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Abstract.

Superparamagnetic iron oxide nanoparticles (SPIONs) are versatile and easily functionalized agents with high potential for
diagnostic and therapeutic intravascular applications. In this study, we analyzed the responses of endothelial (ECs) and monocytic
cells to three different types of SPIONs, in order to assess the influence of physico-chemical properties on the biological reactions
to SPIONSs. The following formulations were used: (1) Lauric acid-coated and BSA-stabilized SPION-1,(2) Lauric acid/BSA-
coated SPION-2 and (3) dextran-coated SPION-3. SPION-1 were strongly internalized by ECs and reduced their viability in
static conditions. Additionally, they had a dose-dependent inhibitory effect on monocytic cell chemotaxis to MCP-1, but did not
affect monocytic cell recruitment by ECs. SPION-2 uptake was less pronounced, both in ECs and monocytic cells, and these
particles were better tolerated by the vascular cells. Not being internalized by endothelial or monocytic cells, SPION-3 did not
induce relevant effects on cell viability, motility or endothelial-monocytic cell interactions.

Taken together, localized accumulation of circulating SPION under physiologic-like flow conditions and their cellular uptake
depends on the physicochemical characteristics. Our findings suggest that SPION-2 are suitable for magnetic targeting of
atherosclerotic plaques. Due to their excellent biocompatibility and low internalization, SPION-3 may represent a suitable
imaging agent for intravascular applications.

Keywords: Atherosclerosis, magnetic nanoparticles, SPION uptake, endothelial-monocytic cell interactions, endothelial
migration, monocytic cell chemotaxis, live-cell analysis

1. Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) and ultra-small superparamagnetic iron oxide
nanoparticles (USPIOs) are used for many diagnostic applications, such as magnetic resonance imaging
(MRI) of Ilymph nodes, liver, intestines, and the cardiovascular system. SPION/USPIOs consist of an
iron oxide core, often coated with a shell of organic materials such as fatty acids, polysaccharides, or
polymers [18, 38]. Coating stabilizes the particles and allows their functionalization with affinity ligands,
radiotracers or fluorochromes, offering the possibility of multimodal imaging of intracellular targets.
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SPION/USPIO potential for molecular imaging constitutes one of their advantages over contrast-enhanced
ultrasound,which is used diagnostically in the same diseases [9, 33, 45]. Moreover, as the magnetic
properties of SPIONs allow the remote control of their accumulation by means of an external magnetic
field [20, 34, 44], their use for experimental therapeutic applications (drug delivery, and hyperthermia)
continues to increase [4, 18]. These physical properties together with their low cytotoxicity [15] appear
to warrant a broad usage of SPION/USPIOs in biomedicine.

In cardiovascular imaging, USPIO-based contrast agent ferumoxtran (Sinerem)was extensively utilized
as a tool to detect and characterize atherosclerotic plaques, based on the specific incorporation of USPIO
by activated macrophages (reviewed in [32]). The ability of USPIO-enhanced MRI to identify plaque
inflammation and vulnerability was confirmed in multiple studies [17, 35, 36]. USPIO-enhanced MRI
was also shown capable of identifying inflammation within otherwise morphologically “stable” plaques
[14], and of detecting inflammatory activity in asymptomatic patients [30, 31]. The feasibility of longitu-
dinal sequential USPIO-enhanced MR imaging at 0, 6, and 12 months was investigated in patients with
a moderate asymptomatic carotid stenosis [25]. Apart from important information on quantitative repro-
ducibility of the technique, this study provided evidence that within the 6 months, USPIO nanoparticles
were cleared out of the atherosclerotic plaque. Importantly, no major adverse effects following multiple
infusions were observed [25], indicating that the UPIO-based contrast agent is clinically safe.

Other clinical studies demonstrated the ability of USPIO-enhanced MRI to predict the expansion and
rupture of life-threatening aortic aneurysms [23], to detect inflammation following the ischaemic stroke
[26, 27] and to characterize the myocardial infarct pathology [2, 40, 41]. In the latter studies, a strong
accumulation of USPIO (ferumoxytol, Rienso) in the infarct tissue allowed a better characterization of the
injured myocardium and inflammatory macrophage accumulation, as well as the extent and composition
of the peri-infarct zone, as compared with Magnevist® [40].

Apart from providing prognostic information and aiding disease diagnosis, SPION/USPIO can con-
stitute a useful tool both for monitoring the treatment efficacy [29] and for the assessment of future
event risk in asymptomatic patients with carotid atherosclerosis [10]. Moreover, SPION-labeling enables
visualization of the cells in vivo for the purpose of monitoring of cell therapies and tracking inflam-
matory cells by MRI [24]). In terms of disease treatment, a novel experimental method to overcome
the disadvantages of systemic pharmacological therapies is magnetic drug targeting [20, 34, 44]. By
loading SPIONs with antiatherosclerotic/antiinflammatory drugs and their magnetic accumulation at the
site of atherosclerotic lesion, the efficacy of pharmacological agents could be dramatically increased,
contributing to the improved outcomes [7, §].

