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Exposure of cells to colloidal nanoparticles (NPs) can have 
concentration-dependent harmful effects. Mostly, such effects are 
monitored with biochemical assays or probes from molecular 
biology, i.e., viability assays, gene expression profiles, etc., neglecting 
that the presence of NPs can also drastically affect cellular 
morphology. In the case of polymer-coated Au NPs, we demonstrate 
that upon NP internalization, cells undergo lysosomal swelling, 
alterations in mitochondrial morphology, disturbances in actin and 
tubulin cytoskeleton and associated signaling, and reduction of 
focal adhesion contact area and number of filopodia. Appropriate 
imaging and data treatment techniques allow for quantitative 
analyses of these concentration-dependent changes. Abnormalities 
in morphology occur at similar (or even lower) NP concentrations 
as the onset of reduced cellular viability. Cellular morphology is 
thus an important quantitative indicator to verify harmful effects 
of NPs to cells, without requiring biochemical assays, but relying on 
appropriate staining and imaging techniques.

 Colloidal nanoparticles (NPs) are incorporated by living cells, 
regardless of whether this is intended for certain delivery applications 
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(i.e., tumor targeting) or unintended, e.g., due to leakage of NPs 
into the environment (i.e., air, water pollution) [1]. Once in contact 
with cells, the typical uptake scenario involves endocytosis [2–4]. 
Proteins adsorbed to the surface of the NPs hereby play a major role 
[5, 6]. Interaction of NPs with cells has been demonstrated to trigger 
dose-dependent effects in cells (which obviously strongly depend on 
the nature of NPs and on the type of cells), which can ultimately lead 
to cell death. Details about the uptake mechanisms of NPs by cells, as 
well as the molecular signaling cascades which are being triggered 
[7], in particular involving molecular mechanisms for toxic effects, 
are well described in the literature [8–10]. Most of these studies aim 
at understanding the interaction of NPs with cells at a molecular 
level. However, effects of the NPs on cells are also manifested at 
the level of cell morphology. Due to high-throughput microscopy 
and high content screening of the acquired data, the assessment 
of morphological parameters is becoming more and more feasible 
allowing for multiparametric response and cytotoxicity studies to be 
carried out [11–13].
 In multiple studies the disruption of organelles and other 
subcellular structures caused by NPs have been reported. Gold NPs 
for example (as well as other NPs) have been described to have a 
profound effect on several intracellular organelles/structures and 
functions associated with morphological changes. First, this applies 
to mitochondria. Mitochondria are one of the most important 
organelles in cells. Damage/disruption of mitochondria can result 
in a wide range of diseases and disorders. It has been reported that 
the decrease of mitochondrial activity reflects acute cytotoxicity of 
colloidal NPs [14]. Many studies have found that exposure of cells to 
Au NPs was accompanied by an increased level of reactive oxygen 
species (ROS), which is associated with malfunctioned mitochondria. 
Pan et al. observed that Au NPs of an average diameter of 1.4 nm induce 
cytotoxicity by oxidative stress, which is indicated by endogenous 
ROS production, compromised mitochondrial potential, integrity, and 
mitochondrial substrate reduction [15]. Interestingly, Chompoosor 
et al. reported that 2 nm Au NPs with different hydrophobic alkyl 
tails could generate significant amounts of ROS at concentrations 
that do not even affect mitochondrial activity [16]. Mkandawire et 
al. used Au NPs conjugated with a mitochondrial localization signal 
to target mitochondria for activation of intrinsic apoptotic pathways. 

