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Abstract

Little is known about the simultaneous uptake of different engineered nanoparticle types, as it can be expected in our daily life. In
order to test such co-exposure effects, murine macrophages (J774A.1 cell line) were incubated with gold (AuNPs) and iron oxide
nanoparticles (FeO,NPs) either alone or combined. Environmental scanning electron microscopy revealed that single NPs of both
types bound within minutes on the cell surface but with a distinctive difference between FeO,NPs and AuNPs. Uptake analysis
studies based on laser scanning microscopy, transmission electron microscopy, and inductively coupled plasma optical emission
spectrometry revealed intracellular appearance of both NP types in all exposure scenarios and a time-dependent increase. This
increase was higher for both AuNPs and FeO,NPs during co-exposure. Cells treated with endocytotic inhibitors recovered after
co-exposure, which additionally hinted that two uptake mechanisms are involved. Cross-talk between uptake pathways is relevant
for toxicological studies: Co-exposure acts as an uptake accelerant. If the goal is to maximize the cellular uptake, e.g., for the
delivery of pharmaceutical agents, this can be beneficial. However, co-exposure should also be taken into account in the case of risk
assessment of occupational settings. The demonstration of co-exposure-invoked pathway interactions reveals that synergetic nano-
particle effects, either positive or negative, must be considered for nanotechnology and nanomedicine in particular to develop to its

full potential.
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Introduction

Over the past two decades, improvements in nanomaterial
research were followed by a rise of nanotechnology-containing
products [1]. Numerous contemporary developments in con-
sumer products (e.g., food additives, cosmetics and sporting
equipment), environmental remediation, medicine and informa-
tion technology heavily rely on innovative nanomaterial-driven
industrial technology [2]. A comprehensive groundwork has
been laid to assess the possible adverse effects of nanotechnolo-
gy on human health. In particular, a full understanding of how
such engineered nanoparticles (NPs), i.e., objects with all three
spatial dimensions below 100 nm [3], interact with mammalian
cells is paramount to develop diagnostic and therapeutic appli-
cations [4]. There is convincing evidence that the physico-
chemical properties of NPs, such as size, shape, material, and
surface functionalization, strongly influence uptake and intra-
cellular trafficking of NPs [5-7]. The uptake of NPs occurs via
endocytotic pathways, which can be subdivided into macro- and
microscale processes [8]. The first, phagocytosis, involves the
ingestion of large particles: NPs or agglomerates typically
larger than 0.25 pm in diameter. The second, pinocytosis,
includes micro- and macropinocytosis, clathrin-, and caveolin-
mediated endocytosis, and clathrin- and caveolin-independent
endocytosis, involving the ingestion of fluid, molecules, and
NPs via small vesicles (<0.15 um in diameter) [9]. Although
NPs have been shown to be taken up by the cells mainly by
pinocytotis [9], many factors have been shown to influence the
interaction with cells such as cell type [10,11], surface charge
[12,13] and NP size [14,15]. Clathrin- and caveolin-mediated
endocytosis are the main uptake mechanisms for PEGylated
AuNPs (15 nm) into A549 cells, whereas non PEGylated,
citrate-stabilized AuNPs were mainly taken up by micropinocy-
tosis [16], potentially reflecting different agglomeration states.
The uptake mechanism for one and the same NP into different
cell types may even vary [10]. For instance, the uptake of fetal
bovine serum-treated titanium dioxide NPs (TiO,NP) into A549
and H1299 cells, two human lung cell lines, is different, and it
was shown that the uptake of TiO,NP in A549 cells involves a
clathrin-dependent pathway, whereas in H1299 a caveolae- and
clathrin-independent pathway was observed [17]. Another
uptake pathway for NP has been described recently by Freese et
al., who observed AuNPs in the size range of 23—73 nm to enter
microvascular endothelial cells via flotillin-mediated uptake
[18]. Flotillin-mediated uptake was also observed for silica NPs

in lung epithelial and endothelial cells [19].

The various uptake pathways have one aspect in common: The
internalized NP is ultimately located in an intracellular vesicle.
Endocytosis of NPs by cells results in the localisation of the
particles first in early endosomes, then late endosomes, which

finally fuse with lysosomes [20]. The particular uptake path-
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way determines the time it takes until the NPs are present in
lysosomal compartments [15]. Whole-cell electron microscopy
experiments revealed that the AuNPs were localised in their
membranes rather than in the cores of the vesicles [21,22].
However, indications exist of alternative pathways for particles
to enter cells, as studies have reported intracellular NPs of
diverse materials lacking surrounding membranes [23,24].
Therefore, the occurrence of NP diffusion through pores in the
membrane as well as passive uptake by van der Waals or steric
interactions (subsumed as adhesive interactions) [25] cannot be
excluded.

The majority of uptake studies were conducted with one defined
NP type only. However, since humans are more likely to be
exposed to multiple NP types present in many commercially
available consumer products such as cosmetics or food, an im-
portant question is whether the uptake mechanisms for one par-
ticle type differ between single- and co-exposure of different
NP types. However, only a few studies have investigated the bi-
ological effects of a combined exposure. One example was the
co-exposure of epithelial A549 lung cells in cultures to carbon
black and iron oxide NPs. It was reported that exposing cells si-
multaneously to these NPs caused a synergistic oxidative effect,
which was significantly greater than the effects of exposure to
each individual NP [26]. Moreover, little is known about how
co-exposure of different NPs affects cellular uptake (e.g.,
whether it enhances or even inhibits selective NP uptake),
which is —particularly in nanomedicine— highly relevant to the
understanding of their behaviour in a complex colloidal system,
such as the vascular system.

The aim of this work was to study the combined effect of two
model NPs on cellular uptake, that is gold (AuNPs) and iron
oxide NPs (FeO,NPs) stabilized with the same polymer shell
and incorporated fluorophores. The NPs can be distinguished by
analytical methods to assess their cellular uptake mechanisms
and intracellular distribution after uptake at the single-cell level.
Both NP types were provided to the cells both as single expo-
sure, or combined as co-exposure. The NP behaviour in com-
plete-serum-containing cell culture media was monitored by
dynamic light scattering and the dose deposited onto the
cell surface was determined by a modelling approach. The
murine macrophage cell line J774A.1 was then used to study
uptake and intracellular fate by means of laser scanning micros-
copy (LSM), environmental scanning electron microscopy
(ESEM), transmission electron microscopy (TEM), while quan-
tification of gold and iron oxide was performed by inductively-
coupled plasma optical emission spectrometry (ICP-OES).
The endocytotic route was determined by the use of specific

inhibitors.
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Results
Particle characterisation in cell culture

medium and delivery onto the cell surface

A general summary about the physicochemical properties of
polymer-coated AuNPs and FeO,NPs can be found in a recent
overview article, in which also all methods are discussed in
detail [27]. The measured particle size revealed an average
hydrodynamic diameter (d},) of approximately 11 + 3 nm for
AuNPs and 28 + 9 nm for FeO,NPs, and an average core diam-
eter d. of 4.7 £ 2 nm for AuNPs and 13.6 + 4 nm for FeO,NPs.
AuNP was labeled with DY505 and FeO,NP with DY615; both
particle types had negative surface charges of —26 mV and
=37 mV, respectively (Figure 1). Depolarized dynamic light
scattering measurements show that all particles analysed
remained stable in both single and co-exposure experiments
over 24 h in complete cell culture media (not shown). See
Figures S1-S13 (Supporting Information File 1) for a full de-
scription of particle synthesis and characterization.

