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T
he interaction of engineered nano-
materials (NMs) and biological sys-
tems such as cells, tissues, or whole

organisms is receiving a lot of attention in
biomedical research.1 The potential toxicity
of engineered NMs and the remaining un-
certainties regarding their safety are slowing
down their clinical translation.2 As the nano-
technology industry holds a lot of potential
and hope for important breakthroughs in
the fields of therapy and diagnostics for

various types of diseases, it is essential that
the potential toxicity of NMs is fully char-
acterized in order for these nanotechnolo-
gies to fulfill some of their promises. Our
current understanding of how NMs interact
with biological systems is impeded by var-
ious factors which are mainly linked to the
lack of standardization in the field.3 Most
studies performed by different research
groups use different cell types, assays, and
exposure conditions, hindering an easy
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ABSTRACT The toxic effects of Ag nanoparticles (NPs) remain an

issue of debate, where the respective contribution of the NPs

themselves and of free Agþ ions present in the NP stock suspensions

and after intracellular NP corrosion are not fully understood. Here,

we employ a recently set up methodology based on high-content

(HC) imaging combined with high-content gene expression studies

to examine the interaction of three types of Ag NPs with identical

core sizes, but coated with either mercaptoundecanoic acid (MUA),

dodecylamine-modified poly(isobutylene-alt-maleic anhydride) (PMA), or poly(ethylene glycol) (PEG)-conjugated PMA with two types of cultured cells

(primary human umbilical vein endothelial cells (HUVEC) and murine C17.2 neural progenitor cells). As a control, cells were also exposed to free Agþ ions at

the same concentration as present in the respective Ag NP stock suspensions. The data reveal clear effects of the NP surface properties on cellular

interactions. PEGylation of the NPs significantly reduces their cellular uptake efficiency, whereas MUA-NPs are more prone to agglomeration in complex

tissue culture media. PEG-NPs display the lowest levels of toxicity, which is in line with their reduced cell uptake. MUA-NPs display the highest levels of

toxicity, caused by autophagy, cell membrane damage, mitochondrial damage, and cytoskeletal deformations. At similar intracellular NP levels, PEG-NPs

induce the highest levels of reactive oxygen species (ROS), but do not affect the cell cytoskeleton, in contrast to MUA- and PMA-NPs. Gene expression studies

support the findings above, defining autophagy and cell membrane damage-related necrosis as main toxicity pathways. Additionally, immunotoxicity, DNA

damage responses, and hypoxia-like toxicity were observed for PMA- and especially MUA-NPs. Together, these data reveal that Agþ ions do contribute to

Ag NP-associated toxicity, particularly upon intracellular degradation. The different surface properties of the NPs however result in distinct toxicity profiles

for the three NPs, indicating clear NP-associated effects.
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comparison between studies. Another reason is the
wide variety in different types of NMs with specific
physicochemical properties, which are sometimes not
adequately characterized. There is therefore still a huge
need for combined efforts in the field of nanosafety,
where the major points of focus lie upon optimized
methodologies, standardization and appropriate NP
characterization.4�6

A great deal of effort has been applied into optimiz-
ing the field of nanosafety, to prepare it for the
challenges of the current age and the rapid pace with
which the area of nanotechnology itself is developing.7

The use of high-content (HC) screening strategies has
been put forward to enable the generation of large
data sets in a limited amount of time3,8 that can be
used in a later stage as source data for bioinformat-
icians to create predictivemodels for future, optimized,
NP design.3 A few groups have described HC screening
strategies for nanosafety purposes, where the use of
zebrafish models has been put forward along with
strategies focusing on the viability and oxidative stress
in cultured cells.8�10 As NMs can interact with cultured
cells through a variety of mechanisms,11 the use of
more elaborate methodologies that include multiple
parameters offers a lot of potential. Additionally, the
use of multiple parameters enables the generation of
larger databases and will also enhance our under-
standing of the precise mechanisms involved in how
NMs may exert any potential toxicity on cultured cells.
Previously, we have established a multiparametric
methodology for nanotoxicity studies, where multiple
parameters commonly involved in NM toxicity are
included.11 Recently, we have successfully implemen-
ted this methodology into a HC imaging screening
setup, where the following parameters are included:
cell viability, cell membrane damage, oxidative stress,
mitochondrial viability, cell morphology and cytoskele-
ton structure, and induction of autophagy.12

In the present study, the HC screeningmethodology
is applied to better understand the effect of silver NPs
on cultured cells. Silver NPs, which are known to have
a prominent antibacterial effect, also hold a lot of
potential for application in biomedical sciences13 as
well as in consumer goods,14 and have thus been put
on the list of most prominent NPs to be tested for
nanotoxicity studies by the OECD.15 There has been
some debate whether Ag NPs themselves exert any
toxic effects or whether these effects can be solely
linked to the level of free Agþ ions, due to the fact that
disparate data has been published either proving or
disproving this hypothesis. Recent studies trying to
look into this problem have noticed that the main
cause of toxicity of Ag NPs is indeed derived from silver
ions, but that the NPs themselves can also further
contribute to any toxic effects.16,17 Many studies on
the toxicity of silver NPs have been performed, which
have shown that the release of Agþ ions from theNPs is

a major cause of their toxicity.16,18,19 From such work it
is understood that toxicity of Ag NPs is known to be
associated with the level of free Agþ ions derived from
NP dissolution.17 This consists both of Agþ ions re-
leased upon NP dissolution during storage, which
increases with time and temperature,20 as well as
intracellular release of Agþ ions upon intraendosomal
NP dissolution (which has been described to occur 50
times as fast as extracellularly).21 The rate of silver NP
dissolution has been described to be influenced by the
precise chemical composition and structure of the Ag
core (i.e., considering impurities, different oxidation
states of Ag, etc.), the nature of the surface coating,
and environmental factors such as pH and ionic
strength.22,23 Where the effects of free Agþ ions are
clear, the contribution of pure NP-related factors re-
mains a topic of discussion.16,17 Several studies de-
scribed that silver NP toxicity can be completely linked
to the effects of free Agþ ions, whereas other studies
suggested that the nanoparticulate form of silver pre-
sents its own toxic effects.16 The latter has been
ascribed to low levels of free Agþ ions in the NP stock
suspension,16 along with the observation that Ag NPs
are not that toxic over short time periods due to the
relatively slow dissolution of the NPs.24 It is however
important to point out that in equilibrium, due to NPs
dissociation, wherever there are Ag NPs, there are also
Agþ ions,20,25 which complicates experiments which
would allow for distinguishing both effects.
To try and unravel the effect of AgNPs, we employed

