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Time resolved study of cell death mechanisms induced
by amine-modified polystyrene nanoparticles†

Fengjuan Wang,a Mariana G. Bexiga,abc Sergio Anguissola,a Patricia Boya,d

Jeremy C. Simpson,b Anna Salvati*a and Kenneth A. Dawson*a

Positively charged polymers and nanoparticles (NPs) can be toxic to cells in various systems. Using human

astrocytoma cells, we have previously shown that 50 nm amine-modified polystyrene NPs damage

mitochondria and induce cell death by apoptosis. Here we provide comprehensive details of the cellular

events occurring after exposure to the NPs in a time-resolved manner. We demonstrate that the

accumulation of NPs in lysosomes plays a central role in the observed cell death, leading to swelling of

the lysosomes and release of cathepsins into the cytosol, which ultimately propagates the damage to

the mitochondria with subsequent activation of apoptosis. This is accompanied and sustained by other

events, such as increasing ROS levels and autophagy. Using various inhibitors, we also show the

interplay between apoptosis and autophagy as a response to NP accumulation in lysosomes.
1. Introduction

Positively charged objects are known to be toxic to cells. Several
examples of this come from studies on gene delivery systems,
where cationic lipids, polymers and polycations have been oen
used to condensate and deliver to the cell oppositely charged
nucleic acids.1 The bare positive charges of several of these gene
delivery systems can cause damage to cellular membranes,
whereas when covered by DNA they are processed and accumu-
late intracellularly.2 In lysosomes, they can induce lysosomal
damage, and in some cases reports have suggested this to be
induced via the so called “proton sponge effect”.3,4 Similarly, bare
positively charged NPs have been shown to induce damage to the
cell membrane5,6 and to have the capacity to reconstruct phos-
pholipid membranes.7 Once covered by serum proteins, forming
the so called protein corona,8 these NPs are trafficked and pro-
cessed inside the cells and accumulate in the lysosomes.9

Several works have reported cell death activated by cationic
NPs in various cell types.4,10 Increase in intracellular reactive
oxygen species (ROS) and consequent damage to the
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mitochondria have been regarded as crucial steps in the toxicity
induced by such positive NPs, which oen lead to cell death via
apoptosis.4 In some cases, damage to lysosomes was observed,
however its role has not been fully described. Using human
astrocytoma 1321N1 cells, we have previously shown that 50 nm
amine-modied polystyrene (NH2–PS) NPs (cationic) induce
apoptosis through activation of caspases 3, 7 and 9, followed by
the cleavage of PARP-1.10Moreover, we have shown that these NPs,
when covered by serum proteins, enter the cells and accumulate
in the lysosomes. There, the degradation of this protein layer is
accompanied by swelling of the lysosomes and ultimately damage
to the lysosomal membrane, with release of the lysosomal content
into the cytosol, leading to the observed apoptotic cell death.9

In this work, we extend these observations with a detailed
time-resolved study of the cellular signals induced by these NPs
as they are trafficked inside cells. This allows us to investigate
alteration of cellular functions and characteristics, including cell
size and granularity (vacuolization), ROS generation, lysosomal
integrity and morphology, mitochondrial membrane potential,
intracellular and mitochondrial calcium levels, exposure of
phosphatidylserine and plasma membrane integrity.

We also show activation of autophagy upon exposure to the
NPs and study its role in the observed cell death. Autophagy is a
constitutive process in which lysosomes play a crucial role.
During autophagy, a portion of the cytoplasm or old and
damaged organelles is engulfed by double or multi membrane
structures (autophagosomes), which later fuse with lysosomes
and are digested by lysosomal enzymes. Lysosomal dysfunction
has been shown to affect the autophagic ux.11 Here we examine
the formation of autophagosomes and their intracellular
localization, in order to connect this process to the lysosomal
damage induced upon accumulation of NH2–PS NPs.
Nanoscale

http://dx.doi.org/10.1039/c3nr03249c
http://pubs.rsc.org/en/journals/journal/NR


Nanoscale Paper

Pu
bl

is
he

d 
on

 0
9 

O
ct

ob
er

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

is
so

ur
i a

t C
ol

um
bi

a 
on

 1
0/

10
/2

01
3 

08
:4

9:
25

. 
View Article Online
Moreover we propose possible links between the observed
apoptosis and autophagy: it is the balance between these two
processes, which cells can utilize as responses to cellular stress,
to decide the nal cellular fate.12 It has been previously reported
that lysosomotropic agents can cause cytoplasmic vacuolization
and cell death that involves hallmarks of both apoptosis and
autophagy.13,14 By using inhibitors for these two pathways to
modulate the response of the cells, we can further clarify how
apoptosis and autophagy are interconnected in the cell death
induced by NH2–PS NPs. Finally, we use cathepsin inhibitors to
clarify the role of the release of lysosomal content into the
cytosol in the observed cell death.

