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Sphingomyelinase-responsive nanomicelles for
targeting atherosclerosis

® Irene Fernandez-Barahona,?
*3a.g

Maria Mufioz-Hernando,®® Paula Nogales,
Jesus Ruiz-Cabello,**"9 Jacob F. Bentzon*< and Fernando Herranz

Atherosclerosis, a leading cause of cardiovascular diseases requires approaches to enhance disease moni-
toring and treatment. Nanoparticles offer promising potential in this area by being customisable to target
components or molecular processes within plaques, while carrying diagnostic and therapeutic agents.
However, the number of biomarkers available to target this disease is limited. This study investigated the
use of sphingomyelin-based nanomicelles triggered by sphingomyelinase (SMase) in atherosclerotic
plaques. Accumulation of iron oxide-based nanomicelles in the plaque was demonstrated by fluor-
escence, MR imaging and electron microscopy. These findings demonstrate the possibility of utilising
SMase as a mechanism to retain nanoprobes within plaques, thus opening up possibilities for future thera-

rsc.li/nanoscale peutic interventions.

Introduction

Atherosclerosis remains the primary cause of cardiovascular
diseases globally, and new approaches are needed to identify
at-risk patients, monitor disease progression, and improve
therapies. To be part of future solutions nanoparticles can be
engineered to target specific constituents or molecular pro-
cesses in atherosclerotic plaques and can carry both diagnostic
and therapeutic agents, thereby potentially delivering both
improved disease monitoring and targeted therapies. Previous
studies have used nanoparticles to target different types of
structures in atherosclerotic plaques, mainly through the con-
jugation of nanoparticles with antibodies or small molecules
capable of binding to macrophages,”* microcalcifications,®
oxLDL," and adhesion molecules,” among others.® Other
approaches have used nanoparticles designed such that their
physicochemical properties can selectively accumulate the
cargo in atherosclerotic plaques. Given that targeting moieties
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such as antibodies are cumbersome and expensive to produce
in large amounts, the latter approach renders higher scalabil-
ity, and we reasoned that selectivity for atherosclerosis may
still be achieved if the surface of the particles is designed to
hijack endogenous retention mechanisms in the atherosclero-
tic plaque. Atherosclerosis is driven by the accumulation of
cholesterol-rich apolipoprotein B (ApoB)-containing lipopro-
teins, predominantly in the form of low-density lipoproteins
(LDLs),” in the arterial intima. Once retained, lipoproteins are
modified and the altered lipoprotein surfaces are recognised
by and activate the innate and adaptive immune systems. In
this manner, the continuous influx of atherogenic lipoproteins
fuels a chronic low-level inflammatory state that drives plaque
development. Enzymes play an important role in retaining
incoming LDL particles in the established atherosclerotic
plaque.®® Among the different arterial enzymes with this func-
tion, secretory sphingomyelinase (SMase), which hydrolyses
sphingomyelin molecules present in the surface of LDL par-
ticles into ceramide, has been shown to be particularly impor-
tant in atherosclerosis progression. SMase and similar
enzymes have been proposed as targets of interest for the
development of novel treatments.’® Genetic deletion of this
enzyme in hypercholesterolaemic animals drastically retards
atherosclerotic plaque development."* Furthermore, several
in vitro and in vivo studies have shown that aggregation-prone
human LDLs are enriched in sphingomyelin and ceramide,
and contain fewer choline phospholipids than aggregation-
resistant LDLs."”

In the present study, we show that SMase can be exploited
as an endogenous workhorse to accumulate nanoprobes in
atherosclerotic plaques. We designed sphingomyelin-based
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nanomicelles carrying a cargo of iron oxide particles and
found that they can be destabilised by SMase in vitro and
accumulate in murine atherosclerotic plaques after intrave-
nous injection, as documented by fluorescence tracking, MR
imaging, and electron microscopy.

Methods

Synthesis of oleic acid coated iron oxide nanoparticles
(OAIONPSs)

The oleic acid iron oxide (Fe;0,) nanoparticles (OAIONPs)
were synthesised using iron acetylacetonate as the precursor
and phenyl ether as the solvent. A mixture of Fe(acac); (1.42 g,
4 mmol), 1,2-hexadecanediol (4.8 g, 20 mmol), oleic acid
(3.38 g, 12 mmol), oleylamine (3.2 g, 12 mmol), and diphenyl
ether (40 mL) was added to a round three-neck flask (100 mL).
The reaction mixture was heated under mechanical stirring
and a flow of nitrogen gas up to a temperature of 200 °C,
which was maintained for 120 min. The solution was then
heated under reflux up to 250 °C for 30 min with a nitrogen
balloon on top of the condenser. Subsequently, the solution
was cooled down to room temperature (r.t.) and 30 mL of 96%
ethanol (EtOH) were added. The resulting solution was placed
under a neodymium (Nd-Nb-B) magnet for 10 min. During
this time, the most superparamagnetic nanoparticles precipi-
tated towards the magnet while the less magnetic ones were
eliminated with the remaining supernatant. Following this
step, 20 mL EtOH were added to the mixture and the solution
was sonicated (Branson 250, 42 + 6 kHz) for 10 min to resus-
pend the precipitated nanoparticles. This purification step was
repeated five more times and after the last purification the
nanoparticles where resuspended in 30 mL of hexane.