three different types of silver NPs (core diameter:
4.2 nm), coated with either mercaptoundecanoic acid
(MUA), dodecylamine-modified poly(isobutylene-alt-
maleic anhydride) (PMA),26 or poly(ethylene glycol)
(PEG)-conjugated PMA.27 These NPs have already been
used in a previous study in which their effect on cell
viability has been determined,28 affirming the high
reproducibility of their synthesis. Also their colloidal
properties have been fully characterized,28 enabling us
to link toxic effects observed to possible differences in
the surface coating of the NPs.29 To better understand
the mechanisms underlying the toxicity of the silver
NPs, the HC screening methodology was further sup-
plemented with a detailed analysis of cellular NP
uptake along with elaborate gene expression studies
and the use of kinetic studies using nonproliferating
cell types to understand the impact of NP degradation
within the cellular context.

RESULTS AND DISCUSSION

NP Characterization and Integrity. According to pre-
vious studies, the diameter of the inorganic Ag NP
cores is dc = 4.2 nm, the hydrodynamic diameter dh of
all 3 types of NPs with different surface capping (MUA,
PMA, PEG) is around dh≈ 11�12 nm (as determined in
water), and all NPs have negative zeta potential.28

While the PMA and the PEG capped NPs are stable
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even at high NaCl concentrations, the MUA capped
NPs were found to agglomerate upon the presence of
NaCl.28 All three NP suspensions were probed to not
contain any endotoxins. To understand the effect of NP
surface properties on cell toxicity versus the effect of
dissolved Agþ, in the present study the level of free
Agþ ions in the NP stock solutions was measured
through inductively coupled plasma mass spectrome-
try (ICP-MS) to be 102( 13, 115( 12, and 176( 17 μM
for PEG-, PMA-, and MUA-coated Ag NPs, respectively
(2 μM NP stock suspension in phosphate buffered
saline (PBS), corresponding to an Ag concentration of
roughly 4.2 mM upon assuming that each Ag NP
comprises around 2100 Ag atoms (cf. the Supporting
Information). These values indicate that the level of
free Agþ ions in the different samples is quite similar, in
plausible agreement with previous studies23 (cf. the
Supporting Information), and should thus not cause
drastic difference in the level of toxicity caused by Agþ

ions present in the stock solutions which were added
to the cells. As the NPs were used for cell labeling
studies, the effect of Agþ ions was evaluated by
exposing the cells to free Agþ ions at (1, 2.5, 5, 10, or
20 μM), equaling the level of free Agþ ions present in
the stock solutions of PEG-NPs at 20, 50, 100, 200, or
400 nM, respectively; in other words, in our study the
effect of solutions of Ag NPs, which contain the AgNPs,
as well as the free Agþ ions, which have been released
in equilibrium from the Ag NPs in the stock solution
upon storage, with the effect of solutions of free Agþ

ions, which correspond to the concentration of the
Agþ ions in the stock solution. In our study, we are
however not able to distinguish effects from the
incorporated Ag NPs, which may arise directly from
the Ag NP surface, or from Agþ ions that were freshly
released once the NPs were located inside endosomal
compartments. It also needs to be mentioned that
directly administered Agþ ions, such as done in this
work, will have a different biodistribution than Agþ ions
which have been released from incorporated Ag NPs.25

The dissolution of AgNPs is strongly pH-dependent,
and intracellular dissolution of the NPs will be a key

determinant in their toxicological profile, likely more
important than the level of free Agþ ions present in the
original stock suspension. Due to the small size of the
NPs, no clear evidence of intracellular NP dissolution
could be obtained through electron microscopy (cf.,
Supporting Information, section V). As the nature of the
NP coating may influence the degree of dissolution,
this was evaluated in a cell-freemanner, where the NPs
were exposed to pH 7.5, 6 or 4.6, which correspond to
the extracellular, early endosomal, and lysosomal pH
levels, respectively.30 The data shown in the Support-
ing Information section VI reveal no clear effect of the
nature of the NP coating on the extent of degradation,
as evaluated by absorbance measurements, ICP-MS
of the supernatant, and transmission electron micros-
copy (TEM) of the NPs themselves.

Cellular NP Uptake. The present study uses two cell
types, primary human umbilical vein endothelial cells
(HUVEC) and murine C17.2 neural progenitor cells.
Both cell types cells have been frequently used by
our group for nanotoxicity studies and therefore en-
able a comparison of results obtained in different
studies.31�33 Primary HUVECs and C17.2 cells also have
high biomedical relevance, where they are frequently
employed for cell transplantation purposes.34,35 For
this purpose, the cells are often labeled with NPs
in vitro prior to their transplantation to enable non-
invasive monitoring of their migration pattern or as
therapeutic entities. For these applications, it is essen-
tial that labeled cells do not show any difference to
unlabeled cells in their physiological behavior, in order
to be able to draw any sound conclusions regarding
their biomedical potential.