Overall, thanks to population discrimination analysis of the
results obtained from individual cells by ow cytometry, and by
combining the overall sequence of the cellular events detected
in this system, we propose a more comprehensive and
sequential description of the damage induced by NH2–PS NPs.
This allows us to understand the relation between the signals
activated upon exposure to NPs and NP location inside the cells
and ultimately themechanisms of cell death. This time-resolved
approach suggests that most of the observed signals can be
explained with the damage at lysosomal level and that this event
is upstream to the other cell death events, including the damage
to mitochondria and activation of caspases, thus playing a
central role in the impact of these NPs on cells.
2. Experimental details
2.1. Cell culture

Human brain astrocytoma 1321N1 cells were obtained from the
European Collection of Cell Cultures (ECACC). Cells were
routinely cultured in Dulbecco's Modied Eagle's Medium
Glutamax (DMEM) (Life Technologies) supplemented with 10%
heat-inactivated foetal bovine serum (FBS) (Life Technologies)
and 50 units ml�1 of penicillin and 50 mg ml�1 of streptomycin
(complete cell culture medium, cDMEM) in a 37 �C incubator
with 95% air/5% CO2 atmosphere. Serum heat inactivation was
performed by incubating the serum at 56 �C for 30 minutes.
2.2. Flow cytometric measurement of cellular functions

1321N1 cells were grown to 70–80% conuency and exposed to
50 mg ml�1 amine-modied NH2–PS NPs (uorescence: lex � 360
nm; lem � 420 nm, 50 nm, Sigma Aldrich) in cDMEM for the
indicated times (1, 3, 6, 8 and 24 h). To expose cells to NPs,
300 000 cells were seeded into 3 cm diameter plates and 24 h
aer seeding, the medium was replaced by 1 ml freshly prepared
50 mg ml�1 amine-modied NH2-PS NP dispersion in cDMEM.
NP characterization in PBS and cDMEM was published else-
where.9,10 Cells were harvested with trypsin and stained with
various uorescent markers in cDMEM for 20 min at 37 �C in
darkness, unless stated otherwise. Cell uorescence intensity was
measured immediately aer staining using a Cyan ADP ow
cytometer (Beckman Coulter). For the assessment of lysosomal
stability, cells were stained with 50 nM LysoTracker Red (Life
Technologies), an acidotropic dye that accumulates in acidic
compartments; a 30 mW 488 nm argon-ion laser was used to
Nanoscale
excite the dye and its emission was collected using a 613� 20 nm
band pass lter (red channel, FL2). For the measurement of
intracellular ROS levels, cells were stained with 2.5 mM
CM-H2DCFDA (Life Technologies) which becomes uorescent
when oxidized by intracellular ROS; a 30 mW 488 nm laser was
used to excite the dye and its emission was collected using a
530 � 40 nm band pass lter (green channel, FL1). To evaluate
the mitochondrial membrane potential, cells were stained with 1
mg ml�1 JC-1 (Molecular Probes), a cationic dye that accumulates
inmitochondria depending on their transmembrane potential. A
30 mW 488 nm laser was used to excite the dye and its emission
was collected in both FL 1 and FL2 channels; the increase in
green uorescence intensities in the FL1 channel was used as a
measurement of loss of mitochondrial membrane potential (see
Fig. S5C† for details). To examine plasma membrane integrity
and phosphatidylserine exposure (as a sign of apoptosis), cells
were stained with 5 ml of annexin V-FITC (Calbiochem) in 195 ml
binding buffer (Calbiochem) for 10min at room temperature and
propidium iodide (PI) (Sigma Aldrich) was added to reach a
concentration of 2 mg ml�1 just before the measurement; a 30
mW 488 nm laser was used to excite both dyes; the FL1 channel
was used to collect the emission of annexin V-FITC, and the FL2
channel was used to collect the emission of PI. Quantitative
analysis of ow cytometry data was carried out using Summit
soware (DAKO). Gates were set to discriminate cell debris and
cell doublets from the analysis according to their forward and
side scattering. Aminimumof 15 000 cells were acquired for each
sample. The obtained uorescence intensity distributions and
double scatter plots of cell side scattering versus forward scat-
tering are shown. Additional graphs in ESI† show the mean
uorescence intensities of the distributions averaged over three
replicates and error bars are their standard deviation. Results are
representative of three independent experiments, each per-
formed with three replicates.