Given that the particles were polydisperse and were functionali-
zed with a polymer, the dose delivered near the cell was esti-
mated by approaches reported elsewhere, taking into account
the geometrical parameters of the cell culture wells, such as
overall fluid volume and well diameter [28,29]. The colloidal
stability was preserved in both tests, and aggregation did not
occur. Therefore, given the effective mass densities and hydro-
dynamic diameters, the transport-to-cell process was dominated
by diffusion, while sedimentation was negligible. Our model
assumes that upon reaching the cell, the NPs adhere to it, and
the delivered dose is expressed as the fraction of the adminis-
tered dose (Figure 1). AuNPs deposited faster than FeO,NPs,
and hence a higher fraction of AuNPs was in contact with the
cells throughout the experiment. After 5 min, more than 5% of
the administered dose arrived at the cellular level, increasing
steadily to almost 20% after 1 h. After 24 h, about 80% of the
AuNPs could be considered to be in the vicinity of the cells.
The deposited fraction of FeO,NPs lagged slightly behind with
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2% of the particles deposited at the bottom of the culture after
5 min, more than 10% after 1 h and 50% after 24 h.

J774A.1 mouse macrophages were exposed either to a single
exposure of either particle type, or a co-exposure, and were
subsequently studied using ESEM. Interestingly, both NP types
were already visible at the macrophage filopodia after this short
incubation time (Figure 2) and appeared as single particles
(clearly excluding larger agglomerates). On several occasions
the AuNPs did not seem randomly distributed but were appar-
ently guided along linear tracks, parallel along the pseudopodi-
um. From these regions with a high organisational level, an av-
erage distance of 37 = 13 nm between AuNPs could be calcu-
lated (Figure S14, Supporting Information File 1). Such organi-
sation was not observed for FeO,NPs, which appeared to be
randomly dispersed on the cell surface.

Interaction of particles with macrophages
First, it was studied if the cells indeed react on NPs in their
environment and if so, on which time scale. None of the expo-
sure conditions impaired the cell viability of J774A.1 after 24 h
as shown by the LDH and trypan blue exclusion assays (Figure
S15 and Figure S16, Supporting Information File 1).

Live-cell LSM data revealed that both particle types appeared
intracellularly within minutes (Figure 3). The uptake rate,
encoded in the slope of the intracellular mean fluorescence in-
tensity over time (A), was comparable between the single expo-
sure experiments but was lower in the co-exposure experiment:
roughly half for both AuNPs and FeO,NPs (Figure 3). Howev-
er, the combined AuNP and FeO,NP uptake rates in co-expo-
sure experiments again reached the levels observed in the
single-exposure treatments. This suggests that a rate-limiting
process was taking place. The steady increase of the Pearson's
colocalisation coefficient () of AuNPs and FeO,NPs (intracel-
lularly measured, blue dotted line) over time is an indication
that both particle types can end up in the same cellular compart-
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Figure 1: Characterization of the NPs used and their calculated deposition on the cellular monolayer. Transmission electron micrographs of
(a) AuNPs and (b) FeO,NP; both images were recorded at the same magnification. Theoretical deposition of both NP types onto the cellular mono-

layer over 24 h (c) and over the first 60 min (d).
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Single exposure, FeO, NP Single exposure, AuNP

Co-exposure, AuNP & FeO, NP

Figure 2: Environmental scanning electron microscopy of J774A.1
macrophages 5 min after NP exposure. Both species of NPs appear
much brighter than the cellular material in the dark-field transmitted
signal. Top: AuNPs in single exposure in (a) overview and at (b) high
resolution. Middle: FeOxNPs in single exposure in (c) overview and at
(d) high resolution. Bottom: Co-exposure of AUNPs and FeOxNPs in
(e) overview and at (f) high resolution. At higher magnification (right
image panel) the cell filopodia are shown in green and the particles in
white.

ments: However the Pearson’s coefficient never reaches the
maximum value of one (perfect colocalization) and intracel-
lular regions that were either marked for AuNPs or FeO,NPs
were always observed.

Colocalisation of both particle types in intracellular compart-

ments 24 h after exposure was confirmed by TEM (Figure 4).

Intracellular particles were found only in vesicles and in the

co-exposure experiments, both particle types were observed in
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the same vesicle. In the immediate extracellular vicinity of the
cell membrane events of colocalizing AuNPs and FeO,NPs

were also found (Figure 4).

Quantification of particle uptake

The quantification of the intracellular fraction of elemental Au
or Fe (Figure 5, top) by ICP-OES revealed a continuous uptake
of both particle types in all exposure modes over the time range
of 24 h. The cleaned fraction of the medium was always lower
than the delivery of the model (see Figure 1) predicted, again
hinting at a rate-limited uptake process. Neither particle type
nor exposure setting influenced the uptake fraction after 24 h,
which was about 18% in all cases.

These positive correlations between uptake and time are con-
firmed by the LSM data. A continuous increase in the number
of voxels associated with a fluorescence signal (i.c., the uptake
load) within the investigated time window was found, indepen-
dent of particle type or exposure mode (Figure 5). The NP load
after 24 h was significantly higher (p < 0.05) than that after 2 h,
for all NP types and exposure modes. The co-exposure condi-
tion appeared to increase the uptake rate, resulting in higher NP
loads of both types after 24 h. After 2 h in the co-exposure ex-
periments, 66% more voxels can be attributed to AuNP than in
single-exposure experiments. This effect lasted the entire exper-
iment, with still 31% more AuNP after 24 h in co-exposure ex-
periments. A similar effect is seen in the FeO, NP uptake: 37%
more voxels were associated with these particles after 24 h in
co-exposure experiments, compared to single-exposure experi-
ments after the same time.

The intracellular mean fluorescence intensity did not change
over the course of the experiment: no significant difference
(p < 0.05) in intracellular mean fluorescent intensity between
2 h, 6 h and 24 h for any of the NP types nor for any exposure
mode was found (Figure 6). A number of convoluted factors
influenced the average fluorescence in a cell: The cell cycle
influences the uptake rate and after mitosis (population
doubling time: about 17 h) the NP load is split between the two
daughter cells [30]. Furthermore, the uptake of NPs requires the
production of cellular components, such as membrane to supply
for vesicles. It can therefore be expected that the cell volume
changes, which will also entail changes in average fluorescence.
These factors may explain the lack of fluorescence change over
time, or the macrophages may simply not accumulate particles,

or at least not within this time range.

Intracellular fate of nanoparticles
After uptake, the question of intracellular fate, in particular, the
question of potential NP colocalization inside the cells in rela-

tion to known cellular compartments was raised. This applied in
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Figure 3: Live cell imaging via laser scanning microscopy over 50 min after the onset of NP exposure. AuNPs are tagged with a green fluorochrome,
FeO,NPs with a red fluorochrome. (a) Green fluorescence accumulates in the cells. The intracellular mean fluorescence intensity (MFI) increases
over time with a slope A of 11.0. (b) Red fluorescence of the FeO,NPs accumulates in the cells according to a slope similar to that seen for AUNPs.
Note that the cells slightly move out of focus over time (t = 50 min). (c) The accumulation in co-exposure of either NP type is lower than in single expo-
sure (green line for AUNP and the red line for FeO,NPs) but when combined the slope (dashed red-green) reaches the same extent as observed for
the single exposures. AuNPs and FeO,NPs increasingly colocalize (yellow pixels) as evidenced by the increasing Pearson’s colocalisation coefficient,
r. Nonetheless, after 50 min, a value of r = 1 was not reached as separate intracellular red and green regions remain.

particular to the compartments involved in uptake pathways,
such as lysosomes.

