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A
utophagy is a lysosome-based de-
gradative pathway which plays an
essential role in maintaining cellular

homeostasis. During autophagy, intracellu-
lar contents are engulfed by double-mem-
brane vesicles named autophagosomes.
Autophagosomes then fuse with lysosomes
to form hybrid organelles named auto-
lysosomes. The engulfed intracellular con-
tents and inner membrane of autophago-
somes are degraded inside autolysosomes.1,2

Finally, autolysosomes are disassembled and
lysosome components are retrieved through
a newly identified cellular process named
autophagic lysosome reformation.3 Autop-
hagy can be induced by various stimuli,
including starvation, cytokines, caspase inhi-
bition, and chemical reagents such as
rapamycin.4 In yeast, the major function of
autophagy is to adjust themetabolic machin-
ery in response to varying energy sources,
thereby ensuring cell survival in an ever-
changing environment.5 In mammalian cells,
however, the roles of autophagy are more
complex. Autophagy has been implicated in
cellular processes as varied as cell survival, cell
death, pathogen clearance, and antigen pre-
sentation and has been linked to various
diseases such as cancer and neuron de-
generative diseases.6

Autophagy operates at two levels. Under
nutrient-rich conditions, low-level basal
autophagy is activated constitutively; how-
ever, due to the low rate of autophagosome
formation under such conditions, autophago-
somes are quickly turned over by lysosomes
and therefore few or no autophagosomes

are accumulated. Under stress conditions
such as starvation, autophagy is actively
induced, causing accumulation of autophago-
somes through an elevated rate of auto-
phagosome formation.7 The most com-
monly used method to measure autophagy
is based on monitoring autophagosome
formation. During autophagy, microtubule-
associated light chain 3 (LC3), a cytosolic
protein under nutrient-rich conditions, is
covalently conjugated to phosphatidylethano-
lamine (PE); PE-conjugated LC3 (named LC3-II)
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ABSTRACT Development of nanotechnology calls for a comprehensive understanding of the

impact of nanomaterials on biological systems. Autophagy is a lysosome-based degradative pathway

which plays an essential role in maintaining cellular homeostasis. Previous studies have shown that

nanoparticles from various sources can induce autophagosome accumulation in treated cells.

However, the underlying mechanism is still not clear. Gold nanoparticles (AuNPs) are one of the most

widely used nanomaterials and have been reported to induce autophagosome accumulation. In this

study, we found that AuNPs can be taken into cells through endocytosis in a size-dependent manner.

The internalized AuNPs eventually accumulate in lysosomes and cause impairment of lysosome

degradation capacity through alkalinization of lysosomal pH. Consistent with previous studies, we

found that AuNP treatment can induce autophagosome accumulation and processing of LC3, an

autophagosome marker protein. However, degradation of the autophagy substrate p62 is blocked in

AuNP-treated cells, which indicates that autophagosome accumulation results from blockade of

autophagy flux, rather than induction of autophagy. Our data clarify the mechanism by which AuNPs

induce autophagosome accumulation and reveal the effect of AuNPs on lysosomes. This work is

significant to nanoparticle research because it illustrates how nanoparticles can potentially interrupt

the autophagic pathway and has important implications for biomedical applications of

nanoparticles.

KEYWORDS: gold nanoparticles (AuNPs) . autophagosome accumulation .
autophagic flux . lysosome impairment . lysosomal pH
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then translocates to the autophagosome membrane.
Therefore, microscopic analysis of the formation of LC3
punctate structures8 and biochemical analysis of the
conversion of LC3-I to LC3-II are widely used tomonitor
autophagosome formation.9 Since the accumulation of
autophagosomes can result from true induction of
autophagy or blockade of autophagic flux (the turn-
over of autophagosomes by lysosomes10), additional
measurements, for example, monitoring the degrada-
tion of an autophagy substrate such as p62, are
required for establishing induction of autophagy.
Nanotechnology offers unique approaches to detect

and modulate a variety of biomedical processes that
occur at the nanometer scale and is expected to have a
revolutionary impact on biology and medicine.11,12

Nanoparticles, the size of which falls into the range of
biological molecules and structures, have attracted
much attention in recent years for their potential
applications in biomedical research.13 Useful proper-
ties can be incorporated into nanoparticles for manip-
ulation or detection of biological structures and
events.14,15 Recently, various kinds of nanoparticles,
including gold nanoparticles,16 fullerene and its deri-
vatives,17�19 dendrimers,20 quantum dots,21,22 and
neodymium oxides23 were shown to induce autop-
hagy, and nanoparticles were defined as a novel class
of autophagy activators.24 Our data clarify themechan-
ism of AuNP-induced autophagosome accumulation
and might have important implications for developing
nanoparticles for biomedical applications.

