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ABSTRACT: Silver nanoparticles (AgNPs) have been widely used in
biomedical and consumer products. It remains challenging to distinguish
the toxicity of AgNPs derived from the particle form or the released silver
ions (Ag+). In this study, the toxic effects of two citrate-coated AgNPs (20
and 100 nm) and Ag+ were investigated in hepatoblastoma cells (HepG2
cells). The suppression tests showed that AgNPs and Ag+ induced cell
apoptosis via different pathways, which led us to speculate on the AgNP-
induced mitochondrial damage. Then, the mitochondrial damages induced
by AgNPs and Ag+ were compared under the same intracellular Ag+

concentration, showing that the mitochondrial damage might be mainly
attributed to Ag nanoparticles but not to Ag+. The interaction between
AgNPs and mitochondria was analyzed using a scattered light imaging
method combined with light intensity profiles and transmission electron
microscopy. The colocalization of AgNPs and mitochondria was observed in both NP20- and NP100-treated HepG2 cells, indicating
a potential direct interaction between AgNPs and mitochondria. These results together showed that AgNPs induced apoptosis in
HepG2 cells through the particle-specific effects on mitochondria.
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1. INTRODUCTION

Silver nanoparticles (AgNPs) are increasingly used in a wide
range of biomedical and consumer products due to their
broad-spectrum antimicrobial activity.1 However, many studies
have shown that AgNPs have adverse effects on cells, such as
oxidative stress, DNA damage, and apoptosis.2,3 Therefore,
understanding the detailed toxic mechanism of AgNPs will be
helpful for assessing their risk and advancing their applications.
There is a general agreement that the release of silver ions

(Ag+) from the crystalline core of AgNPs makes the major
contribution to cytotoxicity. Some studies claimed that the
toxicity of AgNPs on cells might be attributed to a “Trojan
horse” mechanism, in which AgNPs enter the cells and then
release high levels of active Ag+ to cause significant
cytotoxicity.4,5 However, the release of Ag+ from AgNPs in
cells is a complex process and is difficult to dynamically trace.
It remains challenging to distinguish the toxicity of AgNPs
derived from its particle form or the release of silver ions (Ag+)
or their synergistic effect.6−8 Note that Ag+ may not be the
only chemical species associated with cytotoxicity. AgNPs can
also interact with chloride ions, thiol-containing cysteine,
glutathione, proteins, and other biomolecules inside cells.9−11

The release of Ag+ can be slowed by thiol and citrate ligand
binding, formation of sulfidic coatings, or scavenging of
peroxy-intermediates, but the cytotoxicity of AgNPs re-

mains.9,10 To date, how AgNPs themselves exert a “particle-
specific” toxicity in living cells is still unclear.
The intracellular environment is crowded with many

organelles: endoplasmic reticulum, mitochondria, Golgi bodies,
lysosomes, and vacuoles. It is generally accepted that NPs are
stored within endosomes and lysosomes after being internal-
ized into the cell.12 It reported that some NPs do not stop in
lysosomes but are sequentially transported by lysosomal
escape.13 This means that NPs may be present in the
cytoplasm, which lead to their potential interaction with
other cellular organelles. Various scientific studies have
revealed that some NPs extensively impair organelles and
lead to various toxicological effects. For example, Fe3O4 NPs
impaired lysosomes and induced mitochondrial dysfunction
and endoplasmic reticulum/Golgi body stresses.14

This shows that mitochondria may be one of the most
sensitive target organelles for AgNP exposure.15,16 Using
synchrotron radiation analytical techniques, cellular AgNPs
were found to release Ag+ from lysosomes and decrease the
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mitochondrial membrane potential (MMP), which results in
ROS generation and cell apoptosis.17 Similarly, fluorescence
imaging of Ag+ showed that dissolved Ag+ from AgNPs could
concentrate in the mitochondria and further lead to the
exhaustion of the reserve respiratory capacity and cell death.18

Nevertheless, some studies deemed that the reduction of
ATPase activity and the MMP was due to the direct interaction
of AgNPs with isolated mitochondria.19,20 The published
literature presents some evidence for AgNP effects on
mitochondria, but evidence for direct AgNP−mitochondria
interaction and related toxicity is lacking.
In this study, we aim to discover possible “particle-specific”

toxicity of AgNPs in living cells. The cytotoxicities of two
AgNPs (20 and 100 nm) and Ag+ in hepatoblastoma cells
(HepG2 cells) were compared by measuring cell viability,
lactate dehydrogenase (LDH) release, and apoptosis. The
results show that AgNPs and Ag+ induced cell apoptosis via
different pathways, which led us to speculate on AgNP-induced
mitochondrial damage. Then, the mitochondrial damage
variation between AgNPs and Ag+ was investigated under
the same intracellular Ag+ concentration. Recently, we
developed a scattered light imaging (SLI) technique that
allows spatiotemporal tracking of label-free NPs in living cells
using a conventional confocal microscope.21 Thus, the
interaction between AgNPs and mitochondria was studied
using the SLI method combined with light intensity profiles,
transmission electron microscopy (TEM), and inductively
coupled plasma−mass spectrometry (ICP−MS).