A significant difference in behaviour between AuNPs and
FeO,NPs in relation to the localisation in lysosomes was ob-
served (Figure 7). While a strong overlap between FeO,NPs
and lysosomal markers was observed even after only 2 h, which
resulted in a high Pearson’s colocalisation coefficient (0.45 in
single-exposure experiments, 0.56 in co-exposure experiments),
this was not the case for AuNPs. A weak positive colocalisa-
tion with lysosomal markers after 2 h was reflected by the low
Pearson’s colocalisation coefficient (0.25 in single-exposure ex-
periments, 0.21 in co-exposure experiments). Colocalisation be-
tween FeO,NPs and lysosomes increased only marginally
during the last 22 h of the experiment. Again a different situa-
tion was observed for AuNPs: A steep increase in colocalisa-
tion with lysosomes was observed between 6 and 26 h after
exposure (r = 0.60 and 0.57 for single- and co-exposure experi-
ments, respectively). After 24 h, both particle types colocalize
to approximately the same extend with lysosomal markers, in-
dependent of the exposure mode.

Additionally, in co-exposure experiments, AuNPs and FeO,NPs
increasingly colocalise, confirming the observed onset of this
effect as previously shown in the 2D LSM data of Figure 3.
However, the Pearson’s colocalisation coefficient levels off at
around 0.55 after 24 h (Figure 4), and in addition to coinciding

regions, there remain intracellular regions that were exclusively

attributed to the fluorescence signal of either the AuNPs or
FeO,NPs (Figure 8).

The colocalisation of both NP types in other cell organelles was
also investigated and no signal overlap between NP events and
the Golgi apparatus, the mitochondria or the nucleus was found
after 24 h (data not shown).

Uptake mechanisms

Inhibitors were used to investigate the endocytotic uptake
mechanisms of the two NP types. All inhibitors have previ-
ously been optimized and tested in J774A.1, showing
that phagocytosis, micropinocytosis and clathrin-mediated
endocytosis are the main uptake mechanisms in this cell

type [31].

The treatment of the cells with cytochalasin D (phagocytosis
and micropinocytosis inhibitor) had no effect and both NP types
could still be localized intracellularly (data not shown). The
monodansylcadaverine (MDC, clathrin-mediated endocytosis
inhibitor) impaired the uptake of AuNPs, and FeO,NPs: Aggre-
gations on the outer cell membrane were observed (Figure 9). In
the single-exposure experiments, the average fluorescence in
the vicinity of the cell, set at the 20% surrounding rim outside
the cell (Figure S18, Supporting Information File 1), was signif-
icantly higher (p < 0.05) than the average background values
extracted from a region 15 pm away from the cell and denoted
by the dashed circle (Figure 9). The average AuNP fluores-
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Single exposure, FeO, NP Single exposure, AUNP

Co-exposure, AuUNP & FeO, NP

Figure 4: The intracellular localisation of the NPs 24 h after exposure.
(a) Overview showing a part of a cell after exposure only to AuNPs
with a number of AuNP-containing vesicles. (b) The higher magnifica-
tion of the square in (a) reveals that particles are inside the vesicle and
appearing both as single entities and aggregates (inset). (c) Overview
showing a part of a cell after exposure to only FeO,NPs with
FeO,NPs-filled vesicles. (d) The particles appear loosely aggregated
(inset) and are contained within the border of the vesicle. (e) Overview
showing a part of a cell after co-exposure with AuUNPs and FeO,NPs.
(f) Both particle types co-appear inside vesicles, either as single parti-
cles or small aggregates (inset). (g) A small extracellular crevasse be-
tween two cells co-exposed with AUNPs and FeO,NPs is filled with
both particle types. (h) Both particle types are mixed extracellularly, in
single or aggregated status (inset). All overviews, higher magnifica-
tions and insets have a scale bar of 2.5pm, 500 nm and 50 nm, re-
spectively.

cence was almost 3-fold increased and the average FeO,NP
fluorescence more than 6-fold. This situation was completely

rectified in the co-exposure experiments for AuNPs. The fluo-
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rescence in the vicinity of the cell did not differ from the back-
ground (1.14 times background, no significant difference). In
the case of FeO,NPs, the average fluorescence in the vicinity of
the cell (1.88 times background) was significantly lower
(p < 0.05) than in single-exposure experiments, but still higher
than the background levels. In general, the co-exposure setting
reduced NP fluorescence in the 20% vicinity of the cell to about
one third, independent of the particle type.

Discussion

J774A.1 macrophages react differently to AuNPs and FeO,NPs,
even if these particles are administered simultaneously and at a
similar load. Both types of NPs have a similar polymeric sur-
face coating. However, the core materials (gold versus iron
oxide) and their overall size differ and can both influence the
interaction with cells. The core material can, for example, cause
catalytic effects, which have been reported to a higher extend in
the case of gold than for iron oxide [32]. This difference has
also been reported to influence pro-inflammatory response of
cells upon exposure of cells to NPs [33]. Also, the overall size
is known to affect NP uptake by cells [34]. Thus, while two pa-
rameters were intentionally varied at the same time in order to
obtain different uptake pathways, which of the two parameters
and to what extent was responsible to cause the respective path-
ways is unknown, and beyond the scope of this study.

The uptake of the particles involves clathrin, since their uptake
was partially blocked by the clathrin inhibitor MDC. Inhibition
of this pathway was also reported for the Fe-binding protein
transferrin, whereas the uptake of non-biological (nano)parti-
cles such as polystyrene beads was not blocked [35]. However,
the pathway was not exclusively clathrin-mediated because evi-
dence of uptake is observed intracellularly after MDC treat-
ment, suggesting that at least one additional uptake mechanism
is active. Co-exposure of FeO,NPs and AuNPs in the presence
of the clathrin-mediated endocytosis inhibitor MDC mediated a
recovery from the uptake inhibition, again suggesting that more
than one pathway is involved. Therefore, the co-exposure of
NPs to a culture of macrophages with an inhibited clathrin-
mediated endocytosis pathway may restore the uptake until it is
indiscernible from a not-inhibited, healthy culture. Without
inhibition, the particles are internalized faster in co-exposure
experiments than in each single-exposure experiment. This may
initially appear paradoxical can be easily explained by the acti-
vation of two parallel uptake pathways.

After internalization, the fluorescent signals from AuNPs and
FeO,NPs never completely colocalise, which may again be a
reflection of different uptake mechanisms. Uptake occurs in a
“first come, first served” manner, as suggested by the uptake

slopes seen in the live-cell imaging and supported by the ICP
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Figure 5: Quantification of uptake by ICP-OES and LSM combined with digital analysis. ICP-OES measurements reveal an increasing trend of NP
uptake, independent of NP type and exposure mode. The LSM data supports the ICP-OES data, i.e., linear uptake trends were found for both NP
types and exposure modes. Only for single exposure with FeO,NPs could a slight derivation of linearity be observed. This effect was seen in both
methodologies. The data show mean * one standard deviation. The grey regions give the 95% confidence interval (ICP-OES: n = 6 cultures, LSM 10
z-tacks per exposure type and particle type, yielding minimum 61 cells and maximum 104 cells, hence 60 < n < 105).
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Figure 6: Mean fluorescence intensity of the intracellular pixels over time. The intensity of the pixels associated with NPs remains statistically stable
over the entire experiment. The data show mean + one standard deviation. n = 10 z-stacks per exposure type and particle type, yielding a minimum of

61 cells and a maximum of 104 cells, hence 60 < n < 105).
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Figure 7: Time-dependent colocalisation of AuNPs and FeO,NPs with
lysosomal markers. The Pearson’s colocalisation coefficient increases
over the time span between 2 and 24 h, but is much higher for AuNPs
than for FeO,NPs. This observation can be attributed to the already
high colocalization of FeO,NP with lysosomal markers after 2 h. The
data show mean * one standard deviation. The green and red regions
link 95% confidence intervals for AuNPs and FeO,NPs, respectively
(n = 25 z-stacks).

data. Also the TEM data did not find evidence for particle-spe-
cific sorting before the uptake.