RESULTS AND DISCUSSION

Synthesis and Characterization of Gold Nanoparticles. Col-
loidal gold nanoparticles (AuNPs) were synthesized
following the protocol described in the Methods sec-
tion. AuNPs were demonstrated to have negative sur-
face charges by dynamic light scattering (DLS), and the
result was consistent with previous studies on NPs
synthesized under the same conditions. AuNPs were
stable in culture medium due to the electrostatic
interaction of the surface charge of the nanoparticles.
AuNPs with diameters around 10, 25, and 50 nm were
characterized with transmission electron microscopy
(TEM) (Figure 1A), which indicates consistent size. The
hydrated diameter of the AuNPs was confirmed by DLS
measurement (Figure 1B). The synthesized AuNPswere
analyzed using UV�vis absorbance spectrophotome-
try. The plasmon absorption is clearly visible, and its
maximum red shifts with increasing particle diameter
(λmax = 517, 522, and 535 nm for the 10, 25, and 50 nm
particles) (Figure S1 in Supporting Information).

Cellular Uptake of Gold Nanoparticles Is Size-Dependent. To
explore the relation between the size of AuNPs and
cellular uptake efficiency, normal rat kidney (NRK) cells
were treated with AuNPs of different sizes for 24 h and
examined by optical microscopy and TEM. Recent

research shows that the uptake of nanoparticles by
the cell is strongly dependent upon particle size.25,26

The cellular uptake of gold nanoparticles between 10
and 50 nm in diameter has an increasing trend, with
maximum uptake by a cell occurring at a nanoparticle
size of 50 nm.27�29 It has been previously reported that
the uptake of AuNPs is mediated by nonspecific ad-
sorption of serum proteins onto the gold surface, and
AuNPs are taken up into the cells via the receptor-
mediated endocytosis pathway. Since serum proteins
contain a diverse set of proteins, the surface of the
citrate-stabilized AuNPs probably contains a variety of
serum proteins on its surface. The presence of these
proteins on the surface of the nanoparticles is related
to the particle's size and dictates the uptake amount.
From a kinetic point of view, cellular uptake of AuNPs is
also affected by thermodynamic driving force for
wrapping. For the smaller NPs to go in, increased
elastic energy associated with bending of the mem-
brane results in decreased driving force for membrane
wrapping of the particle. Hence, smaller particles must
be clustered together to create enough driving for
uptake; therefore, the uptake amount is much smaller
than 50 nm AuNPs.30,31 In our experiment, we used
AuNPs synthesized using the same method (citrate
reduction of chloroauric acid) described previously.27

There were no obvious morphological alterations and
discernible effect on longevity of cells treated with
AuNPs. However, microscopic analysis reveals that the
cellular uptake of AuNPs is size-dependent, with larger
AuNPs more readily taken up by cells (Figure 1C). TEM
analysis indicates a similar size-dependent cellular
uptake of AuNPs (Figure 1E). To quantify the relation
between the size of AuNPs and cellular uptake effi-
ciency, a quantitative inductively coupled plasmamass
spectrometry (ICP-MS) measurement was conducted,
which estimates the amount of AuNPs internalized by
cells. The concentration of gold atoms in acid-digested
cell solutions was directly measured with ICP-MS. The
number of AuNPs per cell was calculated according to
the number of atoms in each AuNP and the number of
cells in the solution.27 Figure 1D shows a histogram of
the number of AuNPs per cell versus the size of AuNPs.
It indicates that cellular uptake of AuNPs is heavily
dependent upon particle size, with 50 nm AuNPs most
readily internalized by cells, followed by 25 nm AuNPs
and 10 nm AuNPs.