2.3. Western blotting of LC3

Cells were treated as previously described and whole cell
extracts were prepared using RIPA lysis buffer (Thermo Fisher
Scientic) supplemented with a protease inhibitor cocktail
(Roche). Protein concentration was determined using the BCA
assay (Thermo Fisher Scientic) following the manufacturer's
instructions. 15 mg of total proteins were separated by SDS-
PAGE followed by protein transfer to a PVDF membrane which
was probed with a rabbit polyclonal LC3 antibody (Cell
Signaling Technology) or a rabbit polyclonal b-actin antibody
(Abcam), followed by staining with a secondary goat anti rabbit
HRP antibody. Proteins were revealed using ECL reagent
(Thermo Fisher Scientic). Densitometry was performed with
ImageJ soware (National Institutes of Health).

2.4. Immunostaining and confocal uorescence microscopy

In order to prepare samples for imaging, collagen coated
coverslips were placed on the bottom of a 3 cm diameter plate
and cells seeded as described above prior to exposure to 1 ml
50 mg ml�1 NH2–PS NP dispersion in cDMEM for indicated
times (1 h, 3 h, 6 h and 8 h). Cells were xed with methanol for
This journal is ª The Royal Society of Chemistry 2013
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4 min at �20 �C. Mouse monoclonal antibodies for LC3
(Nanotools) or LAMP-1 (Abcam) were used to mark autopha-
gosomes and lysosomes, respectively, followed by staining with
a goat anti-mouse Alexa 488 secondary antibody (Life Tech-
nologies). Images were acquired on a FluoView FV1000
confocal microscope (Olympus, Hamburg, Germany) equipped
with a 60�/1.35NA objective. NH2–PS NPs were excited with a
405 nm laser; Alexa 488 secondary antibody was excited with a
488 nm laser.
2.5. Treatment with various inhibitors of cellular pathways

Cells were pre-treated with either 20 mM pan- caspase inhibitor
zVAD-FMK (zVAD, Calbiochem) or 2 mM autophagy inhibitor 3-
methyladenine (3 MA, Sigma Aldrich) for 1 h, or 50 mM pep-
statin A (Pep A) or 30 mM E64d (Sigma Aldrich) for 16 h prior to
exposure to the NH2–PS NPs in the presence of the same
inhibitors.
2.6. Measurement of ATP content and caspase 3/7 activity

For ATP content and caspase activity measurements, 12 000
cells were seeded into 96 well plates and exposed to 50 ml 50 mg
ml�1 NH2–PS NP dispersion in cDMEM for 24 h with or without
the different inhibitors as specied above. Measurement of ATP
content was carried out using the CellTiter-Glo kit (Promega),
and caspase 3/7 activity was determined using Caspase 3/7-Glo
kit (Promega) according to manufacturer's instructions. Rela-
tive luminescent units (RLU) were detected with Varioskan
Flash plate reader (Thermo Scientic). The results have been
averaged between three replicates and all results have been
normalized to the values obtained for untreated control cells in
the same conditions. Error bars represent the standard devia-
tions between the 3 replicates. Each experiment was performed
at least three times.
3. Results and discussion
3.1. Lysosomal alterations precede apoptosis

3.1.1. Alteration of cellular size and granularity. 1321N1
cells were exposed to NH2–PS NPs for increasing periods of
time and analyzed by ow cytometry. These time resolved
experiments allowed us to analyze changes in the forward
scatter (FS, connected to cell size) and side scatter (SS, related
to cell granularity) of the cells and showed that aer exposure
to the NH2–PS NPs, two distinct populations could be recog-
nized and easily distinguished (colored in blue and red in the
FS–SS plots in Fig. 1A). The majority of the population (in blue)
showed unchanged FS (Fig. S2C†) and increasing SS
(Fig. S2D†) with increasing exposure time to the NPs, when
compared to untreated control cells (0 h). This is likely to
result from an elevated degree of vacuolization of the cells,14

which is consistent with light microscopy data (see phase
contrast images in Fig. S1†) and which has previously been
observed by electron microscopy (EM) imaging.10 The early and
continuous increase of SS upon exposure to the NPs suggests
that the vacuolization is one of the earlier cellular responses
aer treatment with these NPs. The second population (in red)
This journal is ª The Royal Society of Chemistry 2013
included cells with very low FS, which clearly correspond to
dying cells, in this case late apoptotic cells. The percentage of
cells in this second population increased with increasing
exposure time (Fig. S2B†). Already at early exposure times
(3–6 h), 10% of the cells belonged to this sub-population,
suggesting that within the macroscopic cell populations, NPs
entered and affected individual cells at different times and to a
different extent. (This is also visible in the phase contrast
images in Fig. S1† where already aer 6 h of exposure, some
cells were spherical, indicative of cell death, while most cells
still seemed unaffected). For this reason, we distinguished
these two different populations in the following analysis and
assessed their cellular functions and signals separately, using
the different cell FS to distinguish them (the same gates and
color codes as shown in Fig. 1A for the FS–SS plots are used to
facilitate the observation of the results).