A distinct type of organelles, namely caveosomes [36], has been
suggested as target for caveolac-mediated endocytosis. The
nature of this organelle is still disputed but it may act as a relay
station for caviculae trafficking, whereas clathrin-mediated
endocytosis delivers directly into the early endosomal/lyso-
somal system [37]. The caveolin system interconnects with the
endosomal system at two points: The first is a pathway from the
plasma membrane to the early endosomes where endocytosed
cavicles briefly encounter (kiss and run) early endosomes and
may exchange some cargo and the second is to the late endo-
somes/lysosomes (observed when cells were starved or the lyso-
somal pH value dissipated) [37]. These putative pathways
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t= 2 hours t= 6 hours

Figure 8: Colocalisation of AUNPs and FeO,NPs with the lysosomal marker. The interplay of AuUNPs, FeO,NPs and lysosome hints at the complexity
of the uptake mechanisms involved. The two NP types colocalize (yellow) but not completely: Exclusively green (AuNP) or red areas (FeO,NP)
remain, even after 24 h of exposure. Meanwhile, the overlap with lysosomal markers is undeniable, but again, not complete. Additionally, it is clear
that, on average, the FeO,NPs (red channel) arrive in the lysosomes first. While a considerable FeO,NP signal can be detected after 2 h, AuNPs are
still nearly undetectable. After 24 h, the situation has levelled off. Top row: Bright-field image with the two NP fluorosence signals overlaid. Middle row:
Outlined cells, based on the bright-field image, overlaid with the two NP fluorescence channels. Bottom row: lysosomal marker overlaid with the two

fluorescence channels.
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Figure 9: Effect of MDC treatment on the uptake of AuNPs and FeO,NPs. The uptake is partially blocked in the single-exposure experiments. Aggre-
gates were seen in the vicinity of the cell (larger magpnification, with resolution loss at bottom left). This situation is rectified (for AUNPs) or almost recti-
fied (for FeOxNPs) in the co-exposure experiments. The quantification is based on the average fluorescence in an extracellular area 120% the size of
the cell (“the vicinity”). The graph report values relative to the average background (BG), as retrieved from the area marked by the dotted line in the

figures (n = 5).
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explain our observations satisfactorily. The observed differ-
ences in delivery time to the endosomal system between AuNPs
and FeO,NPs can be attributed to the AuNPs being held up in
the caviculae trafficking system, which does not colocalize with
lysosomal markers. FeO,NPs, on the other hand, are thought to
be delivered directly to the endosomal/lysosomal pathway by
the clathrin-dependent endocytosis uptake and quickly colo-
calize with the lysosomal markers. The occurrence of AuNPs in
the lysosomes does eventually increase, until the difference to
FeO,NPs is minimal (observed after 24 h). A shuttle between
cavicles and late endosomes has been described [38], but it
requires starving cells or lysosomal perturbations. Since
starving was not induced, the origin of this observation may
again be found in the convoluted uptake mechanisms of AuNPs.
Since we found no evidence that a sorting step prior to uptake is
taking place, it is conceivable that AuNPs also enter the cell by
unbiased endocytosis. The TEM data qualitatively supports this
hypothesis since both particle types were seen extracellularly in
close company (few nanometres apart) and vesicular structures
contain a mixture of both AuNPs and FeO,NPs after 24 h.

Within 5 min after exposure AuNPs were seen in ESEM. Asso-
ciated with filopodia, the AuNPs exhibit remarkable organiza-
tional behaviour. Some AuNPs were arranged along lines,
parallel to the longitudinal axis of the filopodia. Since a similar
organization was not observed for the FeO,NPs, it must be con-
cluded that an active process directed the uptake of AuNPs. A
similar observation was made with 1 pm polystyrene beads,
which were observed to be transported extracellularly along the
filopodia of the same macrophageal cell line [39]. Furthermore,
it was shown that exosomes moved along the extracellular
side of filopodia prior to internalization [40]. The transport
along filopodia has been suggested to be mediated by the under-
lying actin—myosin cytoskeleton [41]. The distance between
linearly arranged AuNPs averaged 37 nm, which matches the
repetition length reported for structures of actin filament
bundles and actin branches [42]. It is conceivable that AuNPs
were transported at the extracellular side of the plasma mem-
brane towards an entry point for endocytosis. This could also
explain the delayed uptake of AuNPs in comparison with
FeO,NPs. However, it should be noted that the presence of an
intracellular transport system for the AuNPs cannot be ruled out
completely.

Conclusion

Most studies on NPs focus on exposure to a single analyte. The
existing literature on joint toxicity of NPs and co-existing cont-
aminants is rather limited but beginning to develop rapidly [43].
We contribute to this literature by examining the co-exposure of
AuNPs and FeO,NPs. We conclude that at least two uptake
pathways are involved and that there is crosstalk between the
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pathways. The co-exposure setting was able to rescue the cell
from of clathrin-mediated pathway inhibitor, hinting at syner-
getic effects between the two particle types and their activated
uptake pathways. The co-exposure mode increased the uptake,
independent of NP type, but not the time to appear in lyso-
somes. These finding have relevance for toxicological studies:
Co-exposure acts as an uptake accelerant and may be beneficial
in biomedical settings if the goal is to maximize the cellular
uptake, e.g., for the delivery of a pharmaceutical agents. How-
ever, co-exposure may cause negative effects in the case of risk
assessment of occupational settings. In any rate, the demonstra-
tion of interactions between different particle types at the cellu-
lar level reveals that synergetic effects, either positive or nega-
tive, must be considered for nanotechnology and nanomedicine

in particular to develop to its full potential.

Experimental

Materials

HPLC grade acetone, ethanol, and deionized water, phosphate-
buffered saline (PBS) at a 10x solution, electron microscopy
grade glutaraldehyde (GA) 25% solution, D-saccharose,
glycine, biotin-free and molecular biology grade albumin frac-
tion V (BSA), and sodium cacodylate trihydrate were obtained
from Carl Roth GmbH + Co. KG, Karlsruhe, Germany. 0.01%
poly(L-lysine) solution (PLL, M, = 150,000-300,000,
sterile-filtered, and cell-culture tested) was purchased
from Sigma-Aldrich Chemie Gmbh, Munich, Germany. Sam-
ple support microchips with a central silicon nitride (SiN)
membrane window of a dimension of 150 x 400 um and a
thickness of 50 nm were custom-made by DENSsolutions B.V.
(Delft, Netherlands). The chips had outer dimensions of
2.00 x 2.60 x 0.30 mm? fitting into the wells of a standard
96-well plate.

