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a b s t r a c t

Magnetic targeting is considered a promising method to accumulate the nanoparticles at the sites of
atherosclerotic lesions, but little is known about the biological effects of magnetic nanoparticles on the
vascular wall. Here, we investigated endothelial cell growth and vitality upon treatment with SPION
(0–60 mg/mL) using two complementing methods: real-time cell analysis and live-cell microscopy.
Moreover, the uptake of circulating superparamagnetic iron oxide nanoparticles (SPIONs) was assessed
in an in vitro model of arterial bifurcations.

At the tested concentrations, SPIONs were well tolerated and had no major influence on endothelial
cell growth. Our results further showed a uniform distribution of endothelial SPION uptake independent
of channel geometry or hemodynamic conditions: In the absence of magnetic force, no increase in
accumulation of SPIONs at non-uniform shear stress region at the outer walls of bifurcation was
observed. Application of external magnet allowed enhanced accumulation of SPIONs at the regions of
non-uniform shear stress. Increased uptake of SPIONs at non-uniform shear stress region was well
tolerated by endothelial cells (ECs) and did not affect endothelial cell viability or attachment. These
findings indicate that magnetic targeting can constitute a promising and safe technique for the delivery
of imaging and therapeutic nanoparticles to atherosclerotic lesions.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Atherosclerosis and the resulting cardiovascular syndromes are
the major cause of death worldwide and remain one of the biggest
global health problems [1]. Although both the understanding of the
disease mechanisms and the imaging techniques for atherosclerotic
plaque detection have considerably advanced, more efficient thera-
pies are still needed. Currently, many pharmacological substances for
the treatment of clinical manifestations of atherosclerosis are on the
market, but their systemic delivery has significant disadvantages,
such as severe side effects and low efficacy at tolerated doses.
Furthermore, interventional techniques like stent implantation
necessitate the long-lasting antiplatelet therapy and may lead to
in-stent restenosis [2]. A novel promising method to overcome the

disadvantages of existing cardiovascular therapies is magnetic drug
targeting [3–7]. The idea is to link SPIONs with anti-atherosclerotic
drugs and then accumulate these magnetic drug carriers at the site of
atherosclerotic lesion. The amount of pharmacological agents needed
for sufficient treatment could be dramatically reduced if the drug-
carrying nanoparticles are directly targeted at the plaque, which
would decrease the systemic side effects and improve the treatment
outcome reviews [8,9]. However, for this purpose, a substantial
amount of preclinical studies is necessary to analyze the biological
effects of magnetic nanoparticles on the vascular wall. So far, little is
known about possible interactions between magnetic nanoparticles
and the vascular cells, although some contradicting reports regarding
endothelial toxicity of iron oxide nanoparticles in static cell culture
were recently published [10,11]. Therefore, our aim was to investi-
gate the effects of SPIONs on endothelial cells, which are the first
contact cells for circulating nanoparticles. Furthermore, we used an
in vitro arterial bifurcation model in combination with a peristaltic
pump, which imitates physiologic blood flow, to analyze the
endothelial accumulation of circulating SPIONs, with or without
external magnetic force.
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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 (Darm-
stadt, Germany).

2.2. Nanoparticles

Lauric acid-coated SPIONs (SPIONLau) were synthesized at SEON
as previously described [7]. Prior to their use in cell culture studies,
the SPIONs 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 0.2 μm CME syringe
filter (Roth, Germany). The lauric acid-coated, BSA-stabilised nano-
particles are for simplicity referred to as SPIONs further in the text.

2.3. Nanoparticle characterization

For nanoparticle characterization, hydrodynamic diameter, zeta
potential and saturation magnetization of SPIONs were measured.
Furthermore, the colloidal stability of SPIONs in cell culture
medium and human blood was tested. Measurements of size were
performed in triplicate using Nanophox (Sympatec, Clausthal-
Zellerfeld, Germany) on the SPION suspension diluted to an iron
concentration of 25 mg/mL with distilled water or cell culture
medium. Zeta potential of SPIONs in distilled water or cell culture
medium was measured with a NICOMP 380ZLS (Nicomp, Port
Richey, FL, USA) at an iron concentration of 25 mg/mL.

Transmission electron microscopy (TEM) pictures were taken
with a CM 300 UltraTWIN (Philips, Eindhoven, Netherlands) oper-
ated at an acceleration voltage of 300 kV. Samples were prepared by
drying 10 mL of diluted nanoparticle suspension on a carbon-coated
Athene S147-2 copper grid (Plano, Wetzlar, Germany).