3.1.2. Increase of volume of the acidic compartments, and
loss of lysosomal membrane integrity. One possible explana-
tion of the increase in SS observed upon treatment with the
NH2–PS NPs can be an increase in the volume of acidic
compartments in the cells. To analyze this, we used the acid-
otropic dye LysoTracker Red which accumulates and stains the
acidic compartments of the cells, mainly lysosomes. As shown
in Fig. 1B and further analyzed in Fig. S2† (data reproduced
from Wang et al.9 to allow comparison), an increase of Lyso-
Tracker Red uorescence intensity in the main cell population
(blue) was detected aer 3–6 h exposure (Fig. S2E†). This effect
correlated with the enlargement observed using LAMP-1
staining (a lysosomal marker) in the lysosomes where the NPs
accumulated (Fig. 2A). Together these results indicate an
increased volume of the acidic compartments.9,15 Similar
effects have been reported with other cationic NPs and lyso-
somotropic reagents.15,16 This effect has been explained in
some cases with the so-called “proton sponge theory”: some
polycations can become protonated in the lysosomes, thereby
leading to an alkalization of these organelles, to which the cell
reacts by actively pumping more protons into their lumen; to
maintain the osmotic and electrochemical gradient, this
proton ux is accompanied by a water and ion ux, which
ultimately causes swelling of the lysosomes and other related
lysosomal damage.4 However not all cationic species can
induce such effects and we have previously reported similar
swelling also for non protonable cationic nanoparticles,9 thus
suggesting that proton sponge effects, if present, are not the
only cause of the observed lysosomal alterations, and that
other mechanisms may be involved.

At 6–8 h aer exposure to NPs, a second population with
lower LysoTracker Red staining could be identied, consti-
tuting approximately 20% of the whole cell population. The
loss of LysoTracker Red uorescence can be explained by loss
of lysosomal integrity,17 which can lead to release of lysosomal
proteases such as cathepsins B, D and L into the cytosol.18

These proteases can indeed be detected in the cytosol aer 8 h
exposure to the NPs,9 as shown in Fig. S3.† These more severely
damaged lysosomes could derive from the enlarged lysosomes
observed by immunostaining, as large lysosomes have been
suggested to be more susceptible to rupture.19
Nanoscale
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Fig. 1 Time-resolved impact of NH2–PS NPs on cellular functions by flow cytometry. 1321N1 cells were treated with 50 mg ml�1 NH2–PS NPs for increasing time (1 h, 3
h, 6 h, 8 h, 24 h) and stained with different fluorescent dyes to measure the corresponding cellular function by flow cytometry. (A) Dot plots of side scatter (SS Lin) versus
forward scatter (FS Lin) related to the size and granularity of cells. (B) Distribution of LysoTracker Red fluorescence intensity (Logarithmic scale), showing that after
treatment with NPs, a shift of the main cell population (blue) to higher fluorescence intensities was observed, followed by the formation of a second population of cells
(red) with lower LysoTracker Red intensity, due to loss of lysosomal integrity. (Data reproduced fromWang et al.9 to allow comparison). (C) Distribution of CM-H2DCFDA
fluorescence intensity (Logarithmic scale), showing increasing ROS generation in the main cell population (blue) at increasing exposure times. Cells in late stages of cell
death (red) are not stained by the dye. (D) Distribution of JC-1 fluorescence intensity (Logarithmic scale), showing increasing percentage of cells with loss of mito-
chondrial membrane potential (red) at increasing exposure time. (E) Distribution of annexin V-FITC fluorescence intensity (Logarithmic scale), showing exposure of
phosphatidylserine at increasing exposure time (early apoptotic cells, green), followed by cell death (late apoptotic and necrotic cells, red). See ESI† and main text for
more details on the gates applied.
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3.1.3. Increase in intracellular reactive oxygen species
(ROS). Lysosomal damage can lead to ROS generation, creating
a feedback loop which can further amplify the damage.17 Here
we measured intracellular ROS generation aer exposure to
NH2–PS using CM-H2DCFDA staining followed by ow cytom-
etry analysis (Fig. 1C). Two populations could again be clearly
observed by plotting the cell FS against the CM-H2DCFDA
uorescence (as shown in Fig. S4†). Aer 3–6 h exposure, the
main population (blue) showed increased intracellular ROS
levels at increasing exposure times, with an approximate 2 fold
increase in respect to the untreated cells (Fig. S4C†). ROS
generation can be directly related to the capacity of certain NPs,
such as metal oxide NPs, to generate ROS,20 however this is not
expected in the case of polystyrene. Moreover, since the NP
Nanoscale
surface is covered by the protein corona until accumulation in
the lysosomes,9 we suspect that in this case the ROS generation,
at least partially, is a consequence of the release of lysosomal
content into the cytosol rather than a direct production on the
NP surface. The population of cells with lower FS (red) had a low
CM-H2DCFDA intensity (ESI, Fig. S4C†). These, as explained
before, are cells in late stage cell death, which probably are not
stained by the uorescent dye.