Particle characterization and exposure

The details of the NP synthesis, which followed the protocols
published in [44,45], and characterisation are provided in Sup-
porting Information File 1 (Figures S1-S13). Please note that
the synthesis protocol employed for the iron oxide NPs has been
reported to yield maghemite (y-Fe;O3), but as no experimental
verification was applied to exclude formation of magnetite
(Fe30y), the NPs are referred to as FeO,NPs. Due to the short
exposure and the similar surface chemistry the precise stoichi-
ometry of the FeO,NPs is assumed to be not of major relevance
in this present study. The two NP types coated with poly(iso-
butylene-alt-maleic anhydride)-graft-dodecylamine (PMA), i.e.,
AuNPs with 2% DY505 fluorophore, and FeO,NPs with 2%
DY615 fluorophore integrated into the polymer shell were syn-
thesized as previously described [44,45]. For both NPs the
hydrodynamic radius (d},) was measured by dynamic light scat-

tering (DLS) and a corresponding core diameter (d, = 2:7¢)

2404



was extracted from transmission electron micrographs.
Suspensions of AuNPs and FeO,NPs with concentrations of
38.6 ug/mL and 54.8 pg/mL, respectively, were applied
to a cultured mouse macrophage system (see below). The
colloidal stability of the particles in complete cell culture
media containing 10% fetal bovine serum (FBS) and 1% L-glut-
amine was measured by depolarized dynamic light scattering
(DDLYS).

Calculation of administered NP doses
The total mass of NPs in a solution of volume of V' is given by:

m=V-C, (1

where C is the mass-based concentration of the particle suspen-
sion. Equation 1 can be written as:

m=ym;, @

where 7 is the total number of particles and m; is the mass of the
i-th particle. The particles exhibit some polydispersity as both
the core and the hydrodynamic radius show a finite dispersion.
Equation 2 can be expressed by the volume (V core, Vishell) and
mass density (p) of the (polymer) shell and core of the particles:

M-

m = (pi,coreVi,core +pi,shell Vi,shell)
i=1 (3)
=n (pcore <Vcore > * Pshell <Vshell >) :
The brackets indicate the average value:
14 & 3
<Vcore> =—§TC ri,c> “4)
i=1
14 & 33
Vehen1 ) =— =Y R =1, )
n 33

where 7; . and R; are, respectively, the radius of the core and
hydrodynamic radius of the i-th particle. Finally, the overall

number of particles is

m

Pcore <Vcore > * Pshell <Vshell >
_3 m (6)

4m Peore <rc3 >+pshell (<R3>_ <”c3>)’

n=
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where

1 T
<rc3>E;zlri?c:_[P(r0)rc3drc (M
i= 0

is the third raw moment of the particle size distribution P(r,).
We describe both 7. and R by a normal distribution (i being the
mean and o being the standard deviation) whose third raw

moment is given by

3= +3u62. (8)

Since ICP-OES measures only the elemental core and not the
polymer shell, Equation 6 is adapted as follows:

Mcp.oEs  _ 3 ICP-OES .
Pcore <Vcore> 4n Pcore <r3> ©)

C

The mass density of the gold was taken as 19.2 g/cm3, and
5.24 g/cm?® was taken for the mass density of the iron oxide.

Cell cultures

Mouse macrophage cells (J774A.1 cell line) received from the
American tissue Type Culture Collection were cultured in
RPMI 1640 with HEPES (Gibco, Luzern, Switzerland) com-
pleted with 10% fetal bovine serum (FBS, heat inactivated,
PAA Laboratories, Austria), 1% L-glutamine (Gibco, Luzern,
Switzerland) and 1% penicillin/streptomycin (Gibco, Luzern,
Switzerland) and were kept at 37 °C and 5% CO,. The cells
were seeded at a density of 25 x 10% cells/mL in BD Falcon™
four-chamber polystyrene vessels for the experiments, using
tissue culture treated glass slides with a growth area of 1.7 cm?
(Milian, Geneva, Switzerland) and grown for one day.

Endocytosis inhibitor experiments

Inhibition of clathrin-mediated endocytosis was performed with
monodansylcadaverine (1 h, 250 uM; dansylcadaverine, D4008,
Sigma-Aldrich). Cytochalasin D (1 h, 4 uM; C8273, Sigma-
Aldrich) was used to inhibit phagocytosis and micropinocytosis.

Cell fixation and labelling for laser scanning
microscopy (LSM)

To label the proteins involved in endocytotic uptake, the cells
were fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich,
Switzerland) in phosphate-buffered saline (PBS) for 15 min at
room temperature (RT), washed once with PBS and permeabi-
lized for 15 min with 0.2% Triton X. Antibodies against clathrin
heavy chain and flotillin-1 (both labelled with Alexa Fluor 488
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and Cy-3; Antibodies-Online GmbH, Aachen, Germany) were
used at a final dilution of 1:20 in 1x phosphate-buffered saline
(PBS). After 1 h of staining (in the dark at RT) and three
washing cycles with 1x PBS the cells were mounted using
Glycergel mounting media (C0563, Dako, Baar, Switzerland).

For live-cell imaging, cells were seeded in a Lab-Tek™ II
chambered cover glass four-well chamber (1.5 German cover
glass system, NC-155382, Nunc, Milian, Geneva, Switzerland)
and kept at 37 °C and 5% CO,. Lysotracker to stain lysosomes,
Mitotracker to stain mitochondria and Nunc Blue to stain the
nucleus (Molecular Probes) were added to the cells for 1 h, after
which the cells were washed once with PSB to remove any left-
over dye. The samples were immediately examined after the

labelling.

Laser scanning microscopy and data

restoration

Image acquisition was performed with an inverted Zeiss LSM
710 Meta apparatus (Axio Observer.Z1, Zeiss, Switzerland)
equipped with 405 nm diode, and 488, 561 and 633 nm laser
lines. The analysis was performed using a 63x/NA 1.4 immer-

sion oil lens.

Image processing routines

Analytical data were retrieved from the laser scanning micro-
graphs (stacks of bright field and fluorescence channels) by
means of dedicated ImageJ] macro scripts (see Supporting Infor-
mation File 1). In short, the raw bright field image was used to
retrieve the outline of the cell using a combination of variance
and median filters. This outline was used as a mask on the fluo-
rescence images (Figure S17, Supporting Information File 1).
Individual pixel information was retrieved by a scanning routine
over the dataset, including only elements that were marked as
belonging to the cell by the bright field mask. The data for the
Pearson’s colocalisation coefficient, notably the fluorescence
intensity value at each pixel position x; and y;, was obtained in a

similar way using

n

2. (i ) (57

p= )

(x; ‘)_C)z (7 ‘?)2
i=1 i=1

(10

with ¥ and y corresponding to the mean fluorescence intensity
value of a total of n pixels of the first (x) and second (y)
channel, respectively.

Alternatively, running an IsoData binarisation routine after

masking yielded a subgroup of clusters of high intensity. A sim-
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ilar scanning routine then provided the value of each of these
pixels and their total number. The full scripts can be found in

Supporting Information File 1.

Inductively coupled plasma optical emission
spectroscopy (ICP-OES)

Cell uptake of gold and iron oxide NPs was measured via ICP-
OES (PerkinElmer Optima 7000 DV). After NP exposure, the
cells were stored at —80 °C prior to sample treatment. The
thawed cells and supernatant were separately treated with a
2:1 mixture of HNO3 (Sigma Aldrich) and H,O, (Reacto lab
SA) (300 pL per sample), and digested for several hours. Subse-
quently, the samples were briefly sonicated prior to the addi-
tion of 400 pL of HCI (Honeywell AG) and digestion was per-
formed overnight. Samples were transferred to 15 mL Falcon
tubes (BD Biosciences, Switzerland) and diluted ten-fold with
water. The treated samples were then measured by ICP-OES
(wavelengths used: 242.795 nm for Au and 259.939 nm for Fe).
A standard curve of aqueous gold and iron solutions (Fluka)
was recorded to quantify the amount of intracellular gold and

iron oxide. Three independent experiments were performed.