Gold-Nanoparticle-Induced Autophagosome Accumulation Is
Size-Dependent. Previous studies have shown that
AuNPs can induce autophagy.16 Using a NRK cell line
which stably expresses cyan fluorescent protein (CFP)-
tagged LC3 (LC3-CFP), we found that AuNPs can
indeed induce accumulation of LC3-positive punctuate
structures (Figure 2A). Western blot analysis showed an
increased LC3-II/LC3-I ratio (Figure 2B,C), which further
confirms autophagosome accumulation in AuNP-treated
cells. Interestingly, the AuNP-induced autophagosome
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accumulation is size-dependent, with larger AuNPs
causing accumulation of more autophagosomes in
the cell. The ratio of LC3-II/LC3-I in Figure 2C was
measured by integrated optical densitometry (IOD)
and showed that the LC3-II/LC3-I ratio increased from
0.78 to 1.02 (10 and 25 nm, respectively) and to 1.12
(50 nm).

Gold Nanoparticle Treatment Blocks Autophagic Flux and
Degradation of an Autophagy Substrate. Autophagosome
accumulation can result fromeither autophagy induction

or the blockade of autophagic flux. To distinguish
between these possibilities, we carried out an “auto-
phagic flux assay”. This is based on the observation that
LC3-II is degraded in autolysosomes, so the total
amount of LC3-II is determined by the balance be-
tween LC3-II production and degradation. However,
when lysosomal degradation is inhibited, the amount
of LC3-II is strictly dependent on LC3-II production.
Therefore, by comparing the amount of LC3-II in the
presence and absence of a lysosome degradation

Figure 1. Characterization of AuNPs. (A) AuNPs characterized by TEM (scale bar, 50 nm). (B) Size of AuNPs, as measured by
dynamic light scattering (DLS). (C) AuNPs formdistinct dark aggregates in cells. Representative bright-field images are shown
of NRK cells untreated (control) or treated with AuNPs of 10, 25, and 50 nm in diameter for 24 h (scale bar, 50 μm). (D) Size-
dependent cellular uptake of AuNPs. The graph shows the number of AuNPs per cell after incubation with 1 nMAuNPs for 24
h. (E) TEM images of NRK cells untreated (control) or treated with AuNPs with diameters of 10, 25, and 50 nm. The AuNPs are
internalized by cells and trapped inside lysosomes (scale bar, 2 μm).

A
RTIC

LE



MA ET AL. VOL. 5 ’ NO. 11 ’ 8629–8639 ’ 2011

www.acsnano.org

8632

inhibitor, we can determine whether or not autophagy
is, in fact, induced.32 Starvation is the stimulus most
widely used to induce autophagy, and we found that
starvation causes LC3-II accumulation as expected
(Figure 3A,B). Adding the lysosome degradation inhi-
bitor chloroquine further increases the starvation-
induced accumulation of LC3-II. However, there is no
increase of LC3-II level in cells cotreated with AuNPs
and chloroquine, indicating that AuNPs do not actually
induce autophagy.

To further confirm our conclusion that nanoparticle
treatment does not induce autophagy, autophagic
degradation was monitored by measuring p62 (also
known as SQSTM1/sequestome1), a substrate that is
preferentially degraded by autophagy.33 We found
that starvation caused rapid degradation of p62, and

the presence of a lysosome degradation inhibitor
potently blocked starvation-induced p62 degradation.
However, AuNP treatment did not cause p62 degrada-
tion but instead caused accumulation of p62, which
indicates possible impairment of autophagic degrada-
tion capacity (Figure 3C,D). From these results, we
conclude that AuNP treatment causes autophagosome
accumulation through blockade of autophagic flux.

Several signaling pathways regulate autophagy
in mammalian cells. The classical pathway involves
the inhibition of a serine/threonine protein kinase,
called mTOR (mammalian target of rapamycin) dur-
ing autophagy induction. It has been reported that
nanoparticles can induce autophagy by modulating
the activity of mTOR, the master regulator of auto-
phagy.20 We used phospho-p70 S6 kinase (P-S6K) as

Figure 2. Induction of LC3 puncta by AuNP treatment. (A) Formation of CFP-LC3 dots (pseudocolored as green) in CFP-LC3
NRK cells treated for 24 h with 1 nM AuNPs of the sizes indicated. Left, confocal image; right, bright-field image (scale bar,
10 μm). (B) Statistical analysis of the number of autophagosomes (APs) per cell after 24 h of treatment. (C) Conversion of LC3
from the cytoplasmic form (LC-I) to the autophagosome-associated form (LC3-II). Cells either cultured in nutrient-richmedium
for 24 h or cultured under starvation conditions (depletion of both amino acids and serum) for 5 h, or treatedwith 1 nMAuNPs
of the sizes indicated for 24 h, were harvested and subjected to Western blotting analysis with anti-LC3 antibody. β-Actin
served as loading control. AP: autophagosome.
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a marker for mTOR activity. We found that, whereas
P-S6K is greatly lost after starvation, AuNP treatment
had no effect onmTOR activity (Figure 3E). This result
further supports our conclusion that AuNPs cause
autophagosome accumulation through blockade of
autophagic flux.