Synthesis of sphingomyelin iron oxide nanomicelles
(SPHIONMS)

For the synthesis of sphingomyelin iron oxide nanomicelles
(SPHIONMs), sphingomyelin (SPH) (57 mg, 0.07 mmol) was
first dispersed in 15 mL of PBS. Once the lipid was dissolved, a
1 mL aliquot of the OAIONPs (10 mg Fe per mL), dispersed in
hexane, was added to the solution and the resulting mixture
was sonicated under robust stirring for 20 min at 37 °C. The
nanoemulsion was kept under sonication for another 60 min
to evaporate all traces of hexane, resulting in the formation of
a homogenous aqueous solution. Finally, aggregates were
removed by filtration (0.45 pm Milex HV-filter). The same pro-
tocol was used for the preparation of 1,1'-dioctadecyl-3,3,3',3"-
tetramethylindocarbocyanine perchlorate (DiIC18(5)) labelled
SPHIONMs except that 1 mg of the fluorophore, dissolved in
hexane, was added to the solution at the same time as the
OAIONPs. In addition, polysorbate 80 (P80) coated IONMs
were produced, as the control nanomicelles for SPHIONMs
experiments. For this purpose, the same protocol was followed
except that SPH was substituted by 150 mg (0.11 mmol) of
P8o0.
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Physicochemical characterisation

Dynamic light scattering (DLS). The hydrodynamic size,
polydispersity index (PDI), and zeta potential of all the syn-
thesised NPs was measured by dynamic light scattering (DLS)
(Zetasizer Nano ZS90, Malvern Instruments, Malvern, UK). All
measurements were performed at r.t. and in triplicates. In
addition, DLS was used to assess the colloidal stability of the
NPs, by monitoring the changes in their hydrodynamic size
and PDI with time, and after their incubation with PBS.

Transmission electron microscopy (TEM). The morphology
and the core size of the NPs were determined by transmission
electron microscopy (TEM, N = 50). TEM analyses were carried
out at the National Center of Electron Microscopy of the
Universidad Complutense de Madrid (Madrid, Spain). For the
magnetic NPs (SPHIONMs and cit-IONPs), a drop of diluted
NP sample was placed on top of a carbon-coated copper grid
and observed under TEM using a 200 keV JEOL-2000 FXII
instrument (Jeol Ltd, Tokyo, Japan).

Fourier transform infrared spectroscopy (FT-IR). Fourier
transform infrared spectroscopy (FT-IR) spectra were obtained
for the SPHIONMs on a PerkinElmer Spectrum 400 Series
spectrometer (PerkinElmer, USA); each spectrum was obtained
by averaging 32 interferograms with a resolution of 1 cm™".

Thermogravimetric analysis (TGA). Thermogravimetric ana-
lysis (TGA) spectra of the SPHIONMs were obtained with a
Seiko TG/ATD 320 U, SSC 5200 spectrometer (Seiko
Instruments, Chiba, Japan) at the Universidad Auténoma de
Madrid (Institute of Materials Science, Madrid, Spain). For this
purpose, SPHIONMs were lyophilised, and the dried sample
was heated from 20 °C to 1000 °C at 10 °C min~" under a
100 mL min~" air flow.

Relaxometry. The longitudinal (7;) and transverse (75) relax-
ation times of SPHIONMs at different concentrations were
measured using a relaxometer at 1.5 T and 37 °C (Bruker
MQ60, Bruker Biospin, Germany). The obtained relaxation
rates (Ry = 1/Ty, R, = 1/T,) were then plotted against their
corresponding iron concentration values, to obtain the relaxiv-
ity values of the SPHIONMSs.

In vitro degradation of SPHIONMs with sphingomyelinase

The in vitro degradation of SPHIONMs in the presence of
sphingomyelinase (SMase) was assessed by measuring the
changes in the hydrodynamic size of the nanomicelles after
their incubation with the enzyme. To this end, a solution of
SPHIONMs (1.5 mL) mixed with SMase (0.2 U) was incubated
at 37 °C and the hydrodynamic size and PDI of the sample was
measured, by DLS (Zetasizer Nano ZS90, Malvern Instruments,
UK), at different time points (from 5 to 180 min). In addition,
a solution containing only the SPHIONMs was also incubated
at 37 °C, and their hydrodynamic size and PDI was measured
as a control.

Animal models

Animal experiments were approved by the ethical review
boards at CNIC and Universidad Autéonoma and permitted by

This journal is © The Royal Society of Chemistry 2024
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the Comunidad de Madrid (PROEX 266/16 and PROEX 265/
16). Furthermore, all experiments followed the 3R principles to
include the minimum number of animals required for
sufficient statistical power. All compared mice were littermates,
housed together, and subjected to the same procedures.
Ldlr™'~ mice (B6.12957-Ldlr™1Her/], the Jackson Laboratory)
were used to study the accumulation of SPHIONMs in plaques
by confocal microscopy and non-invasive imaging. Ldlr'~
mice have elevated plasma cholesterol level and develop ather-
osclerosis slowly on standard laboratory diet.”*> On high-fat
diets, they have very high plasma cholesterol levels and fast
development of atherosclerotic plaques.*?

In this work, advanced lesions were induced by feeding the
mice for 24 weeks with high-fat diet (S9167-E011, Sniff). Only
female mice were used.