In spite of the promising results of the pilot studies in humans, the marketing of iron oxide-containing
agents is at the still-stand. Although many SPION and USPIO have been approved for clinical use in
the past, currently they are scarcely available, with the exception of the oral iron oxide contrast agent,
ferumoxsil (Lumirem), and ferumoxytol (Rienso), an intravenous agent approved for iron replacement
therapy in chronic renal failure patients with iron-deficiency anemia. SPION/USPIO had been reported
to have favourable safety profiles [5], but the delayed toxicity effects due to an increased oxidative
stress could not be entirely excluded [39]. Recent clinical studies indicate that a new generation of
SPION formulations can represent a versatile and easily functionalized platform for the development
of theranostics with superior clinical and prognostic value [22]. Thus, our aim is to develop effective
and safe SPIONs for the diagnosis and therapy of clinically relevant atherosclerosis. For this purpose,
extensive analyses of the SPION effects on the vascular cell functions are necessary in order to predict in
vivo responses. As the cellular effects of different SPIONs may differ depending on their size, charge, and
coating [3], we investigated the endothelial and monocytic cell responses to different SPION formulations.



J. Matuszak et al. / Shell matters: Magnetic targeting of SPIONs 261
2. Materials and methods

2.1. Materials

Cell culture reagents and media were obtained from Promo Cell (Heidelberg, Germany). Accutase™
was from PAA Laboratories (Linz, Austria) and dispase from Life Technologies GmbH (Darmstadt,
Germany). Monocyte chemotactic protein-1 (MCP-1) was purchased from Peprotech (Hamburg,
Germany).

Bovine serum albumin (BSA) and iron (II) chloride tetrahydrate were from Merck, Darmstadt,
Germany. Lauric acid, epichlorohydrin, dextranT6 (Mw =6 kDa) and iron (III) chloride hexahydrate
were from Sigma Aldrich, Munich, Germany. NaOH, HCI (25%), NH3 (25%), and nitric acid (65%w/w)
were from Roth. All compounds used were of pharmaceutical (Ph. Eur) or highly pure (=99%) grade
and were used without any further purification.

2.2. Nanoparticles

The three tested types of SPIONs were synthesized at the Section of Experimental Oncology and
Nanomedicine, University Hospital Erlangen. SPION-1: Lauric acid-coated iron oxide nanoparticles
were synthesized using a coprecipitation method as described by Tietze et al. [34]. Briefly, Fe (II) and
Fe (III) salts at a defined molar ratio (Fe3+/Fe2+ = 3:2) were dissolved in water, followed by addition of
NH3 solution under stirring. The precipitate was then washed with 1.3% ammonium hydroxide solution,
followed by the addition of lauric acid and heating to 90°C for 4 min under stirring [16]. The resulting
lauric acid-coated particles were washed 10 times with 1.3% ammonium hydroxide solution. Prior to their
use in cell culture studies, the SPION-1 were stabilized by incubation 1:1 with a freshly prepared 10%
bovine serum albumin (BSA) solution (Merck, 1.12018) and sterilized by filtration through a 0.22 pum
filter (Roth, Germany).

SPION-2: Lauric acid/BSA-coated iron oxide nanoparticles were synthesized by coprecipitation, sub-
sequent in situ coating with lauric acid, and formation of an artificial albumin corona as described by
Zaloga et al. [42]. Briefly, Fe (II) and Fe (I1) salts at a defined molar ratio (Fe3+/Fe2+ =2) were dissolved
in 20 mL of water and stirred at 80°C under argon atmosphere, followed by addition of 20 mL of NH3
solution (25%). The solution was heated to 90°C and 1.25 g lauric acid, dissolved in acetone, was added.
The brownish suspension was left to homogenate for 30 min at 90°C. The suspension was then dialyzed
multiple times against ultrapure water. Subsequently, SPIONs were stabilized by incubation with a freshly
prepared 20% BSA solution, purified by centrifugal ultrafiltration (molecular weight cut-off 100 kDa),
and sterilized by filtration through a 0.22 pm filter.

SPION-3: For the preparation of dextran-coated iron oxide nanoparticles, the synthesis method
described by Unterweger et al. was used [37]. Briefly, Fe (II) and Fe (III) salts in molar ratios
(Fe3+/Fe2+=2) as well as 1.75 g of dextran T6 were dissolved in water. After cooling to 4°C under
continuous stirring and argon atmosphere, 5 mL of ice-cold 25% NH3 was added. After 5 min, the reac-
tion mixture was heated and kept at 75°C for a further 40 min, followed by cooling to RT and dialysis
(molecular weight cut-off 8 kDa). The mixture was then cleared from excess dextran and concentrated to
a total volume of 20 mL using ultrafiltration (molecular weight cut-off 100 kDa). To stabilize the dextran
coating, crosslinking was performed by adding 4 mL of epichlorohydrine dropwise to the nanoparticle
suspension after alkalization with NaOH under vigorous stirring for 24 h. The solution was then dialyzed
against water, concentrated by ultrafiltration and sterile filtered through 0.22um membrane.
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2.3. Nanoparticle characterization

For nanoparticle characterization, hydrodynamic diameter and ¢ potential of SPIONs were measured
as previously reported [21, 37, 42]. Measurements of size were performed in triplicate using Nanophox
(Sympatec, Clausthal-Zellerfeld, Germany) on the SPION suspension diluted to an iron concentra-
tion of 25 pg/mL with distilled water. ¢ potential of SPIONSs in distilled water or cell culture medium
was measured with a NICOMP 380ZLS (Nicomp, Port Richey, FL, USA) at an iron concentration of
25 pg/mL. Transmission electron microscopy (TEM) pictures were taken with a CM 300 UltraTWIN
(Philips, Eindhoven, Netherlands) operated at an acceleration voltage of 300 kV. Samples were prepared
by drying 10 uL of diluted nanoparticle suspension on a carbon-coated copper grid (Plano, Wetzlar,
Germany).

