Cytotoxicity of silica nanoparticles through exocytosis of von Willebrand factor
and necrotic cell death in primary human endothelial cells
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1. Introduction

During the past decades the exponential growing field of
Nanotechnology is considered to represent one of the key tech-
nologies of the 21st century [1,2]. Based on their unique
biochemical properties nanoparticles (NP), including silicion
dioxide (SiO;) NP, are increasingly used in a broad spectrum of
biomedical purposes [3]. Applications range from medical diag-
nostics [4], cancer therapy [5], DNA delivery [6,7] and drug delivery
[8,9]. In addition nanoscaled silica are widely distributed in our
environment and are manufactured on industrial scale as additives
to cosmetics, paints and printer toners [10]. However, despite their
widespread use in life science and industries, several epidemio-
logical and toxicological studies link air pollution with ultrafine
particles to increased cardiovascular disease [11—13]. Although the
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intake of NP through the gastro-intestinal tract, the skin and
mucous membranes needs to be considered, inhalation is the most
important route for uptake of ultrafine particles. In the lung NP
induce inflammation, fibrosis and cytotoxic effects [14]. Next to the
potential effects on pulmonary inflammation a number of studies
have shown that NP translocate from the respiratory system
towards the systemic circulation, and therefore interact with
endothelial cells of the blood vessels [15,16]. The vascular endo-
thelium with its salient location at the interface between blood and
tissue and with its strongly anti-thrombotic and anti-inflammatory
characteristics plays a crucial role in the process of physiological
blood flow. However, different stimuli induce endothelial cell (EC)
activation, switching the vessel wall to a pro-thrombotic and
inflammatory surface [17]. The initial step of this process includes
the exocytosis of Weibel-Palade bodies (WPBs), intracellular
storage sites for inflammatory cytokines and proteins and the
coagulatory protein von Willebrand factor (VWEF). This glycoprotein
is involved in hemostasis as a mediator of platelet adhesion to the
endothelium as well as platelet—platelet aggregation [18,19].
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Almost all diseases of the cardiovascular system are associated with
an altered EC function, pointed out by loosing their anti-thrombotic
and anti-inflammatory function [20].

In line with these findings animal studies provide accumulating
evidence that pulmonary inflammation caused by silica particles is
accompanied by EC dysfunction leading to enhanced blood coag-
ulability by activation of the clotting cascade [16,21,22]. In addition,
to date several in vitro findings have investigated toxic effects of
ultrafine silica nanomaterials. These reports suggest that silica NP
are involved in production of reactive oxygen species and inflam-
matory responses [23—25]. Unfortunately, most previous studies
focused on the acute cytotoxicity, using a wide range of different
cell lines, nanoparticle concentrations and exposure times. In this
regard, little is known about the impact of silica NP on physiolog-
ically relevant cell functions and interactions with the procoagulant
system.

To investigate the impact of SiO, NP on primary human
umbilical vein endothelial cells (HUVECs) in vitro, we examined
both mitochondrial activity as well as membrane leakage to char-
acterize NP-induced cytotoxicity. In an attempt to further analyze
the underlying pathways of cell death mediated by silica particles,
FACS analysis and caspase 3/7 activity measurements were per-
formed. Procoagulatory effects of NP and thus VWF release and EC
activation were analyzed by immunofluorescence stainings.
Furthermore, to gain a closer insight into NP-cell interactions we
determined cellular uptake and subcellular localization in HUVECs
by high resolution microscopy techniques and correlated these data
with observed cytotoxic effects. Finally, the effect on cell migration
and proliferation was tested.

2. Materials and methods
2.1. Particles preparation and characterization

Plain (unlabeled) and with a monofunctional perylene derivate (MPD) surface-
labeled silica nanoparticles with particle diameters between 16 nm and 310 nm
were kindly provided from Armin Reller of the Department of Solid State Chemistry
(University of Augsburg, Germany). These particles were produced by a modified
Stober process and characterized as described before [26]. Particles were suspended in
sterile water at a concentration of 3 mg/ml and always sonicated for 3 min and vortexed
immediately before addition to culture medium to minimize their aggregation.