Colloidal Gold NPs Induce Changes in Cellular and Subcellular Morphology
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It was found that the mitochondrial outer membrane was partially 
ruptured, and cell death was triggered [17]. Wang et al. speculated 
that the selective targeting and damaging effects of Au nanorods to 
the mitochondria of cancer cells could be used in tumor therapy, 
while normal cells maintain intact mitochondria [18]. For NPs of 
other materials and sizes, even mitochondrial permeabilization and 
fragmentation were observed [19]. Second, effects on lysosomes 
have been reported. Most NPs will eventually be accumulated inside 
acidic organelles after following their endocytic pathway. Being the 
major degradative compartment of eukaryotic cells, the lysosome 
is a high capacity organelle responsible for macro-molecular 
homeostasis. Previous work has shown that large amounts of Au 
NPs aggregated in the lysosomes can lead to lysosome alkalinization. 
This is associated with the impairment of vacuolar V-ATPases, 
which regulate lysosome acidification. Consequently, the lysosome-
based degradative autophagy pathway is affected, which leads to a 
disruption of cellular homeostasis [20]. Swelling of lysosomes upon 
NP enrichment has also been reported [14, 21, 22]. Recently, Gunduz 
and co-workers reported that rapid intracellular accumulation of 
Au NPs resulted in elevated endoplasmic reticulum stress. Above 
a certain threshold, inhibition of macropinocytosis ceased further 
uptake of Au NPs, and endoplasmic reticulum stress was reduced 
[23]. Third, NPs have been shown to interfere with the cellular 
cytoskeleton [24]. The cytoskeleton is responsible for anchoring 
organelles, maintaining cell morphology, and intercellular 
connections. Previous findings by Pernodet et al. indicate that the 
diameter, the stretching state, and the density of actin filaments 
in human dermal fibroblasts were affected in a concentration-
dependent manner upon treatment with Au NPs. These effects might 
cause major changes in cell shape, cell spreading, cell adhesion, and 
cell growth [25–27]. The same group also found that different sized 
Au NPs (13 or 45 nm) can induce cytoskeletal filament disruption 
to a different extent, without changing actin or beta-tubulin 
protein levels [28]. A further study by Yang et al. showed that the 
actin F-fibers were disrupted to various extents depending on the 
aggregation state of Au NPs. The authors reported varying decrease 
in F-actin fiber intensity and thickness and the appearance of actin 
dots. The lack of actin-fiber formation and the appearance of actin 
dots rather than long fibers were correlated with the presence of Au 
NPs in the cytosol which were thought to cause depolymerization 
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of actin [29]. Furthermore, the morphology of cell junctions may be 
subject to changes [30, 31] following NP exposure. The intracellular 
disruption of the cytoskeletal network caused by Au NPs has been 
found to be associated with the disruption of cell–cell adhesion. 
It was found that exposure to highly concentrated Au NPs will 
significantly reduce the area of focal adhesion complexes (FACs), 
which leads to an increase in the amount of free vinculin, a major 
structural component of FACs [12]. Lin et al. also found different sized 
Au NPs could cause loosening of the intercellular tight junctions that 
are joining individual cells [32]. Moreover, the phenotypic changes 
of lung fibroblasts might be affected by cocultured small airway 
epithelial cells which were treated with Au NPs. Morphological 
changes observed include an increase in vinculin adhesion and 
altered F-actin stress fiber arrangement [33]. Finally, NP impact 
on the cytoskeleton may influence cellular migration. Rafailovich’s 
group found that the presence of Au NPs in human adipose-derived 
stromal cells could result in a concentration-dependent increase 
in population doubling times, a decrease in cell motility, and cell-
mediated collagen contraction [34]. Considering that cell migration 
plays a crucial role in tumor growth and metastasis, therefore, NPs 
that can impede the mobility of tumor cells are of great interest in 
preclinical research. In summary, there is clear evidence that the 
uptake of Au NPs by cells has a (concentration-dependent) effect on 
their morphology.
 In the present work, we provide a comprehensive study on how in 
vitro uptake of Au NPs affects cellular morphology and intracellular 
organelles/structures. Thus, the focus of this work is not on signal 
pathways, but rather on morphological changes, in particular on 
using a set of different techniques and to compare these data. 
Concerning methodologies, we attempted to use as many different 
techniques as possible to probe cell morphology, most of them based 
on imaging and structural analysis of different cellular compartments. 
Concerning the NPs, polymer-coated, anionic Au NPs (Au-PMA* NPs) 
with a fluorescent label were chosen for this study [12, 35–37]. These 
NPs have been fully characterized for their colloidal properties and 
interaction with cells within the last 10 years. They are colloidally 
stable with a narrow size distribution (4.8 ± 0.7 nm core diameter) 
[38, 39]. These NPs are incorporated by cells via endocytic pathways 
and accumulated inside acidic intracellular vesicles, in particular 
lysosomes [40–42]. In contrast to other NPs such as cadmium 
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selenide (CdSe) or silver (Ag) NPs, the Au NPs are not composed of 
an intrinsically toxic material, yet several concentration-dependent 
cytotoxic responses such as production of ROS have been described 
in vitro [12, 43]. Reported IC50 concentration values for Au NPs of 
similar size distribution vary between a few hundred nM [12, 44] 
and a few mM or even mM [45, 46] depending on surface coating, 
the cell types used, and incubation conditions. The NPs used in the 
present study are bigger than the ultrasmall clusters of 1.3 nm core 
size Au NPs for which size-specific effects have been reported [15]. 
In the case of the here used ca. 4.8 nm core diameter NPs toxic effects 
do not only originate from their surface coating but are also due to 
the Au core [43], which possesses some catalytic activity. As control, 
the same Au NP cores, but with different surface coating (i.e., PMA 
without a fluorescence label, mercaptoundecanoic acid (Au-MUA 
NPs [47]), and polyethylene glycol (Au-PEG NPs [47, 48]) were used. 
In addition, Au3+ (as obtained from hydrogen tetrachloroaurate 
(III) hydrate, HAuCl4 ◊ xH2O), and Cd2+ (as obtained from CdCl2) 
was used as reference [49] as well as empty PMA polymer micelles.
 For this study two well-established and commonly used 
mammalian cell lines were used. These were the human umbilical 
vein endothelial cells (HUVECs) and the human cervical cancer 
cell line (HeLa). HeLa cells are human cervical carcinoma cells that 
have been widely applied as a model system for cancerous cells 
in bionano interaction studies, including cytotoxicity and cellular 
up take studies of various types of NPs, including Au NPs [50, 
51]. HUVECs are primary human umbilical vein endothelial cells 
and were obtained as pooled aliquots from different samples to 
minimize heterogeneity due to differences between donors. HUVECs 
are a widely used model of primary cell cultures and can be further 
used to represent an in vitro alternative to endothelial cells lining 
the blood vessels, in particular in newly growing vessels such as 
those formed during angiogenesis in tumor formation [52]. The cells 
were used from passage 5–10 after isolation for any experiments 
and have also been frequently used for nanobio interaction studies. 
Both cell types also have a high biomedical relevance, where HUVEC 
cells are often labeled with NPs to enable non-invasive monitoring 
of cell transplantation efficacy [53]. HeLa cells represent a model for 
cancer cells, as the main biomedical application of NPs lies in the 
field of oncological research [54]. The combination of a cancer cell 
line and a primary cell type enabled us to further compare whether 
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the observed mechanisms are specific for either one of the cell types 
or whether this is of a more general nature.