2.4. Cell culture

Human umbilical vein endothelial cells (HUVECs) were isolated from freshly collected umbilical cords
(kindly provided by the Dept. of Gynaecology, Prof. Beckmann, University Hospital Erlangen) using
an established technique [6]. The use of human material was approved by the local ethics committee
at the University Hospital Erlangen (review No. 4449). Cells were cultured in Endothelial Cell Growth
Medium (ECGM, PromoCell, Heidelberg, Germany) with endothelial cell growth supplement containing
5% foetal calf serum, 4 wL/mL heparin, 10 ng/mL epidermal growth factor, 1 pg/mL hydrocortisone,
50 pwg/mL gentamycin sulphate, and 50 ng/mL amphotericin B, at humidified 5% CO, atmosphere. In all
experiments, HUVECs at passage 1-2 were used.

THP-1 monocytic cells were cultured in RPMI 1640 medium supplemented with 2 mmol/L glutamine,
100 U/mL penicillin, 100 p.g/mL streptomycin and 10% fetal calf serum. Viability of cells was greater
than 98% as estimated by Trypan blue exclusion.

2.5. Live-cell microscopy

HUVECs were seeded in 96-well plates at 2 x 10? cells/well in 100 wL medium. At 24 h after seeding,
additional 100 L of media containing different concentrations of nanoparticles were added to the wells as
follows: (a) for controls, 100 wL of pure medium without nanoparticles, and (b) for the treatment samples,
100 L of medium containing nanoparticles at concentrations 2x higher than the required final nanopar-
ticle concentration. The final SPION concentrations, calculated as total iron (Fe) concentration,were as
follows: 0, 25, 50, 100 pg/mL. Cell growth was monitored for 72 h using a live cell-imager (IncuCyte
FLR microscope system, Essen Bioscience, AnnArbor, USA) placed in a humidified incubator at 37°C
and 5% CO,. The experiments were performed in hexaplicate.

2.6. Real-time cell analysis

The xCELLigence system (RTCA DP Analyzer, ACEA Bioscience. San Diego, USA) was used for
monitoring the effects of nanoparticles on HUVEC viability [21]. The system was placed in a humidified
incubator at 37°C and 5% CO,. Experiments were performed in 16-well E-plates (ACEA Bioscience,
San Diego, USA), in which the impedance is measured with the help of microelectrodes localized at the
bottom of the wells. This technique calculates a dimensionless parameter called cell index, derived from
a relative change in the measured electrical impedance, which is a function of cell viability, number,
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morphology, and adhesion strength. Briefly, when cells are not present or do not adhere to the electrodes,
the cell index is zero. The presence of cells attached to the electrodes affects the local ionic environment
at the electrode/solution interface, leading to an increase in the electrode impedance displayed as cell
index values. The higher the number of cells attached on the electrodes, the larger the cell index. Thus,
cell index is a quantitative measure of adherent cell number present in each well. Additionally, the quality
of the cell interaction with the electrodes (e.g. increased cell adhesion or spreading) will lead to a larger
change in electrode impedance. Therefore, changes in cell status, such as cell morphology, strength of
adhesion, or cell viability lead to a change in cell index.

For the background measurement, 100 wL. of cell-free endothelial cell growth medium was added to
the wells. Afterwards, 50 wL. of media from each well were replaced with 50 pL of cell suspension
containing 2 x 103 HUVECs. About 30 min after seeding of the cells, monitoring of impedance by the
xCELLigence system was initiated. At 24 h after seeding, an additional 100 wL. of media containing
different concentrations of nanoparticles were added to the wells, as described in detail above. Cell
growth was monitored every 10 min for 96 h. The experiments were performed in hexaplicate.

2.7. Flow experiments

The bifurcating flow-through cell culture slides were obtained from Ibidi® (Munich, Germany). Numer-
ical flow simulation [6] distinguished the region of laminar shear stress (10.2-10.8 dyne/cm? at a flow
rate of 9.6 mL/min) throughout the straight main channel, and the region of non-uniform shear stress at
the outer walls of bifurcation (shear stress range from ~6.3 dyne/cm? to ~0.5 dyne/cm?).

To test the effects of circulating SPIONs on endothelial viability, HUVECs at 7 x 10°/mL were seeded
in the bifurcating slides and grown until confluence. Using a programmed peristaltic pump (Ismatec,
Wertheim, Germany), the cell monolayer inside the slide channel was perfused with medium (with
0-100 pg/mL SPIONS) at arterial shear stress (10 dyne/cm?, corresponding to flow rate of 9.6 mL/min)
for 18 h. After 18 h, slides were detached from the pump system, washed with PBS and fixed with 4%
formalin for 10 min at RT. HUVECs were stained with Alexa488-phalloidin (PromoKine, Heidelberg,
Germany). Cell nuclei were counterstained with DAPI (Molecular Probes, Darmstadt, Germany).