2.2. In vitro experiments

2.2.1. Cell culture

HUVECs were isolated using collagenase and grown in Endothelial Cell Growth
Medium (PromoCell, Heidelberg, Germany) supplemented with 10% heat inactivated
fetal calf serum (FCS), 1% penicillin and streptomycin, 5 U/ml heparin (Biochrom,
Berlin, Germany) and 1% growth supplement derived from bovine retina as
described [27]. Cells were maintained at 37 °C with 5% CO, and cultivated maximally
up to the third passage.

2.2.2. Stimulation of HUVECs with nanoparticles

For viability tests HUVECs were grown in gelatin-coated 96 well plates (Becton
Dickinson, Meylan Cedex, France) for 24 h. For each time point (24 h, 48 h), 15000
and 10000 cells were seeded into every well of the 96 well plates in triplicate.
HUVECs were stimulated with the described particle suspensions in a dose of 1000,
15000 and 30000 NP per cell in 100 pl medium without additives for 24—48 h.
Untreated cells or cells incubated with the corresponding concentrations of ultra-
pure water served as controls.

2.2.3. MTT-assay
After exposure to the SiO; NP 100 pl of the medium was removed and toxicity
was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

Fig. 1. Viability of human endothelial cells after exposure to silica Nanoparticles. Primary Human umbilical vein endothelial cells (HUVECs) were incubatated with SiO, NP with
a size ranging from 16 nm to 304 nm and cytotoxicity was assessed by MTT and LDH assays. Quantification and normalization to untreated controls (dotted line) showed a size and
concentration dependent reduction of mitochondrial activity after 24 h (A) and 48 h (B) of exposure. Data represent mean + standard deviation (SD) from three independent
experiments (n = 6-—9). (C, D) Quantification of membrane leakage indicates a size- and dose-dependent membrane leakage after exposure to NP. Data are expressed at means + SD

of at least three independent experiments with pooled triplicates (*p < 0.05, **p < 0.01).



bromide (MTT) reduction assay [28]. The absorbances were measured at 570 nm and
expressed as relative values compared with untreated negative control.

2.2.4. LDH-assay

Membrane leakage was quantified by detection of Lactate dehydrogenase in the
removed supernatant [29] using LDH assay kit (Roche, Mannheim, Germany). The
absorbance was measured at a wavelength of 490 nm by using Synergy 2 multi-
mode microplate Reader (BioTek, Winooski, USA) and results are presented as
relative values compared to control.

2.2.5. Fluorescence-activated cell sorting

To distinguish between viable and non-viable cells, we focused on a fluores-
cence-based method using propidium iodide (PI). After exposure to 15000 silica
NP/cell for 24 h cells were harvested with accutase (PAA, Pasching, Austria), washed
with PBS and fixed in 70% ethanol for at least 1 h at 4 °C. Subsequently they were
centrifuged, resuspended with PBS and incubated with 50 pg/ml PI for 5 min in the
dark. The number of dead versus living cells was analyzed using FACS SLRII and Diva
Software. WinMDI software was used to analyze the events.

2.2.6. Analysis of caspase activity

To define wheter observed cell death results from apoptosis, Caspase Glo 3/7
assay (Promega, Heidelberg, Germany) was performed according to the directions of
the supplier. HUVECs were seeded in white 96 well plates (15000 cells/well) in cell
culture medium and were allowed to attach overnight. For stimulation with NP
100 pl of the medium was removed and replaced with 100 ul medium containing the
NP without additives. Apoptosis of HUVECs was induced as positive control by
1 umol/L staurosporine (Sigma, Steinheim, Germany). After treatment 100 pl culture
medium was replaced by Glo 3/7 reaction buffer and was incubated for 30 min at
37 °C. Luminiscence was measured by Synergy 2 multi-mode microplate Reader
(BioTek, Winooski, USA). The results were expressed as relative fluorescence
compared to the control.