Gold Nanoparticles Cause Impairment of Autophagosome/
Lysosome Fusion and Lysosome Enlargement. AuNPs could
block autophagic flux by affecting fusion between
autophagosomes and lysosomes or by lowering the
degradation capacity of lysosomes. To test between
these alternatives, we treated NRK cells stably expres-
sing the lysosome marker red fluorescent protein
(RFP)-tagged lamp 1 (Lamp1-RFP) and the autophago-
some marker LC3-CFP with AuNPs for 24 h. Lamp 1,
lysosomal-associated membrane protein 1, is a highly
abundant glycoprotein in lysosomal membranes. AuNP
treatment caused impaired fusion between autopha-
gosomes and lysosomes (Figures S2A,B in Supporting
Information). Interestingly, both confocal microscopy
images (Figure 4A,B) and TEM pictures (Figure 4C)
show enlarged lysosomes in the AuNP-treated cells.
It is well-established that defective lysosome degra-
dation can cause lysosome enlargement.34 There-
fore, we speculate that the accumulation of AuNPs
inside lysosomes may compromise the degradation

capacity of lysosomes and thus cause lysosome
enlargement.

Gold Nanoparticle Treatment Causes Impairment of Lysosome
Degradation Capacity. To test whether lysosome degra-
dation capacity is impaired after AuNP treatment, we
labeled cells with derivative-quenched bovine ser-
um albumin, DQ-BSA, a self-quenched lysosome
degradation indicator.35 Lysosomal degradation of
DQ-BSA results in release of nonquenched protein
fragments that are brightly fluorescent. As shown in
Figure 4D,E, AuNP treatment caused significant im-
pairment of lysosome degradation capacity. We
noticed that there was a correlation between the
size of AuNPs and the degree of lysosome impair-
ment. To further test the effect of AuNPs on lyso-
somes, we measured the activity of a lysosome
marker enzyme, acid phosphatase, and found that
its activity was significantly lower in AuNP-treated
cells (Figure 4F). On the basis of these data, we
conclude that AuNP treatment causes impairment
of lysosome degradation capacity. To explore the
effects of AuNPs on endosomes, we also treated NRK
cells expressing the endosomal membrane identity
marker red fluorescent protein (RFP)-tagged Rab7
with AuNPs for 24 h. Rab7 is a member of the Ras
superfamily of small Rab GTPases that locate in late

Figure 3. Autophagic flux detection. (A) LC3 turnover assay. Cells were cultured as follows: in regular culturemedium for 24 h
(lane 1); under starvation conditions for 5 h (lane 2); in regular culture medium containing 20 μM chloroquine for 1 h (lane 3);
with chloroquine under starvation conditions (lane 4); in DMEM containing 1 nM 50 nm AuNPs for 24 h (lane 5); in DMEM
containing 1 nM 50 nm AuNPs for 24 h then starved for 5 h (lane 6); with chloroquine and 50 nm AuNPs (lane 7). The
differences in LC-I and LC3-II levels were compared by immunoblot analysis of cell lysates with an anti-LC3 antibody. The
positions of LC3-I and LC3-II are indicated. β-Actin served as loading control. (B) Comparison of the ratio of LC3-II/LC3-I,
measured by integrated optical densitometry (IOD), in samples cultured as in (A). (C) Degradation of the autophagy-specific
substrate p62. Cells starved or treated with AuNPs for 24 h were harvested and subjected toWestern blot analysis using anti-
p62 antibody and anti-β-actin antibody. (D) Cells were cultured as in (A), and degradation of p62 was detected by
immunoblotting. β-Actin served as loading control. (E) Effect of AuNPs on the mTOR signaling pathway. Cells starved or
treated with AuNPs for 24 h were Western blotted with anti-p70S6K and antiphospho-p70S6K antibodies.
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endosomes. Confocal microscopy images show en-
larged endosomes after AuNP treatment, indicating
that AuNPs not only affect the terminal of the endo-
cytic pathway but also affect endosomes (Figure S3 in
Supporting Information).