In vivo MRI

For the atherosclerosis detection T,-weighted MRI experi-
ments, a baseline scan was acquired before SPHIONMs injec-
tion. Following this, mice were intravenously injected with
SPHIONMs (0.38 mg Fe per mL 150 pL), and 24 h after nano-
micelle injections MRI scans were acquired using the same
sequence. All MRI experiments were performed on a 7 T
Bruker Biospec 70/30 USR MRI system (Bruker Biospin GmbH,
Ettlingen, Germany). Anesthesia was induced with 3% isoflur-
ane in 30% oxygen and maintained 1-2% isoflurane along the
experiment. Animals were positioned in a customised 3D
printed bed with a head holder and kept warmed with heated
air pumped through an MRI compatible system interfaced to a
Monitoring and Gating Model 1025 (SA instruments).
Temperature control (anal) and respiration (through a respirat-
ory pad) were registered along the experiment. To ensure an
accurate positioning, pure axial and four-chamber view scout
images were used to set up the representative aortic arch view.
From these, 19 x 21 mm? images were obtained between the
brachiocephalic artery and left common carotid artery, perpen-
dicular to the direction of the flow in the aorta, with a self-
gated CINE spoiled gradient echo (ig-FLASH). Acquisition and
reconstruction voxel size: 0.11 x 0.11 mm?, slice thickness
0.8 mm. Additional acquisition details are: echo time TE =
6.0 ms, repetition time TR = 9.8 ms, flip angle FA = 10°, 1
average. T,-Weighted MRI images were analysed quantitatively
by measuring signal intensities in the aortic wall before and
after nanomicelle injection, for both SPHIONM and PSOIONM
injected mice. To that end, aortic wall ROIs (N = 10 for each
mouse) were manually drawn.

Confocal microscopy

Confocal microscopy was used to study the accumulation of
the fluorescent SPHIONMs. In atherosclerotic lesions. All fluo-
rescent cross-sections were analysed with a Leica TCS
SP5 microscope (Leica, Wetzlar, Germany) using either a HCX
PL APO lambda blue 20x/0.7 multi-immersion objective or a
HCX PL APO CS 40x/1.25 oil objective. Leica LAS X software
was used for image acquisition. The acquisition method was

This journal is © The Royal Society of Chemistry 2024
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kept constant for every cross-section so that comparisons
between images could be performed.

Tissue transmission electron microscopy

The ascending part of the aorta and a piece of liver of Ldlr™'~

mice were sent for TEM imaging. For tissue processing, after
perfusion, the arteries and the livers were cut into approxi-
mately 3 mm pieces and fixed for 6 hours in 2.5% glutaralde-
hyde and 4% paraformaldehyde in a 0.1 M phosphate buffer
(pH 7.3). Afterwards, samples were rinsed in ice-cold phos-
phate buffer. Tissues were post-fixed in 1% aqueous osmium
tetroxide for 1 hour. They were washed with distilled water, de-
hydrated in a graded series of acetone, and finally embedded
in Spurr’s resin (TAAB laboratories, Aldermaston Ward, UK).
Ultrathin sections (60 nm) were cut with an ultramicrotome
Leica ultracut E, (Leica, Wetzlar, Germany), mounted on
200 mesh copper grids, and finally stained with uranyl acetate
2% and Reynold’s lead citrate. Electron micrographs were
obtained using a Jeol 1400 plus (Jeol Ltd, Tokyo, Japan) oper-
ated at 100 kv and equipped with a CCD camera Gatan SC
ORIUS 200 (Gatan, Pleasanton, USA).

Statistical analysis

Statistical tests were performed in Prism 8 (GraphPad
Software). Two-sample comparisons were analysed by the
unpaired Student’s ¢-test for normally distributed data and by
Mann-Whitney test for non-normally distributed data. Three
or more samples’ comparisons were performed with the ordin-
ary one-way ANOVA test for normally distributed data and by
the Kruskal-Wallis test for non-normally distributed data.
Variance between samples was calculated using F-test. Bars in
scatter dot plots represent mean + SD.

Results

Synthesis and characterisation of sphingomyelin-coated iron
oxide nanomicelles

In this study, we synthesised water-stable sphingomyelin iron
oxide nanomicelles (SPHIONMs). These nanomicelles were
composed of hydrophobic iron oxide nanoparticles (IONPs)
arranged in the core and stabilised by sphingomyelin (SPH)
molecules. Our working hypothesis was that the enzymatic
activity of arterial sphingomyelinase (SMase) on the polar head
of SPH molecules causes the destabilisation and degradation
of SPHIONMSs, thereby facilitating the accumulation of hydro-
phobic IONPs within atherosclerotic plaques. This, in turn,
enables detection using magnetic resonance imaging (MRI).
The SPHIONMs were prepared using a two-step nanoemulsion
synthetic protocol based on a method previously developed by
our group.'* First, we synthesised hydrophobic oleic acid-
coated iron oxide nanoparticles (OA-IONPs) by the thermal
decomposition of the iron precursor, iron acetylacetonate, in
the presence of oleic acid, oleylamine, and 1,2-hexadecanediol.
The obtained OA-IONPs showed a narrow size distribution,
with a core size of 7.0 + 1.4 nm, a hydrodynamic size of 13.0 +
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3.5 nm and a polydispersity index (PDI) of 0.16 + 0.02, as
measured by TEM and DLS, respectively (Fig. 1a and b).
Subsequently, a nanoemulsion method was used to produce
physiologically viable nanoparticles. The OA-IONPs were
encapsulated in a sphingomyelin layer to form the nanomi-
celles. Using this procedure, water-stable nanomicelles with a
narrow size distribution (PDI = 0.17 + 0.02), a hydrodynamic
size of 73.7 + 4.2 nm and a zeta potential value of —7.3 +
1.5 mV were produced. The reproducibility of the nanoemul-
sion method was excellent, with no visible changes in the
hydrodynamic size distributions of the three SPHIONM
batches (Fig. 1a). Furthermore, TEM analysis of the
SPHIONMs revealed the presence of several OA-IONPs (~7 nm)
grouped together, forming an iron oxide core of approximately
40 nm (Fig. 1c). This structure is typically observed for iron
oxide nanomicelles."*