3.1.4. Loss of mitochondrial membrane potential and
exposure of phosphatidylserine. The high production of ROS in
response to NH2–PS NP accumulation suggested that mito-
chondrial damage could also be induced. Most cell death
mechanisms can converge at the level of the mitochondria and
loss of mitochondrial membrane potential (DJm) is usually
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Activation of autophagy following exposure to NH2–PS NPs. (A) Confocal images of cells exposed to NH2–PS NPs. Top panel: immunostaining of lysosomes with
LAMP-1 (red) shows increasing colocalization of the NH2-PS NPs (green) with the lysosomes at increasing exposure time and lysosomal enlargement following NP
accumulation; LAMP-1 stained lysosomes usually appear as spots (as in untreated cells at 0 h), due to limits of optical resolution, while after 6–8 h exposure they can be
resolved as hollow spheres due to lysosomal enlargement; bottom panel: immunostaining of LC3-II (red) shows increasing level of LC3-II with increasing exposure time,
however low or little colocalization between green NP-positive objects (mainly lysosomes) and LC3-II positive objects (autophagosomes) was observed. Scale bar: 20
mm. (B) Anti-LC3 analysis by Western Blot at increasing exposure times shows increase of the processed form of LC3 (14 kDa, LC3-II), which is associated with auto-
phagosomes, compared to the cytosolic form of LC3 (16 kDa, LC3-I). b-actin is shown as a loading control. (C) Western blots were quantified by densitometry and the
LC3-II/b-actin ratios are displayed. An increase in LC3-II can be observed after 6 h incubation with NPs. Error bars are the standard deviations from 2 individual
experiments.
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regarded as the “point-of-no-return” in cell death.21,22 In order to
monitor changes in the mitochondrial membrane potential, we
stained the cells using JC-1, a cationic dye that accumulates in
mitochondria depending on their transmembrane potential.
Staurosporine (STS) was used as a positive control known to
induce loss of mitochondrial membrane potential (see Fig. S5†
for details). With JC-1 staining, we observed that 20% of cells
showed loss of DJm aer 8 h of exposure to the 50 mg ml�1

NH2–PS NPs (Fig. 1D, and full kinetics in Fig. S5B†) and this
percentage increased at increasing exposure times.

Overall the time resolved analysis indicated that loss of
mitochondrial membrane potential was detected only aer 8 h,
thus later than lysosomal alterations which occurred already
aer 3–6 h exposure. Moreover, the cells with loss of mito-
chondrial potential could be easily distinguished in FS–SS
double scatter plots due to their lower FS, as also observed for
cells with loss of Lysotracker staining, suggesting that they were
the same cells. This all suggested that the lysosomal damage
This journal is ª The Royal Society of Chemistry 2013
and alterations may be upstream to the observed mitochondrial
damage. Many cathepsins have been shown to activate proa-
poptotic proteins, which can in turn lead to mitochondrial
membrane permeabilization and downstream events such as
activation of caspase 3/7 and cleavage of PARP-1.23,24 Indeed
caspase activation and PARP-1 cleavage have been observed
upon exposure to these NPs in the same time scale.9,10

Exposure of phosphatidylserine at the cell surface is a cas-
pase dependent process that constitutes a recognition signal for
phagocytic cells to engulf apoptotic cells.22 With annexin V-FITC
and PI double staining, we could detect phosphatidylserine
exposure (Annexin V positive/PI negative cells, marked in green
in Fig. 1E and S6A†) aer 6–8 h exposure to NH2–PS NPs, thus in
agreement with the detection of caspase activation. This early
apoptotic event is usually followed at later times by plasma
membrane permeabilization (Annexin V/PI double positive
cells, marked in red in Fig. 1E and Fig. S6A†), indication of late
stage of cell death. Overall, annexin V/PI staining showed a
Nanoscale
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steady increase in the percentage of early apoptotic and late
apoptotic/necrotic cells at increasing exposure times, which was
mirrored by a steady decrease in the fraction of healthy cells
(double negative staining).