2.2.7. Immunofluorescence

HUVECs were grown on gelatine-coated coverslips in a 12 well plate (150000 cells/
well), followed by an incubation of 24 h. After incubation cells were stimulated for
15 min, 2 h or 24 h with the NP (15000—30000/cell). Coverslips were then fixed in ice-
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cold methanol for 30 min, washed with HEPES and blocked with 2% bovine serum
albumin (BSA) in an incubation buffer (0.1% BSA in HEPES-buffered Ringer solution
(HBRS) consisting of 140 mM NaCl, 5 mM KCl, 1 mM MgCl,; 1 mM CaCl,, 5 mM glucose
and 10 mM HEPES; 0.3% Triton X-100) for 1 h at room temperature. Incubation with the
primary antibody mouse anti-human CD31 or rabbit anti-human VWF (DakoCyto-
mation, Glostrup, Denmark) was performed with a dilution of 1:40 or 1:150 in incu-
bation buffer for 1h at room temperature. After washing cells were incubated with
secondary FITC-conjugated goat anti-mouse or goat anti-rabbit IgG antibodies (BD
Pharmingen, San Diego, CA) diluted 1:400 in incubation buffer at room temperature for
1 h. Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) diluted 1:10000 in
phosphate buffered saline (PBS) for 10 min. Finally, coverslips were embedded with
mowiol—glycol solution with freshly added 50 mg/ml DABCO (1.4- diazabicyclo-[2.2.2]
octane; Sigma-Aldrich, Taufkirchen, Germany). Confocal microscopy was acquired
using a confocal laser scanning microscope DMIRE2 (Leica, Wetzlar, Germany) under
a60x oil-immersion objective and data were analyzed by Image].

2.2.8. Atomic force microscopy

For atomic force microscopy (AFM) cells were fixed with 2% Formaldehyde in
PBS after incubation with NP, without any preparation or manipulation of the
sample. AFM (The NanoWizard, JPK Instruments, Berlin, Germany) analysis was
performed by contact mode in PBS. The applied force in contact mode was 0.5 nN
with a scan rate of 1 Hz. The spring constant of the cantilever (MLCT-AUHW
cantilevers, Veeco Metrology Group, Santa Barbara, CA, USA) was 0.01 N/m.

2.2.9. Wound healing assay

For the study of regeneration and migration upon NP Stimulation, HUVECs were
cultured in a p-Dish with Culture-Inserts (Ibidi, Martinsried, Germany) at a density
of 35 x 10° cells/well and incubated at 37 °C for 24 h. Culture-Inserts were removed
with sterile tweezers and cells were incubated with NP (15000/cell). After different
time intervals of incubation the samples were examined microscopically (Axiovert
100; Zeiss, Jena, Germany).

2.3. Statistical analysis

For statistical analyses, the unpaired Student’s t-test was used. Values were
expressed as the mean = s.d. Results were considered as statistically different at P < 0.05.

Fig. 2. Quadratic fits to the cytotoxicity quantities of LDH and MTT assays. A, B: LDH assays after 24h and 48h exposure time. C, D: MTT assays after 24h and 48h exposure time. In all
cases the quantities of toxicity can be fitted by a quadratic function of the NP diameter. The highest concentration 60.000 particles per cell were only measured for the biggest

particles and we simply chose the parameter a to fit this single point.
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3. Results
3.1. Dose- and size-dependent cytotoxicity of silica nanoparticles