Gold Nanoparticle Treatment Causes Lysosome Alkalinization.
Most lysosomal enzymes have an optimal pH of 4.5.36

Many lysosome inhibitors affect lysosome function by
altering lysosome pH.37�39 Chloroquine as lysosomal
inhibitor can increase the lysosome pH40 and cause

Figure 4. Impairment of lysosomes by AuNPs. (A) Vacuoles induced by AuNP treatment are enlarged lysosomes. NRK cells
were incubated for 24 hwith plainmedium (control) or with 1 nMAuNPs. Inset: close-up of the enlarged lysosomes (scale bar,
10 μm). (B) Lysosomal sizewas analyzedwith Image pro-plus 6.0 software. The number of lysosomes analyzedwas as follows:
control, n = 7437; 10 nm, n = 7726; 25 nm, n = 8548; 50 nm, n = 4564. (C) TEM pictures of enlarged lysosomes after AuNP
treatment (scale bar, 500 nm). (D) DQ-BSA analysis of lysosomal proteolytic activity. Accumulation of fluorescent signal,
generated from lysosomal proteolysis of DQ-BSA, was much lower in AuNP-treated cells (scale bar, 10 μm). (E) Fluorescence
intensity of the brightly fluorescent fragments released by lysosomal degradation of DQ-BSAwas quantified by densitometry
(IOD). At least 40 cells were analyzed for each treatment. There was a statistically significant difference in lysosomal
proteolytic activity between the control cells and cells treated with AuNPs. (F) Acid phosphatase enzyme activity
measurement of NRK cells treated with AuNPs for 24 h.
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accumulation of autophagosomes in the cytoplasm
and impaired fusion between autophagosomes and
lysosomes (Figure S4).

LysoSensor Green DND-189 is an acidotropic dye
that accumulates in intracellular acidic organelles as
the result of protonation and has a fluorescence in-
tensity that is proportional to acidity. Previous char-
acterization of LysoSensor Green DND-189 showed a
well-defined pH-dependent increase in fluorescence
intensity in response to acidifying change of the
organelle pH.41,42 To test whether AuNPs can affect
lysosome pH, in our experiment, the cells were labeled
with LysoSensor GreenDND-189 dye for comparison of

lysosome acidity. Flow cytometry analysis showed size-
dependent alkalinization of lysosomes in AuNP-treated
cells (Figure 5A). Fluorescent microscopic analysis con-
firmed this effect (Figure 5B). Taken together, our data
show that AuNP treatment causes alkalinization of
lysosomes. Lysosome acidification is regulated by the
vacuolar Hþ(V)-ATPase, composed of a membrane-
associated ion conductance Vo protein complex and
a peripherally associated ATPase V1 protein complex.
The reversible dissociation of the V1 protein from the
Vo protein down-regulates the V-ATPase activity.43,44

In the untreated cells, the V1 protein was localized
on lysosome with a punctuated localization staining

Figure 5. Effect of AuNPs on lysosomepH. (A) FACS analysis of cells stainedwith LysoSensor GreenDND-189. The effect of 10,
25, and 50 nm AuNP treatment on lysosome pH was analyzed 24 h after treatment. Black line, control cells; green line, AuNP-
treated cells. (B) Representative fluorescent pictures of NRK cells treated with AuNPs for 24 h, then exposed for 30 min to
1 μmol/L LysoSensor Green DND-189 (scale bar, 50 μm).
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pattern. However, upon AuNP treatment, we found the
localization pattern of V1 protein became increasingly
diffused in a AuNP size-dependent manner, indicating
the dissociation of the V1 protein from the lysosome
bound Vo protein (Figure S5). From these data, we
conclude that AuNPs cause lysosome alkalinization
through dissociating V1 protein from the lysosome-
resident Vo protein of vacuolar Hþ(V)-ATPase.

Autophagy operates at two levels. Under nutrient-
rich conditions, low-level basal autophagy is activated
constitutively; however, autophagosomes do not ac-
cumulate because they are formed at a low rate and are
quickly turned over by lysosomes. When cells are
stressed, such as during starvation, autophagy is ac-
tively induced and the rate of autophagosome forma-
tion is elevated, causing accumulation of autophago-
somes. Therefore, accumulation of autophagosomes,
or elevated levels of the autophagosomemarker LC3-II,
is necessary but not sufficient to conclude that a
certain stimulus can induce autophagy.