In summary, NH2–PS NPs induced an increase in cellular
vacuolization and the volume of acidic compartments within 3–
6 h of exposure; aer 6–8 h, loss of LysoTracker Red staining
and release of cathepsins (B, D and L) were detected, followed
by loss of DJm and other apoptotic hallmarks, such as caspase
activation, exposure of phosphatidylserine on the cell surface
and PARP-1 cleavage. Altogether this series of events suggests
lysosomal damage can be an upstream proapoptotic event.
Once the lysosomes are broken and their contents (such as
cathepsins B, D and L) released, damage to mitochondria
follows, and is amplied and sustained by ROS generation. The
damage to mitochondria and lysosomes is also accompanied by
increased cytosolic calcium (Fig. S7†) and mitochondrial
calcium (Fig. S8†) levels. The increase in mitochondrial calcium
can be a consequence of intracellular calcium overload and can
also contribute to mitochondrial damage and apoptosis.21
3.2. Accumulation of autophagosomes

3.2.1. Increase of autophagosomes aer treatment with
NH2–PS NPs. Lysosomal damage can have consequences on
other cellular pathways, such as, for instance, autophagy.11,25

We have previously reported that a large degree of vacuolization
could be observed aer treatment with NH2–PS NPs, suggesting
that autophagy could be involved,10 possibly explaining the
observed increase in SS detected by ow cytometry (Fig. 1A).
Induction of autophagy leads to formation of autophagosomes
which recruit LC3 II proteins (alternatively known asMAP1LC3A
II, microtubule associated protein 1 light chain 3 alpha II) to
their membranes. In order to further investigate this, we
quantied by Western blotting the cellular level of LC3 II.26

Autophagy is a highly dynamic process which can be hard to
reproduce quantitatively. However, results clearly showed that
at 6–8 h aer exposure to the NH2–PS NPs a signicant increase
of LC3 II levels could be observed (Fig. 2B and C). This could be
due to either induction of autophagy or a defect in autopha-
gosomal clearance in the lysosomes. Recent studies have in fact
pointed out that an increase of LC3 II levels only indicates the
accumulation of autophagosomes, while the autophagic ux
depends on the fusion of the LC3 II positive autophagosomes
with the lysosomes and following degradation of LC3 II and
other contents engulfed by autophagosomes in the lysosomes.
Impairment of this ux can also lead to an increase in LC3 II
positive membranes which accumulate inside the cell without
being degraded inside lysosomes.27,28 Further studies are
required to fully elucidate this.

3.2.2. Relation between NP localization, lysosomes and
autophagosomes. Analysis of the subcellular localization of the
NH2–PS NPs, lysosomes and autophagosomes can provide
additional information on the relation between lysosomal
damage and autophagy. Using immunostaining and confocal
microscopy imaging, as previously reported, NPs were found to
co-localize with LAMP-1 positive objects (lysosomes) aer 1–3 h
Nanoscale
incubation, while lysosomal enlargement was observed aer
3–6 h (Fig. 2A top panel), consistent with the increase of Lyso-
Tracker Red staining discussed above (Fig. 1B). Immunostain-
ing of the autophagosomes (LC3 antibody) showed that aer
3–6 h incubation with NH2–PS NPs, LC3 II (which can be
distinguished as punctate structures by LC3 staining) increased
in comparison to untreated control cells (Fig. 2A bottom panel).
This result correlates with the cleavage of LC3 II observed by
Western Blot analysis (Fig. 2B and C), suggesting generation of
autophagosomes upon exposure to the NPs. Intriguingly,
although NPs colocalized with LAMP-1 positive objects (lyso-
somes), large part of the LC3 II positive objects (autophago-
somes) did not colocalize with NPs, even aer 8 h. This may
suggest that the autophagic ux to the lysosomes could be
impaired.11,29 However, more studies are required to fully
investigate this.
3.3. Interplay between the different cell death pathways

In order to better understand the interplay between the
different cell death pathways activated upon exposure to the
NH2–PS NPs, we have compared cell death levels aer inhibi-
tion of caspases, autophagy or cathepsins.