In order to evaluate possible toxic effects of SiO, NP on primary
human ECs, cytotoxicity was assessed using the MTT reduction
method and the LDH assays. Cells were exposed to different
concentrations (1000 NP/cell; 15000 NP/cell; 30000 NP/cell) of NP
with diameters between 16 nm and 304 nm for 24 h and 48 h. As
shown in Fig. 1, the cytotoxicity induced by silica NP increased in
a significant size and dose-dependent manner. After exposure of
24 h, mitochondrial activity significantly decreased upon incuba-
tion of NP with diameters between 212 nm and 304 nm. However,
NP with a diameter of 80 nm or less showed no cytotoxicity within
the same particle concentrations (Fig. 1A). Compared to the
untreated control (dotted line) metabolic activity was reduced by
more than 40% upon incubation with SiO, particles in size of
304 nm at concentrations of 15000 NP/cell (Fig. 1A). This reduction
of NP-induced viability decreased to 45% at 30000 NP/cell, indica-
tive for a dose-dependent cytotoxicity (Fig. 1A). Furthermore, this
effect strongly correlated with increased membrane damage,
measured by LDH release and, therefore is indicative for cell death
(Fig. 1C). Regarding the kinetics of NP-induced toxicity in ECs, we
could not find significant changes comparing the exposure times
24 h and 48 h (Fig. 1B, D).

To quantify the cytotoxicity of the used NP we take into regard
that smaller particles have a large ratio of surface to weight. Thus,
our data indicate that the surface area is the most important
parameter determining toxicities of SiO, particles as we will show
in this section.

The concentration of NP in the MTT and LDH assay represents
the number of particles per cell. Hence, if the cytotoxicity is
proportional to the surface area, the quantities determined by these
assays (here simply indicated by the letter F) should fit a quadratic
function of the diameter d:

F(d) = 1+Bcpd®>m = 1+ acy d? (1)

where ¢ is the number of particles per cell and o and § interaction
parameters.

For all cases our data matches a function of the form of Equ. (1)
(Fig. 2). In both, LDH and MTT assays as well as after 24 h and after
48 h the relative cytotoxicity value can be fitted with a quadratic
function F(d) (Fig. 3). The fit parameter o, although held free during
the fit, is nearly constant for 15000 to 60000 NP per cell with
o. approximately 1,8 1071 nm™, which demonstrates that the
surface area and not the mass of NP are responsible for cytotoxicity.

Due to the documented cytotoxicity associated with NP of 304 nm
in diameter, only these NP were used in subsequent cell death
studies. In order to investigate uptake and subcellular localization,
fluorochrome (perylene)-labeled NP were used. Since the potential
cytoxicity of NP is related by their surface charge and chemical
composition, we next compared the effect on EC viability of particles
with and without perylene functionalization (Fig. 4). MTT and LDH
results showed that fluorescent labeled particles of 310 nm exhibit
comparable effects on cell viability compared to unlabeled NP after
24 h (Fig. 4A) and 48 h (Fig. 4 B). Similar results were obtained from
particles ranging from a diameter from 15 nm to 230 nm (data not
shown) indicating that our surface functionalization with perylene
does not influence cytotoxicity of the used SiO, NP.

3.2. Mechanism of cell death

To further analyze the cytotoxic effects caused by silica NP, cell
death of HUVECs was quantified by incubation with propidium

Fig. 3. The interaction parameter o is plotted versus the number of particles per cell.
As a guide for the eye the constants y = + 1,8 * 107'° nm-2 are plotted as dashed lines.
Note: For the lowest concentration (1000 NP per cell) the standard deviation of the
cytotoxicity marker is to high to extract a reliable value for the parameter o.

iodide (PI), staining nuclear DNA. Assuming that dead cells exclude
parts of the labeled DNA due to membrane leakage, measured
fluorescence allows to distinguish between dead and viable cells.
After 24 h of exposure to 15000 NP/cells cell death was assessed by
flow cytometry (Fig. 5A,B). In accordance to the MTT and LDH data,
quantitative analysis revealed that EC exposure to silica particles
resulted in a significant 4.36 + 0.97-fold increase of cell death

Fig. 4. Surface functionalization of silica nanoparticles does not change cytotoxicity.
Effect of particles with a size of 304 nm and perylene-labeled SiO, NP (310-P) on
viability of endothelial cells was analyzed by MTT and LDH measurements. Quantita-
tive analysis revealed a strong correlation between reduced metabolic activity (grey
and black dotted lines) and membrane damage followed by LDH release (grey and
black lines). Cytotoxicity increased within the first 24 h of exposure (A) without
showing further elevation after 48 h (B). Particles with surface modifications (black
lines) showed no changed toxicity compared to the unlabeled controls (grey lines).
Values are mean =+ SD from three independent experiments.