2.8. Magnetic accumulation of nanoparticles

To investigate the magnetic accumulation of circulating SPIONs, a magnet was positioned directly at the
outer wall of the bifurcation (Supplementary Figure 1A). Two different concentrations of SPIONs were
used (3 pg/mL and 30 pg/mL). Subsequently, particles were stained with Prussian blue (1:1 potassium
ferrocyanide (2%) and hydrochloric acid (2%)) for 30 min at RT to assess the uptake of circulating
SPIONS. Nuclei of the cells were counterstained with nuclear fast-red (Merck) for 10 min at RT, followed
by rinsing with distilled water and repeated washing with 100% of ethanol. As a mounting medium,
Mowiol (Roth, Karlsruhe, Germany) was added to extend staining durability.

2.9. Adhesion molecule expression

To investigate the effects of SPIONs accumulation (3 wg/mL with magnet or 30 wg/mL without magnet)
on the TNF-a-induced adhesion molecule expression at bifurcations, HUVECs were stained with primary
antibody against E-Selectin (Clone BBIG-E4, R&D Systems,Wiesbaden, Germany) and VCAM-1 (Clone
BBIG-V1, R&DSystems) as described before [6]. Adhesion molecule expression was analysed using
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fluorescence microscope Zeiss Axio Observer. Z1 (Carl Zeiss AG, Oberkochen, Germany)and ImageJ
software.

2.10. Monocyte adhesion assay

Following the exposure to flow with or without magnetic accumulation of SPIONs and stimula-
tion with TNF-a, cells in bifurcating slides were perfused for 1 h with fresh endothelial cell medium
containing THP-1 monocytic cells (7 x 10° cells/mL). Non-adherent cells were removed by stringent
washing. Following the fixation with 4% paraformaldehyde, adherent monocytic cells were visualized
using hematoxylin-eosin stain (Dako, Hamburg, Germany) and digitally counted in minimum 8 image
fields (0.89 mm?) at x100 magnification in non-uniform shear stress area.

2.11. Endothelial cell migration assay

HUVEC migration was assessed in a modified barrier assay using silicone cell culture inserts from Ibidi
(Munich, Germany). HUVECs were seeded in 2 wells separated by a 500 wm barrier, at a concentration of
3 x 10°/mL. The cells were treated with 0, 50 and100 pwg/mLSPIONs overnight. Following the removal
of inserts, HUVECs were washed and incubated with medium for up to 24 h. The gap between the 2
monolayers was recorded at the insert removal point (Oh), at 12 and 24 hours using an Incucyte FLR
system. Cell-free areas at different time points were measured using Imagel software. The effect of
SPION-preincubation on cell migration was assessed by calculating the increase in the area occupied by
cells at later time points compared with the cell-covered area at O h.

2.12. Chemotaxis assay

The effect of SPIONs (0-100 pwg/mL, 2h) on monocytic cell migration was assessed in a 96-well
Chemo-Tx plate (NeuroProbe, Gaithersburg, MD, USA). THP-1 monocytic cells were incubated with 0,
12.5,25, 50 or 100 pg/ml particles for 2 h at 37°C and under constant stirring. Briefly, the microplate wells
were filled with 30 wLL serum-free RPMI 1640. MCP-1 (50 ng/mL) was used as a positive control. After
placing the filter frame, the filter top sites with 5 wm-pores were filled with 25 pL of nanoparticle-treated
monocytic cells at a concentration of 1 x 10° cells/mL. Following incubation for 1 h at 37°C, migrated
non-adherent cells from the lower wells were fixed and counted using flow cytometry. All samples were
run in quadriplicate and averaged. The mean number of migrated cells in the negative control (MCP-1
unstimulated) samples was set as 1.

2.13. Flow cytometry

Flow cytometry (Gallios, Beckman Coulter, Fullerton, USA) was employed to investigate uptake of
SPIONs by endothelial cells and THP-1. For the analysis of uptake by endothelial cells, HUVECs were
seeded in 24-well plates and grown overnight. Subsequently, the culture medium was replaced by medium
supplemented with SPIONs at 3 and 30 wg/mL. After 24 h cells were washed with PBS, harvested
and stained with nuclear dye Hoechst 33342 (Life Technologies) to discriminate between cells and
nanoparticles. The side scatter, which increases with particle uptake [12] was measured in all Hoechst-
positive events. To analyse the SPION uptake by THP-1 monocytic cells during the chemotaxis assays,
2 x 10%/mL cells were treated with medium supplemented with SPION at 12.5-100 p.g/mL for 2h.
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Subsequently, 50 wL of the cell suspension was used for counting the THP-1 cell numbers with the help
of flow-count fluorospheres (Beckman Coulter) and measuring the side scatter. Electronic compensation
was used to eliminate bleed through fluorescence.

2.14. Quantification of iron load per cell

The iron concentration per cell was quantified with microwave plasma atomic emission spectroscopy
(MP-AES, 4200 device, Agilent). HUVECs seeded at a density of 0.1 x 10° cells in a 25 cm? cell culture
flask were grown until 80% confluence. Cells were then incubated with SPION-containing medium
for 24 h, followed by harvesting, washing with medium and counting. After centrifugation, cell pellets
containing specified number of cells were dissolved in nitric acid for 15 min at 95°C and 1000 rpm. After
addition of 450 pL of water the emission spectrum of the samples was analysed and compared to the
standard curves.