Understanding the cytotoxic effects of NPs requires
detailed knowledge on the initial interactions of these
NPs with cultured cells: their level of cell association
and cellular internalization. Confocal microscopy of
fluorescently tagged NPs reveals clear cell association
for all three different types of NPs (Figure 1). The PMA
and PEG-NPs show clear internalization of the NPs,
where MUA-NPs show both internalization and surface
attachment of larger agglomerates. The latter findings

Figure 1. Representative confocal images of HUVEC cells displayingR-tubulin (green) after 24 h incubationwith the different
silver NPs (red), coated with either PEGylated PMA, MUA, or PMA. These results display clear uptake of all three types of NPs,
whereby MUA-coated NPs also show clear cell surface attachment, likely as a result of agglomerated NPs. Scale bars: 50 μm.
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are in line with previous reports indicating that small
surface ligands such as MUA do not provide adequate
colloidal stability to the same extent that is achieved
upon encapsulation of the NPs in PMA polymers.36

Upon formation of larger agglomerates, these will
sediment onto the cell surface. Previous studies have
shown that in NaCl containingmedia the MUA, but not
the PMA- and PEG-NPs, agglomerated.28

Additional confocal microscopy was then per-
formed on cells that have been treated with Lysotrack-
er Green for visualization of late endosomes and
lysosomes. Figure 2A reveals clear colocalization of all
three types of cell-internalized NPs with endosomal
compartments, suggesting that the NPs are all inter-
nalized by endocytosis, which is in line with literature
data.21 Furthermore, as similar levels of colocalization
were observed, this suggests that possible differences
in the mechanism of endocytosis do not result in
significant differences in intracellular localization of
these 3 types of NPs. Please note that for these studies,

confocal microscopy was used on a limited number
(>10) of cells and any results obtained may therefore
not be completely representative for the entire cell
population. Supporting Figure VII.1 shows that under
the conditions used for imaging, no significant overlap
of signals was observed between the different chan-
nels, indicating specific signal for either the NPs or
lysotracker.

To get quantitative levels of cell-associated NPs, the
use of confocal microscopy involves some drawbacks,
as due to the optical resolution limit, individual NPs
cannot be visualized. Instead, NP-containing endo-
somes can be counted.37 Additionally, quantify-
ing fluorescence levels is not without experimental
challenges, as differences in the (intra)cellular micro-
environment of the NPs (in particular pH) can affect
their fluorescence quantum yield,38 and the efficiency
of fluorophore attachment can differ between the
different types of NPs, impeding a straightforward
comparison.

Figure 2. (A) Representative fluorescence microscopy images of cellular uptake of the NPs (red) in C17.2 cells stained for late
endosomes/lysosomes (green). The values in the top right corner of the images indicate the level of colocalization of NPswith
endosomes/lysosomes expressed as mean ( standard deviation (SD, n = 4). Scale bars: 50 μm. Cellular uptake levels (as
determined by ICP-MS) for (B) HUVEC and (C) C17.2 cells display concentration-dependent cellular uptake levels. (D and E)
Cellular uptake efficiency (i.e., the number of cell-associated NPs over the number of total NPs administered per cell)
decreased with NP concentrations in both (D) HUVEC and (E) C17.2 cells, indicating a saturable uptake mechanism, such as
endocytosis. The data show thatMUA and PMA result in similar levels of cell-associated NPs, whereas PEGylation significantly
decreases cell uptake. Data are presented as mean ( standard error of the mean (SEM, n = 3).
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As all NP cores came from the same batch, they
have the same average core size, and therefore, the
level of cell-associated NPs was determined by mea-
suring the level of elemental Ag using inductively
coupled plasma-mass spectrometry (ICP-MS). For
quantitative evaluation, we assumed each Ag NP to
comprise 2100 Ag atoms. In this way, by detecting the
amount of intracellular Ag, converting this into the
number of internalized Ag NPs, and counting the cells,
we could be determine the number of Ag NPs asso-
ciated per cell. Figure 2B,C indicates clear concentra-
tion-dependent increases in cellular NP levels, where
the level of MUA- and PMA-NPs is substantially higher
than the level of PEG-NPs, in agreement with previous
qualitative data.28 These findings are in line with
literature data, showing that PEGylation of NPs im-
pedes their cellular uptake by reducing interaction of
the NPs with the cell membrane.39 Additionally, PEGy-
lation will reduce the attachment of serum proteins on
the NP surface.40 As the protein corona is known to
play an important role in determining cellular NP
uptake mechanisms,41 the likely changes in protein
corona formation on the surface of PEGylated NPsmay
also affect cellular uptake levels. Amore in-depth study
of the precise cellular NP uptake mechanisms is how-
ever out of the scope of the current study. Importantly,
the lower uptake of PEGylated NPs is demonstrated by
their lower uptake efficiencies in both cell types
(approximately 3.5-fold lower at 10 nM NP concen-
tration) (Figure 2D,E). The data also show a decrease in
cellular uptake efficiency for higher NP concentrations
(i.e., there is “saturation”), which further supports our
previous observation of cellular NP internalization
occurring through an active endocytosis mechanism.

Together, these data reveal that PEG-NPs are inter-
nalized far less thanMUA- or PMA-NPs. MUA- and PMA-
NPs show similar levels of cell-association. However,
MUA-NPs are more prone to agglomeration and cover
the cell surface.

Cell Viability. Cell-NP interactions were studied using
high-content (HC) imaging approaches, which gener-
ate large data sets for various parameters and where
all cellular NP exposure conditions were identical,
enabling an easy comparison of results obtained for
every parameter. In the present work, several param-
eters are looked into that have been shown to be
important outcomes of NP cytotoxicity.11 These param-
eters consist of cell viability, cellularmembranedamage,
reactive oxygen species (ROS), mitochondrial health,
cell spreading, cell skewness, and induction of auto-
phagy. As mentioned above, the influence of free
Agþ ions already present in the stock solution on
cellular wellbeing may not be overlooked. Therefore,
cells were exposed to either the Ag NPs at 50, 100, 200,
or 400 nM concentration, or to AgNO3 at 2.5, 5, 10, or
20 μM free Agþ concentrations, which correspond to
the concentration of free Agþ present in the Ag NP

incubation media at 50, 100, 200, or 400 nM, respec-
tively (cf. Supporting Information section II for more
detail).