13.1 Results and Discussion

13.1.1 Au-PMA* NP Location and Internalization Rate

Cellular internalization of Au NPs by HeLa and HUVEC was 
investigated in terms of fluorescence microscopy and flow 
cytometry. As expected, the Au NPs were internalized by both HeLa 
cells and HUVECs. While we did not make attempts to unravel the 
detailed uptake pathways (i.e., by blocking of certain pathways by 
specific inhibitors or by colocalization experiments with objects 
of known pathways of internalization), it is known from previous 
experiments with NPs of similar surface chemistry that the Au 
NPs are endocytosed by cells [12] Experiments have shown 
contribution of macropinocytosis (see for example the formation 
of macropinocytic cups upon NP internalization, cf. TEM images 
in the Supporting Information, Section IV) as well as caveolin-
mediated endocytosis [41]. Presence of the Au NPs in the lysosomes 
after cellular internalization was proven by colocalization of the 
fluorescence-labeled NPs with green fluorescent protein (GFP)-
labeled lysosomal-associated protein 1 (LAMP1), employing 
confocal laser scanning microscopy [55]. LAMP1 was expressed 
in HUVEC and HeLa cells as a marker for lysosomal membranes. 
Quantification of internalized NPs demonstrates that for HUVECs (in 
2% serum supplemented medium) the uptake rate of Au NPs was 
higher and that transport of the Au NPs into the lysosomes (cNP = 
25, 50, 100 nM NP concentration) was faster as compared to HeLa 
cells (in 10% serum supplemented medium). In case of HUVECs, 
saturation of cells with NPs was already seen after <5 h, whereas in 
HeLa cells the amount of internalized NPs still increased after 15 h 
(see Fig. 13.1 and Supporting Information, Section XI). In the case of 
HUVECs, incubation with the double amount of NPs (from 25 to 50 
nM) resulted also in more or less the double amount of internalized 
NPs. A similar trend was observed in the case of HeLa cells. However, 
even within 24 h of exposure, HeLa cells were not saturated with Au 
NPs at the used concentrations. Uptake of the Au NPs by HeLa cells 
thus follows a slower kinetics compared to the HUVECs. We have also 
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noted that differences in the amount of serum in the culture medium 
may play a role in the NP uptake, as serum in general reduces NP 
uptake [39]. Our results highlight the effects of the serum on the 
uptake of NPs to cells.

Figure 13.1 Uptake of Au NPs by HUVEC and HeLa cells. (A) Confocal 
micrographs of HUVEC exposed to Au-PMA* NPs for 16 h at cNP = 50 nM. (a) The 
signal of stained lysosomes is used to create a mask. (b) Channel of fluorescence-
labeled NPs. (c) Mask based on LAMP1-GFP signal. (d) Mean intensity INP(lyso) 
of NPs inside the lysosomal mask. The scale bar corresponds to 10 mm. (B) Mean 
NP-intensity INP(lyso) measured inside lysosomal structures at different Au-
PMA* NP concentrations cNP = 25, 50, and 100 nM. (C) Integrated fluorescence 
intensity of internalized Au-PMA* NPs per cell (INP). The results are presented 
as normalized probability distributions (first row) and median ± lower/upper 
quartile for 500–1000 cells/condition.
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Table 13.1 Summary of the experimental results in which cellular reaction to exposure to Au-PMA* NPs was probeda

Feature Parameter Variable Derived from
Trend CNP,50 range [nM]

HUVEC HeLa HUVEC HeLa

NP uptake
Integrated 
intensity

Inp NP fluorescence +++ +

Viability

Viability Vres Resazurin (“Marburg”) – – 3.5–11–33
Vab Resazurin (“Leuven”) – 0 55–65–77
Vmtt MTT – – 2.7–8.4–27

Dead/live D live/Dead stain + + 30+ 80+
Proliferation rate P DNA synthesis – – 0.49–0.54–0.59 0.073–0.12–0.20
ROS R Pyocyanin/N–

acetyl–L–cysteine
++ + 10+ 10+

Cell morphology

Area Acell CellMask blue – – 18–26–37 39–49–61
Actin (phalloidin) – – 2+ 10+

Anuclei DAPI 0 0
Form factor Fcell Actin (phalloidin) 0 – 8+

Lysosomes

Area Alygo LAMP1 (Ab) +++ o 5+
Fraction of cell 
area

Alyso/Acell LAMP1 (Ab) /actin 
(phalloidin)

++ ++ 30+ 10+

Intensity Ilyso LAMP1 (Ab) 0 + 10+

Results and Discussion

(Continued)



290
Colloidal Gold N

Ps Induce Changes in Cellular and Subcellular M
orphology

Feature Parameter Variable Derived from
Trend CNP,50 range [nM]

HUVEC HeLa HUVEC HeLa

Mitochondria†
Form factor Fmito CellLight –

mitochondria

+++ +++ 0.083–0.45–2.5 0.082–0.34–1.4
Zernike 0th order Zmito

0 +++ +++ 0.13–0.29–0.64 0.080–0.20–0.51

Cytoskeleton

Filopodia: Area Avinc Vinculin (Ab) – – 50+ 50+
Afilo

AFM

– 0/– 2+ 25+
Filopodia: 
Number

Nfilo – – 2+ 50+

Filopodia: 
Volume

Vfilo – – 2+ 25+

Filopodia: Height hfilo 0 0
Actin: Texture 
contrast

Tact,cont

Actin (phalloidin)

+ – 5+ 1.7–3.3–6.3

Actin: Texture 
correlation

Tact.corr + – 5+ 5+

Tubulin: Texture 
contrast

Ttub,cont

Tubulin (Ab)

+ / 50+ /

Tubulin: Texture 
correlation

Ttub,corr – / 10+ /

Table 13.1 (Continued)



291
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Feature Parameter Variable Derived from
Trend CNP,50 range [nM]

HUVEC HeLa HUVEC HeLa

Gene expression CALDl

RT-PCR array

+ + 12+ 25+

CCNA1 + + 50+ 25+

CYFIP2 ++ ++ 25+ 25+

IQGAP2 + ++ 50+ 12+

MAPK13 +++ + 25+ 50+

MAPT ++ 0 25+

PPP1R12A + 0 50+

PPP1R12B + ++ 50+ 12+

TIAM1 + ++ 50+ 12+

VASP 0 + (50+)
aReactions are shown in the trend column. cnp,50 describes the NP concentration at which half of the maximum effect was obtained. If a sigmoidal 
fit could be applied to the data, then the uncertainty is given in addition. The full data sets corresponding to this table are shown in the Supporting 
Information. Ab = antibody.
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13.1.2 Effect of Au-PMA* NPs on Cell Viability, 
Proliferation, and Other Indicators