2.15. Statistical analyses

The SigmaPlot® Software was used for statistical analyses. Data are expressed as mean & SEM, unless
stated otherwise. The comparison between untreated and SPION-treated samples was done using Signed
Rank test of paired Student’s 7T-test. P <0.05 was considered statistically significant.

3. Results
3.1. Long-term effect of SPIONs on EC viability in static and dynamic conditions

In the present study, the SPION formulations with the following characteristics were used: SPION-1
with 126 nm hydrodynamic diameter and ¢-potential of —34.6 mV, SPION-2 with 79 nm hydrodynamic
diameter and ¢-potential of —37.3 mV, and SPION-3 with 78 nm hydrodynamic diameter and ¢-potential
of +0.1 mV (Supplementary Figure 1B). The effects of these SPION formulations on endothelial viability
were first investigated in static cell culture conditions using real-time cell analysis. The cell index measured
with this technique increased steadily over time in control (untreated) endothelial cells.Upon treatment
with SPION-1 (0-100 p.g/mL) a progressive dose-dependent decrease in cell viability and was observed
with the treatment time (Fig. 1A, upper panel). At 24 h post-application, cell index relative of the control
samples was reduced by 50% in HUVECsS treated with 100 pg/ml SPION-1.

SPION-2 were better tolerated over 72 h of treatment. In cells treated with 50 wg/mL SPION-2 (Fig. 1B),
adecrease in cell index was observed first at 48 and 72 h in comparison to control, indicative of cell growth
inhibition or loss of adherence. At the concentration of 100 pwg/mL SPION-2, the decrease in endothelial
cell index relative to pre-application values was observed (indicative of negative effects on cell viability
or adherence was induced) (Fig. 1B). In the cells treated with SPION-3, an increase of cell index similar
to control samples was observed at all concentrations, until the end of the measurement at 72 h post-
application (Fig. 1C). The application of SPIONs alone (without cells) had no effect on the impedance
measurements, with cell index values in the presence of SPIONs oscillating between 0 and —0.1 for all
SPION formulations.

The above findings were confirmed using live cell microscopy in parallel samples, which allowed
the observation of cell morphology and the measurement of confluence. Using this method, however,
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Fig. 1. Effects of SPIONs on endothelial cell viability.SPION-1 (A), SPION-2 (B) and SPION-3 (C) are shown. Upper panel:Real-
time cell analyzer measurements in static conditions; Cell index values obtained in untreated control samples at 0 h were set to 1.
Middle panel: Live-cell imaging of SPION-treated HUVECs (static conditions); Original images are shown for SPION-1 (left)
and confluence quantification for SPION-2 and SPION-3. Lower panel: HUVECs morphology upon the exposure to circulating
SPIONS (0 and 100mg/mL; 18 h) visualized with phalloidin (green, cytoskeleton) and Hoechst (blue, nucleus) staining. Images

were taken at 20 x objective magnification. Values obtained in untreated control samples were set to 1. Data are expressed as
mean £ SEM; n=3. *p<0.01; **p <0.001 vs. control. Signed Rank test of paired Student’s T-test.

proved challenging in samples treated with SPION-1 as the particles disturbed imaging. To overcome
this problem, the wells treated with SPION-1 were washed prior to the scans after 24 h and 48 h. This
procedure enabled microscopic imaging, but did not allow correct measurements of confluence by the
live-imaging system, so that no confluence quantification is shown for SPION-1 in Fig. 1A. Decreased
cell numbers were observed upon 24 h treatment with 25uwg/mL SPION-1 and with 100 p.g/mL SPION-2
for 72 h. In contrast, SPION-3 were well tolerated by endothelial cells and did not affect the morphology
or confluence of cells as compared with controls (Fig. 1C, middle panel).

As nanoparticle sedimentation in static cell culture conditions increases the effective concentrations of
SPION s on the adherent cells, we additionally investigated whether the same concentrations of circulating
SPIONSs affect endothelial viability. Under physiologic-like flow conditions, the endothelial cells exposed
to the three types of SPIONSs at 100 pg/mL for 18 h remained viable, without any dramatic alterations in
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morphology (Fig. 1A-C, lower panel) and their resistance to shear stress was unchanged, as indicated by
the lack of cellular detachment.

3.2. Effects of different SPION formulations on cell migration

Endothelial cell migration was assessed utilizing a modified wound-closing assay. In the cells pre-
incubated overnight with SPIONs up to 50 pg/mL, no significant effect on migration speed was observed
as compared to control untreated cells (Fig. 2A-C). Consequently, no differences in migration between
ECs treated with the different SPION types were detected.

In the case of THP-1 monocytic cell chemotaxis, differential effects of the SPION formulations
(0-100 pg/mL) were observed. Whereas the incubation with dextran-coated SPION-3 did not affect
the THP-1 chemotaxis in response to MCP-1, in SPION-1 treated cells, a dose-dependent decrease in
chemotactic response was observed (Fig. 3). This decrease occurred in parallel with the increase in cell
granularity as measured by side-scatter, indicating an enhanced uptake of the SPION-1 by monocytic cells.
At 100 pg/mL SPION-1, a 25% increase in side scatter relative of untreated control was detected. Inter-
estingly, upon the treatment with SPION-2,40% decrease in the monocytic cell chemotaxis was observed
as compared with positive control, but this decrease was not dose-dependent (Fig. 3). As indicated by the
side scatter measurement, SPION-2 were less avidly internalized by THP-1 monocytic cells, with 10%
increase in cell granularity at 100 pg/mL of SPION-2 as compared to untreated controls (Fig. 3B). Within
2 h of incubation, no effect of SPION treatment on monocytic cell viability was detected (Supplementary
Figure 2).

