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dvances in nanotechnology are pav-
Aing the way for future biomedical ap-
plications of nanosized materials. >
To date, the number of novel biomedical
applications are very limited, in contrast to
the vast number of nanotechnological de-
velopments.2 The translation of nanotech-
nological improvements into the field of
biomedicine is made difficult by several
factors, one of the most important being
the current incomplete knowledge on cell—
nanoparticle (NP) interactions.® In order to
address this issue, the field of nanotoxicol-
ogy has recently gained a lot of interest. The
amount of toxicological data produced is
steadily increasing, hereby enhancing our
knowledge of cell-NP interactions. How-
ever, the wide variety of cell labeling condi-
tions and physicochemical properties of the
NPs (size, applied coating, purity, surface
functionalization, etc.) and the large range
of different cell types, each with their spe-
cific characteristics, have given rise to quite
a substantial amount of disparate data and
conclusions. Recently, more attention has
been put toward standardization of toxicity
testing and trying to prepare the field of
nanotoxicity research in view of the ever-
increasing interest in nanotechnology.
One type of NP that has been given a lot
of attention in the development of biomed-
ical applications such as drug and gene
delivery, whole body noninvasive imaging,
and hyperthermia cancer therapy are Au
NPs.”~® The wide interest in Au NPs stems
from a broad variety of enticing properties
that Au NPs possess, such as: (1) high chem-
ical stability, (2) narrow size control during
synthesis, (3) easy surface functionalization
with amines or thiols, and (4) the high
biocompatibility of bulk gold.'® Due to the
chemical stability of bulk gold and its low
toxicity, Au NPs were initially expected to be
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ABSTRACT The in vitro la-
beling of therapeutic cells with
nanopartices (NPs) is becoming
more and more common, but
concerns about the possible ef-
fects of the NPs on the cultured
cells are also increasing. In the

present work, we evaluate the
effects of poly(methacrylic acid)-
coated 4 nm diameter Au NPs on a variety of sensitive and therapeutically interesting cell types (C17.2
neural progenitor cells, human umbilical vein endothelial cells, and PC12 rat pheochromocytoma cells)
using a multiparametric approach. Using various NP concentrations and incubation times, we
performed a stepwise analysis of the NP effects on cell viability, reactive oxygen spedies, cell
morphology, cytoskeleton architecture, and cell functionality. The data show that higher NP
concentrations (200 nM) reduce cell viability mostly through induction of reactive oxygen spedies,
which was significantly induced at concentrations of 50 nM Au NPs or higher. At these concentrations,
both actin and tubulin cytoskeleton were deformed and resulted in reduced cell proliferation and
cellular differentiation. In terms of cell functionality, the NPs significantly impeded neurite outgrowth
of PC12 cells up to 20 nM concentrations. At 10 nM, no significant effects on any cellular parameter
could be observed. These data highlight the importance of using multiple assays to cover the broad
spectrum of cell—NP interactions and to determine safe NP concentrations and put forward the
described protocol as a possible template for future cell— NP interaction studies under comparable and

standardized conditions.

KEYWORDS: gold nanoparticles - nanotoxicology - cytotoxicity -
biocompatibility - nanoparticle—cell interaction

well suited for biomedical purposes and not
to elicit any cytotoxic effects at concentra-
tions relevant for the envisaged applica-
tions. Recently, however, this presumption  *Address correspondence to
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potential of Au NPs. Several key findings  ©2012 American Chemical Society
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that have independently been described by multiple
laboratories can however be considered as important
key points to consider when exposing biological speci-
mens to Au NPs: (1) Size: the smaller the particles, the
higher the surface area to volume ratio, which enables
a larger extent of interaction of the NPs with cellular or
intracellular components. Also, smaller NPs are more
likely to reach intracellular locations such as the nu-
cleus, which cannot be reached by larger sized materi-
als. Therefore, smaller sized particles are often con-
sidered as more dangerous.'® However, as previous
work has shown that Au NPs show a size-dependent
cellular uptake with an optimal size of approximately
50 nm,'>'® and as toxic effects exerted by NPs are
linked to their cellular uptake levels, the influence of
size may not be so straightforward. (2) Coating: either
during synthesis or for stability in physiological media,
coating agents are frequently applied, such as cetyl-
trimethylammonium bromide (CTAB), a cationic sur-
factant. CTAB has been shown to desorb from the Au
NP surface, however, and thereby induce cell death
irrespective of the actual effects of the Au NPs them-
selves. Using polymer-coated particles, the toxic ef-
fects of the Au NPs were greatly reduced.'””"? In order
to fully unveil the toxicological profile of Au NPs, there
is a high need for (1) standardized protocols for multi-
parametric analysis of cell—NP interactions at different
time points and NP concentrations, (2) reference ma-
terials to allow easy comparison of NP toxicity levels, (3)
a set of well-suited cell types that could be used for
proper toxicity testing, and (4) the definition of key
parameters, which are essential to address.

As many applications of nanomaterials rely on the
in vitro labeling of cells followed by transplantation of
the marked cells in vivo, the effects of the particles on
cultured cells must be carefully analyzed in order to
promote any further clinical translation of proof of
concept studies. An interesting question that remains
unanswered in the field of nanotoxicology today is
whether nanosized materials as such pose any specific
threats solely due to their size and thus irrespective of
the specific type of core material. To answer this
question, standard toxicity assays as used for drug
screening have not been sufficient and sometimes
cannot be used at all due to NP interference with the
assay readout.?’ Recently, we proposed a standardized
strategy that could serve as a template for any in vitro
NP toxicity study and that addressed all points de-
scribed above?! In the present work, we looked into
the effects of 4 nm diameter poly(methacrylic acid)
(PMA)-coated Au NPs on cell viability, physiology, and
functionality. To this end, we employed the previously
proposed strategy that entailed the use of multiple cell
types (C17.2 murine neural progenitor cells, PC12 rat
pheochromocytoma cells, and primary human umbili-
cal vein endothelial cells (HUVECs)), multiple NP con-
centrations, and time points in order to cover a large
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spectrum of cell-NP interactions. A step by step
approach is then followed, where the following points
were studied: cell viability, reactive oxygen species
(ROS), cell morphology and architecture of cell cyto-
skeleton, and cell functionality. These parameters were
selected through literature review as key markers that
have been found to occur with a multitude of inorganic
NPs, as described in detail in Soenen et al.?' For every
parameter, the highest NP concentration was selected
that did not lead to any negative effects, and this
concentration was then further tested as the maximal
“safe” concentration in the remaining assays. In the
end, a substantial data set was generated for 4 nm
diameter, PMA-coated Au NPs as measured under well-
defined conditions and that can then be used to
compare the effect of other nanomaterials that were
analyzed following the same protocols. Of interest is
also the final concentration of the particles that was
obtained and that could be considered as a reference
for labeling a variety of cells without inducing any
unwanted NP-mediated side-effects.