It is well-known that even inert Au NPs can cause cytotoxic effects 
on cells at elevated exposure concentrations and times. In order to 
investigate a useful range of concentrations, we took into account 
two considerations. First, in case of biological in vitro labeling 
experiments, NP concentrations are typically chosen in the range of 
a few to a few tens of nM, in order to provide sufficient effect. Second, 
as according to Paracelsus, everything at high enough concentration 
is toxic, we performed in vivo toxicity experiments with zebra fish 
embryos. Exposure of zebrafish embryos to NP concentrations up 
to 700 nM was not significantly associated with mortality or any 
morphological abnormality, which demonstrates the relatively low 
toxic profile of the here used Au NPs (see the Supporting Information, 
Section XV for the data). Guided by these two considerations, we 
decided to investigate NP concentrations in the range from 0.1 to 
100 nM, which covers the range of typical in vitro applications, but 
does not cause any acute abnormality in vivo. Using this range of 
concentrations, we performed several standard biochemical assays 
to investigate the concentration-dependent effect of Au NPs on 
HUVECs and HeLa cells (see the Supporting Information, Section 
IX for raw data). As exposure time for all following experiments, 
we chose 24 h. In a first set of assays, effects on cellular enzymatic 
activity were probed: (i) oxidation of resazurin (Alamar blue) by 
cellular dehydrogenases (Resazurin assay/Alamar blue assay) likely 
inside mitochondria; (ii) reduction of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetra-zolium bromide (MTT) by oxidoreductases (MTT 
assay); and (iii) conversion of cell permeable calcein acetoxymethyl 
(AM) by esterases (first part of a commercial Live/Dead assay). In 
order to probe for interlaboratory variation, the resazurin assay 
was carried out as well in the Marburg as in the Leuven laboratory, 
according to the local standard protocols. In HUVECs, the resazurin 
(“Marburg”) as well as the MTT assays showed reduction of cell 
viability at around cNP,50 ª 10 nM (all raw data can be found in the 
Supporting Information, and a summary of all effects is shown 
in Table 13.1), whereas in case of the resazurin (“Leuven”) and 
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the “Live” assay, these effects were detected at slightly higher 
concentrations of NPs. Comparison of the results for the resazurin 
assay as carried out with the local protocols of different laboratories 
demonstrates that absolute values have to be interpreted with care, 
and variation between different laboratories may occur. In the case 
of HeLa cells, the effect of the Au NPs on cell viability was much 
lower, and exposure with NPs up to concentrations of 100 nM could 
in most assays not reduce viability to its half. Still, also in HeLa cells, 
concentration-dependent reduction in cell viability was observed. 
In a second assay format, cellular proliferation was probed in 
terms of measuring DNA synthesis. For both cell lines, inhibition of 
proliferation was already caused by NP concentrations well below 
1 nM. Cellular proliferation thus is at least sensitive to 1 order of 
magnitude lower NP concentrations than cellular viability. In a third 
assay, we probed for direct damage: In the “Live/Dead” assay a cell-
impermeable ethidium homodimer only stains cellular nuclei in case 
their membrane is damaged in the form of perforation. Altogether the 
cNP,50 values obtained from the Live/Dead assay were in the range of 
a few tens of nM. Images of the outer cell membrane with helium ion 
microscopy also show disruption of the cellular plasma membrane 
at high NP concentrations (see the Supporting Information, Section 
VI for the data). In a fourth assay type, we probed for the generation 
of ROS, which are typically associated with cytotoxic effects, using 
CellROX Green as the probe. For both cell types, we found cNP,50 
values of around 10 nM. First, these data (cf. Table 13.1) show that 
significant reduction in cellular proliferation starts already at least at 
1 order of magnitude lower Au NP concentrations, which corresponds 
to the concentration at which cellular viability is affected. Second, 
viability of HeLa cells is less influenced by the exposure to Au NPs 
than HUVECs. Onset of oxidative stress (production of ROS) starts 
at similar NP concentrations as required to reduce cell viability 
(see Fig. 13.2). More dramatic effects such as permeation of nuclear 
membranes occur at even higher NP concentrations. Summing up, 
these data indicate that first toxic effects of Au NPs can be already 
noted at NP concentrations well below 1 nM (proliferation), whereas 
typical onset of drastic reduction in cell viability requires exposure 
concentrations in the order of 10 nM.

Results and Discussion



294 Colloidal Gold NPs Induce Changes in Cellular and Subcellular Morphology

Figure 13.2 Effect of Au-PMA* NPs on cell viability and oxidative stress. (A) 
Cell viability VAB of HUVECs and HeLa cells exposed to different concentrations 
cNP of Au-PMA* NPs, as determined with the Alamar blue test. (B) Rate of dead 
versus live cells D upon exposure to Au-PMA* NPs to cells, as derived from a 
fluorescence cell staining specific for live and dead cells, respectively. (C) ROS 
levels R of cells exposed to Au-PMA* NPs. Results are presented as mean value 
± SD for n = 3–4 independent measurements.

13.1.3 Lysosomal Swelling Caused by Endocytosed Au-
PMA* NPs

Staining of the lysosomes (yellow stain in the corresponding images 
in Figs 13.3 and 13.4, see the Supporting Information, Section XI for 
the raw data) as well as of the cytoskeleton allows for relating the 
average sectional area of lysosomes Alyso to the cell cross-section area 
Acell in a defined intracellular plane, cf. Fig. 13.4A. Thereby, a useful 
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measure, the fraction of cell area which is occupied by lysosomes 
Alyso/Acell can be derived. The results clearly indicate that lysosomes 
start to swell, i.e., increase their size, upon exposure of cells to NPs, 
whereby the effect was higher for HUVECs than for HeLa cells (cf. 
Fig. 13.4C and Table 13.1). Just looking at the size of lysosomes 
already allows for pre-estimating whether NPs are present. The cNP,50 
values, e.g., the required NP concentration at which half of the effect 
is observed, are on the order of 10 nM. In summary, exposure of cells 
to NPs causes swelling of lysosomes, thus leading to an increased 
fraction of intracellular space which is occupied by lysosomes.