compared to untreated ECs (Fig. 5B). To distinguish whether cell
toxicity results from necrosis or apoptosis, we next analyzed acti-
viation of caspases 3/7, key players in the apoptotic pathway (Fig. 5
C,D). Staurosporine-induced apoptosis, as a positive control,
showed a strong increase of caspases 3/7 activities to more than
300% after 6 h and was still increased almost 2-fold after an incu-
bation time of 24 h. In contrast, stimulation of ECs with different
amounts of 304 nm sized NP, did not alter caspase 3/7 activity
neither after 6 h (Fig. 5C) nor after 24 h (Fig. 5D). Therefore,
apoptosis can be excluded and cytotoxicity of silica NP in HUVECs is
related to necrotic processes.

3.3. Endothelial cell activation

EC activation is followed by acute exocytosis of vasoactive VWF,
a marker of procoagolatory response [30,31]. To determine whether
well defined SiO, NP [26] induce an activation of coagulation
cascades in primary human ECs, we analyzed the release of VWF in
the presence of NP (Fig. 6). For our experiments we stimulated
HUVECs with perylene-labeled particles with a diameter of 310 nm
for 15 min and 24 h. Furthermore, we stimulated the cells with or
without addition of histamine (25 puM) and EC activation was
analyzed by immunofluorescence stainings against VWF. As shown
in Fig. 6, untreated control cells show VWF stored in WPBs (Fig. 6A).
By contrast, 15 min of stimulation with histamine induced exocy-
tosis of WPBs associated with the formation of ULVWF on the EC
surface (Fig. 6B; arrow). After NP incubation for 15 min, no
enhanced VWF fiber formation was detected in HUVECs, indicative
for low EC activation in comparison to costimulation with the
known secretagogues histamine (Fig. 6C). As shown in Fig. 1C,
fluochrome-labeled NP (red) showed a diffuse distribution on the
coverslip without any signs of cellular uptake. By contrast, after
incubation of 24h NP were detected inside the cell, correlating with
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enhanced VWF release and VWF fiber formation (Fig. 6D; arrow).
Thus, we concluded that in vitro treatment of primary human ECs
with NP is not a strong inducer of acute EC activation. However,
VWEF fibers were visible after stimulation for 24 h, demonstrating
a direct effect of NP on ECs.

3.4. Subcellular localization of silica nanoparticles

To gain closer mechanistic insight into SiO, NP-induced biological
effects, we tested whether NP-induced necrosis depends on cellular
uptake. Changes in the morphology of ECs were analyzed after 24 h of
incubation with perylene-labeled NP with a diameter of 310 nm by
using phase-contrast microscopy. In the case of 15000 NP/cell, effect
on the viability of ECs was observed by formation of vacuoles in the
cytoplasm of treated cells. Moreover, cell margins appeared irregular
with disrupted cell—cell contacts compared to the control (data not
shown). Cellular uptake and subcellular localization were analyzed
by high resolution scanning confocal microscopy and atomic force
microscopy at different time points upon stimulation with NP (Fig. 7).
AFM images, as shown in Fig. 7, display the cellular destination of SiO,
particles after 2 h of incubation. Following NP adhesion to the luminal
endothelial cell membrane (Fig. 7A, red dots), all particles entered the
cytoplasm within 24 h of incubation (Fig. 7B, red dots). Confocal
microscopy analysis (Fig. 7C) and subsequent three-dimensional
reconstructions (Fig. 7D) of vascular ECs revealed that fluochrome-
labeled particles are located inside the cell in the perinuclear regions.