RESULTS AND DISCUSSION

Particle Characterization. In the present work, 4 nm
diameter Au NPs coated with a thick PMA layer are
used (see Supporting Information for full details on NP
characteristics), which are synthesized and character-
ized as described previously.?? Using light-scattering
and electrophoretic mobility measurements, the hy-
drodynamic diameter of the particles was found to be
13.9 £ 1.2 nm and the {-potential equaled —27.6 +
5.6 mVin 10 mM phosphate-buffered saline (PBS) at pH
7.0. Previously, it was found by fluorescence correlation
spectroscopy measurements that similar particles re-
sulted in a hydrodynamic diameter of 12.8 = 0.8 nm,"®
indicating the high reproducibility of particles between
different synthesis batches. The particles were found to
be well stable in physiological saline, as no aggregates
could be noted even after 3 months of storage at
ambient temperature. The Au NPs are stabilized by
their negatively charged polymer shell via electro-
static repulsion. With regard to cytotoxic effects,
similar polymer-coated Au NPs have been previously
investigated.'®** Lehmann et al.'® demonstrated in-
creased TNFo. release for polymer-coated Au NPs
(below 10 nM particle concentration), but not for
comparable concentrations of the polymer alone.
Polymer-coated Au particles in general should be well
suited for biological/biomedical applications, as they
are remarkably stable. Common surfactant-coated Au
NPs however have been demonstrated to partially
disintegrate in solution, as surfactants such as CTAB
are known to desorb from the Au surface and thereby
elicit significant cytotoxic effects.'” The PMA-coated
particles that were selected as polymer-coated particles
have been described to induce the lowest cytotoxic
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effects, and furthermore, PMA itself was previously
shown not to elicit any cytotoxic effects at concentra-
tions up to 6.7 nM.'® Therefore, any observed effects
that would be obtained in our studies are likely to be
inherent to Au NPs of similar sizes, and the particles
themselves can also be considered as a good reference
material. The small size of the particles is well in line
with the size range commonly applied for cell-labeling
purposes and is more interesting to study from both
cell-labeling and toxicological points of view, as cul-
tured cells tend to endocytose smaller sized NPs to a
higher extent.

Cellular Uptake of Au NPs. Here, the Au particles were
used to label C17.2 neural progenitor cells, primary
HUVECs, and rat PC12 cells. All of these cells have
previously been shown to be sensitive to NP-induced
toxicity and further possess several interesting traits
that make them well suited as basic cell types to define
safe NP concentrations for labeling of a wide variety of
cultured cells.**** Primary HUVECs and C17.2 cells are
furthermore also frequently used for transplantation
studies, where the in vitro labeling of these cells with
NPs to allow in vivo noninvasive monitoring of cell
homing is of great importance. For these applications,
itis of greatimportance that the NPs themselves do not
interfere with the cells, to minimize any unwanted
side-effects such as reduced cell migration or altered
differentiation capacities that would drastically im-
pede any progress in this field or research. The use of
neural stem cell lines and primary human cells further
allows determining whether any differences are ob-
served between cell lines and primary cells, as the first
display an aberrant physiology that may affect the
results, whereas the latter are more closely related to
actual in vivo conditions and may help to facilitate
clinical translation of Au NP-based applications. The
use of the different cell types further enhances the
quality and general applicability of any data obtained,
in contrast to many other studies, where NPs are tested
on a single cell type that is often a cancer cell
line."”"'826 As cancer cells have mutated in order to
promote cell survival and proliferation, their contribu-
tion to nanotoxicology studies is questionable, as they
are likely far more resistant to NP-mediated damage
than normal cells.

When the cells were exposed to the Au NPs, a time-
and concentration-dependent uptake was observed in
all cell types (data not shown), where uptake levels
increased almost linearly from 0, 2, 4, up to 8 h of
incubation, after which a second, much slower increase
in uptake was noted up to at least 24 h. As maximal
cellular uptake was found after 24 h incubation, all cells
were incubated with the particles for 24 h in all forth-
coming experiments unless indicated otherwise. These
observations are in line with previous findings by
Chithrani et al.,'® who found that cellular uptake of
Au NPs increased in time and leveled off after 6 h of
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incubation. These data further show that extended
incubation times up to 72 h?*’ are likely not useful for
enhancing cellular NP uptake. Using transmission elec-
tron microscopy (TEM), the particles were found to be
located in intracellular vesicular organelles, likely en-
dosomes (Figure 1A) for all three cell types, which is in
line with literature data. The small size of the Au cores
enabled visualization of the particles only at high
magnification, as shown in the different TEM slices of
endosomal compartments of C17.2 cells (Figure 1A1),
HUVEC cells (Figure 1A2), or PC12 cells (Figure 1A3)
exposed to the Au NPs at 50 nM for 24 h. The isolated
location of the Au NPs and small aggregates of Au NPs
within the endolysosomal compartments furthermore
suggests that the PMA coating applied provides rela-
tively good colloidal stability of the particles over a
broad pH range, as unstable particles typically result in
intraendosomal aggregation. This is highly important
for any successful biomedical applications of these
particles that typically require well-dispersed Au NPs
and are severely hindered by the occurrence of high
levels of aggregation.®® Visual inspection of several
cells at high magnification did not show significant
amounts of NPs either in the nucleus, attached to the
cellmembrane, free in the cell cytoplasm, or entrapped
within other organelles for cells labeled with Au NPs at
10, 20, 50, 100, or 200 nM, although these locations
have been reported to eventually occur,?® in particular
with surfaces coated with certain peptides.>® These
data are in line with the general consensus that Au NPs
of this size are predominantly cell-internalized through
active endocytosis and the particles then remain en-
trapped within endosomes.

Please note that the concentration indicated in the
present work refers to the number of particles per unit
of volume. In the literature, NP concentrations are
expressed in different units, impeding an easy compar-
ison of results obtained. For comparative purposes, a
table with the corresponding mass units can therefore
be found in the Supporting Information (Supporting
Table S1).

Using the results obtained by means of inductively
coupled plasma (ICP)-MS measurements, the levels of
cell-associated Au NPs were determined (Table 1),
showing avid, concentration-dependent uptake of
the PMA-coated Au NPs in all three cell types. Although
intrinsic differences could be found between the dif-
ferent cell types, the level of cell-associated particles
for all three cell types remains similar. On the basis of
the TEM images and the lack of cell membrane-
attached particles, it can be assumed that nearly all
of these particles will be cell-internalized and located
within intracellular endosomal compartments. On the
basis of the total number of cells and the number of Au
NPs initially applied to the cells, the cellular uptake
efficiencies could be calculated (expressed as the
percentage of NPs taken up with respect to the total
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Figure 1. (A) Representative high-magnification TEM micrographs of a part of (A1) C17.2 cells, (A2) HUVEC cells, and (A3) PC12
cells incubated with Au NPs at 50 nM for 24 h showing cell-internalized particles in vesicular organelles. Scale bars: 100 nm; for
A2: 200 nm. In part A1, N stands for nucleus and PM for plasma membrane. The gold particles enclosed within a vesicular
structure are indicated by an arrow. (B) Relative cell viability as assessed by an LDH assay for C17.2 cells exposed to PMA-
coated Au NPs at the indicated concentrations for 4 or 24 h. Data are expressed relative to that of untreated control cells
(= 100%) as mean + SEM (n = 20). The degree of significance compared to control levels is indicated when appropriate
(*p < 0.05; ***p < 0.001). (C) Representative fluorescence images of calcein AM (green: live cells) and ethidium homodimer-1
(red: cells with damaged cell membrane) co-stained C17.2 cells incubated with Au NPs 0, 50, 100, or 200 nM for 24 h.
The positive controls are C17.2 cells exposed to 1% Triton X-100 for 15 min prior to staining. Scale bars: 150 um.

