame. Nanoparticles were collected in dry state on a filter
paper. The as-synthesized nanoparticles were coated with PEG. For this,
10 mg AuFeOx nanoparticles were dispersed in 17.5 mL ethanol using
sonication (Sonics Vibra-Cell, Sonics & Materials, Inc., Newtown, CT,
USA, 8 k), power 90%, pulse on/off 10 s/10 s) for 90 s. Next, 1.25 mL
NH; was added and the reaction mixture was sonicated for 30 min.
Then, 50 pL (3-aminopropyl)triethoxysilane were added and the
reaction mixture was kept at 25 °C for 1 h at 800 rpm. Afterward, the
nanoparticles were centrifuged (15 min, 8500 rpm) and washed twice
with ethanol and twice with milliQ water and resuspended in 2 mL of
borax buffer (final concentration 5 mg mL™"). The amine-functionalized
nanoparticles were sonicated for 30 min and 100 mg mPEG-SC (5 k,
methoxypoly (ethylene glycol) succinimidyl carbonate) dissolved in 2 mL
borax buffer was added and sonicated for 5 min and placed on a shaker
for 24 h (25 °C, 800 rpm). Afterward, the functionalized nanoparticles
were centrifuged (15 min, 8500 rpm) and washed once in borax buffer
and once in milliQ water and stored at 1 mg mL™ in saline (0.9%). The
nonoxidic iron nanoparticles were also functionalized with PEG coating
to permit the preparation of stable dispersions of these nanoparticles in
water and in biological fluids.

Nanoparticle Administration: The study was approved by the local
veterinary office of the canton of Zurich. Nanoparticle injections
were performed as previously described.?’] Female C57BL/6 mice
were injected with nanoparticles via tail vein injection at either of
the two doses (200 or 600 g per mouse) or with equal volumes of
vehicle (saline). For each experimental condition, at least three mice
were randomly assigned to experimental groups and treated. After
termination of the experiment, tissue samples were immediately fixed in
formalin and post-fixed in 0.2% glutaraldehyde.

ICP-OES and MS Measurements: Portions of the organs were
harvested and weighted. After 2 h of dehydration in pure ethanol,
samples were dried under vacuum (P < 100 mbar) at 40 °C during 48
to 72 h. Dried samples were weighted again, transferred into Teflon
tubes and digested in 1.5 mL of 67% HNO;. Digestion was performed
in a Turbowave unit from MLS GmbH (Germany), following a procedure
including temperature and pressure increase to 250 °C and 120 bar,
and left for 8 min at these conditions to achieve complete digestion.
0.5 mL of H,0, was then added to the sample, followed by 25 mL
of ultrapure water and 25 mL of a 1% L-cysteine solution for Au
complexation and stabilization. Depending on the concentration range,
the measurements were conducted either on an Agilent 5110 ICP-OES
or an Agilent 7900 ICP-MS. For ICP-MS, Au was measured on m/z 197
in He and Fe was measured on m/z 56 in H, mode. To correct for non-
spectral interferences, an internal standard containing 100 ppb Bi and
Rh was mixed online with the sample via a T-piece at a ratio of 1:10.
The isotopes 2%°Bi and 'Rh were then used for correction of Au and
Fe, respectively. For both, ICP-OES and ICP-MS, calibration standards
were always matrix-matched to the same L-cysteine/HNO; matrix as the
samples.
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EPR Spectroscopy: Portion of the organs was harvested, weighted,
and lyophilized overnight (Lyophilizer, Christ Alpha 1-2, Martin Christ
Gefriertrocknungsanlagen GmbH, Germany) and dried samples were
weighted again. The organs were homogenized with a mortar and pestle
and filled into 3 mm quartz capillaries (Aachener Quarzglas-Technologie
Heinrich GmbH & Co., Germany) to a height of 10-12 mm. A 9-point
calibration curve was prepared with dried FeC NP and trehalose as
EPR-neutral filling matrix. EPR measurements were performed with
an EMX EPR spectrometer (Bruker BioSpin, Rheinstetten, Germany).
It was operated in X-band (=9.9 GHz) using a Super-High-Q resonator
(Bruker BioSpin) and the first derivative of the reflected microwave
power dW(B)/dB was recorded as a function of the external magnetic
field B in the range of 10-610 mT. The B field modulation for lock-in
amplification had a frequency of 100 kHz and an amplitude of 0.5 mT.
The lock-in time constant and conversion time were set to 40 and
327 ms, respectively. The spectra were acquired with a microwave
power of 50 mW, while the sample was kept at room temperature via
a stream of ambient temperature nitrogen gas through the resonator.
The area under the EPR absorption spectrum was calculated by double
integration of the spectrum dW(B)/dB and was proportional to the
mass of magnetic nanoparticles in the sample. The NP content in the
organs was determined using the calibration curve and the weight ratio
of wet to dry tissue determined for each sample.

Histology: Samples were paraffin-embedded and sectioned by
Sophistolab (Muttenz, Switzerland) and the University Hospital Zurich.
Tissue sections were H&E or F4/80 antibody stained, and imaged by
optical microscopy with a whole slide scanner (ScopeM, ETH Zurich)
using 20X magnification.

Scanning Electron Microscopy: F4-80 antibody stained sections were
exposed to xylene to remove paraffin and the glass coverslip, and coated
by a 10 nm layer of carbon using a carbon coater (CCU-010, Safematic).
Sample observations were made on an FEI Magellan 400 microscope
operating at 5 or 10 kV.

Transmission Electron Microscopy: 1 mm? pieces of samples were
washed twice with 0.1 M sodium cacodylate buffer, and stained with 1%
osmium tetroxide and 1.5% iron in the sodium cacodylate buffer for 2 h.
Samples were then washed three times with water and dehydrated with
water:ethanol mixes (successively 75:25, 50:50, 25:70, 5:95), and washed
three times with pure ethanol. Cells were then exposed to a 1:1 mix of
pure ethanol and Epon for one night, and washed with Epon for 1 hour.
Samples were then transferred in fresh Epon and cured at 60 °C for 48 h.
Samples were then cut in 70 nm sections that were transferred onto
copper grids for observation. Samples were observed on a Hitachi HT
7700 operating at 120 kV (ScopeM, ETH Zurich) or an FEI Talos F200X
operating at 200 kV (Scope M, ETH Zurich).

Statistical Analysis: For each experimental condition, at least three
mice were randomly assigned to experimental groups, treated and
organs harvested and analyzed. Images were treated with Image |
software, using Colour Deconvolution 2 and MorphoLib] plugins/>4l
yielding semiquantitative data.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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