The same protocol was employed to prepare nanomicelles
for fluorescence-based imaging, except that 1 mg of fluoro-
phore DilC18(5) was added to the nanoemulsion formulation.
Fluorescently labelled nanomicelles did not show any signifi-
cant changes compared to non-labelled micelles. A similar pro-
tocol using polysorbate 80 as the hydrophilic coating was used
to prepare control nanomicelles (PSOIONMs). The characteris-
ation of this type of nanomicelles was previously described by
our group, and studies have shown that PSOIONMs do not
accumulate in murine atherosclerotic lesions.'*

Several SPHIONM batches were synthesised to validate the
reproducibility of the process. The composition of SPHIONM

View Article Online
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was analysed using inductively coupled plasma mass spec-
trometry (ICP), Fourier-transform infrared spectroscopy (FTIR),
and thermogravimetric analysis (TGA).

FTIR spectra showed characteristic bands for the SPH
structural moiety, including bands in the ranges of
1600-1700 cm™' (C=0), 1480-1580 ¢cm " (C-N and N-H),
which were superimposed on the typical signal of oleic acid
magnetite NPs,">'® and bands in the ranges of
1200-1300 cm™  (phosphodiester band, P=0) and
1000-1100 cm™* (C-C). The spectra were similar for all the
analysed samples (Fig. 1le). TGA results showed that for all
samples, the organic coating (including OA and SPH)
degraded from 200 to 450 °C, representing approximately
25% of the total weight of the nanomicelles. This low weight
suggests that a very thin layer of SPH molecules is intercalated
with the fatty chains of OA (Fig. 1f). Furthermore, iron con-
centration was similar in all the samples, 0.38 + 0.05 mg Fe
per mL SPHIONM as determined by ICP.

Further characterisation was performed to prepare for the
in vivo experiments. First, stability in PBS at 37 °C was studied
at different time points. Fig. 1d shows that the SPHIONMs
maintained a stable hydrodynamic size throughout the incu-
bation process. In addition, the relaxometric parameters of the
SPHIONM were studied at 1.5 T and 37 °C (Fig. 1g and h).
Results showed the expected behaviour of superparamagnetic
nanoparticles with a low r; value of 1.98 mM ™" s~ and a high
r, value of 125.90 mM™" s7*, giving a high r,/r; ratio of 63.5
indicating that SPHIONM could be used as a contrast agent for

[ SPHIONMs 1 [l SPHIONMS 2

SPHIONMs 3

a) b)

—

0+ T T T T m
0.1 1 10 100 1000 10000
Size (nm)
e) f)
100
90
100 80
70
60
] £ 50
ES =]
80 '@ 40
=30
20
10
60+ T . : 0
4000 3000 2000 1000 0 500 1000

Wavelength (cm™) Temperature (°C)

I OA-IONPs 1[Il OA-IONPs 2 [l OA-IONPs 3
c) d)
1
£
£
(]
N
»
5 15 30 60 90 120 180
Time (min)
g) h)
100
157 v = 1.981°X + 0.04896 Y = 125.9X - 5.326
80
=10 % e
£ £ 40
= 05 =
20
L]
0.0+ ; . ; ) 0 . : . s
00 02 04 06 08 00 02 04 06 08

[Fe] (mM) [Fe] (mM)

Fig. 1 Physicochemical characterisation of SPHIONMs. (a) Hydrodynamic size distributions of three different batches of OA-IONPs and SPHIONMs
determined by DLS. (b) TEM image of the OA-IONP solution; scale bar: 20 nm. (c) TEM of an SPHIONM solution (top), higher magnification image of
a single nanomicelle (bottom); scale bars, 50 nm and 20 nm, respectively. (d) Hydrodynamic size (z-average, mean + SD) of SPHIONMs in 1x PBS
from t = 0 to t = 180 min (slope of linear trend with time not significantly different from 0 p = 0.13). (e) FTIR spectra of three different batches of
SPHIONMs. (f) Thermogravimetric curves for three batches of SPHIONMs. (g) Longitudinal relaxivity and (h) transversal relaxivity in mM~ s=* for

SPHIONMs at 37 °C and 1.5 T. OA: oleic acid; SPH: sphingomyelin.
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Table 1 Summary of SPHIONM characterisation. Values indicate mean + SD

Hydrodynamic size (nm) Core size (nm) PDI

Z-potential (mV)

nmM s R mMT's™) r/r, [Fe] (mgmLTY)

74 £ 4.2 40 0.17 £ 0.02

T,-weighted MRI. The main physicochemical parameters for
SPHIONMs are shown in Table 1.