TABLE 1. Levels of Cell-Associated Gold Nanoparticles

cellular NP levels (10° NPs/cell)

Au NP (nM) 7.2 HUVEC PC12
10 0.7 0.6 0.5
20 13 11 0.9
50 25 21 18
100 45 38 31
200 74 6.2 53

number of NPs applied; more information is available
in the Supporting Information). The values for all cell
types were found to be decreasing for higher concen-
trations of the Au NPs (Supporting Table S2), indicating
that cellular uptake efficiency decreases when higher
concentrations of NPs are applied to the cells, which is
in line with other reports.®' On the basis of these data,
the C17.2 cells were found to have the highest uptake
efficiency, followed closely by HUVEC cells, whereas
PC12 cells displayed the lowest cellular uptake effi-
ciencies, possibly as a result of the small size of the
PC12 cells. The high number of NPs being internalized
is also within the range reported in other studies when
incubation occurred in similar conditions. For example,
Suggs et al.>? reported that mesenchymal stem cells
internalized approximately 5 x 10° Au NPs/cell for
20 nm diameter citrate-coated Au NPs. The slightly
higher values reported in our study are likely due to the
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smaller size of the particles and intrinsic differences in
the uptake capacities of the cell types used.

Effects of Au NPs on Cell Viability. Cells were then
exposed to a broad concentration range of Au NPs
(1—500 nM) for 2, 4, 8, 12, or 24 h. The concentrations
selected here correspond to the range of concentra-
tions frequently applied in biomedical applications of
Au NPs, as can be supported by literature data in the
field, where, for instance, 200 ug/mL or 400 nM (100
ug/mL) was used for in vitro cancer therapy studies or
151 ug/mL for in vivo biodistribution studies.?®333% In
terms of acute cytotoxicity, a concentration- and time-
dependent effect of the particles could be observed,
where maximal effects were found after 24 h incuba-
tion at the highest NP concentration. Figure 1B shows
the data after 4 and 24 h for C17.2 cells, showing a
slight but significant decrease in cell viability assessed
by a lactate dehydrogenase (LDH) assay at 24 h in-
cubation at 200 nM and a large diminution of cell
viability when cells were exposed to 500 nM Au NPs.
Similar effects were observed for the HUVECs and PC12
cells, where no acute cytotoxicity could be noted at
100 nM Au NPs for any of the cell types (see Supporting
Figure S1). Also, when cells were exposed to medium
preincubated with the Au NPs for 24 h after which the
Au NPs were removed by ultracentrifugation, no effect
on cell viability could be seen (Supporting Figure S2),
indicating that the decrease in cell viability was caused
by immediate exposure of the cells to the NPs and not
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Figure 2. (A) Representative confocal images of control HUVECs or cells exposed to 10, 20, 50, or 100 nM Au NP for 24 h at
1 day post-NP-labeling. The left column depicts actin staining (red), the middle column depicts a-tubulin (green), and the
right column is a merged image of both actin and a-tubulin. Scale bars: 50 um. (B) Histograms representing the cell areas
of control cells (dark gray) and cells incubated for 24 h with Au NPs at 10 nM (B1), 20 nM (B2), 50 nM (B3), and 100 nM (B4).
The average cell area is indicated with (*) for control cells and with (§) for NP-treated cells.

by secondary effects such as binding and clearance of
nutrients by the NPs. These obtained results are in the
expected range, as similar PMA-coated 4 nm diameter
Au NPs were found not to induce any acute cytotoxic
effects on malignant T lymphocytes for concentrations
tested up to 50 nM Au NPs.?®

Cellular co-staining with calcein AM (green: viable
cells) and ethidium homodimer-1 (red nucleus: cells
with damaged plasma membrane) confirmed the lack
of cytotoxic effects at 50 and 100 nM Au NPs, whereas
200 nM Au NPs resulted in the onset of cytotoxic effects
(Figure 1C). As NPs are known to be able to interfere
with common viability assays, the confirmation of the
results obtained by the LDH further supports that the
effects that were observed are authentic and not
caused by undesired side-reactions.
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Effects of Au NPs on Cell Cytoskeleton and Cell Spreading. As
the main goal of the present work is to evaluate cellular
stress at the highest, nontoxic concentrations of Au
NPs, the maximal concentration that was further used
in this work was 100 nM. One possible sign of cellular
stress induced by uptake of nanosized materials is
alterations to the cytoskeleton network.?' Therefore,
the effect of the PMA-coated Au NPs on cellular actin
and tubulin fibers was investigated. To this end, control
cells and cells incubated with Au NPs at 10, 20, 50, or
100 nM for 24 h were stained for F-actin (red) and
o-tubulin (green) at 1 day post-NP-incubation. The results
shown in Figure 2 are for HUVEC cells, as these cells are
typically well-spread and display an extensive actin
and tubulin network, which facilitates the analysis of
any defects. Figure 2A shows representative confocal
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images of the different channels as well as an overlay
image of both the actin and tubulin cytoskeleton.
Figure 2B displays histograms of cell areas of control
cells or cells incubated with the Au NPs at 10, 20, 50, or
100 nM. On the basis of the images, no effects were
observable for cells exposed to 10 or 20 nM Au NPs, but
a clear loss of actin network coherence can be ob-
served when cells were exposed to Au NPs at 50 nM.
Similarly, a clear loss of tubulin network can also be
observed at Au NP concentrations of 100 nM. These
profound effects on cytoskeleton architecture also
resulted in a concentration-dependent reduction of
cell spreading (Figure 2B). Similar results were obtained
for C17.2 neural progenitor cells (Supporting Figure
S3), where the overall trend was similar in that higher
NP levels (50 nM or above) reduced cell spreading, but
the smaller size of C17.2 cells together with the occur-
rence of cytoplasmic extensions typical for cells of
neural lineage results in a reduced extent of these
effects. PC12 cells could not be analyzed in this assay
due to the small size of the cells and very limited
cytoplasmic space as well as the semiadherent nature
of the cells that only display minimal cell spreading. Of
further interest is the fact that these effects were found
to be transient, where the degree of spreading of cells
exposed to particles at 100 nM gradually reaches the
level of control cells in approximately 6—8 days
(Supporting Figure S4). Although the average cell
physiology recovers in time, the fate of the cells with
initial aberrant physiology remains unclear. It is well
possible that cells with lower NP numbers and less NP-
induced stress will show a favorable cell division rate,
which will lead to a rapid increase in the number of
healthy cells with normal physiology but containing
only minimal amounts of particles, possibly too low for
any biomedical application. Alternatively, the cells that
show the highest amount of stress could eventually die
at a later stage, resulting in only healthy cells (with low
particle numbers), which are able to proliferate. The
latter hypothesis seems less likely, as additional LDH
assays at later time points did not reveal any signs of
cell death within one week after NP exposure at 100 nM
(Supporting Figure S5), but the gradual loss of low
numbers of cells below the sensitivity threshold of the
assay cannot be excluded. Furthermore, when cells
were exposed to medium that was preincubated with
the Au NPs at 10, 20, 50, or 100 nM for 24 h, after which
the NPs were removed by centrifugation, no effects on
cell morphology could be observed (data not shown),
suggesting that the morphological aberrations are
directly caused by the Au NPs and are not due to the
loss of nutrients or growth factors that are bound to the
NP surfaces.