3.3. Magnetic accumulation of circulating SPIONs

Magnetic drug targeting offers a promising alternative to systemic administration of cardiovascular
agents. In order to investigate the possibility of accumulating the circulating SPIONs by an external
magnetic force, a magnet was placed at the outer wall of bifurcation as described in our initial studies
[21]. Following the perfusion with SPIONs for 18 h, the accumulated nanoparticles were visualized using
Prussian blue stain. In the absence of magnetic field, no region-specific accumulation was observed for
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Fig. 2. Effect of SPIONs on endothelial cell migration. HUVECs were pre-treated with 0, 50 and 100 pg/mL SPION-1 (A),
SPION-2 (B) and SPION-3 for 24 h. A gap between two cell layers was created using a cell culture insert. After removal of the
insert, cell migration was monitored for 24 h. Analysis was performed with ImageJ. Data are expressed as mean + SEM; n =3.
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*p<0.001 vs. control. *p <0.001. Signed Rank test of paired Student’s T-test.

any of the tested SPIONs (30 wg/mL), albeit an overall increased accumulation of iron was detected in
the endothelial cells treated with SPION-1 as compared with SPION-2 and SPION-3. We have therefore
investigated the possibility of enhancing the SPION accumulation, in parallel reducing the circulating
dose of the particles 10 times, down to 3 wg/mL. As shown in the Fig. 4, upon the magnetic field
application, the accumulation of large amounts of SPION-1 was observed at the outer wall of bifurcations.
In contrast, smaller amounts of circulating SPION-2 were accumulated in the region of interest under
external magnetic field, and no accumulation or localized uptake of SPION-3 was detectable using
Prussian blue stain (Fig. 4).

3.4. Effects of SPIONs on monocytic cell recruitment under flow

In order to investigate the effect of accumulated SPIONs on the endothelial-monocytic cell interactions
and adhesion molecule expression in response to TNF-alpha, HUVECs were perfused with 30 pwg/mL
SPION s in the absence of external magnet or with 3wg/mL in the presence of magnetic field. Subsequently,
the cells were treated with TNF-alpha for 2 h, followed by the dynamic adhesion assay or the analysis of
adhesion molecule expression. Overall, no major effects of SPIONs on the TNF-alpha induced monocytic
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Fig. 4. Magnetic accumulation of circulating SPIONs at the non-uniform shear stress region. HUVECs in bifurcating flow-
through slides were perfused with 3 wg/mL SPION-1, SPION-2 and SPION-3 (18h; 10 dyne/cm?), in the presence of an
external magnet placed at the outer wall of bifurcation. Particles were stained with a Prussian blue stain and nuclei of the cells
were counterstained with nuclear fast-red. Representative images at 10x and 20 x objective magnification from n = 3 independent
experiments are shown.

cell recruitment by endothelial cells were observed (Fig. 5), where by a slight reduction in the numbers of
adherent monocytic cells was detected under non-uniform shear stress upon treatment with 3 wg/mL and
30 pg/mL of SPION-3, and a slight increase in adhesion to HUVECs exposed to 30 wg/mL of SPION-2. In
accordance with this, SPION-3 did not markedly affect the expression of endothelial adhesion molecules:
only a slight decrease in VCAM-1 was noted at both tested concentration and E-selectin decrease at
30 pg/mL (Supplementary Figure 3). Interestingly, the exposure to accumulated SPION-2 (3 wg/mL)
resulted in a significant decrease of VCAM-1 and an increased expression of E-selectin (Fig. 5B). These
counterbalancing changes, however, did not affect the net number of monocytes adhering to HUVECs
treated with 3 wg/mL of SPION-2. Similar, but somewhat less pronounced adhesion molecule expression
pattern was observed upon treatment with SPION-1 (Supplementary Figure 3).

In accordance with the data on particle accumulation by magnetic force, the uptake of SPIONs by
HUVEC:s in the static conditions was strongly dependent on the particle type. As shown in Fig. 6A,
a 1.6-fold increase in side scatter values reflecting cell granularity was observed upon incubation of
HUVECsS with 3 wg/mL of SPION-1 (p <0.001). By increasing the SPION-1 concentration to 30 pg/mL,
the side scatter values were further increased (5.3-fold relative of untreated control, p <0.001). Side
scatter values, reflecting nanoparticle uptake, were slightly increased in cells treated with SPION-2 at
3 pg/mL (1.1-fold, p<0.01) and 30 pg/mL (1.3 fold, p <0.01). Notably, no increase in side scatter was
detectable upon treatment with SPION-3.