Environmental scanning electron microscopy

of whole cells in the wet state

A detailed description of the method of ESEM of whole cells in
liquid can be found elsewhere [46,47]. Cells were seeded in me-
dium at 37 °C onto silicon microchips with thin silicon nitride
windows for transmission electron microscopy (TEM) [48]. The
adherent cells were then incubated in the respective NP solu-
tions for 5 min at 37 °C as described below. After exposure,
washing and fixation steps, the samples were kept at 4 °C.
Directly before ESEM imaging, samples were washed three
times with ice-cold pure water and transferred into the electron
microscope (ESEM, Quanta 400 FEG, FEI, USA). The cells
were maintained in a water vapour environment at 3 °C and
imaged using a scanning transmission electron microscopy
(STEM) detector (described in detail below). The water layer
covering the cells was carefully thinned until it was sufficiently
thin to allow for the detection of single NPs in a cell with the
STEM detector located under the sample. In order to easier
discern cellular material from nanoparticles, the “Thorium”
lookup table, available in ImageJ, was used.

Incubation with NPs for ESEM

The AuNP and FeO,NP solutions were diluted in RPMI 1640
with 10% fetal bovine serum (heat inactivated, PAA Laborato-
ries, Austria), 1% L-glutamine (Gibco, Luzern, Switzerland)
and 1% penicillin/streptomycin (Gibco, Luzern, Switzerland) to
a final concentration of 20 pg/pL. After 3—4 h of incubation to
allow the cells to adhere on the microchips, the cells were

rinsed once with medium, and then incubated for 5 min at 37 °C
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in the respective NP solutions. This was done by placing a drop-
let (11 pL) of the NP solution at the rim of a cuff-off lid from a
PCR tube, a microchip with adherent cells was placed into the
droplet such that the chip was inclined against the rim, while the
cells were oriented upside down and completely immersed in
the NP solution. After rinsing three times with PBS and once
with 0.1 M cacodylate buffer (CB) and 0.1 M saccharose
(pH 7.4), the cells were fixed with 2% GA in CB for 10 min at
RT. Subsequently, the cells were rinsed once with CB, and
three times with PBS, followed by incubation in 0.1 M glycine
in PBS (GLY-PBS, pH 7.4) for 2 min, rinsing three times with
PBS supplemented with 1% BSA, and storage in this buffer at
4 °C until electron microscopic investigation.

Wet ESEM-STEM

An electron beam with an energy of 30 kV, a spot size of 1 nm,
a probe current of 600 pA, and working distances between 6.0
and 6.4 mm were used. The stage temperature was kept at 3 °C,
and the pressure was set to a value between 700 and 740 Pa, in
most cases 720 Pa. These pressure and temperature settings
created 100% relative humidity in the ESEM chamber as
needed to ensure the constant coverage of the cells with a thin
film of water. For every sample, an overview ESEM-STEM
image was recorded showing the whole membrane window area
with all cells. Consequently, overview images were recorded
from individual cells or cell groups at a higher magnification.
To discern NPs on the plasma membrane, the magnification was
set to 25,000% or 50,000%, and pixel-dwell times between 30
and 100 ps were used. The image sizes were 2048 x 1768 or
1024 x 884 pixels. The electron dose for an image ranged be-
tween 81 and 376 ¢ /A2, and was below the limit of radiation
damage [49].

Transmission electron microscopy

Fixation was carried out with 2.5% glutaraldehyde in 0.15 M
cacodylate buffer. Staining occurred with osmium tetraoxide in
ddH;O. After the staining, membranes were transferred to
0.05 M maleate buffer and dehydrated with an increased ethanol
series (30% and 70%). The membranes were embedded in epon
and polymerized at 60 °C. The samples were repeatedly
plunged into liquid nitrogen to remove the cells from the glass
slide. Ultra-thin sections of 70 nm were cut at an angle of 10°
and cast on TEM single-slot grids for analysis. The micro-
graphs were recorded on a FEI Morgagni TEM (Hillsboro, OR,
USA) running at 80 kV equipped with a Olympus SIS Morada
11 megapixel camera (Miinster, Germany).

Lactate dehydrogenase assay (LDH)
One millilitre of the supernatant of each experiment was
collected and stored at 4 °C to determine cytotoxicity. Triton X

(0.2% in unsupplemented RPMI) was used for cell lysis as a
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positive control. The supernatant of untreated cells was used as
negative control. The LDH assay was performed with the Cyto-
toxicity Detection Kit (Roche Applied Science, Mannheim,
Germany) according to the supplier's manual.

Trypan blue exclusion assay

The assay was carried out according to the manufacturer’s
manual (Sigma Aldrich, Steinheim, Germany). Trypan was
added to untreated cells and cells that had been exposed to NPs
for 24 h. At a dilution of 1:10 in trypan blue, cells were stained
and counted in a Neubauer chamber (Blau Brand, Ref. 717805,
Wertheim, Germany). The positive control was performed by
adding 0.2% Triton X onto the cells for 5 min, prior to adding
trypan blue.

Statistical analysis

The numerical data produced by the ImageJ macro scripts was
exported into comma-separated values (CSV) files and
imported into Microsoft Excel, where initial descriptive statis-
tical values were calculated (mean, standard deviation). Finally,
statistical analysis and plotting was performed in R [50]. Statis-
tical significance was tested with Student’s t-test assuming an
alpha value of 5%. The R script, with the hardcoded values, is
provided in Supporting Information File 1.

Supporting Information

Supporting Information File 1

Supporting Information contains in-depth descriptions of
the experimental routines used in this manuscript.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-8-239-S1.pdf]

Contributions

D.A K. conceived the project and performed live-cell imaging
analysis. D.J.A. and W.J.P. designed, synthesized, and charac-
terized the nanoparticles. S.B. did the dose calculations. A.M.
and D.U. performed the ICP experiments. D.P. and N.J. carried
out the ESEM measurements. A.F. was involved in the plan-
ning and technical advisory of the study, and helped to revise
the manuscript. D.V. performed the TEM experiments and
analysed all the data and was involved in writing the manu-
script. B.R.R. was the project leader and was involved in plan-
ning of the study, the analysis and writing the manuscript. All
authors were involved in the writing of the manuscript.

Acknowledgements

The authors would like to thank Maja Giinthert from the
Eidgendssische Technische Hochschule (ETH) for TEM sam-
ple preparation and Dr. Calum Kinnear for scientific and tech-

2407


http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-8-239-S1.pdf
http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-8-239-S1.pdf

nical help. We wish to thank the Alfred Bretscher Fund and the
Microscopy Imaging Center of the University of Bern for the
use of the TEM instrumentation. We thank Eduard Arzt for his
support through INM. This study was supported by grants of the

Deutsche Forschungsgemeinschaft (DFG, SPP 1313 to B.R.R.

and PA 794/25-1 to W.J.P.), the Leibniz Competition 2014, the
European Commission (grant FutureNanoNeeds to W.J.P.), the
Adolphe Merkle Foundation, the Swiss National Science Foun-
dation (Grant # 310030_159847/1) and by the Swiss National
Science Foundation through the National Centre of Compe-
tence in Research “Bio-Inspired Materials”.

References

1. Gwinn, M. R;; Vallyathan, V. Environ. Health Perspect. 2006, 114,
1818-1825. doi:10.1289/ehp.8871

2. Mazzola, L. Nat. Biotechnol. 2003, 21, 1137-1143.
doi:10.1038/nbt1003-1137

3. International Organization for Standardization, ISO/TS 80004-2:2015
Nanotechnologies — Vocabulary — Part 2: Nano-objects.