Together, the data show a transient and concentra-
tion-dependent deregulation of both the actin and
tubulin cytoskeleton architectures. It is worth noting
that effects on the actin cytoskeleton occurred at levels
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(50 nM) lower than those at which the tubulin network
was deformed (100 nM), suggesting that the actin
fibers are—for reasons that are presently unclear—
more sensitive to the NP-induced deformations.
Although Au NP-mediated cytoskeletal aberrations
have not been carefully studied thus far, several
authors have reported on morphological defects of,
for instance, A549 human lung carcinoma cells'' or
human dermal fibroblasts®® as a consequence of Au
NPs. In line with our present findings, Au NP concen-
tration-dependent perturbations of actin fibrils have
been described.?>3% Interestingly, Au NP-induced cy-
toskeletal deformations have thus been described to
occur in multiple cell types and have been induced
with a variety of Au NPs varying in size from 4 to 45 nm
and with different coating agents (PMA, citric acid). As
such, it appears that the deformation of cytoskeletal
architecture is a common, concentration-dependent
mechanism of Au NPs and therefore an important
parameter to consider when determining the toxico-
logical profile of Au NPs.'

The underlying mechanism for these cytoskeletal
defects are as of yet unclear, but the lack of any
particles found freely in the cytoplasm together with
previous data by Mironava et al.,*® who observed actin
deformations while actin protein expression levels
were unaffected, suggests an indirect mechanism to
be at play. We hypothesize that high intracellular
numbers of nondegradable and solid NPs that are
clustered together in large endosomal structures, typ-
ically located in the perinuclear region,'’ may sterically
hinder and deform the cytoskeletal architecture. It
has been described that NP-loaded endolysosomal
structures enlarge in size and lose their functionality.
As these endolysosomal vesicles are typically located in
the perinuclear region and near the microtubule orga-
nizing center, we suggest that they may sterically
hinder the existing or newly forming cytoskeletal
structures, along with interfering with cell division. This
hypothesis is further supported in previous studies
where similar morphological defects were observed
for iron oxide NPs,2>3”38 suggesting a common effect
for solid, endosomally located NPs. Further studies on
this phenomenon are required to unravel the precise
underlying mechanisms.

Effects of Au NPs on focal adhesions and associated signaling.
The previous work on iron oxide NPs further showed
that extensive deformation of the actin fibers may
have secondary effects on actin-mediated signaling
pathways.>® To investigate this possibility, the effect
of the Au NPs on focal adhesion complexes (FACs) was
studied. Figure 3A shows representative confocal
images of control HUVEC cells or cells incubated with
the PMA-coated Au NPs for 24 h at 10, 20, 50, or 100 nM.
The images displayed reveal the actin cytoskeleton
(red) and vinculin protein (green), an important struc-
tural component of FACs present in nearly all cell

VOL.6 = NO.7 = 5767-5783 = 2012 F@L@Mi{\)

WWW.acsnano.org

5772



A) Actin Vinculin

Control

10 nM

20 nM

50 nM

100 nM

Figure 3. (A) Representative confocal images of control HUVECs or cells exposed to 10, 20, 50, or 100 nM Au NP for 24 h at
1 day post-NP-labeling. The left column depicts actin staining (red), the middle column depicts vinculin (green), and the right
column is a merged image of both actin and vinculin. Scale bars: 50 um. (B, C) Histogram representing the cellular FAC areas of
control cells or cells incubated with the Au NPs for 24 h at 10, 20, 50, or 100 nM for (B) HUVEC cells and (C) C17.2 cells. Data are
expressed as mean & SEM (n = 20). When appropriate the degree of significance is indicated for Au NP-treated cells compared
with untreated control cells (*p < 0.05; **p < 0.01; ***p < 0.001).

types.®® Similar to the data shown in Figure 2, the
control cells show clear actin fibers, whereas Au NP-
treated cells display an extensive loss of actin fibers, at
both 50 and 100 nM incubation. Similarly, control cells
show nicely mature FACs, as can be seen by the highly
intense vinculin stainings localized preferably where
several actin fibers end. For cells exposed to the Au NPs
at either 50 or 100 nM, the loss of the actin network
correlates with a decrease in FACs and an apparent
increase in the amount of free vinculin, which is
typically seen as a diffuse staining throughout the
cellular cytoplasm. By analyzing the images, the total
area of the FACs per cell in every condition could be
calculated (Figure 3B), showing a significant decrease
in cellular FAC area for cells exposed to the PMA-
coated Au NPs at 50 nM and an even bigger reduction
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of FAC areas for cells exposed to 100 nM Au NPs. C17.2
cells displayed overall smaller FAC areas due to their
smaller size, but resulted in similar effects on FAC area
reductions when cells were exposed to higher levels of
Au NPs (Figure 3Q).

As the FAC areas are the product of the number of
FACs and their respective size (which correlates to their
maturity), the large reduction in FAC areas indicates a
significant loss of mature FACs. FACs are multiprotein
complexes that form a direct link between the actin
network and the extracellular environment and there-
by play an important role in actin-mediated signaling
(e.g., integrin-triggered signaling).*® The Au NP-
mediated loss of mature FACs therefore implies sig-
nificant alterations in intracellular signaling pathways,
which could manifest itself in a large variety of defects
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Figure 4. Level of FAK expression of 5 x 10* cells expressed as (A, B) the amount of total cellular FAK or (C, D) the amount of
active pY397-FAK relative to control cells (100%) after 2 days following exposure of the cells to Au NPs at 50 or 100 nM for 24 h.
The levels of FAK in C17.2 cells are shown in (A) and (C); for HUVEC cells in (B) and (D). The dark gray bars indicate cells that
were additionally exposed to 100 «M NasVO, for 5 h immediately prior to protein extraction and are expressed as the total
amount of pY397-FAK relative to the respective total expression level of FAK for every condition. The data are presented as
the mean + SEM (n = 3 independent assays). When appropriate the degree of significance is indicated for Au NP-treated cells

compared with untreated control cells (*p < 0.05; **p < 0.01).

in cell homeostasis and should thus be considered as a
highly unwanted and extremely dangerous toxicologi-
cal effect of the Au NPs on the labeled cells.

In order to further investigate the potential con-
sequences of the observed effects on actin-mediated
signaling mechanisms, we determined the protein
expression levels of focal adhesion kinase (FAK), one
of the main signaling molecules involved in a variety of
actin-mediated signaling pathways. FAK is a nonrecep-
tor protein-tyrosine kinase that predominantly loca-
lizes in FACs. Upon integrin stimulation, FAK can
autophosphorylate at Y397, after which it can bind
Src family member kinases, which can further phos-
phorylate FAK and act synergistically to phosphorylate
downstream targets.>® Figure 4 shows the total levels
of FAK protein in (A) C17.2 or (B) HUVEC cells for either
control cells or cells incubated with PMA-coated Au
NPs at 50 or 100 nM for 24 h. The data clearly show a
small, but nonsignificant concentration-dependent
decrease of FAK levels, indicating no clear effects
of the Au NPs on protein expression levels. As only
Y397-phosphorylated (pY397) FAK is involved in actin-
mediated signaling, the level of pY397-FAK was eval-
uated as well (Figure 4C,D), clearly showing a signifi-
cant and concentration-dependent decrease of active
PY397-FAK levels upon exposure of either (C) C17.2 or

SOENEN ET AL.

(D) HUVEC cells to the Au NPs. Pretreatment of the cells
for 5 h with 100 M sodium orthovanadate, an inhibitor
of protein phosphotyrosyl phosphatases, was able to
increase the level of pY397-FAK to approximately 75%
of their respective total expression levels for both
control and Au NP-treated cells.