3.3.1. Inhibition of caspases does not protect cells from the
damage induced by NH2–PS NPs. We have previously reported
that NH2–PS NPs induce apoptosis by activation of caspase 3/7
and 9.10 Caspase- dependent cell death can oen be rescued or
delayed, at least in part, when the activity of caspases is
inhibited by z-VAD, a broad spectrum caspase inhibitor.30 In
order to investigate whether the cell death induced by the NH2–

PS NPs was dependent on caspases, cells were pre-incubated
with zVAD and ATP levels were measured to assess the level of
cell death. Fig. 3A shows that aer 24 h incubation with NH2–PS
NPs, cells pre-treated with zVAD had low ATP levels as cells
exposed to the only NPs (without zVAD). This indicates that
inhibition of caspases did not protect cells from the damage
induced by the NPs. This nding may be not surprising,
considering that strong damage to the lysosomes with release of
lysosomal content in the cytosol can propagate the cell damage
to mitochondria, independently from caspase activity.23

3.3.2. Inhibition of autophagy sensitizes cells to NH2–PS
NPs- induced cell death. Autophagy can be activated by cells as a
pro-survival mechanism in response to cellular stress, and to
sustain energy production via alternative routes, but it can also
be engaged in a cell death program, depending on the stimuli
and the cell type.12,31 We have shown that the cell death induced
by NH2–PS NPs is accompanied by increased LC3 II structures
(Fig. 2). In order to investigate the effect of autophagy on the cell
death levels, we used 3 MA to block autophagy at the initiation
step by inhibition of phosphatidylinositol 3-kinase, an enzyme
required for the sequestration of autophagy.27 ATP levels were
measured aer 24 h of exposure to the NH2–PS NPs with or
without 3 MA as an indicator of cell viability. The results showed
that in the presence of 3 MA the ATP levels aer exposure to NPs
were lower than in cells exposed to NPs only (Fig. 3A);
similarly caspase 3/7 activation was higher when 3 MA was
present (Fig. 3B). These results indicated that the combination
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Study of cell death pathways with inhibitors. Cells were treated with 50
mg ml�1 NPs for 24 h with or without pan-caspase inhibitor zVAD (20 mM),
cathepsin B/L inhibitor E64d (30 mM), cathepsin D inhibitor pepstatin A (50 mM) or
autophagy inhibitor 3-methyladenine (2 mM). (A) ATP content was used to assess
the level of cell death and demonstrated that inhibition of cathepsin D, B/L can
delay cell death, but not zVAD nor 3 MA. (B) Caspase 3/7 activity levels were used
to assess the level of apoptosis and showed that inhibition of cathepsin B/L with
E64d decreased the level or caspase 3/7 activation, but not the other inhibition
treatments. The open bars show the results obtained on control cells not exposed
to the NPs (Co.) and solid black bars show the results for NP- treated cells (NPs). All
results for NP-treated cells were normalized for the values obtained on untreated
control cells (not exposed to NPs) pre-incubated with individual inhibitors. Results
are the mean of 3 experiments, each with 3 replicates, and the error bars are the
standard deviation.
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of NH2–PS NPs and 3 MA had a synergistic lethal effect. Thus,
the activation of autophagy might play a protective role at early
exposure times (in the rst 6 h) in order to help to maintain
high ATP levels in response to the damage induced by the NPs.10

3.3.3. Role of cytosolic release of lysosomal content, such
as cathepsins B, D and L, in cell death. As shown above, the loss
of LysoTracker Red staining aer 6–8 h incubation with NPs
(Fig. 1) is followed by the release of lysosomal content, such as
cathepsins, into the cytosol (Fig. S3†). Cathepsins B, D and L are
the most abundant cathepsins which normally reside inside
lysosomes.32 The release of cathepsins B, D and L from lyso-
somes into the cytosol can cause digestion of vital proteins and
the activation of additional hydrolases such as caspases, since
they are also functional at cytosolic pH.23 In order to understand
This journal is ª The Royal Society of Chemistry 2013
the role of the release of cathepsins B, D and L in the cell death
induced by NH2–PS NPs, pepstatin A (Pep A) and E64d were
used to inhibit cathepsin D and cathepsins B and L, respec-
tively, prior to the treatment with NPs.33 ATP content was
measured aer 24 h of exposure to the NPs with or without the
inhibitors. As shown in Fig. 3, the ATP levels of cells treated with
the NPs were higher in the presence of E64d, but not in the
presence of Pep A, which indicated that inhibition of cathepsin
B and L, but not D, could protect cells from the damage induced
by NH2–PS NPs. The release of cathepsins into the cytosol
activates caspases and induces apoptosis in many cell death
scenarios.23 When cathepsins B and L were inhibited (Fig. 3B), a
decrease in caspase 3/7 activation was observed. However, the
inhibition of cathepsins D with Pep A did not seem to affect the
activation of caspase 3/7. This suggested that cathepsin B and L,
but not D might play a major role in the apoptotic cell death
induced by these NPs. This is consistent with literature, where
cathepsins B and L, but not D, have been shown to induce
caspase-dependent or caspase-independent cell death.34