All NPs displayed concentration-dependent cyto-
toxicity, whereby toxic effects were mostly outspoken
for MUA- and PMA-NPs, where significant effects were
observed starting from 200 nM (Figure 3A�C). Note
that these are relatively high NP concentrations, which
are higher than typical NP concentrations used for
in vitro labeling of cells. The PEG-NPs and AgNO3 from
the stock solution only slightly reduced cell viability,
not reaching significant effects at NP concentrations
up to 400 nM (=20 μM AgNO3). We note again that Ag
NP concentrations are not directly comparable with
concentrations of ionic silver, as each Ag NP contains
≈2100 Ag atoms, out of which roughly 30% are
exposed at the NP surface.28 Upon NP exposure, the
added stock solution contains Ag NPs as well as
released Agþ ions. Incorporated Ag NPs are located
in endosomal/lysosomal compartments (where again
they can release Agþ), whereas the intracellular dis-
tribution of administered Agþ ions is unclear. For this
reason, interpretation of results is not straightforward,
and the origin of toxic effects needs to be analyzed in
the following. Cells were incubated with diluted Ag NP
stock solution, whereby the stock solution contained
besides 2 μM NPs also around 100 μM free Agþ ions
(due to partial NP dissolution in equilibrium in the stock
solution), as determined by ICP-MS. In this way, upon
exposure in case of an extracellular NP concentration
of 400 nM (=2 μM/5), cells are also exposed to 20 μM
(100 μM/5, equaling 2.20 μg/mL) free Agþ ions. One
can now distinguish between the effect of the Ag NPs
and the Agþ ions in the extracellular solution, as
presence of the Agþ ions in the extracellular solution
can be emulated by exposing cells directly to AgNO3.
Exposure of cells to AgNO3 up to 20 μM showed little
but nonsignificant reductions of cell viability. With a
different cell line, AgNO3 at these concentrations was
however found to induce some toxicity.28 These data
suggest that there is a slight cytotoxic effect of the free
Agþ ions present in the extracellular medium, which
originates from partial NP dissolution (already in the
stock solution at equilibrium), in line with literature
data.19

Next to cell viability, the effect of the NPs on cell
membrane integrity was also evaluated, revealing clear
concentration-dependent membrane damage induced
by the MUA-NP, which was much less outspoken for all
the other NPs (Figure 3D,E). Agþ ions themselves are
known to affect lipid membranes and hereby exert
cytotoxic effects,42 yet no significant increase in mem-
brane damage was observed up to 400 nM NP con-
centration (=20 μM free Agþ (AgNO3) concentration).
This likely reflects the low level of toxicity caused by
free extracellular Agþ ions present in the NP suspen-
sions in the culture media, which corresponds with the
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low levels of cytotoxicity of PEG-NPs and AgNO3. The
high level of membrane damage for the MUA-NPs
likely derives from the high degree of cell surface-
attached agglomerates.

Both cell types display similar levels of cytotoxicity
and cell membrane damage caused by the NPs. The
data obtained reveal high levels of cytotoxicity for
PMA-NPs and especially for MUA-NPs. The toxicity of
the latter NPs derives, in part, from the formation of
agglomerates that sediment on the cell surface, hereby
inducing membrane damage.

Effect of NP Degradation on Cell Viability. Upon endo-
somal uptake of the NPs, the low pH and alterations in
salt concentrations can affect degradation kinetics of
the NPs, resulting in amore rapid degradation, which is
linked to differences in toxicological effects.31,43,44

Studying the effect of time-dependent NP degradation
in vitro is quite difficult as cellular NP levels drop rapidly
upon cell division, thereby potentially masking effects
caused by the degrading NPs. However, most auto-
logous cells in vivo do not divide, making them very
susceptible to the effects of time-dependent NP de-
gradation. To study this in vitro, proliferation-restricted
cells were used, which have proven to be useful tools

for studying the cytotoxic effects of NP degradation-
derived ions in the case of quantum dots and iron
oxide NPs.32,43 In our current study, the data clearly
show time-dependent effects of the NPs, which can be
attributed to the higher release of Agþ ions from
internalized NPs. With the use of nontoxic concentra-
tions of the different NPs (at similar intracellular NP
levels), a clear increase in cytotoxicity is observed for all
three NP types, reaching significant levels after 8 days
of incubation (Figure 4). The effect was most out-
spoken for PMA-NPs, which is in line with their high
levels of cell uptake. AgNO3-treated cells did not show
any time-dependent effects, indicating that the degra-
dation of the NPs in the endosomes and the high local
(endosomal) level of Agþ ions induces time-dependent
toxicity.

The data obtained are in line with previous studies,
where silver NPswere described to exhibit low levels of
cytotoxicity on a short time period due to the time
required for the dissolution of the NPs.24 Asmentioned
before, the dissolution of Ag NPs has been put forward
as one of the main causes of toxicity and their anti-
bacterial activity.45 A recent study by Setyawati et al.22

described how Ag(0) nanoclusters induced higher

Figure 3. Representative images of C17.2 cells incubated with Ag NPs at 200 nM NP concentration (=10 μM extracellular
AgNO3) and stainedwith calcein-AM (green, live cells) and reddead cell stain (red; dead cells). Scale bars: 200 μm. (B�E) Analysis
of high-content imaging indicates clear loss of cell viability in a concentration-dependent manner, which is most outspoken for
MUA-coatedNPs andPMA-coatedNPs in both (B) HUVECand (C) C17.2 cells. Alternatively, the level ofmembrane damageof the
different NPs increased slightly for all NPs, but was significant for MUA-coated NPs in both (D) HUVEC and (E) C17.2 cells. In (D)
and (E), data are expressed as fold-level changes from untreated control cells, where “1-fold” means no effect compared to
untreated control cells. These results indicate the effect of NP agglomeration (as noted for MUANPs) on cell viability, caused by
membrane damage. For AgNO3, concentrations of 2.5, 5, 10, and 20 μM were used, equaling the concentration of free Agþ

present in theNP incubationmedia at 50, 100, 200, and 400nM, respectively. Data are presented asmean( SD for aminimumof
5000 cells per condition. Statistical significance is indicated when appropriate (*p < 0.05; **p < 0.01; ***p < 0.001).
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toxicity than Agþ-rich nanoclusters due to the more
rapid release of Agþ ions in Ag(0) nanoclusters and
subsequent oxidation into Agþ in the lysosomal com-
partment. These data indicate that the level of ROS and
toxicity can be influenced by the NP core surface. Our
findings correlate with previous results suggesting that
differences in the surface coating of the NPs have
relatively little effect on the intrinsic level of NP
dissolution,28 but that the surface coating will influ-
ence cellular NP levels and thereby affect the total level
of cellular Agþ ions.