The lack of any effects on FAK expression levels, but
the severe decrease of FAK activation further supports
our previous hypothesis that the observed effects are
due to secondary (indirect) effects of the Au NPs, likely
due to steric hindrance and physical deformation of
the actin network by large endosomal compartments
containing high concentrations of Au NPs. The actin
network remodeling will break up the FACs, thereby
drastically impeding any activation of FAK that is
functionally linked to mature and stable FACs.>® This
then results in a sort of snowball effect, as the lower
levels of active FAK will lead to less activation of
paxillin, an important signaling molecule involved in
the growth of actin fibers.>® The reduced actin remod-
eling capabilities are thus likely to further enlarge the
initial cytoskeletal aberrations induced directly by the
Au NPs, resulting in the distinct effects as seen in
Figure 2.

Effects of Au NP-Induced Cytoskeletal Deformations on Cell
Homeostasis. Effects of Au NPs on Cell Proliferation. The
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Figure 5. (A) Representative fluorescence images of C17.2 cells incubated with Au NPs at 0, 50, or 100 nM for 24 h, kept in
culture for another 24 h, and subsequently incubated with EdU for 12 h to indicate cellular proliferation. All nuclei are
counterstained by DAPI (blue); the nuclei of cells going through the S phase of mitosis have incorporated EdU (green). Scale
bars: 100 um. (B1) Cell doubling times of C17.2 cells for control cells or cells incubated with Au NPs for 24 h assessed at 3 days
after NP incubation. Data are expressed as mean + SEM (n = 5). When appropriate, the degree of significance compared to
untreated control cells is indicated (*p < 0.05; **p < 0.01). (B2) The respective cell cycle statuses of control cells or cells
incubated with Au NPs for 24 h assessed at 2 days after NP incubation by flow cytometry. The relative amount of cells in G1
phase is indicated in gray, S phase in black, and G2/M phases in light blue. (C) Representative confocal images of C17.2 cells
incubated with Au NPs for 24 h, showing DAPI nuclear counterstain in all cells (blue) and those stained for the presence of
nestin in proliferating cells (top row) or for TuJ-1 for cells undergoing 6 days of neuronal differentiation (bottom row). Scale
bars: 50 um. (D) Number of TuJ-1 expressing cells relative to the total number of cells. Data are expressed as mean + SEM
(n = 3). The degree of significance between Au NP-exposed cells and control cells is given when appropriate (**p < 0.01).

lower levels of active pY397-FAK can have a wide range
of effects on the cellular well-being due to the high
number of intracellular signaling pathways that are
linked to FAK-mediated signaling. In order to evaluate
whether the reduced pY397-FAK levels lead to any
secondary effects, cell proliferation was analyzed, as
cell cycle progression is known to be one of the major
downstream effectors of FAK-mediated signaling.*’
Figure 5A shows representative fluorescence images
of C17.2 control cells or cells incubated with the Au NPs
for 24 h at 50 or 100 nM. All cell nuclei are stained with
DAPI (blue) regardless of their cell cycle phase, whereas
cells were also exposed to 5-ethynyl-2’-deoxyuridine
(EJU; green), a thymidine analogue that can be incor-
porated in the cellular nuclear DNA upon DNA synthe-
sis (S phase of cell cycle). From the images, it can be

SOENEN ET AL.

seen that cells exposed to the Au NPs at 100 nM did not
all progress through the S phase of the cell cycle, in
contrast to control cells or cells treated with 50 nM Au
NPs. As no toxic effects were found at the concentra-
tions used (Figure 1), this likely points to a halt in cell
cycle progression, possibly due to altered signaling
mechanisms. By means of manual cell counting, it was
further shown that the exposure of C17.2 cells to the Au
NPs led to a significant and concentration-dependent
reduction in cell cycle progression (Figure 5B1). Similar
effects were observed for the HUVEC cells, showing a
significant, concentration-dependent reduction of cell
division (Supporting Figure S6). To investigate this
more thoroughly, the exact cell cycle phase of con-
trol and treated samples was analyzed (Figure 5B2).
The data show that the percentage of C17.2 cells in the
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S phase did not alter much among the different
samples (+£8% of all cells). However, for cells exposed
to the Au NPs, a concentration-dependent increase of
cells in the G2/M phase of the cell cycle could be seen
correlated with a decrease of cells in G1 phase.

These data point to an arrest of the cells in G2/M
phase upon exposure to the Au NPs at 50 or 100 nM.
This can be explained by the low activation status of
FAK, which has been shown to inhibit proliferation.*’
When FAK is activated, downstream signaling events
trigger the expression of S-phase-associated kinase
protein 2 (Skp2), an F-box protein that targets inhibi-
tors of cyclin-dependent kinases (CDKs), such as p21
and p27.*2 The lower levels of active FAK will thus
generate less Skp2 expression, which in turn will lead
to more p27-mediated inhibition of cyclin E/CDK2
complex formation, thereby impeding G2/M phase
transition.

Effects of Au NPs on Stem Cell Differentiation. Other
than affecting cell proliferation kinetics, one of the
major concerns of nanosized material on cultured stem
cells is possible alterations of the cellular “stemness”,
i.e., the ability to self-renew by undergoing mitosis and
the ability to differentiate into more mature cell types.
To look at any effects of the Au NP-mediated altered
intracellular signaling on cell differentiation capabil-
ities, the expression of cellular markers in C17.2 cells
undergoing neural differentiation has been evaluated.
C17.2 cells are an immortalized neural progenitor cell
line obtained by transduction of neural progenitor cells
derived from the external germinal layer of neonatal
mouse cerebellum with the immortalizing oncogene
v-myc.*® The ability of these progenitor cells to further
differentiate into mature neurons has been tested for
both control cells and cells exposed to the Au NPs for
24 h at 50 or 100 nM. Figure 5C shows that in all
conditions proliferating cells express nestin, a type VI
intermediate filament that is a typical marker for neural
stem cells, whereas no cells revealed any expression of
a-tubulin [l (Tul-1), a neuron-specific a-tubulin iso-
form (data not shown). Upon 7 days of neuronal
differentiation, control cells showed high expression
of TuJ-1, indicative of successful differentiation of the
C17.2 cells from a progenitor state into a mature
neuron. Cells that were incubated with the Au NPs at
50 nM also showed high Tul-1 expression levels,
although the number of cells that were successfully
differentiated was slightly less than for the control cells
(Figure 5D). Cells that were exposed to 100 nM Au NPs
displayed drastically reduced TuJ-1 expression levels,
resulting in a significant inhibition of stem cell differ-
entiation capacities due to the Au NP-mediated cellular
effects. Please note that these effects are well in line
with the observed effects on the cytoskeleton defor-
mations. Although the effects on the cytoskeleton
architecture are only transient and most cells appear
“normal” after 7 days of continuous culture (Figure 5C,
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top row), the secondary effects caused by these de-
formations are still present. Therefore, when investi-
gating cell-NP interactions, it is imperative to study a
multitude of parameters and to also avoid any tran-
sient effects if particles are to be used for biological
purposes.