4. Baetke, S. C.; Lammers, T.; Kiessling, F. Br. J. Radiol. 2015, 88,
20150207. doi:10.1259/bjr.20150207

5. lIversen, T.-G.; Skotland, T.; Sandvig, K. Nano Today 2011, 6,
176-185. doi:10.1016/j.nantod.2011.02.003

6. Nazarenus, M.; Zhang, Q.; Soliman, M. G.; Del Pino, P.; Pelaz, B.;
Carregal-Romero, S.; Rejman, J.; Rothen-Rutishauser, B.;
Clift, M. J. D.; Zellner, R.; Nienhaus, G. U.; Delehanty, J. B.;
Medintz, I. L.; Parak, W. J. Beilstein J. Nanotechnol. 2014, 5,
1477-1490. doi:10.3762/bjnano.5.161

7. Rivera-Gil, P.; Jimenez de Aberasturi, D.; Wulf, V.; Pelaz, B.;
Del Pino, P.; Zhao, Y.; De la Fuente, J. M.; Ruiz de Larramendi, |.;
Rojo, T.; Liang, X.-J.; Parak, W. J. Acc. Chem. Res. 2013, 46,
743-749. doi:10.1021/ar300039j

8. Kumari, S.; Mg, S.; Mayor, S. Cell Res. 2010, 20, 256-275.
doi:10.1038/cr.2010.19

9. Conner, S. D.; Schmid, S. L. Nature 2003, 422, 37-44.
doi:10.1038/nature01451

10. Mahmoudi, M.; Saeedi-Eslami, S. N.; Shokrgozar, M. A.;

Azadmanesh, K.; Hassanlou, M.; Kalhor, H. R.; Burtea, C.;

Rothen-Rutishauser, B.; Laurent, S.; Sheibanih, S.; Valih, H.

Nanoscale 2012, 4, 5461-5468. doi:10.1039/c2nr31185b

.Unfried, K.; Albrecht, C.; Klotz, L.-O.; Von Mikecz, A.; Grether-Beck, S.;

Schins, R. P. F. Nanotoxicology 2007, 1, 1-20.

doi:10.1080/00222930701314932

12.Frohlich, E. Int. J. Nanomed. 2012, 7, 5577-5591.
doi:10.2147/1JN.S36111

13.Hlhn, D.; Kantner, K.; Geidel, C.; Brandholt, S.; De Cock, |.;
Soenen, S. J. H.; Rivera-Gil, P.; Montenegro, J.-M.; Braeckmans, K.;
Mullen, K.; Nienhaus, G. U.; Klapper, M.; Parak, W. J. ACS Nano 2013,
7, 3253-3263. doi:10.1021/nn3059295

14.Rejman, J.; Oberle, V.; Zuhorn, I. S.; Hoekstra, D. Biochem. J. 2004,
377, 159-169. doi:10.1042/bj20031253

15.Huang, M.; Ma, Z.; Khor, E.; Lim, L.-Y. Pharm. Res. 2002, 19,
1488-1494. doi:10.1023/A:10204046 15898

16.Brandenberger, C.; Mihlfeld, C.; Ali, Z.; Lenz, A. G.; Schmid, O.;
Parak, W. J.; Gehr, P.; Rothen-Rutishauser, B. Small 2010, 6,
1669-1678. doi:10.1002/smll.201000528

1

-

Beilstein J. Nanotechnol. 2017, 8, 2396—2409.

17.Tedja, R.; Lim, M.; Amal, R.; Marquis, C. ACS Nano 2012, 6,
4083-4093. doi:10.1021/nn3004845

18.Freese, C.; Unger, R. E.; Deller, R. C.; Gibson, M. L.; Brochhausen, C.;
Klok, H.-A.; Kirkpatrick, C. J. Biomater. Sci. 2013, 1, 824—833.
doi:10.1039/c3bm60050e

19.Kasper, J.; Hermanns, M. |.; Bantz, C.; Utech, S.; Koshkina, O.;
Maskos, M.; Brochhausen, C.; Pohl, C.; Fuchs, S.; Unger, R. E;
Kirkpatrick, C. J. Eur. J. Pharm. Biopharm. 2013, 84, 275-287.
doi:10.1016/j.ejpb.2012.10.011

20.Li, W.; Liu, R.; Wang, Y.; Zhao, Y.; Gao, X. Small 2013, 9, 1585-1594.

doi:10.1002/smll.201201508

.Peckys, D. B.; De Jonge, N. Nano Lett. 2011, 11, 1733-1738.

doi:10.1021/nl200285r

22.Peckys, D. B.; De Jonge, N. Microsc. Microanal. 2014, 20, 189—-197.
doi:10.1017/S1431927613013986

23. Geiser, M.; Rothen-Rutishauser, B.; Kapp, N.; Schurch, S;
Kreyling, W.; Schulz, H.; Semmler, M.; Im Hof, V.; Heyder, J.; Gehr, P.
Environ. Health Perspect. 2005, 113, 1555-1560.
doi:10.1289/ehp.8006

24.Rothen-Rutishauser, B. M.; Schiirch, S.; Haenni, B.; Kapp, N.; Gehr, P.
Environ. Sci. Technol. 2006, 40, 4353-4359. doi:10.1021/es0522635

25.Rimai, D. S.; Quesnel, D. J.; Busnaia, A. A. Colloids Surf., A 2000, 165,
3-10. doi:10.1016/S0927-7757(99)00439-2

26.Guo, B.; Zebda, R.; Drake, S. J.; Sayes, C. M. Part. Fibre Toxicol.
2009, 6, 4. doi:10.1186/1743-8977-6-4

27.Hihn, J.; Carrillo-Carrion, C.; Soliman, M. G.; Pfeiffer, C.;
Valdeperez, D.; Masood, A.; Chakraborty, I.; Zhu, L.; Gallego, M.;
Yue, Z.; Carril, M.; Feliu, N.; Escudero, A.; Alkilany, A. M.; Pelaz, B.;
Del Pino, P.; Parak, W. J. Chem. Mater. 2017, 29, 399-461.
doi:10.1021/acs.chemmater.6b04738

28. Hinderliter, P. M.; Minard, K. R.; Orr, G.; Chrisler, W. B.; Thrall, B. D.;
Pounds, J. G.; Teeguarden, J. G. Part. Fibre Toxicol. 2010, 7, 36.
doi:10.1186/1743-8977-7-36

29.Rodriguez-Lorenzo, L.; Rothen-Rutishauser, B.; Petri-Fink, A.;
Balog, S. Part. Part. Syst. Charact. 2015, 32, 321-333.
doi:10.1002/ppsc.201400079

30.Kim, J. A.; Aberg, C.; Salvati, A.; Dawson, K. A. Nat. Nanotechnol.
2012, 7, 62-68. doi:10.1038/nnano.2011.191

31. Chithrani, B. D.; Ghazani, A. A.; Chan, W. C. W. Nano Lett. 2006, 6,
662-668. doi:10.1021/nl0523960

32.Lehmann, A. D.; Parak, W. J.; Zhang, F.; Ali, Z.; Rocker, C.;
Nienhaus, G. U.; Gehr, P.; Rothen-Rutishauser, B. Small 2010, 6,
753-762. doi:10.1002/smll.200901770

33. Zaijif, H. S.; Zyuzin, M. V.; Hussain, |.; Parak, W. J.;
Carregal-Romero, S. RSC Adv. 2016, 6, 81569-81577.
doi:10.1039/C6RA08171A