The magnetization curves were measured in triplicate using the
vibrating sample magnetometer (VSM) Lake Shore 7407 (LakeShor-
eCryotronix Inc., Westerville, USA). The external magnetic field was
constantly increased while the magnetization of the sample was
measured. As the spontaneous magnetization of the core material
(assumed as magnetite here) is known, the resulting magnetization
curves allowed calculation of the saturation magnetization MS

leading to the volume fraction of magnetic material φ.
For examination of colloidal stability in cell culture medium

and blood, SPION and SPIONLau (coated with lauric acid only,
without BSA) were added to medium and to freshly collected
heparin-anticoagulated human whole blood to an iron concentra-
tion of 1.54 mg/mL. After 1 h incubation, 2 mL of respective
samples were placed on a glass slide and analyzed for nanoparticle
aggregates with a Zeiss Axio observer Z1 microscope (Zeiss Optics,
Jena, 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, University Hospital Erlangen) using an
established technique. The use of human material was approved
by the local ethics committee at the University Hospital Erlangen.
Cells were cultured in Endothelial Cell Growth Medium (ECGM,
PromoCell, Heidelberg, Germany) with endothelial cell growth sup-
plement containing 5% fetal calf serum, 4 μL/mL heparin, 10 ng/mL
epidermal growth factor, 1 μg/mL hydrocortisone, 50 μg/mL genta-
mycin sulfate, and 50 ng/mL amphotericin B, at humidified 5% CO2

atmosphere. In all experiments, HUVECs at passage 1–2 were used.

2.5. Flow cytometry

Flow cytometry was employed to clarify the potential toxicity of
SPION treatment on endothelial cells. For that purpose, 0.1–0.2�105

HUVECs were seeded in 24-well plates and grown overnight.
Subsequently, the culture medium was replaced by medium supple-
mented with SPIONs at 10, 30 and 60 mg/mL. As control, medium
without SPIONs was used. Cells were incubated for 24 h and 48 h,
after which the supernatants containing detached dead cells were
collected for each well. Adherent viable cells were subsequently
harvested and added to the supernatants. After centrifugation, cells
were stained with propidium iodide to identify necrotic cells (Sigma),
and nuclear dye Hoechst 33342 (Life Technologies) to discriminate
between cells and nanoparticles. Fluorescence was measured with
flow cytometer (Gallios, Beckman Coulter, Fullerton, USA). Electronic
compensation was used to eliminate bleed through fluorescence.

2.6. Live-cell microscopy

HUVECs were seeded in 96-well plates at 2�103 cells/well in
100 mL medium. At 24 h after seeding, additional 100 mL of media
containing different concentrations of nanoparticles were added to
the wells as follows: (a) for controls, 100 mL of pure medium
without nanoparticles, and (b) for the treatment samples, 100 mL of
medium containing NPs at the concentration 2� higher than the
required end-concentration. The resulting end volume for each
well was 200 mL. Cell growth was monitored for subsequent 72 h
using live cell-imager (IncuCyte FLR microscope system, Essen
Bioscience, AnnArbor, USA) placed in a humidified incubator with
37 1C and 5% CO2. The experiments were performed in duodecu-
plicate (12 wells per each nanoparticle concentration).

2.7. Real-time cell analysis

For monitoring the effects of nanoparticles on HUVEC viability,
the xCELLigence system (RTCA DP Analyzer, Roche Diagnostics,
Mannheim, Germany) was used. The system was placed in a
humidified incubator with 37 1C and 5% CO2. Experiments were
performed in 16-well E-plates (ACEA Bioscience, San Diego, USA),
in which the impedance is measured with the help of microelec-
trodes localized at the bottom of the wells. For the background
measurement, 100 mL of cell-free endothelial cell growth medium
was added to the wells. Afterwards, 50 mL of media from each well
were replaced with 50 mL of cell suspension containing 1�103

HUVECs. The experiments were performed in hexaplicate.
About 30 min after seeding of the cells, the monitoring of

impedance by the xCELLigence system was started. At 24 h after
seeding, additional 100 mL of media containing different concen-
trations of nanoparticles were added to the wells as follows: (a) for
controls, 100 mL of pure mediumwithout nanoparticles, and (b) for
the treatment samples, 100 mL of medium containing NPs at the
concentration 2� higher than the required end-concentration.
The resulting end volume for each well was 200 mL. The “cell-
index”, reflecting the numbers, adherence and viability of cells,
was monitored every 10 min for 96 h.