Partial dissolution of Ag NPs and associated release
of Agþ ions did result in low levels of cytotoxicity, as
indicated by our findings above where high AgNO3

concentrations (20 μM = concentration of Agþ ions
present in the highest level of Ag NPs used) induced
low cytotoxicity. However, if toxicity were only due to
the Agþ ions present in the stock solution (i.e., the Agþ

ions which have been released under equilibrium
before the cells were treated with the Ag NPs), the
toxicity of all the 3 types of NPs should be similar, as
Agþ concentrations in the stock solution as deter-
mined with ICP-MS are similar. Thus, there must be
also an effect depending on the NPs themselves. After
cellular uptake, the Ag NPs are located in highly acidic
endosomal/lysosomal compartments. Low pH stimu-
lates the release of Agþ from AgNPs. Thus, it is not clear
if NP-related cytotoxic effects originate from Agþ that is
released from the Ag NPs inside endosomal/lysosomal
compartments (this “Agþ” is not the “Agþ” which was
present already in then stock solution), or directly from
the undissolved Ag NPs. Regardless of the mechanism,
the effect from incorporated NPs is clearly related to
the amount of internalized Ag NPs. PEG-NPs are inter-
nalized to the lowest extent (cf. Figure 2), and have the
lowest effect on cell viability (cf. Figure 3).

Oxidative Stress. Several studies have shown a sub-
stantial effect of Ag NPs on inducing oxidative stress
and have linked thiswith higher levels of cytotoxicity.46

Here, we tested the effect of the NPs on induction of

reactive oxygen species (ROS) and found overall rela-
tively low levels of ROS (Figure 5A�C), only reaching
significant increases at 400 nM for PMA-NPs. This low
level of ROS is in contrast with most other studies,
where the induction of ROS has been put forward as a
major cause of Ag NP toxicity.47 However, as also
indicated in several studies, Ag NPs have been found
to affect cells through both ROS-dependent and ROS-
independent mechanisms,48 which for the NPs tested
here can in part be related to cell membrane damage.
Additionally, the use of the HC imaging method to-
gether with the CellROX probe provides visual con-
firmation of the cellular ROS levels. This enables us to
assess cellular ROS levels over the entire cell popula-
tion tested rather than giving an average value for a
number of cells tested, as is common for biochemical
assays such as the 20,70-dichlorodihydrofluoresceindia-
cetate (H2DCFDA) assay, which is the most commonly
used method. The application of the H2DCFDA assay
in nanotoxicological studies has however been an
issue of debate, as its compatibility for NP assays
remains questionable.49 The low levels of cellular
ROS may therefore provide a better representation
of the NP-induced ROS levels.

Alternatively, ROS may also be more closely asso-
ciated with specific organelles, such as the mitochon-
dria. Therefore, mitochondrial membrane potential
was evaluated (Figure 5A,D,E), revealing a clear loss
for cells exposed to the MUA- and PMA-NPs at higher
concentrations. The effect of Ag NPs on mitochondrial
health is in linewith literature data.47 The specific effect
on mitochondria suggest mitochondria-related ROS
effects, which are not measured by the cytoplasmic
ROS stain and can explain the difference in results for
the CellROX and MitoTracker results.

Cell Morphology. Various types of NPs have been
shown to affect cellular morphology at subcytotoxic
concentrations, resulting in alterations of cytoskeletal-
associated cellular signaling pathways, such as cell
proliferation, migration, or stem cell differentiation.

Figure 4. Effects of NP degradation on cell viability. Time-dependent study of cell viability using the Alamar Blue assay on
nonproliferating cells. Upon cellular uptake and endosomal enclosure of the NPs, the low endosomal pH may trigger NP
degradation and, therefore, release of silver ions. The toxicity of these ions is here measured by determining the viability of
nonproliferating cells that have been prelabeled with the NPs at nontoxic concentrations (NP concentration: PEG, 200 nM;
MUA and PMA, 50 nM. In the case of AgNO3, a concentration of 10 μMAgþwas used, equaling the concentration of free Agþ

for 200 nM of PEG-NPs). The data clearly show a time-dependent drop in cell viability, which indicates NP degradation. Data
are presented as mean ( SEM (n = 3) for a minimum of 5000 cells/condition. Statistical significance is indicated when
appropriate (*p < 0.05; **p < 0.01).
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Assessing the effect of the NPs on cell area and cell
skewness at subcytotoxic concentrations enables an
easy evaluation of any potential disturbances of the
NPs with these important cellular pathways. As high
levels of cell deathwould have affected the outcome of
these studies, cells were exposed to the NPs at con-
centrations up to the level where significant cell death
was observed (i.e., from 50 to 400 nM for PEG-NPs and
corresponding AgNO3, and 20�200 nM for MUA- and
PMA-NPs). The data reveal no effect of the PEG-NPs up
to 400 nM (Figure 6A,B), where well-spread cells were
observed with clear cytoskeletal structures. Also free
AgNO3 up to 20 μM Agþ concentrations (equaling
the concentration of free Agþ in the NP suspensions
of 400 nM) did not affect cell morphology. The skew-
ness of the cells (Figure 6D) also indicates no significant
changes in the shape of the different cells. On the other
hand, both MUA- and PMA-NP affected the cell cytos-
keleton, as can be seen from the clear effects on both
actin and tubulin fibers (Figure 6A). Analysis of cell
spreading shows significant decrease in cell size start-
ing from 100 nM for HUVEC cells and 200 nM for C17.2
cells (Figure 6C). The difference between the two cell
types may be related to the difference in total size of
the cells, whereby the large HUVEC cells can decrease