3.5. Impact of silica nanoparticles on cell migration

Endothelial cell migration is involved in many physiological
processes such as remodeling and formation of new blood vessels,
and as well as in pathophysiological conditions such as inflamma-
tion, tumor growth and metastasis formation [32]. To investigate

Fig. 5. Silica nanoparticles induce necrosis in human endothelial cells. Primary human umbilical vein endothelial cells (HUVECs) were exposed to SiO, NP with a size of 304 nm at
a dose of 15000 NP/cell for 24 h. Cell viability was assesses by propidium iodide (PI) staining. FACS analysis (A) and quantitative analysis (B) showed that cell viability was
significantly reduced by NP exposure. Apoptosis was assessed by the caspase 3/7 activity using a colometric caspase-specific substrate and treatment with Staurosporin (Stauro)
served as positive control. Results indicate no NP-induced apoptotic cell death neither after 6 h (C) nor after 24 h (D) compared to the control group. Results represent the means of
three independent experiments for FACS (n = 4) and for caspase 3/7 activity (n = 6) and error bars represent the standard error of the mean (*p < 0.05, **p < 0.01).
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the consequence of SiO; uptake on EC migration, a wound healing
assay was performed (Fig. 8). Untreated control cells showed a high
migration already after 16h and a confluent EC layer was reached
within 24 h (Fig. 8). On the contrary, HUVECs treated with 304 nm
and 310 nm sized particles showed impaired cell migration activity
and an almost blockage of cell migration after 16 h of NP incubation
(Fig. 8). By contrast to the untreated control, NP treated HUVECs
were not confluent even after 24 h, concluding that internalization
of NP affect both cell migration and proliferation.

4. Discussion

In the present study we show that (1) SiO, particles-induced
cytotoxicity is surface area-dependent and mediated by necrotic
pathways, (2) silica NP per se are not able to activate ECs within
minutes, (3) NP-induced cell disruption after stimulation of 24 h
leads to WPB exocytosis followed by the release of VWF and the
formation of ULVWF and (4) perinuclear localization is associated
with cell death and impairs cell migration and proliferation. To the
best of our knowledge, this is the first in vitro study showing the
impact of NP on WPB exocytosis in primary human ECs by analyzing
ULVWEF release, pathways of cytotoxicity and effects on cell migra-
tion in correlation to NP uptake. An increasing body of evidence
indicates an elevated risk of cardiovascular and pulmonary diseases
upon exposure to air pollution with nanomaterials [11,14,21]. In
contrast to previous studies, indicating that NP are capable of
producing inflammatory stimulation [33] and reactive oxygen
species (ROS) [24,34], leading to the development of cardiovascular
diseases, our findings support the hypothesis that exposure to silica
nanomaterials causes endothelial dysfunction, VWF release and EC
necrosis, thereby generating a procoagulant condition.

4.1. SiO, nanoparticle-induced cytotoxicity is size-dependent

Size-dependent cytotoxicity has been well documented and it is
generally accepted that the smaller a particle, the greater its toxicity

[14,35]. However, the results on the effect of silica particles with
different diameters are conflicting. It was previously reported that
small particles with diameters of 15 nm and 46 nm induced severe
cellular damage in lung cancer cells [24]. Similar results were
obtained from NP with sizes of 21 nm and 48 nm in myocardial cells
[36]. This is consistent with recent data, showing that spherical
silica particles with diameters of 60 nm or more caused very low
cellular damage in endothelial-like EAHY926 cells, whereas expo-
sure to 15 nm NP resulted in cell damage and a decrease in cell
survival [37]. However, Zhang and coworker demonstrated that
smaller SiO, particles showed less cytotoxicity in HepG2 cells
compared to bigger sized NP [38]. Furthermore, exposure to NP
with surface modification was associated with low or no cytotox-
icity [39]. We found that particles larger than 212 nm induce
significant increased toxicity in HUVECs in the dosage of 15000-
30000 NP/cell, whereas any effects on viability could be detected
for particles with a size ranging from 16 nm to 80 nm (Fig. 1,4). The
discrepancies between observed cytotoxicity in different studies
might depend on the wide range of NP concentrations, exposure
times and different metabolic activity or uptake efficiency of the
cell types being used [40,41]. In the results section we already
showed that the strength of cytoxicity effects is proportional to the
overall surface area of the added NP. But we’d like to point out that
we do not present a master equation for cytotoxicity effects for all
concentrations of NP. Rather we show that it is the surface area of
SiO, NP that is the crucial parameter of toxicity and not its volume,
mass or concentration. Indeed, assuming a cubic dependence
between cytotoxicity and diameter (~volume or mass), the fits
exhibit significantly higher deviations and do not deliver a constant
a, i.e. the data appear as if changes in interaction take place (data
not shown). Especially in light of the inheterogenious effects of NP
reported, this analysis strongly suggests, that when studying the
impact of NP on cells it is important to consider the effective area
and not only size and concentration as a variable. Otherwise,
geometric effects are obscured and can be easily misinterpreted as
changes in interactions between NP and cells.