2.8. Bifurcation model

The bifurcating flow-through cell culture slides suitable for
direct microscopic studies were obtained from Ibidis (y-shaped
m-slides, Munich, Germany). Numerical flow simulation performed
in our previous study [12], distinguished the region of laminar
shear stress throughout the straight main channel, characterized
by high shear stress 10.2–10.8 dyne/cm2, strictly laminar pattern
with nearly parallel streamlines, and the region of non-uniform
shear stress at the outer walls of bifurcation, characterized by
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reduced flow rate and perturbed shear pattern, with steep shear
stress gradient in transversal direction to flow (shear stress range
from �6.3 dyne/cm2 to �0.5 dyne/cm2) [12].

2.9. Flow experiments

For the flow experiments, HUVECs at 7�105 /mL were seeded
in the bifurcating slides and grown until confluence. Using a
programmed peristaltic pump (Ismatec), cell monolayer inside
the slide channel was perfused with medium (with or without
nanoparticles) at arterial shear stress (10 dyne/cm2, corresponding
to flow rate of 9.6 mL/min) for 18 h. For the perfusion with
nanoparticles, 2 different concentrations were used: 30 mg/mL
and 3 mg/mL. For 3 mg/mL, a magnet was positioned directly at
the outer wall of the bifurcation to test accumulation of particles
(Fig. 1).

After 18 h, slides were detached from the pump system,
washed with phosphate buffered saline (PBS) and fixed with
4% formalin for 10 min at room temperature (RT). After subse-
quent washing with PBS, particles were stained with Prussian
blue (1:1 potassium ferrocyanide (2%) and hydrochloric acid (2%))
for 30 min at RT and washed afterwards several times with
distilled water. Nuclei of the cells were counterstained with
nuclear fast-red (Merck, Darmstadt, Germany) 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.

ø 4 mm
2 mm(H)

Magnet 

Laminar shear stress Non-uniform shear stress

18 mT

37 mT

9 mT

Fig. 1. The model of bifurcations and experimental setup. Wall shear stress pattern
in bifurcating slides, color scale in Pa (1 Pa¼10 dyne/cm2), regions of laminar or
non-uniform shear stress are indicated. Schematic presentation of magnet place-
ment for the targeted accumulation of nanoparticles and the magnetic flux density
measured with a tesla-meter are shown.

Fig. 2. Nanoparticle characterization: (A) Average hydrodynamic diameter was measured with DLS in water and cell culture medium; (B) saturation magnetization was
measured with VSM; (C) TEM images of SPIONs; (D) microscopic images of colloidal stability of SPION in cell culture medium after 1 h. Control is medium alone; and
(E) microscopic images of colloidal stability in human blood after 1 h. Control is blood alone.

J. Matuszak et al. / Journal of Magnetism and Magnetic Materials 380 (2015) 20–2622



2.10. Statistical analyses

The SigmaPlots Software was used for statistical analyses. Data
are expressed as mean7SEM, unless stated otherwise. Po0.05
was considered statistically significant.

3. Results and discussion:

3.1. Nanoparticle characterization and stability in biological fluids

According to the dynamic light scattering measurements, the
average hydrodynamic diameter of SPIONs in distilled water was
126.3 nm (Fig. 2A), and their charge was negative (�34.56 mV). In
cell culture medium, the average hydrodynamic diameter
increased slightly to 134.4 nm and the absolute value of charge
decreased to around zero (�0.13 mV). The magnetization curves
measured with the VSM, are depicted in Fig. 2B. The samples show
superparamagnetic behavior. The saturation magnetization MS

calculated from magnetization curves was 174.80 A/m resulting
in the volume fraction of magnetic material φ¼0.039%.

In order to assess the stability of nanoparticles in complex
biological fluids, the BSA-stabilized SPIONs and SPIONLau without
BSA (serving as additional control) were added to medium and to
freshly collected human whole blood. Under the light microscope,
nanoparticle aggregates were observed in the medium and blood
samples containing SPIONLau, but not in SPION samples or control
(untreated) samples (Fig. 2E and F). As the detection limit of the
light microscope lies about 300–400 nm, we concluded that no
major aggregates above that size had formed in the samples
treated with SPIONs, indicating good nanoparticle stability.