drastically in size, whereas the smaller C17.2 cells
cannot reduce their spreading as effectively. For both
cell types, substantial effects could however be ob-
served at subcytotoxic concentrations, indicating that
the effect of the Ag NPs on cell cytoskeleton is not a
secondary artifact derived from cell death. An increase
in cell skewness is also apparent for both types of NPs
(Figure 6E), indicating a clear rounding up of the cells.
The difference in effects between PEG-NPs, on the one
hand, and MUA- and PMA-NPs, on the other hand,
indicates that there is a NP specific effect, which is very
unlikely to be caused by free Agþ ions present in the
extracellular medium, but rather should be linked to
incorporated NPs. Given the difference between PEG-
NPs and MUA- and PMA-NPs, the cytoskeletal defor-
mations are clearly correlated with the (intra)cellular
NP levels. This supports our previous hypothesis that
cytoskeleton disturbances may be caused by steric
hindrance of high levels of endosomes containing rigid
and slowly or nondegradable NPs.50 These findings
further support earlier literature data, where Ag NPs
were found to result in degeneration of mature neur-
ites in cultures of primary cortical neurons, a process
which was linked to a Ag NP-associated reduction in
cytoskeletal integrity of treated cells.51

Figure 5. (A) Representative images of C17.2 cells incubated with Ag NPs at 200 nM NP concentration and stained with
CellROX green (green, ROS induction) andMitoTracker Red CMXRos (red;mitochondria). Scale bars: 200 μm. (B�E) Analysis of
high-content imaging indicates concentration-dependent, but low increases in oxidative stress for PMA-coated NPs and
MUA-coated NPs in both (B) HUVEC and (C) C17.2 cells. Alternatively, mitochondrial health wasmore significantly affected by
both PMA- and MUA-coated NPs, in both (D) HUVEC and (E) C17.2 cells. For AgNO3, concentrations of 2.5, 5, 10, and 20 μM
were used, equaling the concentration of free Agþ present in the NP incubation media at 50, 100, 200, and 400 nM,
respectively. Data are presented as mean( SD for a minimum of 5000 cells per condition. Statistical significance is indicated
when appropriate (*p < 0.05; **p < 0.01).
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Autophagy. The induction of autophagy has been
suggested to be an important cellular response me-
chanism of cells to the presence and uptake of foreign
substances such as NPs.52,53 The precise mechanisms
by which NPs induce autophagy are diverse and
remain the subject of intense research.53 For slowly
or nondegrading NPs, such as gold NPs, the segrega-
tion of high levels of NPs into endosomal structures
renders these compartments unavailable for normal
cellular functionality, thereby reducing the overall
cellular degradative capacity. To compensate for this
reduced degradation, the cell can stimulate the autop-
hagic pathway. Alternatively, NPs may affect the nor-
mal endosomal lumen, such as buffering its pH, and
thereby impede the fusion of lysosomes with auto-
phagosomes, which will reduce the normal turnover of
the latter compartments.54 When the internalized NPs
damage any organelles, autophagy can also be in-
creased as the normal cellular response to clear away
the damaged organelles.55 Depending on the extent of

the autophagy induction, this can either be cytopro-
tective and help the cell to overcome NP-induced
stress,56 or can result in cell death.57 A recent study in
rats has indicated that Ag NPs can result in hepato-
toxicity upon peritoneal injection of the NPs as a direct
consequence of Ag NP-induced autophagy.58

For the NPs studied in the present work, all NPs
have been found to significantly induce autophagy at
concentrations of 100 nM for MUA-NPs, 200 nM for
PMA-NPs, and 400 nM for PEG-NPs, in contrast to
AgNO3, which was found not to have any effect up to
20 μM extracellular Agþ concentration (equaling the
concentration of free Agþ in the NP suspensions of
400 nM) (Figure 7). These data clearly show a clear
induction of autophagy for all Ag NPs, which does not
appear to be associated with the presence of Agþ ions
but is a NP-only effect. The high level of autophagy for
PMA-and MUA-NPs suggests that autophagy is related
to cellular NP levels. However, as the levels of auto-
phagy are higher for MUA-NPs than for PMA-NPs, while

Figure 6. (A) Representative images of C17.2 cells incubated with Ag NPs at 100 nM NP concentration (=5 μM AgNO3) and
stained for F-actin (red), R-tubulin (green), and cytoplasm (blue). Scale bars: 200 μm. (B�E) Analysis of high-content imaging
indicates no effect of PEG-coated NPs on (B) cell spreading or (D) cell skewness (cell width over cell length). Both MUA and
PMA-coated NPs display clear concentration-dependent effects on (C) cell spreading and (E) cell skewness in both cell types,
where the cells (at subcytotoxic concentrations) display clear effects on the actin cytoskeleton and result in cell shrinking and
cell rounding. For AgNO3, concentrations of 2.5, 5, 10, and 20 μMwere used, equaling the concentration of free Agþpresent in
the NP incubation media at 50, 100, 200, and 400 nM, respectively. Data are presented as mean( SD for a minimum of 5000
cells per condition. Statistical significance is indicated when appropriate (*p < 0.05; **p < 0.01).
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the latter have higher levels of intracellular NPs, the
colloidal stability of the NPs and the formation and
cellular uptake of agglomerates may play an important
role in inducing autophagy. The clear induction of
autophagy at higher NP levels similar to the level at
which NPs induce cytotoxic effects suggests that the
high levels of autophagy result in additional cytotoxi-
city rather than cytoprotection. Where the induction of
autophagy by NPs should be avoided for in vitro cell
labeling experiments, the specific induction of auto-
phagy in tumor cells holds great promise as a future
cancer therapy.57 More research on this particular
topic is however warranted, as the NP concentration-
dependent effect requires that a specific tumor-
associated response would mean that the majority of
the NPs end up in the tumor cells. The clear induction
of autophagy by the silver NPs studied here in endo-
thelial cells, together with the earlier described silver
NP-induced autophagy resulting in hepatotoxicity,58

suggests that highly efficient targeting approaches are
necessary to minimize any undesired side-effects.