Figure 13.3 Morphological changes of different cellular structures without 
and after cNP = 100 nM Au-PMA* NP treatment in HUVECs and HeLa cells. 
All scale bars correspond to 50 mm, except for lysosomes and mitochondria 
(10 mm). Lysosomes were stained with antilysosomal-associated protein 1 
(LAMP1) antibodies (shown here in yellow false colors). Mitochondria were 
stained by expressing green fluorescent protein GFP-labeled E1 alpha pyruvate 
dehydrogenase in the cells (shown in green). Actin fibers were stained by 
phalloidin (shown in green), nuclei stained with DAPI (shown in blue), together 
with the red fluorescence of incorporated NPs. Tubulin was stained using an 
anti-alpha tubulin antibody (shown here in red). Vinculin was stained with an 
antivinculin mouse monoclonal antibody (shown in green), together with actin 
staining with phalloidin (shown in red).

Results and Discussion
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Figure 13.4 Effects of Au-PMA NPs on the lysosome. (A) The lysosomal fraction 
is calculated by dividing the area occupied by lysosomes (Alyso) by the area of 
the whole cell (Acell). Left image: blue: nuclei, red: plasma membrane, scale bar: 
20 mm. (B) Mean cross section area per cell Acell of HUVECs (left) and HeLa cells 
(right), which had been incorporated for 24 h with Au-PMA* NPs at different 
concentrations cNP. Error bars indicate ± SD for 3 independent sets of over 2000 
cells evaluated per condition. (C) Size of individual lysosomes after cells had 
been exposed to Au-PMA* NPs at different concentrations cNP. (D) Fraction of 
area occupied by lysosomes related to the whole cell cross section area Alyso/
Acell. The results are presented as median (o) ± lower/upper quartile for 1800–
4000 lysosomes/condition. The mean values are represented as crosses (+).
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13.1.4 Loss of Mitochondrial Structure Caused by Au-
PMA NPs (Without Label)

Staining of the mitochondria (green stain in the corresponding 
image in Fig. 13.3, see the Supporting Information, Section XII for 
the raw data) allowed for observing changes in the morphology 
of the mitochondria upon cellular exposure to Au NPs. Data show 
that upon presence of NPs, there is a significant shape change from 
more thread-like elongated to smaller spherical structures. This can 
be quantified by calculating the form factor Fmito and the Zernike 
moment of zeroth order Zmito

0 , cf. Table 13.1, Fig. 13.5. Both measures 
describe the transition from an indefinitely extended object (F, Z0 = 
0) to a spherical object (F, Z0 = 1) [56]. The results clearly indicate 
dramatic changes in mitochondrial morphology upon exposure to 
NPs. As mitochondria are the “power plant” of cells, thus energy 
availability might be affected. For both investigated cell types, the 
cNP,50 values were between 0.1 and 1 nM and, therefore, well below 
NP concentrations in which reduction of cellular viability was 
detected. Thus, reduction in cellular viability might be interpreted 
as a consequence of mitochondrial impairment.

Figure 13.5 Geometrical features (form factors Fmito and Zernike coefficients 
of 0th order Zmito) of mitochondria upon exposure to Au-PMA NPs (without 
fluorescence label) to cells. The results are presented as median ± lower/upper 
quartile for 1700–5000 mitochondria/condition).

Results and Discussion
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13.1.5 Distortion of the Cytoskeleton Caused by Au-
PMA* NPs

Staining of several components of the cell cytoskeleton was 
performed, cf. Fig. 13.3 (the raw data are presented in the Supporting 
Information, Section XIII). Actin was stained with fluorescence-
labeled phalloidin, while specific antibodies were used for tubulin 
and vinculin staining procedures. Even by microscopic inspection 
with the naked eye, striking effects of the NPs on the morphology of 
the cells were visible. Presence of NPs strongly reduced the cellular 
cross-section area Acell. In the case of HeLa cells, NP exposure 
induced a more elongated, stretched cell shape, manifested by a 
reduction in the form factor Fcell, cf. Fig. 13.6A and Table 13.1. Actin 
fibers were directly affected by exposure to the NPs. In the case of 
HUVECs, the elongated actin fiber bundles shortened and rounded 
up. In the case of HeLa cells, the actin fibers appeared smoother, 
indicated by a decreasing texture contrast Tact,cont [57]. For tubulin, 
an increase in texture contrast Ttub,cont and decrease in texture 
correlation Ttub,corr were observed in case of HUVECs, see Fig. 13.6B. 
Under high NP doses, tubulin fibers were arranged less compactly 
and became thinner and longer. Visual inspection with the naked 
eye however leads to the conclusion that the tubulin network is 
less affected than the actin network by the presence of NPs. The 
cytoskeleton stabilizes cells in a dynamic way, based on continuous 
polymerization and depolymerization of fibers. For this reason 
control experiments without involving cells were performed, in 
which reduction of actin and tubulin polymerization upon presence 
of NPs was determined with biochemical assays (see the Supporting 
Information, Section XIV for the raw data). Data indicate that already 
NP concentrations below 1 nM significantly reduce polymerization 
of both actin and tubulin. Staining of vinculin indicated a reduction 
in focal adhesion contact areas Avinc, see Fig. 13.6C. Additionally, 
atomic force microscopy (AFM) data showed that, in particular, for 
HUVECs the number Nphyllo and area Aphyllo of filopodia decreased 
upon exposure to NPs. Here again a difference between both cell 
types could be seen. Accompanying gene expression assays revealed 
the upregulation of several genes which are related to the cellular 
cytoskeleton, cf. Table 13.1. Taken together, the data demonstrate 
that NPs clearly have an impact on the cellular cytoskeleton, whereby 
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detailed effects and in particular related NP doses vary between the 
investigated cell lines and conditions. In general, HUVECs seem to be 
more affected than HeLa cells (keeping in mind however the different 
levels of serum). Morphology changes occur at NP concentrations 
around cNP,50 ª 10 nM, though this number can be seen only as an 
indicator for the order of magnitude. In contrast, it is safe to suggest 
that changes in gene expression are detected only at much higher NP 
concentrations than changes in morphology.