34.Rothen-Rutishauser, B.; Kuhn, D. A.; Ali, Z.; Gasser, M.; Amin, F.;
Parak, W. J.; Vanhecke, D.; Fink, A.; Gehr, P.; Brandenberger, C.
Nanomedicine 2013, 9, 607-621. doi:10.2217/nnm.13.24

35.Kuhn, D. A.; Vanhecke, D.; Michen, B.; Blank, F.; Gehr, P.;
Petri-Fink, A.; Rothen-Rutishauser, B. Beilstein J. Nanotechnol. 2014,
5, 1625-1636. doi:10.3762/bjnano.5.174

36. Pelkmans, L.; Kartenbeck, J.; Helenius, A. Nat. Cell Biol. 2001, 3,
473-483. doi:10.1038/35074539

37.Hayer, A.; Stoeber, M.; Ritz, D.; Engel, S.; Meyer, H. H.; Helenius, A.
J. Cell Biol. 2010, 191, 615-629. doi:10.1083/jcb.201003086

38.Mundy, D. I; Li, W. P.; Luby-Phelps, K.; Anderson, R. G. Mol. Biol. Cell
2012, 23, 864-880. doi:10.1091/mbc.E11-07-0598

39.Kohler, F.; Rohrbach, A. Biophys. J. 2015, 108, 2114-2125.
doi:10.1016/j.bpj.2015.02.029

2

=

2408


https://doi.org/10.1289%2Fehp.8871
https://doi.org/10.1038%2Fnbt1003-1137
https://doi.org/10.1259%2Fbjr.20150207
https://doi.org/10.1016%2Fj.nantod.2011.02.003
https://doi.org/10.3762%2Fbjnano.5.161
https://doi.org/10.1021%2Far300039j
https://doi.org/10.1038%2Fcr.2010.19
https://doi.org/10.1038%2Fnature01451
https://doi.org/10.1039%2Fc2nr31185b
https://doi.org/10.1080%2F00222930701314932
https://doi.org/10.2147%2FIJN.S36111
https://doi.org/10.1021%2Fnn3059295
https://doi.org/10.1042%2Fbj20031253
https://doi.org/10.1023%2FA%3A1020404615898
https://doi.org/10.1002%2Fsmll.201000528
https://doi.org/10.1021%2Fnn3004845
https://doi.org/10.1039%2Fc3bm60050e
https://doi.org/10.1016%2Fj.ejpb.2012.10.011
https://doi.org/10.1002%2Fsmll.201201508
https://doi.org/10.1021%2Fnl200285r
https://doi.org/10.1017%2FS1431927613013986
https://doi.org/10.1289%2Fehp.8006
https://doi.org/10.1021%2Fes0522635
https://doi.org/10.1016%2FS0927-7757%2899%2900439-2
https://doi.org/10.1186%2F1743-8977-6-4
https://doi.org/10.1021%2Facs.chemmater.6b04738
https://doi.org/10.1186%2F1743-8977-7-36
https://doi.org/10.1002%2Fppsc.201400079
https://doi.org/10.1038%2Fnnano.2011.191
https://doi.org/10.1021%2Fnl052396o
https://doi.org/10.1002%2Fsmll.200901770
https://doi.org/10.1039%2FC6RA08171A
https://doi.org/10.2217%2Fnnm.13.24
https://doi.org/10.3762%2Fbjnano.5.174
https://doi.org/10.1038%2F35074539
https://doi.org/10.1083%2Fjcb.201003086
https://doi.org/10.1091%2Fmbc.E11-07-0598
https://doi.org/10.1016%2Fj.bpj.2015.02.029

40.Heusermann, W.; Hean, J.; Trojer, D.; Steib, E.; Von Bueren, S.;
Graff-Meyer, A.; Genoud, C.; Martin, K.; Pizzato, N.; Voshol, J.;
Morrissey, D. V.; Andaloussi, S. E.; Wood, M. J.; Meisner-Kober, N. C.
J. Cell Biol. 2016, 213, 173-184. doi:10.1083/jcb.201506084

41.Lehmann, M. J.; Sherer, N. M.; Marks, C. B.; Pypaert, M.; Mothes, W.
J. Cell Biol. 2005, 170, 317-325. doi:10.1083/jcb.200503059

42.Meyer, R. K.; Aebi, U. J. Cell Biol. 1990, 110, 2013-2024.
doi:10.1083/jcb.110.6.2013

43.Deng, R.; Lin, D.; Zhu, L.; Majumdar, S.; White, J. C;
Gardea-Torresday, J. L.; Xing, B. Nanotoxicology 2017, 11, 591-612.
doi:10.1080/17435390.2017.1343404

44, Hyeon, T,; Lee, S. S.; Park, J.; Chung, Y.; Na, H. B. J. Am. Chem. Soc.

2001, 723, 12798-12801. doi:10.1021/ja016812s

45.Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R.
J. Chem. Soc., Chem. Commun. 1994, 801-802.
doi:10.1039/C39940000801

46.Bogner, A.; Thollet, G.; Basset, D.; Jouneau, P.-H.; Gauthier, C.
Ultramicroscopy 2005, 104, 290-301.
doi:10.1016/j.ultramic.2005.05.005

47.Peckys, D. B.; Baudoin, J.-P.; Eder, M.; Werner, U.; De Jonge, N.
Sci. Rep. 2013, 3, 2626. doi:10.1038/srep02626

48.Ring, E. A.; Peckys, D. B.; Dukes, M. J.; Baudoin, J. P.; De Jonge, N.
J. Microsc. 2011, 243, 273-283.
doi:10.1111/j.1365-2818.2011.03501.x

49. Hermannsdorfer, J.; Tinnemann, V.; Peckys, D. B.; De Jonge, N.
Microsc. Microanal. 2016, 22, 656—665.
doi:10.1017/S1431927616000763

50.R Core Team. R: A language and environment for statistical
computing; R Foundation for Statistical Computing: Vienna, Austria,
2014.
http://www.R-project.org/

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.8.239

Beilstein J. Nanotechnol. 2017, 8, 2396—2409.

2409


https://doi.org/10.1083%2Fjcb.201506084
https://doi.org/10.1083%2Fjcb.200503059
https://doi.org/10.1083%2Fjcb.110.6.2013
https://doi.org/10.1080%2F17435390.2017.1343404
https://doi.org/10.1021%2Fja016812s
https://doi.org/10.1039%2FC39940000801
https://doi.org/10.1016%2Fj.ultramic.2005.05.005
https://doi.org/10.1038%2Fsrep02626
https://doi.org/10.1111%2Fj.1365-2818.2011.03501.x
https://doi.org/10.1017%2FS1431927616000763
http://www.R-project.org/
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.8.239

	Abstract
	Introduction
	Results
	Particle characterisation in cell culture medium and delivery onto the cell surface
	Interaction of particles with macrophages
	Quantification of particle uptake
	Intracellular fate of nanoparticles
	Uptake mechanisms

	Discussion
	Conclusion
	Experimental
	Materials
	Particle characterization and exposure
	Calculation of administered NP doses
	Cell cultures
	Endocytosis inhibitor experiments
	Cell fixation and labelling for laser scanning microscopy (LSM)
	Laser scanning microscopy and data restoration
	Image processing routines
	Inductively coupled plasma optical emission spectroscopy (ICP-OES)
	Environmental scanning electron microscopy of whole cells in the wet state
	Incubation with NPs for ESEM
	Wet ESEM-STEM
	Transmission electron microscopy
	Lactate dehydrogenase assay (LDH)
	Trypan blue exclusion assay
	Statistical analysis

	Supporting Information
	Contributions
	Acknowledgements
	References