The effects of Au NPs on cell functionality have not
been studied in depth, but several articles have already
indicated the possible dangers of Au NPs on impeding
cellular functions. Pernodet et al>® noted that very
high concentrations of citrate-coated Au NPs de-
creased the migration capacity of human dermal fibro-
blasts. On the level of stem cell differentiation, a lot of
ambiguity still remains, as contradicting results can be
found. Li et al.**** observed that 15 and 30 nm di-
ameter Au NPs slightly inhibited both osteogenic and
adipogenic differentiation of human mesenchymal
stem cells, whereas Zhang et al.*® reported that Au
NPs stimulated osteogenesis and impeded adipogen-
esis of mesenchymal stem cells. These data clearly
support our present findings and indicate that the
intracellular presence of Au NPs can have broad effects
on a variety of signaling mechanisms. As cellular mor-
phology has large influences on stem cell differentia-
tion,”” we suggest that the sterically induced deforma-
tions of the actin network by the Au NPs are likely a key
player in contributing to this unwanted and dangerous
effect.

Induction of Reactive Oxygen Species. Next, we investi-
gated whether additional mechanisms other than cell
cytoskeleton deformations played a role in the cyto-
toxic effects elicited by the Au NPs. André Nel and co-
workers have previously described that a broad range
of nanomaterials are known to induce ROS, and they
put forward ROS induction as one of the main dam-
aging effects of NPs on cell physiology.*®*° For Au NPs,
the induction of ROS has also been described in several
studies,”” hereby making it a likely candidate for the
observed decrease in cell viability at higher concentra-
tion of Au NPs. To verify this, cells were exposed to
PMA-coated Au NPs for 24 h at concentrations ranging
from 1to 200 nM. As shown for C17.2 cells in Figure 6A,
a clear concentration-dependent induction of ROS was
observed, reaching significantly elevated levels at
50 nM Au NPs and resulting in a 2.5-fold increase of
200 nM Au NP-treated cells compared to control cells.
Similar results were obtained for the HUVEC and
PC12 cells (Supporting Figure S7), where the level of
ROS in PC12 cells is only slightly lower than in the case
of C17.2 cells. Taking into account the lower cellular
uptake of the PC12 cells, this suggests that the PC12
cells are more sensitive to NP-induced stress than the
C17.2 or HUVEC cells. At shorter incubation times, only
minimal ROS elevations were observed (data not
shown), likely due to the lower intracellular amount
of particles, and the time required for cells to react to
the presence of the foreign material by generating ROS
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as 24 h is commonly found as the optimal time to
assess ROS levels upon NP exposure.*® The induction of
ROS can help the cells in overcoming stress induced by
ingesting foreign materials and is thus a logical re-
sponse for cells incubated with solid inorganic NPs. In
order to protect the host cells from the possible
dangers of ROS, mammalian cells possess several
protective agents, such as superoxide dismutase or
glutathione, that aid in the transformation of ROS
species into less reactive substances. Because of the
cellular defensive capabilities against ROS, the conse-
quences of an elevated ROS level on cell physiology is
unclear and differs widely among various cell types.®'
Highly elevated ROS levels may potentially initiate
lipid peroxidation and protein oxidation, induce DNA
damage, or affect mitochondrial viability, which can
then lead to cell death.

Secondary ROS-Mediated Effects. To evaluate whether
the elevated ROS levels have any secondary effects on

SOENEN ET AL.

cell physiology, mitochondrial membrane potential
(AW,,) and DNA damage were evaluated. Figure 6B
shows representative fluorescence images of C17.2
cells exposed to Au NPs at 0, 50, 100, or 200 nM for
24 h and subsequently stained for AW, using the JC-
10 dye. This is a cationic carbocyanine compound that
can bind the outer mitochondrial membrane, and in
healthy mitochondria with a normal AW,,,, the dye will
aggregate inside the mitochondria (red color), whereas
the dye will remain as green monomers throughout
the cell cytoplasm in the case where the AW,,, has been
lost. Using this approach, mitochondrial damage will
result in an increased ratio of green over red fluores-
cence. The images show control cells with distinct red-
colored mitochondria, which is similar for cells exposed
to 50 nM Au NPs. The ratio of green over red fluores-
cence was also measured spectrofluorometrically
(Figure 6D), where it can be seen that for cells exposed
to the particles at 100 nM a clear increase in green
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fluorescence and a decrease in red fluorescence can be
seen, which is even more pronounced for cells exposed
to 200 nM Au NPs. For HUVEC and PC12 cells, similar
results were obtained where mitochondrial damage
was noticeable at concentrations of 100 nM and above
(Supporting Figure S8).

In terms of possible DNA damage, the occurrence of
double-strand breaks was evaluated by staining for y-
H,Ax foci, which are formed by the rapid phosphoryla-
tion of histone H,Ax at sites of DNA double-strand
breaks.>> Figure 6C shows representative confocal
images of C17.2 cells stained for y-H,Ax and where
the nuclei have been counterstained using DAPI. On
the basis of these images, it is clear that the cells display
a concentration-dependent increase in y-H,Ax foci
correlated with higher NP levels. By analyzing the
fluorescence levels of the images (Figure 6D), it is
further shown that 100 nM Au NPs lead to slight but
insignificant increases in y-H,Ax foci, but when cells
are exposed to 200 nM Au NPs, a significant 3-fold
increase in the overall fluorescence level is observed,
indicating high levels of DNA double-strand breaks. For
HUVEC and PC12 cells, significant levels of y-H,Ax were
obtained for HUVEC cells exposed to Au NPs at 100 nM
or above, where effects on HUVEC cells were most
pronounced (Supporting Figure S8), possibly indicat-
ing a higher sensitivity of primary HUVEC cells to
oxidative DNA damage than long-lived cell lines such
as C17.2 or PC12 cells.

Taken together, these data point to severe second-
ary effects of the elevated ROS levels when cells were
exposed to Au NPs at concentrations of 200 nM. As
these results are in line with the onset of cytotoxic
effects, the link between ROS induction and the de-
crease in cell viability was further looked into. An im-
portant mediator in ROS-induced cell death-mediated
signaling is nuclear factor kappa B (NFkB). NFkB has
been described to be activated upon oxidative stress
induced by nanomaterials such as quantum dots.>* Upon
ROS induction, lkappaB kinases (IKK) phosphorylate and
trigger degradation of inhibitory I«B proteins. This en-
ables the release of bound NF«B dimers, resulting in a
translocation from the cell cytoplasm into the nucleus,
where the NFxB dimers can act as transcription factors.

SOENEN ET AL.

When cells were exposed to 50, 100, 200, or 500 nM
Au NPs for 24 h, activation of the NF«B pathway was
observed at the highest concentrations, reaching sig-
nificant levels at 200 nM Au NPs, which is in line with
the occurrence of cytotoxicity at these concentrations
(Figure 7A—C). The clear correlation of NF«B activation
with ROS levels suggests that NF«B activation results
from oxidative stress. Given that the effects for the
three cell types are comparable, this further highlights
the sensitivity of the PC12 cells toward nanomaterial-
induced oxidative stress.