Heat Map. The HC imaging studies for the various
parameters have revealed that the different Ag NPs
affect cultured cells through various mechanisms, in-
cludingmitochondrial damage, cell membrane damage,
induction of autophagy, and disturbing cell cytoskele-
ton. To easily compare the different NPs, the data of the
HC imaging setup can be presented as heat maps3

(Figure 8). The heat maps show that at similar incuba-
tion concentrations (400 nM of Ag NPs or 20 μM of
AgNO3), the contribution of free Agþ ions in the
incubation media does not appear to play a major role
in any of the cellular parameters studied, but that most
effects observed are clearly NP-related (or due to
intracellular NP dissolution). The data reveal that the
MUA-NPs are most toxic, especially caused by mem-
brane damage and induction of autophagy, which is
likely linked to the formation of agglomerates for these
NPs. To probe the intrinsic toxicity of the NPs, regardless
of their cellular uptake efficiency, NP effects were com-
pared for PEG-NPs at 200 nM andMUA- and PMA-NPs at
50 nM (rows indicated by black lining on Figure 8).

Here, it shows that at similar cell-associated NP
levels, PEG-NPs induced higher levels of ROS and
autophagy than the MUA- or PMA-NPs. The effect of
PEGylation on ROS induction is in line with previous
work on Au NPs, where we observed higher induction
of ROS upon PEGylation of Au NPs when comparing
cellular effects at similar intracellular NP levels rather
than comparing similar incubation doses.59 PEGylation
of the NPs did appear to protect the cells from any
cytoskeletal deformations, where effects on cell
spreading are nonexisting for PEG-NPs in contrast to
MUA- and PMA-NPs.

Expression of Genes Involved in Cellular Stress and Toxicity
Responses. Other studies have shown that Ag NPs can

Figure 7. (A) Representative images of C17.2 cells incubated with Ag NPs at 100 nM NP concentrations (=5 μM AgNO3) and
stained for LC3 (green, autophagy marker), and nuclei (blue). Scale bars: 200 μm. (B and C) Analysis of high-content imaging
reveals concentration-dependent induction of autophagy for all NPs, butmost outspoken for MUA- and PMA-coated NPs. No
significant induction of autophagy was observed for AgNO3-treated cells. In (D) and (E), data are expressed as fold-level
changes from untreated control cells, where “1-fold” means no effect compared to untreated control cells. For AgNO3,
concentrations of 2.5, 5, 10, and 20 μMwere used, equaling the concentration of free Agþ present in the NP incubationmedia
at 50, 100, 200, and 400 nM, respectively. Data are presented as mean ( SD for a minimum of 5000 cells per condition.
Statistical significance is indicated when appropriate (*p < 0.05; **p < 0.01).
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indeed interact with various signaling pathways.60

Therefore, to confirm our findings described above
and to further unravel the mechanisms by which the
different NPs affect cultured cells, gene expression
studies were performed on C17.2 cells. For these
experiments, the C17.2 cells were selected as they
are a stable cell line and gene expression patterns
can be reproducibly assessed and easily analyzed.
Primary HUVEC cells were omitted from these studies
as they come from different individual and thus pre-
sent a high difference in gene expression patterns
between different donors, which impedes a straightfor-
ward analysis and does not allow for the experiments
to be repeated with a high level of reproducibility. The
C17.2 cells were exposed to the different NPs at
subtoxic concentrations (100 nM). This low value en-
abled us to pinpoint those genes of interest and the
pathways that will contribute to the onset of cell death,
rather than pathways that are activated upon cell
death and may only represent a secondary mechan-
ism, not immediately linked to the NPs themselves.
Please note that as these studies were performed to
elucidate the precise mechanism by which the differ-
ent NPs affect the cultured cells, no AgNO3-treated
samples were included. As all the NP stocks contained
similar levels of free Agþ, any genes specifically regu-
lated by Agþ ions would be affected in all three
samples. Figure 9 shows an overview of the genes
where significant changes (>2-fold change from
control) were detected, from a list of 84 genes tested

(full table of all genes tested available in the Support-
ing Information, Table VII.6). The data reveal clear dif-
ferences between the three NP types, where PEG-NPs
did not appear to result in significant changes, com-
pared to PMA-NPs and especially MUA-NPs, where
various genes were significantly upregulated. When
we look at the various groups of genes, the data reveal
that theMUA-NPs affect cells through variousmechan-
isms, even at concentrations where no significant
cytotoxicity was observed. The clear differences in
gene expression levels between the three different
samples also indicate that the genes are affected by
the NPs themselves, and not by free Agþ ions, as the
level of the ions is the same in all three samples. The
apparent low contribution of Agþ ions on gene ex-
pression regulation is in line with another recent study,
where it was observed that for rat embryonic cells
exposed to AgNPs and Agþ ions, the latter contributed
to only 6% of the total number of genes that were
affected by Ag NPs.61

Slight increases in necrosis-linked genes (Pvr and
Tnfrsf10b) were observed, suggesting the MUA-NPs
may cause cell death by necrosis. The latter would be
explained by the infliction of high levels of cell mem-
brane damage as seen for the MUA-NPs, which would
result in necrosis. Also autophagy-specific genes
(Atg12 and Becn1) were upregulated, supporting our
and previous58 findings that the NPs induce autophagy
and that this is most significant for MUA-NPs. Both
PMA- and MUA-NPs resulted in upregulation of Ccl12,
Il1a and Il1b, which are linked to inflammation, indicat-
ing that Ag NPs likely have immunotoxic effects, which
has also been reported in literature.62 Additionally,
effects on genes linked with cell cycle progression
(Cdkn1a and Ddit3) were observed for PMA- and
MUA-NPs, as well as genes associated with DNA dam-
age (Gadd45a and Gadd45g), suggesting that the NPs

Figure 8. Heat map of the high-content imaging based
results for both cell types, where the level of change in
the different parameters is indicated as color-code. All data
are presented as normalized data relative to the control
level, indicating cell death, cell membrane damage, induc-
tion of ROS, mitochondrial damage, loss of cell size, cell
skewness (cell shape), and induction of autophagy. “ND”
stands for Not Determined due to high levels of cell death
under these conditions. The concentrations at which similar
levels of cell-associated NPs are found are indicated by a
dark periphery (PEG, 200 nM;MUA, 50 nM; PMA, 50 nM). For
AgNO3, concentrations of 2.5, 5, 10, and 20 μM were used,
equaling the concentration of free Agþ present in the NP
incubation media at 50, 100, 200, and 400 nM, respectively.