In vitro degradation by sphingomyelinase

Our hypothesis was based on the potential destabilisation of
SPHIONMs in the presence of SMase. To demonstrate whether
SMase had this effect on the nanomicelles, an in vitro study
was performed. For this purpose, SPHIONMSs were incubated
with a known concentration of SMase at 37 °C, and their
behaviour over time was studied using DLS. The results
showed an increase in the percentage of SPHIONMs with a
large hydrodynamic size and a consequent increase in the PDI
of the solution (from 0.1 to 0.9) (Fig. 2a).

In addition, their z-average by volume showed an abrupt
rise as soon as 30 min after incubation with the enzyme, while
no change was observed in the nanomicelles incubated under
the same conditions without SMase (Fig. 2b). Furthermore, a
simple visual inspection confirmed this large aggregation, as
shown in Fig. 2c, where the initially stable colloidal dispersion
of the SPHIONMSs rapidly became turbid with visible
precipitates.

In vivo biodistribution study

After characterising the stability of the SPHIONMs in PBS and
their in vitro behaviour in the presence of SMase, we moved on
to the in vivo experiments. First, we studied the biodistribution
and MRI signal of the nanomicelles. For this purpose, 150 pL
of the SPHIONM solution (0.38 mg Fe per mL) were injected

a b)
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& 5
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Fig. 2 In vitro degradation of SPHIONMs by SMase. (a) Changes in the
hydrodynamic size distribution of the SPHIONM solution incubated with
sphingomyelinase from t = 5 to t = 180 min. (b) Changes in z-average of
SPHIONM solutions incubated with or without sphingomyelinase from t
=5to t = 180 min. The experiments were performed at 37 °C in PBS and
were repeated twice. (c) Visual evaluation of SPHIONMs aggregation
after incubation with sphingomyelinase.
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-7.3%1.5

1.98 125.9 63.5 0.38 £ 0.05

by i.v. tail injection into healthy C57BL/6 mice (N = 5, 18 weeks
old).

Given the size of SPHIONMs, we expected clearance
through the liver; therefore, MR scans of the murine livers
were performed before and 30, 60, and 90 min after nanomi-
celle injection. Imaging studies showed that SPHIONMs
started accumulating in the liver approximately 30 min after
nanomicelle injection, showing a clear decrease in signal with
time (Fig. 3). These results further confirmed the ability of
SPHIONMs to behave as a contrast agent for T,-weighted MRI
in vivo. Similarly, we observed a strong uptake in the spleen
and liver but not in the lungs and kidneys, after the intrave-
nous injection of fluorescently labelled SPHIONMs.

Atherosclerosis detection experiments

Once it was confirmed that SPHIONMs could produce a
hypointense signal on T,-weighted MRI, we proceeded to vali-
date their ability to accumulate in atherosclerotic lesions due
to the presence of SMase. For this purpose, Ldlr~'~ mice were
fed a high-fat diet from 8 to 32 weeks of age to induce athero-
sclerosis. Nanomicelle accumulation was first studied in vivo
using MR imaging; following this, mouse tissues were col-
lected for ex vivo analysis using confocal microscopy and TEM.
The experimental design of these studies is shown in Fig. 4a.

C57BL/6

KIDNEY

B SR |

Fig. 3 (a) In vivo T,-weighted MRI biodistribution study. Representative
liver MR images of C57BL/6 mice (18 weeks old) before (basal), and 30,
60, and 90 min after injection of SPHIONMs (0.38 mg Fe per ml, 150 pL).
(b) Confocal microscopy images of control organs and organs after i.v.
injection of fluorescently labelled SPHIONMs in C57BL/6 mice (18 weeks
old).
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HFD diet for 24 weeks for atherosclerosis induction. (Il) Baseline in vivo T,-weighted MRI. Baseline T,-weighted MRI cardiac scans, focused on the

aortic arch of the animals, were acquired in atherosclerotic Ldlr~'~

mice (32 weeks old) (N = 6). (Ill) Nanomicelle injection. After image acquisition,

mice were injected intravenously with fluorescent-labelled SPHIONM (150 pL) (N = 5) or fluorescent-labelled control PBOIONMs (150 pL) (N = 4). (IV)
In vivo T,-weighted MRI. After 24 h, T,-weighted cardiac MRI scans focused on the aortic arch of the animals were acquired using the same MR
sequence. Animals were euthanised after image acquisition by exsanguination and perfusion-fixed. (V) Ex vivo analysis. Organs were collected for
ex vivo analysis using confocal microscopy and TEM. (b—e) In vivo T,-weighted MRI studies for atherosclerosis detection. Representative MR images
of the heart and aorta of Ldlr~’~ mice with atherosclerosis induced by 24 weeks of HFD. Panels show scans obtained before and 24 hours after injec-
tion of (b—c) SPHIONMs (0.38 mg Fe per mL, 150 pL) (N = 3) and (d) PBOIONMs (0.41 mg Fe per mL, 150 uL) (N = 3). Yellow circles indicate the
aortas. (e) Differences in the mean intensity at the arterial wall in Ldlr™'~ mice injected with PBOIONM or SPHIONM. Values were acquired from
manually drawn aortic wall ROIs (N = 10 per mouse). The variances between the two groups were significantly different (****p < 0.0001, as obtained

from the F-test).