13.1.6 Deviation of Results Due to Aging of the Au-PMA 
NPs

Batch-to-batch variations were observed upon carrying out the 
assays used for assembling Table 13.1. In the Supporting Information 
therefore data obtained with different batches are indicated. 
However, also variation over time within the same batch was found. 
As general observation regarding cell viability, results obtained 
from the resazurin assay (“Marburg”), Au-PMA* NPs older than one 
year were found to be more toxic than the ones coated immediately 
before exposure of cells. In principle, the PMA shell around the NPs 
is stabilized by hydrophobic interaction, which leads to highly stable 
NPs. A detailed characterization in the direction has been provided 
by Huhn et al. [58]. On the other hand, after cellular incorporation, 
due to enzymatic degradation, part of the protecting PMA* shell may 
be lost over time [55], thus allowing for a closer contact of exposed 
cells to the Au surface. This demonstrates that NPs may change their 
toxicity over time.
 This arises the question from where the toxicity originates, 
from the Au cores or form the PMA coating. We thus performed 
control measurements in which cells were exposed to empty PMA 
micelles, without Au cores inside the PMA shell (see the Supporting 
Information, Section IX.1 for the raw data). In agreement with 
previous studies [43], data confirmed that main toxicity arose from 
the Au cores and not from the PMA shell.
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Table 13.2 Summary of the experimental results, in which cellular reaction to exposure to Au NPs with different surface chemistry was 
probeda

Feature Parameter Variable Derived from
Trend Cnp,50 range [nM]
HUVEC HeLa HUVEC HeLa

Au-PMA

Viability Viability Vres Resazurin 
(“Marburg”)

– – 73–82–92

Proliferation 
rate

p DNA synthesis – – 0.8–1.0–1.2 0.67–1.3–2.6

Cell 
morphology

Area Acell Actin (phalloidin) – 0 50+
Anuclei DAPI 0 0

Lysosomes Fraction of 
cell area

Alyso/Acell LAMP1 (Ab) /actin 
(phalloidin)

++ ++

Mitochondria Zernike 0* 
order

Zmito
0 Cell Light 

-mitochondria
+++ +++ 0.13–0.29–0.64 0.080–0.20–0.51

Au-PEG

Viability Viability Vres Resazurin 
(“Marburg”)

– 0 2.6–3.6–5.1

Proliferation 
rate

p DNA synthesis – o 35–60–100

Cell 
morphology

Area Acell Actin (phalloidin) – 0
Anuclei DAPI 0 0

(Continued)

Results and Discussion
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Feature Parameter Variable Derived from
Trend Cnp,50 range [nM]
HUVEC HeLa HUVEC HeLa

Lysosomes Fraction of 
cell area

Alyso/Acell LAMP1 (Ab) /actin 
(phalloidin)

++ 0

Mitochondria Zernike 0th 
order

Zmito
0 CellLight 

-mitochondria
+ + 4.7–7.4–12 45–46-48

Au-MUA

Viability Viability Vres Resazurin 
(“Marburg”)

0 0

Proliferation 
rate

p DNA synthesis – – 13–19–28 47–80–140

Cell 
morphology

Area Acell Actin (phalloidin) – 0
Anuclei DAPI 0 0

Lysosomes Fraction of 
cell area

Alyso/Acell LAMP1 (Ab)/actin 
(phalloidin)

++ +

Mitochondria Zernike 0* 
order

Zmito
0 CellLight 

-mitochondria
0 0

Au ions*

Viability Viability Vres Resazurin 
(“Marburg”)

– 0 64–72–81

Proliferation 
rate

p DNA synthesis – – 10–18–34 36–96–250

Table 13.2 (Continued)



303

Feature Parameter Variable Derived from
Trend Cnp,50 range [nM]
HUVEC HeLa HUVEC HeLa

Cell 
morphology

Area Acell Actin (phalloidin) 0 0
Anuclei DAPI – 0 50+

Lysosomes Fraction of 
cell area

Alyso/Acell LAMP1 (Ab) /actin 
(phalloidin)

0 0

Mitochondria Zernike 0th 
order

Zmito
0 CellLight 

-mitochondria
0/+ + 52–55–58 42–51–63

Cd ions*

Viability Viability Vres Resazurin 
(“Marburg”)

– – 21–24–26 4.3–13-42

Proliferation 
rate

p DNA synthesis – – 3–6–13 0.37–0.60–0.96

Cell 
morphology

Area Acell Actin (phalloidin) – – 22–28–35 0.6–2.3–9.9
Anuclei DAPI – – 50+ 10+

Lysosomes Fraction of 
cell area

Alyso/Acell LAMP1 (Ab)/actin 
(phalloidin)

o o

Mitochondria Zernike 0th 
order

Zmito
0 CellLight 

-mitochondria
0/+ ++ 27–29–30 1.8–4.0–8.9

aReactions are shown in the trend column. cnp 50 describes the NP concentration at which half of the maximum effect was obtained. If a sigmoidal 
fit could be applied to the data, then the uncertainty is given in addition. The full data sets corresponding to this table are shown in the Supporting 
Information.
*For Au and Cd ions the indicated concentrations correspond to equivalent NP concentrations (see the Supporting Information for the corresponding 
calculation). Ab = antibody. Au-PMA NPs without fluorescence label were used.