Additional measurements of ROS and cytosolic calcium
levels in cells exposed to the NPs in the presence of cathepsin
inhibitors (Fig. S9A and B†) also showed a decrease of their
content when cathepsins were inhibited, thus further conrm-
ing that these signals can be related to the lysosomal damage
induced by the NPs.
3.4. Summary of cell death mechanisms

By analyzing the signals activated by the NPs in a time resolved
way, we propose a detailed description of the evolution of cell
death in which lysosomal damage plays a central role (Fig. 4). At
least two sub-populations of cells (colored as blue and red in
Fig. 1 and S1†) at different stages of cell death could be
distinguished.

Following nanoparticle uptake and accumulation in the
lysosomes, at increasing exposure times the main cell pop-
ulation (blue) shows an increase in volume of acidic compart-
ments and enlarged lysosomes, together with increased levels of
vacuolization. At this time there is no alteration of mitochon-
drial membrane potential and the plasma membrane is still
intact. Aer 3–6h of exposure, increased ROS levels are observed
together with accumulation of autophagosomes, as suggested
by the increase of LC3 II levels and the increased volume of
acidic compartments in general. This could be indicative of
activation of autophagy or impairment of the autophagic ux,
although further studies are required to fully elucidate this.

The increase in the volume of acidic compartments (lyso-
somal enlargement) is also an upstream pro-apoptotic event,
which has been observed in other cell death mechanisms
induced by lysosomotropic agents.13 Enlarged lysosomes are
known to be more susceptible to lysosomal damage.35 Here, at
increasing exposure time, aer the observed lysosomal damage
upon NP accumulation, and sustained by ROS generation, the
main cell population (blue) evolves into a population of strongly
damaged and dying cells (red). Cells in this sub-population
show loss of LysoTracker Red intensity, together with other
cellular features such as shrinkage of cell size (decreased FS)
Nanoscale
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Fig. 4 Mechanism of cell death induced by NH2–PS NPs. NPs enter the cells and
within 1 h of exposure are trafficked to lysosomes. After 3–6 h exposure, accu-
mulation of the NPs into lysosomes leads to their enlargement. After 6-8 h
exposure, release of lysosomal proteases (such as cathepsins B, D and L) into
cytosol is observed, which can activate downstream apoptotic executors causing
damage to mitochondria (loss of mitochondrial membrane potential), and other
apoptotic events (caspase 3/7 activation, phosphatidylserine exposure). Finally
plasma membrane permeabilization and cell death occur. ROS production plays
an important role by amplifying cell death and formation of a positive feedback
loop between mitochondria and lysosomes.
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and increasing granularity (SS), loss of mitochondrial
membrane potential and of plasma membrane integrity. These
are cells at the late stage of cell death. Release of lysosomal
contents, such as cathepsins B, D and L into the cytosol, leads to
damage to the mitochondria. Once mitochondria are impaired,
which marks the point of no return for cell death, caspase 3/7
activation and exposure of phosphatidylserine are observed,
followed by loss of cell membrane integrity and ultimately cell
death.

A small percentage of cells in this population has been
observed as soon as 1 h aer exposure to NH2–PS NPs, perhaps
explained by varying levels of uptake and different sensitivity of
individual cells within the population.

The results obtained with the use of inhibitors further
conrm the central role of the release of lysosomal content in
the observed cell death and seems to suggest that the presence
of second messengers such as ROS and cytosolic calcium may
also be connected to the damage to the lysosomes.
4. Conclusions

In order to understand themechanisms of cell death induced by
50 nm NH2–PS NPs, we combined time-resolved and pop-
ulation-discriminated ow cytometry analysis, confocal
imaging and other biomolecular approaches. Overall, the study
of the interplay between the cell death mechanisms clearly
suggests that most of the events detected in cells exposed to the
NH2–PS NPs can be explained with the strong impact that these
NPs have on lysosomes.
Nanoscale
The details of the mechanism by which these positively
charged particles induce such damage to the lysosomes still
remain unresolved: clearly the initial presence of the corona on
the nanoparticle surfaces and its progressive degradation at
lysosomal level play a crucial role,9 however more studies will be
required to fully address this point.

More in general, since several NPs have been shown to
accumulate inside the lysosomes and oen with no sign of
export or degradation,36–38 it will be important to assess poten-
tial NP effects on lysosomal functions, even when there is no
lysosomal impact as evident as what described here for these
NH2–PS NPs.
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