Fig. 6. Silica nanoparticles induce endothelial cell activation. Primary Human Umbilical Vein Endothelial Cells (HUVECs) were incubated with perylene-labeled (P) SiO, Nano-
particles (NP) with a size of 310 nm in a dose of 30000 NP/cell for 15 min, 24 h or remained untreated. HUVECs were stained with von Willebrand Factor (VWF; green) and nuclei
were stained with 4,6-diamidino-2-phenylindole (DAPI). Subcellular distribution of NP is shown in red. (A) Control cells showed an intracellular localization of VWF in Weibel-
Palade bodies. (B) 15 min-treatment with histamine (25 pM) induces EC activation followed by the release of VWF and fiber formation (arrow). NP show diffuse distribution
(red) after incubation of 15 min without any signs of VWF release and ultra large VWF fiber (ULVWF) formation on the cell surface (C). (D) NP are located inside the cell after
exposure of 24 h (red). This correlated with an exocytosis of WPBs and the formation of VWF ultralarge fibers (arrow). Representative pictures of at least two independent

experiments are shown.



Thus, although the cytotoxic effects of silica NP seem to be
context dependent, our results of cell death analysis are in line with
ealier findings. Treating ECs with NP with a diameter of about
300 nm for 24 h, our data point towards necrosis and not apoptosis.
Consistent with MTT values and LDH release, a significant increase
of PI positive cells was noted at concentrations upon 15000 NP/cell
(Fig. 5 A, B), indicating necrotic cell death. Induction of necrosis by
SiO, particles have been observed in different cell types [41,42].
Others have also reported endothelial dysfunction after stimulation
of silica NP causing both, necrosis and apoptosis [34]. However, as
caspase 3/7 activity was not altered (Fig. 5 C, D), apoptosis could be
excluded. Taken together, our data indicate, that exposure to SiO;
causes cytotoxicity directly leading to necrosis and that the cyto-
toxicity of silica NP is proportional to the total surface area of added
particles.

4.2. SiO, nanoparticles induce von Willebrand factor release from
endothelial cells

Several data and reports from animal studies suggest that both,
pulmonary inflammation [14,25,43], as well as thrombosis [21] is
mediated by SiO, NP-induced impairment of EC function and
activation of the coagulatory pathway. Furthermore, silica NP are
strong inducers of oxidative stress and inflammatory responses in
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various cell types including epithelial cells, fibroblasts, macro-
phages and endothelial cells [24,34,38,44]. Data from in vivo
intratracheal instillation of NP support the hypothesis that silica NP
induce lung inflammation and platelets aggregation that may
initiate thrombotic events [21,22]. Assessing the procoagulant
properties of NP with diameters of about 300 nm, we were able to
demonstrate that NP do not immediately activate ECs measured by
VWEF release (Fig. 6). Our own results strengthen the idea that the
impact of NP on ECs is directly correlated with their cellular uptake
as the particles induce VWF release and fiber formation upon 24 h
(Fig. 6 D). In this context, it has been suggested that apoptotic
vascular ECs become procoagulant due to disturbances of
membrane integrity [45,46]. Therefore, we postulate that necrotic
cells, next to VWF release, generate a procoagulant environment by
membrane damage, release of cytosolic contents and exposure of
subendothelial matrix containing matrix VWF and collagen.