3.2. Effect of SPIONs on endothelial cell growth and viability

The potential toxicity of nanoparticles is the most important
concern that must be excluded prior to their application in
medicine. Therefore, we first investigated whether any significant
toxic effects are exerted by SPIONs on primary HUVECs in vitro
using flow cytometry. The results of propidium iodide staining
showed that the numbers of necrotic cells were not significantly
different between untreated control cells and SPION-treated
samples (data not shown).

To further investigate SPION effects in real-time, endothelial
cell growth and vitality was assessed in parallel using two
complementing methods: real-time cell analysis and live-cell
microscopy.

Real-time cell analysis is a well-established method, frequently
used in our group for nanotoxicity studies [13]. The “cell-index”
measured with real-time cell analysis, reflecting the numbers,
adherence and viability of cells, showed a steady increase over
time in control cells, as well as in the cells treated with 10 or
30 mg/mL SPIONs (Fig. 3). There were no significant differences in
the growth curves of these cells against control samples, showing
a similar increase of cell index until the end of the measurement at
72 h post-application. In cells treated with 60 mg/mL SPIONs, a
significantly lower cell-index in comparison to control was
observed already at 24 h post-application, and at 72 h of treat-
ment, it was 50% lower than in control samples. In spite of this, the
cell indices of samples treated with 60 mg/mL SPIONs continued to
increase, albeit slower than control.

To exclude the direct influence of SPION on the impedance
values, additional measurements were performed on wells con-
taining SPIONs without the cells. Medium alone resulted in a cell-
index around 0.1, a value which is negligible compared to cell-
indices measured in presence of cells (usually between 2 and
3 after 72 h). The impedance measurements in SPION-containing

medium resulted in cell-index values near zero, which were
constant over time and independent of the used SPION concentra-
tions (not shown). However, this slight negative effect could not
significantly influence our measurements, as the nanoparticles do
not come in direct contact with the electrodes at the bottom of the
wells in the normal experimental set up.

The results of real-time analysis were validated using live-cell
microscopy with the IncuCyte FLR system. In contrast to real-time
cell analysis which estimates cell numbers, attachment and
viability based on the impedance measurements across the bot-
tom of the wells, live-cell microscopy allows the observation of cell
morphology, and the measurement of confluence at the same
time. Using this method, no differences were observed in con-
fluence or morphology between untreated cells and the cells
treated with different concentrations of SPIONs (Fig. 4).

These data underscore the importance of applying different
methods to assess the toxicity of nanoparticles, as using one single
method increases the risk of bias. In our case, the impedance
measurements indicated a negative effect of SPIONS at 60 mg/mL
on HUVECs, because cell-index was significantly lower in compar-
ison to control. This alone might have hinted to an impaired
endothelial cell proliferation at 60 mg/mL SPIONs, but considered
side by side with the results of live-cell microscopy, indicated that
it is the weaker adherence of the cells treated with 60 mg/mL,
rather than reduced cell numbers, that is responsible for the
measured impedance differences.

Taken together, the results of real-time cell analysis and live-
cell microscopy indicated that there was no severe toxic effect of
SPIONs on HUVECs. Because of the biological effects observed at
60 mg/mL, the concentration of 30 mg/mL of SPION was chosen for
the further studies in flow conditions.

3.3. An external magnetic force allows targeted SPION accumulation
at bifurcations

Non-uniform shear stress at the outer walls of bifurcations
induces a pro-atherogenic endothelial phenotype and increases
endothelial permeability, thus promoting atherosclerotic plaque
formation. We therefore investigated if nanoparticle accumulation
is spontaneously increased in the non-uniform shear stress region
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Fig. 3. Effect of SPIONS on primary HUVECs assessed by real-time cell analysis: In
xCELLigence real-time cell analysis system, cells were seeded 24 h before nano-
particle application. After these initial 24 h, SPIONs in different concentrations
were added and cell index was monitored every 10 min for 72 h post-application;
n¼3 (each sample measured in hexaplicate). Data are expressed as mean7SEM.
npo0.05 versus control; zpo0.05 versus 10 and 30 mg/mL (one-way ANOVA).
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in vitro, as described for the spontaneous in vivo accumulation of
LDL particles in these regions [14]. For this purpose, we seeded the
endothelial cells in the bifurcating flow-through cell culture slides,
which simulate the non-uniform shear stress gradient at arterial
bifurcations [12]. Using this well characterized system [15,16], we
perfused HUVEC monolayer with medium containing 30 mg/mL of
SPIONs for 18 h and subsequently compared the nanoparticle
uptake by cells exposed to different types of shear stress (laminar
versus non-uniform shear stress, see Fig. 2). Contrary to our
expectations, there were no regional differences in the uptake of
circulating SPIONs by HUVECs. The Prussian blue staining revealed
a uniform iron accumulation in endothelial cells independent of
the type of shear stress (Fig. 5, middle panel).