To confirm the side scatter measurements, we additionally quantified the iron concentration per cell in
SPION-treated HUVECSs using MP-AES. The iron load per cell was strongly dependent on the particle
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Fig. 5. Effect of accumulated SPIONs on monocytic cell recruitment and endothelial adhesion molecule expression. HUVECs
in bifurcation flow through slides were perfused with SPION-1(red), SPION-2 (blue) and SPION-3 (green) for 18 h, followed by
stimulation with TNF-a (2 h). SPION concentration are as indicated, where by 3+M denotes the branch with magnet and 3 the
branch without magnet. (A) Adherent monocytic cells were quantified after 1 h of dynamic adhesion assay in at least 8§ microscopic
images per experiment (non-uniform region, 10x objective magnification). (B) SPION-treated HUVECs were stained with
primary antibody against E-selectin or VCAM-1 (only SPION-2-treated cells are shown). Fluorescence was quantified in 6—8
microscopic images per experiment (non-uniform region, 20x objective magnification). Values obtained in untreated control
samples were set to 1. Data are expressed as mean & SEM; n=3. *p <0.05; **p <0.001 vs. control. Signed Rank test of paired
Student’s T-test.

type, in accordance with the changes in side scatter. As compared to untreated control, in cells treated with
3 wg/mL SPION-1, a 30-fold increase in iron concentration per cell (0.0015 ng Fe/cell) was observed.
At 30 pg/UmL SPION-1, the iron concentration per cell was 600-times larger (0.035ng Fe/cell) in
comparison to the natural iron content in HUVECsS (Fig. 6B). The uptake of SPION-2 was less pronounced,
resulting in a 2.3-fold increase in iron content at 3 wg /mL (0.00012 ng Fe/cell), and a 8.3-fold increase at
30 pg /mL (0.00042 ng Fe/cell). For SPION-3, no change in iron load per cell in comparison to untreated
controls was detectable.
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Fig. 6. SPION uptake by HUVECs. HUVECs were incubated in static conditions with 3 and 30 pg/mL SPION-1 (red), SPION-2
(blue) and SPION-3 (green), followed by the analysis of side scatter with flow cytometry (A) and iron load per cell using MP-AES
(B). In side scatter analysis,values obtained in untreated control samples were set to 1. Data are expressed as mean + SEM;
n=3.*p<0.05; **p<0.01; **p<0.001 vs. control; {p <0.01; ¥p <0.001 vs. 3ug/mL of the same SPION type. Signed Rank test
of paired Student’s T-test.

4. Discussion

Nanosystems designed for the clinical use should correspond to the needs of intended applications:
Whereas magnetic drug delivery system should be easily accumulated by external magnetic force and
internalized by the target cells, for the imaging nanoparticles, low cellular uptake, bio-inertness and long
circulation time are the desirable characteristics. The SPION types used in this study have been previously
tested in the pre-clinical MRI either in vivo or in silico, showing signal loss in T2 (unpublished data), and
their utility for magnetic particle imaging (MPI) is currently under investigation. However, the potential
toxicity of SPIONSs is an important concern that must be excluded prior to their pilot application in humans
[11]. Extensive studies in cell culture models under physiological-like conditions are necessary to predict
nanoparticle behaviour in vivo [11], including their cellular uptake and the effects on cell signalling
and functions. As SPIONs interfere with the available photometric methods for testing cell viability
and/or metabolic activity, we have selected several alternative techniques to investigate their effect on
endothelial and monocytic cell functions. The studies in static conditions showed that the effects on
HUVEC viability were strongly dependent on the SPION type. Whereas SPION-1 affected endothelial
cell viability already at 50png/mL concentration at 24 h of treatment, cells treated for 72 h with up to
100 pg/mL SPION-2 remained viable, and no negative effects of treatment with SPION-3 were detected
independent of the concentration or treatment duration. Under flow conditions, all SPION types were
equally well tolerated by endothelial cells, indicating that nanoparticle sedimentation in static conditions
may increase the effective concentrations of SPION in the vicinity of cell monolayer. In the presence of
increased SPION uptake, this may in turn contribute to an enhanced cytotoxicity.

Particle size and surface charge indicated by ¢-potential are some of the critical factors that affect
the behaviour of nanoparticles, their cellular uptake, but also stability in biological fluids [1]. Cationic
particles are internalized more effectively, likely due to the better affinity to the negatively charged cell
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glycocalyx. However, strongly positively charged particles bear the risk of increased hemotoxicity [28].
In our case, the tested SPION types did not dramatically differ in size, nonetheless, the most strongly
internalized SPION-1 were markedly larger than the other two types, which might have in part contributed
to their enhanced uptake. However, despite the lack of difference in size between SPION-2 and SPION-3,
the cellular uptake of these two formulations was significantly different. It has been reported that due to
repulsion with the negatively charged cell membrane, particles with a strong negative charge may face
reduced cellular uptake [3]. Among the tested formulations, both SPION-1 and SPION-2 had similarly
low ¢-potential in water, but they dramatically differed in the amount of cellular uptake. Furthermore,
SPION-3, which had no significant surface charge at neutral pH due to the nature of their coating and
should not be affected by the charge of the cell membrane, were not internalized by HUVECsS at all.
This indicates that neither the particle size nor the charge was the key factor influencing their differential
cellular uptake. For clinical applications, nanoparticle agglomeration may be a decisive factor limiting
their use in patients, as it affects bioavailability, and thus efficacy. Nanoparticles with a ¢-potential above
(£) 30 mV are usually considered as colloidally stable, since the surface charge prevents their aggregation.
However, steric repulsion, such as the hindrance provided by a coating of the nanoparticle surface (here,
SPION-3 with dextran shell), can also provide high colloidal stability despite a nearly neutral {-potential
[13]. Comparing the formulations used in our study (SPION-1 with lauric acid shell, SPION-2 with
lauric acid/BSA shell and SPION-3 with dextran shell), all types of SPIONs had good colloidal stability
in water. However, in the case of SPION-1, the stronger tendency to sediment was observed in the static
cell culture conditions. It is therefore plausible that the lauric acid shell contributed to the enhanced
aggregation, resulting in increased cellular uptake of SPION-1.The aggregates formed in the cell culture
conditions may be taken up even quicker as single particles, as the cellular uptake rate is much higher for
particles larger than 100 nm [3]. Additionally, the slight tendency to form aggregates observed in this type
of SPIONs may have facilitated their magnetic targeting: As shown in the experiments with circulating
nanoparticles, SPION-1 had by far the largest capacity to accumulate at the bifurcation region exposed
to the magnetic field.