Results and Discussion
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13.1.7 Comparison of the Effects of Au-PMA NPs to 
the Effects of Au NPs with Different Surface 
Chemistry.

For comparison the effects on selected cellular parameters were 
investigated for Au NPs with different surface chemistry, cf. 
Table 13.2. Similarly to Au-PMA* NPs, strong effects on cellular 
viability in terms of proliferation and metabolic activity and the 
morphology of mitochondria were observed for Au-PMA NPs without 
a fluorescence label. In terms of cell viability, comparably strong 
impairments were only observed for Cd2+ ions at similar equivalent 
doses. MUA-coated NPs and Au salt seem to be less cytotoxic. In case 
of PEG NPs, HUVECs were more affected than HeLa cells regarding 
cytotoxicity, inhibited proliferation and changes in mitochondrial 
morphology. Data indicate that for example the effect of Au-PMA 
NPs on mitochondria seems to be specific, as in comparison to the 
other NPs, and in the Cd and Au salts a much stronger damage was 
observed. Also swelling of the lysosomes seems to be trigger more 
by NPs than by Cd and Au salts. In this way these observed changes 
in cell morphology are likely related to NP-induced toxicity, which 
can be different to the effects of other toxic agents. This may be 
related to the particular intracellular distribution of the NPs, which 
accumulate inside endosomes/lysosomes.

13.2 Conclusions

There are many published records in which cytotoxic effects of NPs on 
cells have been observed. Many of these reports focus on biochemical 
assays, probing cell viability or measuring gene expression levels. 
In this work we demonstrate that effects are also directly visible 
by changes in cellular morphology. Though there is an impressive 
amount of studies available in literature, quantitative comparison is 
hindered by the fact that on the one hand toxicity strongly depends 
on the type of NPs, and on the other hand the type of cells which have 
been used. In our study we performed many different assays with 
the same type of NP on two different types of cells, which allows for 
a quantitative comparison. In general, first effects upon exposure to 
NPs can be seen by a reduction in cellular proliferation rates. This 
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effect is already clearly visible at NP concentrations 1 or 2 orders 
of magnitude lower than the effects can be observed with standard 
cell viability assays. Also, changes in mitochondrial morphology can 
be measured which are an early indicator of NP-induced cellular 
damage. Then again lysosomal swelling and changes in cytoskeleton 
morphology occur at the same order of NP concentrations that cause 
significant reduction in cell viability. On the contrary, ROS production 
became prominent only at even higher concentrations.
 The observed cellular changes induced by the Au NPs suggest a 
wide cascade of events that occur upon exposure of cultured cells 
to these engineered NPs. While previous results using these NPs 
have found that the Au-PMA NPs are not highly toxic and exert less 
toxicity than similarly sized and coated silver NPs, for instance [59], 
the extent of the effects observed here, even at low NP exposure 
concentrations, is quite surprising. The precise mechanism behind 
all these effects remains somewhat unclear and was outside of the 
scope of the current study.
 The effect of the Au NPs on cell cytoskeleton, mitochondria, 
and lysosomes plays a major role in the possible functionality of 
the cells. As cell mitochondria are the main energy providers of 
the cells, any effect of the Au NPs on the mitochondria may affect 
the cellular energy reserves. As maintenance of lysosomal pH is an 
ATP-dependent process [60], the effect of the NPs on the lysosomal 
compartment may be associated with this loss in energy provision. 
Enlargement of the lysosomal compartment has been observed with 
different types of NPs, including quantum dots or iron oxide NPs, 
and has typically been associated with cellular adaptations in order 
to deal with the NP-induced stress [61, 62].
 From a mechanistic point of view, changes in morphology due 
to exposure of high doses of NPs reduce the available “free” volume 
inside cells. The shape, polarity, and motility of cells are highly 
dependent on the normal morphology of organelles and subcellular 
structures, and organelles are interconnected by the cytoskeleton 
[63]. One of the important functions of the cytoskeleton is to 
dynamically arrange organelles at certain places inside the cells. 
If the accumulation of Au NPs affects the cytoskeletons, then 
the attached organelles will be affected too. Our data show that 
the structure of cytoskeleton was affected dramatically as the 
intracellular Au NP concentration increased. Consequently, the 