In vivo T,-weighted MRI

First, we studied the accumulation of nanomicelles in athero-
sclerotic lesions using in vivo T,-weighted MR. For plaque visu-
alisation, an MRI scan focused on the aortic arch of the
animals was performed before (baseline) and 24 h after nano-
micelle injection to characterise the intensity differences in
the aorta. Imaging studies were carried out in mice injected
with SPHIONM (0.38 mg Fe per mL) (N = 3) and control mice
injected with PSOIONM (0.41 mg Fe per mL) (N = 3). Following
the MRI scans, mice were euthanised and perfusion-fixed, and
their aortas and livers were collected and processed for ex vivo
TEM and confocal microscopy analysis. Representative images
of the acquired T,-weighted MRI scans are shown in Fig. 4b-d.
Differences in the signal intensity of the aorta were observed
between the scans performed before and after the injection of

6482 | Nanoscale, 2024, 16, 6477-6487

SPHIONMs. T,-Weighted images obtained 24 h after
SPHIONM injection clearly showed hypointenses areas in
several some aortic areas. In these areas, the structure of the
arterial wall that was visible on T,-weighted baseline scans
seemed to “disappear”. These results suggested the presence
of SPHIONMSs. Importantly, this effect was not observed in the
T,-weighted MRI scans of mice injected with the control
PSOIONMs (Fig. 4d). Furthermore, a hypointense effect was
observed in the livers of all animals, both SPHIONM- and
P80IONM-injected mice, confirming that the absence of a
negative signal in the aorta of control mice was not due to
injection errors.

To quantify the observations, signal intensities in the aortic
wall were measured before and after injection of the two types
of nanomicelles. Measurements obtained from ROIs in slices
of the aortic arch (N = 10 per mouse, 3 mice per group)

This journal is © The Royal Society of Chemistry 2024
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showed a decreasing trend in the mean intensity of the aortic
wall after SPHIONM injection. However, these differences were
not statistically significant. Furthermore, no significant differ-
ences were found after the injection of PSOIONM. Given that
the aortic wall mean intensity after SPHIONM injection was
only slightly lower, we plotted the variation between the mean
intensity values before and after injection of nanomicelles for
each analysed ROI (Fig. 4e). The results showed that, after the
injection of PS8OIONM, there was almost no variation in the
mean intensity values, whereas in the case of the SPHIONM:s,
a high variation was shown for most of the ROIs, indicating
changes in the magnetic activity of the area, further suggesting
nanomicelle accumulation.

Confocal microscopy

To confirm that the signal changes in 7,-weighted MRI studies
were produced by nanomicelle accumulation, the aortas of the
Ldlr™'~ mice were extracted and sectioned to study nanomicelle
accumulation in the atherosclerotic plaque ex vivo using con-
focal microscopy.

Images of sections of the inner arch of the ascending aorta,
an atheroprone site,"” were acquired using fixed settings for
acquisition and image processing. Sections from mice injected
with fluorescent SPHIONMs and fluorescent PBOIONMs were
analysed and compared.

The results showed a clear accumulation of fluorescent
SPHIONMs in the atherosclerotic plaques (Fig. 5a). This
accumulation was shown to be higher in the luminal part of
the plaque, particularly in the plaque shoulders. Importantly,
no accumulation of fluorescent control P80IONMs was

Inner arch of the ascending aorta
a) SPHIONM

View Article Online
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observed in the control mice (Fig. 5b). These results further
confirmed the ability of SPHIONMs to accumulate in athero-
sclerotic plaques, while also indicating the specificity of the
nanoprobe, as no accumulation was observed with the
P80IONMs.

Transmission electron microscopy

To confirm the in vivo accumulation of SPHIONMs in athero-
sclerotic lesions, ex vivo TEM studies were performed on aortic
and liver tissues extracted from Ldlr”'~ mice injected with
SPHIONMSs.

Due to the extremely high magnification and small field of
view of TEM, we could not observe the whole plaque simul-
taneously. Therefore, prior to imaging of the aortic tissues,
liver sections from the same mice were analysed. Given that
SPHIONM are eliminated through the liver, as shown by the
MRI studies, we expected to find a higher amount of nanomi-
celles in those tissues, allowing us to identify SPHIONMs in an
easier manner.

Results from the liver sections showed the presence of
nanomicelle-like structures inside the liver cells (Fig. 6b).
Higher magnification images allowed us to identify clusters of
aggregated OA-IONPs. As it can be observed, these structures
resemble those observed in the TEM images of the SPHIONM
solutions (Fig. 6a). Once we were able to identify SPHIONMs,
we acquired TEM images of the inner arch of the ascending
aorta. Images from these sections also showed the presence of
SPHIONMs in the plaque cells closer to the lumen. Several
nanomicelle-like structures can be observed in Fig. 6c, and
once more, we were able to identify grouped OA-IONPs at