Autophagy has been shown to play important roles
in modulating many important physiological functions
such as cell survival under stress conditions,45 cell death,46

and organelle quality control.47 However, the primary
function of autophagy is degradation, and autophagy
modulates other physiological functions through
degradation.48 From the standpoint of degradation,
autophagy induction and basal autophagy blockade
have opposite effects; the former enhances intracellu-
lar degradation, while the latter inhibits it. Therefore,
autophagy induction and basal autophagy blockade
have very different physiological consequences.

In recent years, much effort has been made to
develop therapeutic approaches based onmodulating
autophagy. Researchers are particularly interested in
compounds which can activate autophagy to treat
conditions such as neurodegenerative diseases.49

Various nanoparticles have been reported to induce
autophagosome accumulation and proposed as auto-
phagy activators and thus have been considered to
have therapeutic potential. Colloidal gold nanoparti-
cles have great potential for disease therapy in the
clinic because of their biocompatibility, small size, and
tunable surface functionalities.50,51 Multiple lines of
evidence in our study establish that accumulation of
autophagosomes in AuNP-treated cells does not result
from autophagy induction but is caused by blockade of
basal autophagy. Nanoparticles, such as gold nanopar-
ticles, fullerene and its derivatives, dendrimers, quan-
tum dots, and neodymium oxide have all been shown
to induce autophagy, and nanoparticles were defined
as a novel class of autophagy activator.24 Owing to the
similarity of AuNPs with these nanoparticles, we have
to be cautious about using nanoparticles as autophagy
activators in light of our results.

Lysosomes are major intracellular degradation or-
ganelles. Defects in lysosome function have serious

physiological and pathological consequences. For ex-
ample, lysosome storage diseases, a group of approxi-
mately 50 rare inherited metabolic disorders, result
from defects in lysosomal function.52 AuNPs enter the
cell through endocytosis, and when they reach the
terminus of the endocytic pathway, they accumulate in
lysosomes and impair lysosome function. The ultra-
small size of nanomaterials offers great possibilities for
their usage in biomedical research. They can poten-
tially carry drugs to the target tissues, image the
targeted tissues, and release their cargo in response
to signals or upon reaching appropriate cellular
compartments.53,54 However, the unique physiochem-
ical properties that make nanomaterials so attractive
for pharmaceutical and clinical applications may also
be associated with their potential toxicity hazards.55,56

Therefore, it could lead to a better understanding of
nanoparticle toxicity by deeply elucidating the meta-
bolism of NPs in cells. In addition to clarifying the
mechanism by which AuNPs induce autophagosome
accumulation and lysosome impairment, the findings
from our study will provide some guidance in the
rational design and synthesis of nanoparticles for
biomedical applications. For example, the rate of au-
tophagosome turnover could be monitored by choos-
ing appropriate nanoparticles as autophagy modulators,
and the cellular metabolism could be adjusted with
designing nanostructures for more efficient and safer
imaging and therapeutic applications with least effect
on the normal cellular physiological activities. Nano-
particle size is an important determinant of physico-
chemical properties and biomedical behaviors. The
size of most nanoparticles used in biomedical research
allows them to get into cells through endocytosis;
hence they may inflict similar damage to lysosomes
and impair the overall cellular degradation capacity.
Although a wide spectrum of biomedical applications
of nanomaterials have been proposed, significant clin-
ical applications are limited with polymeric materials
such as polymer particles57 and liposomal preparations,58

which are generally larger than 100 nm. Biomedical
applications of engineered nanoparticles such as
AuNPs, with greater size and shape variabilities than
liposomes and polymers, are being actively pursued.
AuNPs ranging from 10 to 50 nm are widely used for
cell imaging, targeted drug delivery, and cancer diag-
nostics and therapeutic applications. These studies are
representative of the initial applications of nanoparticles
in biology andmedicine. It is important to investigate the
intracellular behavior of nanoparticles within this size
range. In our study, we have chosen three representative
sizes (10, 25, and 50 nm) to demonstrate their bioactiv-
ities. Investigations are still needed in further studies on
the effect of other particle size ranges and additional
parameters (such as shape and surface fictionalization
etc.) on the autophagosome accumulation. We have
some preliminary results on differently charged 50 nm
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AuNPs.We foundpositively chargedAuNP treatment can
also block the autophagic pathway by accumulating in
the lysosomes and impairing the lysosomes. Positively
charged50nmAuNPs caused accumulationofmore auto-
phagosomes in the cell and more significant enlarge-
ment of lysosomes as comparedwith negatively charged
50 nm Au NPs (Figure S6 in Supporting Information).