Interestingly, this enhanced magnetic accumulation of SPION-1 at the outer wall of bifurcation did
not significantly affect TNF-a induced monocytic cell recruitment or endothelial activation. Although
none of the SPION formulations had a major effect on the numbers of adherent monocytic cells, in the
case of SPION-2, a strong inhibition of VCAM-1 expression was observed. As previously shown by
Zhang & Frei, albumin selectively inhibits TNF-a-induced expression of VCAM-1 in endothelial cells
[43]. It is therefore likely that the suppressive effect of lauric acid/BSA-coated SPION-2 on VCAM-1
induction was associated with the shell composition. This reduction in VCAM-1 expression, however,
was counterbalanced by an increased E-selectin level and did not prevent monocytic cell adhesion to a
significant extent.

Concerning the effect of SPIONs on the cellular motility, pre-incubation of HUVECs with different
SPION formulations did not affect the speed of the spontaneous endothelial cell migration. It must be
noted, however, that due to the interference of higher concentrations of SPION-1 with the light microscopy,
we were not able to monitor the particle effect on endothelial migration directly during the incubation
with SPIONS. Interestingly, SPION-1 had a strong and dose-dependent inhibitory effect on monocytic
cell chemotaxis. In parallel with increasing nanoparticle uptake, the chemotaxis to MCP-1 was decreased.
Due to a very short incubation time (2 h), the observed effect was likely associated with nanoparticle
interactions at the ligand-receptor signalling level rather than affecting de novo protein expression. Further
studies will be necessary to investigate the molecular mechanisms of this phenomenon. In the case of
SPION-2 treatment, a reduction in monocytic cell chemotaxis was observed as compared to control, but
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this effect was independent of the used SPION-2 concentration. Treatment with SPION-3 did not affect
the monocytic cell chemotaxis to MCP-1.

It must be noted that the selected concentrations of SPIONSs are relevant for the potential biomedical
applications: In the animal model, the concentrations of 45-60 wg/mL of blood have been used for
magnetic drug targeting purposes [19, 34]. In humans, iron oxide-based contrast agent ferumoxtran is
used at a maximal dose of 2.6 mg/kg. Adjusted for the blood volume of 77 mL/kg, this corresponds to
the concentration of 33 wg/mL, which is within the range used in our study.

Taken together, our findings indicate that an extensive analysis of cellular responses to SPIONs can
facilitate the development of stable nanoparticles with improved biocompatibility. Based on the present
results, SPION-2 possess sufficient biocompatibility and suitable magnetic properties to allow their use
as carriers for magnetic drug targeting. Furthermore, they can serve for magnetic cell-labeling, being
internalized by various cells without inducing major cytotoxicity. In contrast, our studies indicate that
SPION-3 constitute a candidate formulation with superb characteristics for imaging purposes. In the next
steps, the in vivo validation of these particles will be necessary to ensure their safety and efficacy prior
to application in humans.
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Supplementary material
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Supplementary Fig. 1. Schematic presentation of bifurcating slide with magnet placement(A) and physico-chemical charac-
terization of SPIONs (B). (A) Wall shear stress pattern in bifurcating slides, color scale in Pa (1Pa = 10 dyne/cm?), regions of
laminar or non-uniform shear stress are indicated. Schematic presentation of magnet placement for the targeted accumulation
of nanoparticles and the magnetic flux density measured with a teslameter are shown. (B) TEM images and physicochemical

characterization of SPIONSs.
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Supplementary Fig. 2. Viability of THP-1 monocytic cells. THP-1 cells pre-incubated with SPIONs (2 h at indicated concen-
trations) were counted with flow cytometry. Untreated control samples were set to 100%. Data are expressed as mean + SEM;

n=3.
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Supplementary Fig. 3. Adhesion molecule expression. HUVECs were perfused with SPION-1(red) and SPION-3 (green)
for 18 h in bifurcation flow-through slides. SPION concentrations are indicated; 3+M denotes the branch with magnet and 3
the branch without magnet. Cells were stimulated with TNF-« (2h) and stained with primary antibody against E-selection or
VCAM-1. Fluorescence was quantified in 68 microscopic images per experiment (non-uniform region, 20x objective magnifica-
tion). Values obtained in untreated control samples were set to 1. Data are expressed as mean &= SEM; n=3. *p < 0.05; **p < 0.01;

**p < 0.001 vs. control. Signed Rank test of paired Student’s T-test.