In order to link the ROS levels to the cytotoxic
effects observed, cells were co-incubated with Au
NPs and 5 mM N-acetylcysteine (NAC), an FDA-
approved ROS scavenger. Exposure of the cells to the
Au NPs in the presence of 5 mM NAC significantly
reduced ROS levels in all three cell types, back to near
control levels (Supporting Figure S9). Under these low
ROS conditions, both mitochondrial and DNA damage
were found to be abolished and no activation of NF«B
was found (Supporting Figures S10, S11). Furthermore,
cell viability could be partially recovered in all three cell
types (Figure 6E, Supporting Figure S12). Interestingly,
however, is the fact that treatment of the cells with
NAC was not sufficient to overcome all the cytotoxic
effects of the Au NPs at the highest concentration,
especially in the case of C17.2 and HUVEC cells. This
suggests the role of additional ROS-independent
mechanisms taking place that are more pronounced
for the C17.2 and HUVEC cells. One possibility is the
cytoskeleton deformations that are contributing to the
cytotoxic profile of the particles. This was further
confirmed by the lack of effect of 5 mM NAC on FAK
activation levels (Supporting Figure S13), confirming
that the observed cytoskeletal rearrangements and
altered signaling pathways occurred in a ROS-independent
manner and affect cell viability through an independent
mechanism.

Effects of Au NPs on Cell Functionality. For biomedical
applications, stem or immune cells are often cultured
in vitro to expand their population size followed by a
transplantation in vivo so that the cells may help in
overcoming a pathological condition. In order to be able
to monitor the behavior of the cells after transplantation
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Figure 8. (A) Representative confocal micrographs of PC12 cells incubated with Au NPs for 24 h at the concentration indicated
followed by 2 days of NGF exposure, showing a-tubulin (green) and G-actin red) staining. Scale bars: 50 um. Representative
cells not exposed to NGF, control cells exposed only to NGF, and cells incubated with NGF after exposure to AuNPs at 5, 10, 20,
or 50 nM are shown. (B) Histograms representing the average number of neurites per cell for NGF-exposed cells incubated
with 0, 5, 10, 20, or 50 nM Au NPs for 24 h. Data are expressed as mean £ SEM. When appropriate, the degree of significance
when compared with untreated controls cells is indicated (*p < 0.05; **p < 0.01). (C) Number of neurites of a certain length per
cell for NGF-exposed cells incubated with Au NPs for 24 h at 0, 5, 10, 20, or 50 nM. When appropriate, the degree of
significance when compared with untreated control cells is indicated (*p < 0.05 (20 nM); **p < 0.01 (50 nM)).

and the extent of their integration in the host tissue to
replace damaged host cells, the cells are often marked
with a labeling agent during their time in culture. As
organic dyes tend to photobleach and are often not
well suited for imaging in deeper tissues and radio-
tracers also have a limited lifespan and are preferen-
tially excluded because of radiation issues, the use of
inorganic NPs such as quantum dots, iron oxide NPs, or
Au NPs has gained a lot of interest.>>**~>” The unique
characteristics of these NPs allow to track the fate of
the labeled cells in vivo using near-infrared fluores-
cence, magnetic, optical, or photoacoustic imaging. An
important consideration in this respect, however, is
that the cellular uptake of the NPs may not have any
effect on the functionality of the labeled cells, as this
might then impede their in vivo usefulness. Here, we
tested the effect of the PMA-coated Au NPs on the
ability of PC12 cells to respond to nerve growth factor
(NGF) stimulation by inducing neurite growth. PC12
cells are small, semiadherent cells with typically a near
round morphology when cultured under growth con-
ditions (Figure 8A, nNo NGF). However, when the cells
are exposed to 100 ng/mL NGF, they respond by
rapidly inducing neurite outgrowth, as can be seen in
Figure 8A, where control cells and cells labeled with the
Au NPs at 5, 10, 20, or 50 nM for 24 h were exposed to
NGF for 48 h. The ability of the cells to grow neurites
can then easily be quantified (Figure 8B, C) using
specialized software, as described in the Materials
and Methods section. In order to exclude any effects
caused by binding of NGF or nutrients to the nanoparticle
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surface, NGF was only administered after removal of
the NP incubation medium. Furthermore, cells were
also exposed to NGF medium that was previously
incubated with the Au NPs for 24 h, after which the
particles were removed by ultracentrifugation, which
did not lead to any effects on outgrowth of PC12
neurites (data not shown).

On the basis of the images and the quantitative
data obtained, it can clearly be seen that higher levels
of Au NPs (50 nM) significantly impeded cell function-
ality, impeding both the number of neurites extending
per cell (Figure 8B) and the average length of the
neurites (Figure 8C). Also at 20 nM, the PMA-coated
Au NPs still led to significant reductions in cell func-
tionality despite the lack of a significant effect in any of
the previous assays. This finding is supported by pre-
vious data and is confirming the work by Pisanic et al.,*®
who introduced the PC12 cell model system as a highly
sensitive and quantifiable tool to study NP-induced
cellular dysfunctions.?® To date, the effect of Au NPs on
stem cell functionality remains elusive, and only sparse
data have been obtained so far. Although several
studies have described the effect of Au NPs on me-
senchymal stem cells, the results are at first glance
quite contradictory, as either both adipogenesis and
osteogenesis are inhibited,**** adipogenesis is inhib-
ited whereas osteogenesis is stimulated,*® or neither
adipogenesis or osteogenesis is affected.? These var-
iations may be due to differences in physicochemical
properties of the Au NPs, differences in the labeling
conditions used, or the precise type of measurement
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that was performed. However, the use of standard
differentiation assays followed by qualitative analysis
of differentiation capacities that is frequently done to
evaluate NP-induced cellular stress does not appear to
be well suited to study any NP-mediated effects.
Standard differentiation assays as done for mesenchy-
mal stem cells take from up to 7 days to two weeks.
That may lead to a significant dilution of intracellular
NP contents in time and an associated recovery of the
cells when NP levels drop under a significant level.
Furthermore, typical differentiation protocols are very
stressful for the cells and are often accompanied with
high rates of cell death. Because of this, any cells that
may already have experienced any stress induced by
the NPs are likely to be lost during the differentiation
process itself, leaving only those cells that have experi-
enced the least NP-induced effects and, thus, the cells
that have taken up the lowest amount of NPs.>® The
rapid induction of neurite outgrowth of PC12 cells, the
low associated cell death, and the ease of quantifica-
tion put forward these cells as an elegant and sensitive
model system to study cell-NP interactions.

Defining Nontoxic Au NP Level and the Underlying Cytotoxic
Mechanisms. Taking together all the previous data, it
was shown that 4 nm diameter PMA-coated Au NPs
resulted in direct cytotoxic effects when incubated for
24 h at concentrations of 200 nM or more. Next, a
concentration-dependent induction of ROS, reaching
significant levels starting from 50 nM Au NPs was also
observed. At 100 nM, the induced ROS levels resulted
in a significant loss of mitochondrial membrane po-
tential and generated DNA double-strand breaks, the
extent of which was likely not enough to resultin direct
cell death in the time window used in the present
study, but may result in severe secondary side-effects
at a later stage. The induced oxidative stress also
affects cell viability through NF«B pathway activation.
Although the induction of oxidative stress is the major
cause of cytotoxic effects, it does not account for all
cytotoxicity, suggesting that other mechanisms appear
to play a role. At concentrations above 50 nM, con-
centration-dependent effects of the Au NPs on actin
and tubulin cytoskeleton and associated signaling
were observed. Together with the induction of ROS,
the impeded actin-mediated signaling is likely to ex-
plain the decreases in cell viability at higher Au NP
concentrations. Using the PC12 cell model, which
allows for a rapid and quantifiable assessment of cell
functionality, it was further observed that the out-
growth of neurites was significantly impeded when
cells were incubated at concentrations of 20 nM and
higher. In total, no effects at all were observed at
concentrations of 10 nM of the NPs. Using inductively
coupled plasma spectrometry, it was determined that
for C17.2 cells incubated at 10 nM, 6.99 x 10° NPs were
taken up per cell (Table 1). Taking into account the total
cell population and the total number of particles
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initially applied to the cells, the cellular uptake effi-
ciency was calculated to be 2.72%. This high number of
internalized NPs is in the range of other values re-
ported in the literature® and is likely to be more than
sufficient to allow most biomedical applications. More
data on the minimal amount of Au required to allow
photoacoustic imaging of transplanted cells or laser
ablation of tumor cells is however needed to verify this.