4.3. Cytotoxicity of SiO, nanoparticles depends on cellular uptake
and subcellular destination

Although there is good evidence that internalization and
intracellular distribution of SiO, NP alter physiological relevant
cellular events [47], the exact mechanisms of NP-induced endo-
thelial dysfunction leading to a pro-coagulant state remain to be

Fig. 7. Perinuclear localization of silica nanoparticles in human endothelial cells. Primary human umbilical vein endothelial cells (HUVECs) were incubatated with perylene (P)-
labeled SiO, NP with a size of 310 nm at a dose of 15000 NP/cell. Three-dimensional atomic force microscopy (AFM) was combined with fluorescence microscopy. Whereas, NP were
visible on the cell membrane outside the cells after exposure for 2h (A), the surface of the cells after incubation of 24 h is characterized by homogeneous distribution of only small
humps, indicating the cellular uptake of NP (B). HUVECs were co-stained with platelet endothelial cell adhesion molecule-1 (Pecam-1; CD31; red) and subcellular location of NP
(green) after exposure for 24 h was visualized by scanning confocal fluorescence microscopy (C). Three-dimensional reconstruction after confocal microscopy demonstrates

localization of NP within the cells (D).
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Fig. 8. Silica nanoparticles affect migration and proliferation of human endothelial cells. Primary human umbilical vein endothelial cells (HUVECs) were incubatated with the
particle suspension (304 nm and 310 nm) in a dose of 15000 NP/cell and were examined microscopically at different incubation times (1 h, 16 h, 24 h). Untreated cells served as
controls. Representative pictures of both groups show reduced cell migration and proliferation after treatment with nanoparticles (n = 3 of three independent experiments).

determined. Our results strongly indicate a direct correlation
between subcellular distribution of NP and cytotoxicity as (1) per-
inuclear localization resulted in specific increase of necrotic cell
death and (2) impaired EC migration and proliferation. It is well
known that the internalization process is actin-dependent [48],
including clathrin-mediated endocytosis, pinocytosis and caveolae-
dependend pathways [49]. Earlier studies using epithelial cells
revealed that fluorescent labeled SiO, NP sized between 40 nm and
70 nm penetrate the nucleus leading to intranuclear aggregates
that inhibit replication, transcription and cell proliferation. In line
with our findings (Fig. 7) the authors showed that larger sized
particles (0.2 pm—5 pm) accumulated around the nucleus [41]. In
addition, another report demonstrated that porous silicon-based
microparticles were located in the perinuclear region of HUVECs
after phagocytosis, indicating endocytic transport via microtubules
in HUVECs [50]. An earlier study observed a higher migration rate
in human melanoma cells after stimulation with mesoporous SiO,
NP [51]. By contrast, others found inhibitory effects of silica NP on
migration and proliferation of human dermal fibroblasts by using
wound healing assay [38]. Another report showed toxic responses
mediated by particle-induced G1 phase arrest, triggering toxic
response by generation of oxidative stress [36]. Taken together, our
results (Fig. 8) that are consistent with cytotoxicity data (Fig. 1,4)
strengthen the idea that SiO, NP attenuate both cell migration and
proliferation upon cellular uptake and perinuclear accumulation.

5. Conclusions

In summary, the current toxicologal evidence is clearly
supportive for vascular effects arising from exposure to particles in
the nanoscale. We have shown that SiO; NP exert toxic and
therefore procoagulatory effects on ECs. The here presented
mechanistic pathway could act through cellular uptake of NP,

which leads to membrane damage, necrotic cell death and the
subsequent release of intracellular contents. This mechanism
leading to the release of procoagulant factors (VWF release) and
necrotic EC exposing subendothelial matrix proteins may add
informations to the epidemiologic data that exposure to ultrafine
particles is a significant risk for the development of ischemic heart
disease. Thus, the mechanistic insights into the pathophysiological
changes associated with NP-EC interaction provide the basis for
a better understanding of NP-induced cytotoxicity and therefore of
NP-mediated vascular disease.
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