Next, we investigated if it is possible to accumulate SPIONs at
the outer wall of bifurcation using an external magnet. For this
purpose, the endothelial cell monolayer inside the bifurcating
slides was perfused with medium containing 3 mg/mL SPIONs,
whereby an external magnet was placed at 1 mm distance from
the outer wall of bifurcation (left branch). In the presence of
external magnetic force it was possible to accumulate a large
proportion of nanoparticles in the non-uniform shear stress region
(Fig. 5, lower panel). At the same time, the nanoparticle uptake by
HUVECs was dramatically reduced in (a) the laminar shear stress
region, and (b) the branch without the magnet. Importantly, the
increased uptake of SPIONs at non-uniform shear stress regionwas
well tolerated by the cells and did not affect endothelial cell
viability and morphology, nor induced cell detachment due to
shear stress exposure.

These results have important implications for potential appli-
cation of magnetic nanoparticles as anti-atherogenic drug carriers.
Accumulation of the circulating SPIONs with the help of external
magnetic force at the region of atherosclerotic plaque will allow
drug dose reduction and more efficient treatment of atherosclero-
sis. Furthermore, as fewer drug-loaded nanoparticles will be taken
up by endothelium in the laminar region, less systemic side effects
are expected.

4. Conclusions

SPIONs were well tolerated by endothelial cells, and did not
induce major toxic effects in vitro up to the highest tested
concentration of 60 mg/mL. Magnetic targeting allowed a localized
accumulation of increased amount of SPIONs at the region of
interest under physiologic-like flow conditions, thus enabling a
substantial reduction of the applied dose. These findings indicate a
favorable biocompatibility profile of the used SPIONs and their
potential for cardiovascular drug targeting applications.

5. Outlook

Development of novel diagnostic and therapeutic nanoparticles
is one of the most urgent tasks in cardiovascular medicine. The
SPION concentrations selected for this study are relevant for the
potential biomedical applications. In the animal model of tumor,
the concentrations of 45–60 mg/mL of blood are used for magnetic
drug targeting purposes [4,7]. In humans, the maximal dose of iron
oxide-based contrast agent ferumoxtran is 2.6 mg/kg, which
adjusted for the blood volume of 77 mL/kg gives the concentration
of 33 mg/mL, which is within the range used in our study.

For the clinical applications, a detailed characterization of the
biological responses elicited by the nanosystems in vitro and in vivo
is critical. Therefore, in the future studies, we plan to investigate the
effects of SPIONs on the endothelium-inflammatory cell interactions,
which play a crucial role in the development and progression of
atherosclerosis. Furthermore, preclinical studies ex vivo will be per-
formed to standardize themagnetic field parameters for cardiovascular
applications [17]. In animal model, the biodistribution of the SPIONs
after magnetic targeting to atherosclerotic plaques will be examined
with magnetorelaxometry, a technique which was previously used to
verify the increased accumulation of nanoparticles in the region of
interest after intra-arterial application combined with magnetic target-
ing, compared to intravenous administration [18]. These investigations,
constituting an essential part of nanotoxicology and in vivo safety
assessment, are necessary before our nanoparticles are considered for
clinical use.
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Fig. 4. Live-cell microscopy of HUVECs treated with SPIONs: Cells were seeded 24 h
before nanoparticle application. After these initial 24 h, SPIONs in different
concentrations were added and the phase contrast images were taken every hour
for 72 h post-application. (A) Photos show HUVECs before and 72 h after SPION
application, (B) mean confluence at the different time points; n¼2 (each sample
measured in duodecuplicate). Data are expressed as mean7SEM; ns, not signifi-
cant versus other tested concentrations (one-way ANOVA).
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