Conclusions
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sizes of the cells treated with high doses of Au NPs were much 
smaller than the control group, and the organelles were all crowded 
around the nucleus. Also, the endocytosis of NPs caused swelling 
of lysosomes, and the intracellular area occupied by lysosomes 
increased consequently. Also this may interfere with the location 
and distribution of other organelles and subcellular structures in the 
cell. The enlarged cellular lysosomal compartment may sterically 
hinder the cellular cytoskeletal architecture, forcing the cells to 
remodel their cytoskeleton [62]. In recent work, it has also been 
shown that NP-mediated cellular energy losses can affect cellular 
signaling pathways that directly influence cell cytoskeleton, such as 
induction of autophagy or activation of small GTPases [64, 65].
 Various intracellular signaling pathways are associated with the 
proper functioning of the cellular cytoskeleton [66]. Any alterations 
in cytoskeleton architecture can therefore have profound effects on 
various cellular functions such as cellular motility [67]. and result in 
a decrease in cell proliferation, as observed here and in other reports 
[62]. A key mediator in cytoskeleton-associated signaling is the FAC, 
which connects the actin cytoskeleton to the extracellular matrix 
via transmembrane integrins [68]. In line with our expectations, a 
clear concentration-dependent loss in FACs was observed, which is 
most outspoken for the HUVEC cells. The effects on cell functionality 
affected cellular signaling were also assessed via gene expression 
assays that revealed the upregulation of several genes which are 
related to the cellular cytoskeleton, cf. Table 13.1. Of the genes that 
show significant upregulation, mainly mapk13 and mapt show the 
highest level of difference between HUVEC and HeLa cells. Mapk13 
encodes a member of the mitogen-activated protein (MAP) kinase 
family that acts as an integration point for multiple biochemical 
signals and is involved in a wide variety of cellular processes such 
as proliferation, differentiation, transcription regulation, and 
development. The MAP kinase is known to be activated by cellular 
stress. Mapt encodes for microtubule-associated protein Tau, which 
is known to be a key player in the onset of Alzheimer’s disease. In 
terms of cytoskeleton functionality, Tau can sterically stabilize 
microtubules in an attempt to prevent loss of function [69]. Taken 
together, these data suggest a clear indication of cellular stress 
elicited by the Au NPs that results in mitochondrial damage and 
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affects cytoskeleton-associated signaling at concentrations far lower 
than those at which clear cytotoxicity is typically observed.
 Possible mechanisms behind these findings could lie in the inert 
nature of the Au NPs, which, when incorporated into the cellular 
endosomal compartment, may affect the overall cellular degradative 
capacity. While instability of the lysosomal membrane may induce 
necrosis [70], this did not appear to be the case here, as no typical 
markers for necrosis were found under NP concentrations where 
lysosomes were affected. The presence of the Au NPs may however 
impose an alkalizing effect on the lysosomes and can therefore result 
in a partial loss of function of the endolysosomal compartment 
[20]. In response, the cell will try to compensate for this loss of 
degradative function, which can result in the synthesis of additional 
lysosomes and/or induction of autophagy [61]. These additional 
lysosomes or the occurrence of autophagosomes may directly affect 
cell cytoskeleton architecture, either through steric hindrance and 
remodeling [62] or through activation of cellular signaling pathways 
involved in both autophagy and actin cytoskeleton modeling [71]. 
Additionally, these processes require energy in the form of ATP and 
will therefore impose stress on the cellular mitochondria. As Au NPs 
are well-known to cause oxidative stress, the additional activation 
of mitochondrial oxidative phosphorylation pathways, a major 
source of cellular ATP as well as oxidative stress, may further stress 
the mitochondria. These data are also in line with a recent study 
displaying that rapid cellular internalization of rigid NPs through 
energy-dependent processes also stresses cellular mitochondria by 
overactivating ATP production, coupled with the intrinsic oxidative 
stress caused by the NPs [65]. Together, these data link the observed 
effects to two main mechanisms, being the loss of degradative 
capacity of the cells along with cellular adaptation to the presence of 
these NPs and their associated ROS and energy demands.
 Our data suggest that not all indicators for NP toxicity have 
the same sensitivity. Cellular proliferation and alterations in 
mitochondrial morphology are clearly early indicators. Prior to 
when changes in cellular viability are observable, there are already 
detectable changes in (sub-) cellular morphology. Geometrical 
changes in certain cellular compartments occur already at 
surprisingly low NP concentrations, in particular in mitochondria. 
Most likely these effects can be linked to the surface chemistry of 
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the used Au NPs as the observed changes vary among the different 
surface coatings which were being tested.
 In this way, just by visual inspection of cells (upon appropriate 
immunostaining) NP-related toxicity can be observed via 
morphological analysis. In our case of polymer-coated Au NPs, even 
at NP concentrations where no significant oxidative stress (ROS 
production) can be detected, morphology can already be altered 
significantly. These morphological changes provide a reliable 
assessment for the effect of NPs on the cellular homeostasis. 
Therefore, the determination of toxic effects of NP exposure 
based on morphological features may be an attractive alternative 
methodology for situations in which fixed samples, such as tissue 
sample from a biopsy, have to be inspected, and in which case the use 
of biochemical assays can no longer be applied. Morphology changes 
seem to be in particular in the case of mitochondria and lysosomes 
related to NP-induced toxicity and are different to changes observed 
upon exposure of cells to toxic metal salts.

13.3 Materials and Methods

Polymer-coated Au NPs (Au-PMA* NPs) [12, 35–37] with a core 
diameter of dc = 4.8 ± 0.7 nm (as determined by transmission electron 
microscopy (TEM)), a hydrodynamic diameter of dh =12 ± 3 nm (as 
determined from the number distribution of dynamic light scattering 
(DLS) in water), and a zeta-potential of z = –30 ± 2 nm (as determined 
from laser Doppler anemometry (LDA) in water) were used. Due to a 
fluorophore which is located inside the inner hydrophobic polymer 
shell, and thus in first order not present at the NP surface, these NPs 
are fluorescent and thus can be visualized with confocal microscopy. 
Also the control NPs, i.e., Au-PMA NPs (without fluorescence label 
in the polymer shell), Au-MUA NPs [47], and Au-PEG NPs [44, 47, 
73], were synthesized according to previously published protocols. 
The full protocol of synthesis and characterization of the NPs are 
located in the Supporting Information, Sections I and II. HUVECs 
and HeLa cells were exposed to the NPs at concentrations ranging 
from 0.1–100 nM in serum containing medium (Supporting 
Information, Section III). In parallel, Au3+ and Cd2+ ions were added 
at the same amount of total Au atoms for the Au NPs (0–35 mM). 
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Their uptake was quantified by confocal microscopy and standard 
viability and proliferation assays (Live/Dead viability assay [74], 
cell proliferation assay [75], resazurin assay [76–78], and MTT assay 
[79]). Different cellular structures (lysosomes, mitochondria, actin 
and microtubule network, vinculin, and filopodia) were optionally 
labeled by immunostaining or transfection, and changes in their 
geometry as well as changes in the morphology of the whole cell 
(i.e., cell spreading) were analyzed from fluorescence or atomic 
force microscopy (AFM) images by digital image analysis tools. In 
addition, the effects of the NPs on expression of genes related to 
the cytoskeleton as well as actin and tubulin polymerization assays 
were carried out [80, 81].

Supporting Information

The Supporting Information is available free of charge on the ACS 
Publications website at DOI: 10.1021/acsnano.7b01760.
 Detailed protocols and raw data (PDF): http://pubs.acs.org/doi/
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