b) P80IONM

Fig. 5 Ex vivo confocal microscopy of SPHIONM accumulation in atherosclerotic lesions. Representative confocal microscopy images of sections
of the inner arch of the ascending aorta of Ldlr~~ mice fed an HFD for 24 weeks and injected with (a) fluorescent SPHIONM (150 uL) (N = 5); (b) flu-
orescent control PBOIONMs (150 pL) (N = 4). DAPI (blue), autofluorescence (green), and DilC18(5)-SPHIONM (red) staining. Scale bars 200 pm.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Ex vivo analysis of SPHIONM accumulation in atherosclerotic lesions using TEM. Representative TEM images of tissue sections from athero-
sclerotic Ldlr~'~ mice fed a HFD for 24 weeks and injected with SPHIONMs (150 uL) 24 h before euthanasia. (a) TEM images of SPHIONM solution;
scale bar = 50 nm. (b) TEM images of a liver section; higher magnification of the same section (right); scale bars, 5 pm and 200 nm. Examples of
accumulated SPHIONMs are marked with red arrows. (c) TEM images of a section of the inner arch of the ascending aorta; higher-magnification
images of the same atherosclerotic plaque section (middle and right); scale bars, 2 pm, 500 nm, and 200 nm, respectively. The accumulated

SPHIONMs are highlighted with red arrows.

higher magnifications. These results further corroborated the
presence of SPHIONM s in the atherosclerotic plaque of Ldlr~'~
mice, thus reinforcing the hypothesis that the signal changes
in T,-weighted MRI studies were due to their presence.

Colocalisation studies between SPHIONMSs and
sphingomyelinase

Finally, after demonstrating the ability of SPHIONMs to
accumulate in atherosclerotic lesions, we aimed to address our
hypothesis that arterial SMase participates in the nanomicelle
aggregation process. For this purpose, the colocalisation of
SMase and SPHIONMs was analysed in sections of plaque
from Ldlr~'~ mice fed a HFD for 24 weeks and injected with
fluorescent SPHIONMs. Acid sphingomyelinase (SMPD1), a
type of sphingomyelinase implicated in LDL retention'" was
stained by immunofluorescence using anti-SMPD1 and an
Alexa Fluor 568-conjugated secondary antibody, and the distri-
bution of the signal was compared to the fluorescence (DilC18
(5)) from accumulating SPHIONMs. SMPD1 distribution was
observed in both control mice (Fig. 7a) and SPHIONM-injected

6484 | Nanoscale, 2024, 16, 6477-6487

mice, eliminating the possibility of colocalisation due to cross-
contamination between fluorescence channels.

The fluorescent patterns displayed in the acquired confocal
microscopy images showed clear colocalisation between SMase
and SPHIONMs (Fig. 7b and d). The SMPD1 signal was higher
in the plaque shoulders and in the middle part of the plaque
close to the lumen, thus matching the previously observed
SPHIONM signal pattern. In addition, to better visualise the
patterns of each signal and their degree of colocalisation,
signal masks were created from both the SMase and
SPHIONMs fluorescence channels (Fig. 7c and e). To this end,
an automatic intensity threshold and closing filter were
applied to the original confocal microscopy signal. The
obtained masks were then merged, resulting in colocalisation
areas appearing in yellow. The merged images showed that
SPHIONMSs accumulated mainly in regions that were also posi-
tive for SMPD1. The colocalised regions were mainly present in
the luminal regions of plaques, while the less intense SMPD1-
positive regions deeper in the plaque typically did not co-loca-
lise with SPHIONMs.

This journal is © The Royal Society of Chemistry 2024
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DilC18(5)-SPHIONMSs Merged

Fig. 7 Colocalisation of SPHIONMs and arterial SMase. (a) Representative confocal microscopy image of a section of the inner arch of the ascend-
ing aorta of an Ldlr~'~ control mouse fed for 24 W with HFD and stained with an anti-SMPD1 primary antibody followed by an Alexa Fluor 568 conju-
gated secondary antibody. (b and d) Representative confocal microscopy images of sections of the inner arch of the ascending aorta of Ldlr~~ mice
fed for 24 W with HFD and injected with fluorescent SPHIONMs (150 pL) (red). Sections were stained with an anti-SMPD1 primary antibody, followed
by an Alexa Fluor 568 conjugated secondary antibody (green) for localisation of sphingomyelinase in the atherosclerotic plaque. (c and e) Panels
representing the colocalisation between SMase and SPHIONM using the plaque signals from (b) and (d), respectively. The top panels show the real
confocal signal from the SMPD1 channel, SPHIONM channel, and both channels merged (left to right); the autofluorescence signal was subtracted
from all channels. Bottom panels show a signal mask of the signal of the SMPD1 channel (green), SPHIONM channel (red), and both merged (left to
right). The overlapping mask signal is indicated in yellow. DAPI for nuclei staining appears dark blue and autofluorescence in magenta. All scale bars

200 um.

Discussion

Sphingomyelin iron oxide nanomicelles (SPHIONMs), formed
by a core of grouped hydrophobic iron oxide nanoparticles
(IONPs) stabilised by sphingomyelin (SPH) molecules, were
successfully developed in this study. These nanomicelles were
designed to take advantage of SMase presence in the plaque
and its ability to modify the zwitterionic head of SPH that pro-
vides colloidal stability to SPHIONMs. This process is key to
our approach of imitating LDL aggregation in the plaque,
especially considering the high susceptibility of SPH-enriched
LDLs to aggregation within atherosclerotic plaques.'™'* We
were able to produce nanomicelles showing good colloidal

This journal is © The Royal Society of Chemistry 2024

(stability, size, and surface charge) and magnetic properties
(high r,/r; ratio), while obtaining high nanoparticle accumu-
lation in atherosclerotic lesions, as demonstrated by MRI and
confocal microscopy.