Further careful validation of the possible effects of
nanoparticles on cells is required before they can be
applied in clinics. One important implication of our
finding is that we have to take their potential distur-
bance to the lysosome and autophagic pathway into
consideration when we use them in therapeutic-re-
lated applications.

METHODS

AuNP Synthesis and Preparation. The 25 and 50 nm diameter
colloidal gold nanoparticles were prepared according to the
method developed by Frens.59 Briefly, 400 μL of 1% chloroauric
acid was added to 40mL ofMilli-Qwater (18MΩ cm�1), and the
solution was heated to boiling. Next, 800 and 360 μL of 1% citric
acid were added to the solution to synthesize 25 and 50 nm
AuNPs, respectively. Refluxing of the solution continued until
the color of the boiling solution changed from dark blue to red
wine color while stirring vigorously. AuNPs with a diameter of
10 nm were prepared by reversing the order of addition of
chloroauric acid and sodium citrate.60 Sodium citrate (68 mg) in
105mLofMilli-Qwater (18MΩ cm�1) was boiled, and then 1mL
of aqueous solution containing 9.5 mg of chloroauric acid was
added. Boiling was then continued for 15 min and then left to
cool to room temperature while stirring vigorously. Before
treating the cells, the citrate buffer was removed by centrifuga-
tion and the AuNPs were resuspended in culture medium. All of
these AuNPs have negative zeta-potential as measured by DLS.

Live Cell Imaging. The CFP-LC3 and Lamp1-RFP stable cell
lines were seeded in Lab-Tek chambered cover glasses (Nunc,
Rochester, NY, USA) overnight at 37 �C with 5% CO2 in an
incubator (Pecon) for microscopy. Images were digitally ac-
quired by a confocal microscope (Olympus FV1000) and ana-
lyzed using instrument software Image pro-plus 6.0.

Electron Microscopy Analysis. Cells were trypsinized and then
fixed in 2.5% glutaraldehyde in PBS (pH 7.4) for 10 min at room
temperature. The fixed cells were then embedded in Lecia EM
UC6, sectioned, anddouble stainedwith uranyl acetate and lead
citrate for observation under the transmission electron micro-
scope (H-7650B).

Acid Phosphatase Assay. After 24 h of culturing in growthmedia
with or without AuNPs, cells were trypsinized and collected by
centrifugation. Cells were washed and suspended in extraction
buffer (from a lysosome isolation kit (LYSISO1), Sigma) before
being broken open by sonication on ice. The samples were
centrifuged to remove AuNPs. The supernatant liquid con-
taining lysosomes and lysosomal enzymes was then tested
for acid phosphatase activity using an acid phosphatase
assay kit (Sigma).

Evaluation of Lysosomal Acidity. NRK cells were collected from
growth media after treating with AuNPs for 24 h and washed
twice in PBS. The cells were incubated for 30 min under growth
conditions with 500 μL of prewarmed medium containing
2 μmol/L LysoSensor Green DND-189 dye. After washing, the cells
were resuspended with PBS and immediately analyzed by flow
cytometry (FACS). FL1 (green) fluorescencewas collectedwithin
1 min on a population of 20 000 cells.

Western Blotting. Cells were lysed in 2% SDS, and the samples
were separated by SDS-PAGE before transferring to polyvinyli-
dene difluoride membrane. Membranes were blocked in 5%
nonfat milk and washed in Tris-buffered saline containing 0.1%
Tween. Membranes were incubated with primary antibody and
then the corresponding secondary antibodywith threewashing
steps between.

DQ-BSA Assay. After 24 h of AuNP treatment, NRK cells were
washed twicewith PBS and then incubated inDMEMcontaining
DQ Red BSA (D-12051, Molecular Probes) at a final concentra-
tion of 10 μg/mL for 3 h at 37 �C. Cells were then washed twice
with PBS to remove excess probe and imaged by confocal
microscopy.

Statistics. Differences between groups were analyzed by
Student's t test (*different from control, P < 0.05; **different
from control, P < 0.01). Results were expressed asmeans( SEM.
Images are representative of three or more experiments.
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