The present study also offers many exciting future
possibilities and future questions to be answered. The
multiparametric approach that was used here was
shown to offer many advantages compared to com-
mon cell viability assays, enabling defining the me-
chanisms underlying NP toxicity and obtaining a
nontoxic level of the NPs tested that was significantly
lower than the level found using classical cell viability
assays. In the present work, the PMA-coated 4 nm
diameter Au NPs were fully characterized and vigor-
ously tested. The data obtained here will therefore
serve as a comparative tool for future studies, where Au
NPs of various sizes, shapes, and coatings can be tested
under identical conditions, allowing an in-depth anal-
ysis of the respective contribution of any of these
parameters on NP toxicity. As different NPs will affect
cells by different mechanisms, depending on many
factors such as colloidal stability and cellular uptake
efficiency, future studies must be carried out to verify
whether the observed effects are common for all types
of Au NPs or whether certain coatings or NP sizes can
be found that reach similar intracellular levels of Au
while inducing less negative effects.

CONCLUSIONS

The present work offers a detailed and multipara-
metric approach to assess cell-NP interactions. The
use of multiple and sensitive cell types (each with their
specific traits), different incubation concentrations and
times, and the various aspects that were studied pro-
vides a nice overview of how NPs can interfere with
normal cellular homeostasis. The obtained results
highlight the importance of using multiple assays to
cover a substantial data set on cell-NP interactions, as
there are multiple ways of how the particles can
interact with cultured cells and these effects are easily
overlooked using standard toxicity assays. The results
obtained using the previously defined protocol for
assessing NP toxicity provide a nice reference point
for future comparison of other nanomaterials tested
under the same conditions, and the assays themselves
may help to establish highly needed standardized
protocols for future NP toxicity assessments. Using this
multiparametric approach, a concentration of 10 nM of
PMA-coated 4 nm diameter Au NPs (leading to 6.99 x
10° NPs/cell) was found not to lead to any significant
effects with respect to cell viability, ROS induction,
cell morphology, or functionality. Importantly, the final
noncytotoxic concentration of 10 nM that was defined
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is approximately 10-fold lower than the concentration
that was obtained using commonly used cell viability
assays (100 nM), further emphasizing the importance
of including multiple parameters to evaluate the toxic
effects of nanosized materials on cultured cells. As
multiple sensitive cell types have been tested, this
concentration seems to be a good reference point for
any safe cell labeling studies employing Au NPs with
similar physicochemical properties. For any specialized
or sensitive cell types, minimal cytotoxicity studies should
still be obtained, however, in terms of ROS levels, cellular
uptake efficiency, and cell-specific capacities to further
confirm that this concentration is also safe for the cell
type under consideration and to exclude the possibility
of Au NPs interacting with a specific cellular path-
way. Furthermore, although the current multiparametric

MATERIALS AND METHODS

PMA-Coated Au NP Synthesis. Au NPs with an inorganic core
of around 4 nm diameter were synthesized. The synthesis
was carried out in organic solvents according to previously
reported protocols.?? The particles were characterized with
TEM and UV—vis absorption spectroscopy. The concentration
of the particles was calculated from the absorption at the
surface plasmon resonance peak of 518 nm with the
Beer—Lambert law using an extinction coefficient (¢) value of
8.63 x 10° M~" cm™". The Au NPs were transferred to aqueous
solutions via a polymer coating procedure using poly-
(isobutylene-alt-maleic anhydride) dodecylamide (25% an-
hydride—75%C,,COOH) and purified by gel electrophoresis
and size exclusion chromatography.®® The buffer was switched
to PBS 1x in order to perform the corresponding experiments,
and the concentration was adjusted to 2.5 uM via ultrafiltration.
Full details are given in the Supporting Information.

Dynamic Light Scattering and Electrophoretic Mobility Measurements.
The hydrodynamic diameter and surface charge of the PMA-
coated Au NPs were measured using a Nanosizer instrument
(Malvern, Worcestershire, UK). The Au particles were suspended
in phosphate-buffered saline (PBS: 10 mM; pH 7.0), after which
the measurements were performed (12 cycles/run) in quadru-
plicate. The value for the hydrodynamic diameter of the parti-
cles is obtained using the intensity scaling. Data are expressed
as mean = standard deviation (n = 4).

Cell Culture Conditions. C17.2 neural progenitor cells and PC12
cells are maintained in high-glucose Dulbecco's modified Ea-
gle's medium, supplemented with 10% fetal bovine serum, 5%
horse serum, 2 mM L-glutamine, and 1% penicillin/streptomycin
(Gibco, Invitrogen, Merelbeke, Belgium). Cells were maintained
in a humidified atmosphere at 5% CO,, and fresh medium was
added every other day. C17.2 cells were passaged (1/10) when
they reached 90% confluency. PC12 cells were grown in 25 cm?
cell culture flasks (Corning, Amsterdam, The Netherlands) that
were coated with collagen (rat tail collagen type |, Invitrogen,
Belgium) and passaged (1/5) when growing in small clumps
(approximately 5 cells/clump and reaching 70—80% confluency).
Fresh medium was added every other day.

Primary human umbilical vein endothelial cells were ob-
tained from healthy human volunteers. For cultivation, cells
were keptin 75 cm? cell culture flasks (Corning, Amsterdam, The
Netherlands) that were coated with collagen (rat tail collagen
type |, Invitrogen, Belgium) prior to cell seeding. The cells were
maintained in endothelial cell basal growth medium and
growth supplement (Cell Applications, Tebu-Bio, Le Perray en
Yvelines, France) and passaged (1/5) after reaching 80—90%
confluency. Every other day, fresh medium was added.
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methodology focuses on studying parameters that have
been found to occur with a large number of different
types of inorganic nanomaterials, this is not an exhaustive
list of parameters to be studied, as, for instance, the
leaching of metal ions should also be addressed for acid-
labile NPs. Additionally, specific mechanisms such as
immunological effects or the induction of specific path-
ways by a particular type of NP are not included and must
be studied separately. The present work demonstrates
the strength of the multiparametric assessment of NP
cytotoxicity in view of in vitro cell labeling applications
and allows a better definition of the nontoxic concentra-
tion of NPs as well as provides a reference for future
studies employing the same methodology, enabling a
direct comparison of different NPs or the effect of size,
surface charge, and coating on NP toxicity.

Cell—Nanoparticle Interaction Studies. The full methodology on
cell—nanoparticle interaction studies can be found in the
Supporting Information.

Statistical Analysis. All data are expressed as mean £+ SEM
unless indicated otherwise and analyzed using one-way anal-
ysis of variance (ANOVA). When comparing the different con-
ditions to the same control group, the Dunnett post hoc analysis
method was used. In all cases, the degree of significance is
indicated when appropriate (*p < 0.05; **p < 0.01; ***p < 0.001).
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