Our results showed that the SPHIONMs maintained their
colloidal properties with high stability. Moreover, transmission
electron microscopy (TEM) and thermogravimetric analysis
(TGA) results showed that SPHIONMs have a nanomicelle-like
structure with a similar core size and a thin layer of organic
material at their surface. In addition, the measured relaxivities
indicated that the ability to produce contrast on T,-weighted
MRI was maintained. Liver T,-weighted MR images of mice
injected with SPHIONMs showed a darkening effect that

Nanoscale, 2024, 16, 6477-6487 | 6485
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increased with time, indicating that the nanomicelles circu-
lated for at least 90 min. This demonstrated that they were not
immediately eliminated by the RES system, which is important
for their ability to enter and be retained in atherosclerosis. In
addition, these results confirmed that the hypointense effect
produced by the SPHIONMs was comparable to that of other
superparamagnetic nanoparticles.®

Once we confirmed the optimal colloidal and magnetic pro-
perties of SPHIONMs, we demonstrated that they were suscep-
tible to SMase action and that this enzymatic activity appeared
to be responsible for their aggregation in vivo. The biological
behaviour of nanoparticles may be altered upon exposure to
biological fluids due to the formation of a protein corona, a
layer of proteins that adsorb onto the surface of nanoparticles,
capable of altering their surface properties.’® In SPHIONMs,
the protein corona could have hindered the ability of SMase to
reach the polar heads of the sphingomyelin molecules, thus pre-
venting their retention within atherosclerotic lesions. However,
immunohistochemistry studies showed colocalisation between
nanomicelle accumulation and SMase in the luminal regions of
plaque, suggesting, albeit not proving, that the SPHIONMs did
not lose their ability to be responsive to the specific enzymatic
action. In addition, confocal microscopy studies showed that
SPHIONMSs preferentially bind to the plaque shoulder of aortic
arch sections. The shoulder is a predilection site for inflam-
mation, potentially driven by incoming LDLs; hence, its per-
meability for the NPs might be increased, allowing a higher
number through when compared to other regions of the plaque.
Furthermore, as we observed, the shoulder is a region with
extensive SMase expression, which favours nanomicelle aggrega-
tion. Finally, the shoulder region is also the most vulnerable to
plaque rupture;*° hence, the high accumulation of nano-
particles in this region suggests that SPHIONMs could poten-
tially be used for the identification of high-risk plaques.

One of the goals for developing SPHIONMS was to use them
as molecular imaging probes for atherosclerosis visualisation
using MRI. Iron oxide nanoparticles represent a potentially
safe class of molecular probes for translational imaging com-
pared to Gd-containing contrast agents, which have been
shown to have significant toxicity in conditioned or diseased
patients, most importantly in patients with renal dysfunc-
tion.>! However, high doses of iron may also produce toxic
effects.”” Compared to other nanoparticles used for the tar-
geted detection of atherosclerosis using T,-weighted MRI,
SPHIONMs presented a low iron concentration of 0.38 mg
mL ™", Adjusted to the injected volumes (150-200 pL), this con-
centration was equivalent to injecting approximately 2 mg Fe
per kg, compared with the 5-12 mg Fe per kg normally
injected."®**™** This low concentration was proven to be
sufficient to produce changes in the contrast of the MR images
in a similar manner to those shown in previous studies.'®**¢

Results from T,-weighted MRI studies in Ldlr”’~ mice
showed changes in the aortic wall signal after the injection of
the nanomicelles, which were not observed after the injection
of control (PSOIONM) nanomicelles. Even if T,-weighted
images must be taken with caution, since they may present

6486 | Nanoscale, 2024,16, 6477-6487
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several limitations that may hinder signal quantification,
results observed in Fig. 4 clearly indicate the accumulation of
SPHIONMs in the arterial wall. Images show a negative con-
trast in the arterial wall after SPHIONMs injection that is not
present when using control nanomicelles. Signal quantifi-
cation in MRI, particularly using negative contrast, can be
difficult. The intensity measured within the ROIs manually
drawn over the arterial wall before and after nanomicelle injec-
tion, showed that differences between baseline and post-injec-
tion intensities were only observed in those mice injected with
the SPHIONMSs. Although T,-weighted MR images should
show a signal decrease with superparamagnetic contrast
agents, the presence of magnetic nanoparticles, such as
SPHIONMs, in the field of view will increase the magnetic sus-
ceptibility of the area, which can result in the scattered inten-
sity values that we measured.*’

Conclusions

In this study, we successfully demonstrated the use of enzymatic
activity in the plaque to develop a nanoplatform capable of
accumulating in atherosclerotic lesions. This molecular imaging
probe, sphingomyelin iron oxide nanomicelles (SPHIONMs),
was synthesised using a reproducible method that yields colloid-
ally stable nanomicelles suitable for T,-weighted MRI.
SPHIONMSs were capable of accumulating in established murine
atherosclerotic plaques as shown by T,-weighted MRI in vivo
experiments, and confocal microscopy and TEM ex vivo experi-
ments. In addition, immunohistochemistry studies showed
colocalisation between nanomicelle accumulation and SMase in
the luminal regions of plaque, suggesting that the SMase enzy-
matic action contributes to the aggregation process.
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