Figure 9. Gene expression of C17.2 cells treated with Ag
NPs, where the fold change in gene expression is given for
NP-exposed cells compared to control cells only exposed
to PBS. From the entire panel of 84 genes tested, only
those genes where significant up- or downregulation (2-fold
level difference from PBS-treated control cells) was ob-
served are shown.
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have genotoxic effects. Additionally, several genes asso-
ciated with hypoxia (Adm, Hmox1 and Serpine1) were
upregulated, indicating that the NPs exert hypoxia-like
effects on the treated cells. Similar findings have been
reported in literature, where tungsten carbide cobalt
NPs were found to exert hypoxia-like effects in human
skin cells.63

Overall, the gene expression studies support our
previous findings on the importance of autophagy and
cell membrane damage (causing necrosis) asmajor cell
death mechanisms. Additionally, the PMA-NPs and
especially the MUA-NPs have been found to induce
immunotoxicity, DNAdamage and hypoxia. These data
reveal the significant differences in the toxic effects of
the different Ag NPs, depending on their surface coat-
ing. The use of small ligands appears less suited, due to
the lower colloidal stability in complex physiological
media as many toxic effects appear to be aggravated
by the formation of agglomerates.

CONCLUSIONS

The present work illustrates the use of HC imaging
technology combined with HC gene expression stud-
ies as powerful tools to study the interactions of NPs
with cultured cells. The data obtained reveal the
importance in surface functionality of the Ag NPs in
determining their cellular interactions. Small ligand

coated NPs (MUA-NPs) form agglomerates in cell cul-
ture media, which sediment on top of the cultured
cells. This close interaction of the agglomerates with
cultured cells results in cell membrane damage, which
kills the cells by necrosis. Additionally, the cellular
internalization of agglomerates appears to increase
the level of autophagy induction. PMA-coated NPs
result in the highest level of cell-internalized NPs and
affect cells through autophagy and cytoskeletal defor-
mations, which are clearly linked with intracellular NP
amounts. PEGylation of the NPs significantly reduces
cellular uptake levels, which overcomes cytoskeletal
deformations. However, at similar intracellular NP lev-
els, the induction of ROS is highest for PEG-NPs,
suggesting a direct contribution of the PEG chains to
the induction of ROS. Exposing the cells to free Agþ

ions at the same concentration as present in the stock
suspension (20 μM of Agþ for 400 nM of NPs) reveals
that Agþ ions do contribute to the toxicity of the NPs,
but when present at low levels, the NP-associated
effects clearly dominate. Toxicity can be caused by
intracellular degradation of the NPs, which release
additional Agþ ions, especially for slowly or nonproli-
ferating cells. These data prove that apart from toxicity
caused by free Agþ ions, Ag NPs can affect cells
through various mechanisms, the nature and extent
of which depend on the surface properties of the NPs.

EXPERIMENTAL SECTION
Nanoparticle Synthesis and Characterization. Ag NPs were syn-

thesized with three different surface coatings (MUA, PMA,
PEG) according to the protocol in a previously published
study.28 Also all characterization was performed as described
previously.28

Cell Culture. C17.2 neural progenitor cells were cultured in
high glucose containing Dulbecco's modified Eagle's medium
(DMEM), supplemented with 10% fetal calf serum, 5% horse
serum, 1 mM sodium pyruvate, 2 mM L-glutamine, and 1%
penicillin/streptomycin (Gibco, Invitrogen, Belgium). C17.2 cells
were passaged every 48 h and split 1/5. To establish nonproli-
ferating cell cultures, C17.2 cells were exposed with 60 mM
Apigenin (Sigma-Aldrich, Bornem, Belgium). As NP uptake is
linked with cell cycle progression, Apigenin treatment occurred
immediately after cells had been incubated with NPs at the
desired concentrations. After media removal, fresh media
containing 60 mM Apigenin were used, where 50% of media
were replaced every other day with fresh Apigenin-containing
medium for the duration of the experiments.

Human umbilical vein endothelial cells (HUVECs) were
maintained in endothelial basal/growth culture medium
(EBM-2/EGM-2, Clonetics, San Diego, CA) with medium changes
every 48 h. Cells were passaged when reaching near 80%
confluency by lifting the cells with 0.05% trypsin (Gibco) and
were then plated (1/5) onto tissue-culture flasks coated with
collagen. To establish nonproliferating HUVEC cultures, cells
were given endothelial cell serum-free defined medium (Cell
Applications, Tebu-Bio, Le Perray en Yvelines, France) immedi-
ately after cells had been exposed to the Ag NPs. Confluent
HUVEC monolayers could then be maintained for at least
1 week.

Cell�Nanoparticle Interaction Studies. For HC imaging studies,
C17.2 and HUVEC cells were seeded at 5000 cells/well in a
24 well plate (Nunc, Belgium) after which the cells were allowed

to attach overnight in a humidified atmosphere at 37 �C and 5%
CO2. Then, the cells were incubatedwith the different AgNPs for
24 h in their full growth medium at 50, 100, 200, and 400 nM NP
concentration for cell viability and ROS studies, and at 20, 50,
100, and 200 nM for the other studies. As a control, cells were
exposed to AgNO3 at 2.5, 5, 10, and 20 μM for 24 h, equaling the
amount of free Agþ ions in the PEG-NP stock suspensions at 50,
100, 200, and 400 nM, respectively. Every condition was per-
formed in triplicate and results were analyzed based on the
three repeats. The HC imaging experiments were then per-
formed as described previously.12 A full experimental metho-
dology can be found in the Supporting Information that
accompanies this manuscript.

Statistical Analysis. All data are expressed as the mean (
standard deviation (SD) unless indicated otherwise. All experi-
ments, except the PCR arrays, were analyzed using the Student's
t-test. Significance in the PCR arrays was determined based on
2-fold change from the control ΔΔCt value.
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