2. MATERIALS AND METHODS
2.1. Materials and Reagents. Citrate-coated AgNPs (20

and 100 nm) were purchased from nanoComposix (San Diego,
USA). AgNO3 (10 mg/mL Ag+ in 5% nitric acid) and a cellular
apoptosis detection kit were obtained from Sigma−Aldrich
(Shanghai, China). The human liver carcinoma epithelial-like
cell line (HepG2) was obtained from the China Center for
Type Culture Collection (Shanghai, China). Dulbecco’s
modified Eagle meadium (DMEM), fetal bovine serum
(FBS), penicillin and streptomycin solution, the MitoSOX
Red superoxide indicator, an Image-iT LIVE mitochondrial
transition pore assay kit, and phosphate-buffered saline (PBS)
were purchased from Invitrogen (Shanghai, China). Z-VAD-
FMK was obtained from MedChemExpress (New Jersey,
USA). The cytochrome c antibody and the FITC secondary
body were obtained from Cell Signaling Technology
(Shanghai, China). A CellTiter 96 AQueous One Solution
cell proliferation assay kit and a caspase 3/7 activity assay kit
were purchased from Promega (Beijing, China). The cell
culture dish with a glass bottom was obtained from Cellvis
(Mountain View, USA).
2.2. Cell Culture and Exposure. HepG2 cells were

cultured in DMEM supplemented with penicillin (100 μg/mL,
streptomycin (100 U/mL), and 10% heat-inactivated FBS.
Cells were cultured within a humidified atmosphere with 5%
CO2 at 37 °C. AgNPs and AgNO3 stock solutions were diluted
with the culture medium. Cells were exposed to AgNPs and
Ag+ by adding fresh culture medium containing AgNPs or Ag+

until the cell layer reached over 80% confluence.
2.3. Measurement of Intracellular AgNPs and Ag+.

AgNP and Ag+ levels in cells were analyzed using an Agilent
8800 ICP−MS system (Beijing, China). In brief, HepG2 cells
were exposed to AgNPs at a concentration of 2 μg/mL and
Ag+ at a concentration of 1 μg/mL. Cells were collected after

6, 12, and 24 h treatments and washed with PBS three times.
Then, cells were re-suspended in PBS, and the cell number was
determined using a Scepter 2.0 handheld automated cell
counter (Millipore, Darmstadt, Germany). AgNPs and Ag+

were extracted from HepG2 cells using 25% tetramethylam-
monium hydroxide (TMAH) according to a previous
method.22 Then, AgNPs and Ag+ were separated from each
other by using centrifugal ultrafiltration (Millipore, Amicon
Ultra-15 3 K, USA) and digested with 65% HNO3/30% H2O2
(4:1) solution. Lastly, the content of Ag in the digestion
solution was diluted and analyzed using ICP−MS.

2.4. Determination of Cell Viability and LDH Release.
HepG2 cells were cultured in 96-well plates and exposed to
AgNPs or Ag+ at different concentrations. After treatments,
cells were washed with PBS three times, and cell viability was
measured using a CellTiter 96 AQueous One Solution cell
proliferation assay. Cells were incubated with assay reagents at
37 °C for 2 h, and then, the absorbance of each well was
measured at 450 nm using a microplate reader (Thermo,
Germany). Cell viability was expressed as a percentage of the
untreated control. LDH released into the medium and
converted resazurin into resorufin, which can be detected at
590 nm by an excitation of 560 nm. LDH leakage was
calculated as the percentage of LDH in the medium versus
total LDH activity in the cells.

2.5. Determination of Cell Apoptosis. After AgNP or
Ag+ treatments, cells were collected and washed with PBS
three times. Then, cells were incubated with annexin V FITC
and propidium iodide (PI) for 10 min at 37 °C. The apoptotic
cells were analyzed using a flow cytometer (BD FACS Accuri
C6; BD Biosciences) as described previously.23 Z-VAD-FMK
(40 μM) was used to reverse the apoptotic effect exerted by
AgNPs or Ag+ in HepG2 cells.

2.6. Determination of the MMP and ROS. The MMP
was determined using 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-
imidacarbocyanine (JC-1). After AgNP or Ag+ treatments, cells
were washed with PBS and incubated with 10 μM JC-1 for 30
min at 37 °C. The JC-1 aggregates were then analyzed using a
laser scanning confocal microscope (Leica SP5). The
excitation and emission wavelengths of JC-1 aggregates were
485 and 590 nm, respectively. The fluorescent probe MitoSOX
Red (Invitrogen) was used to measure the mitochondrial
generation of ROS. After AgNP or Ag+ treatments, cells were
washed once with PBS and then incubated with 50 μM
MitoSOX for 20 min at 37 °C. The fluorescence was imaged
using a laser confocal scanning microscope (Leica SP5,
Germany). The excitation and emission wavelengths were
488 and 532 nm, respectively.

2.7. Opening of the Mitochondrial Permeability
Transition Pore. After AgNP or Ag+ treatments, the opening
of the mitochondrial permeability transition pore (MPTP) was
detected using the Image-iT LIVE mitochondrial transition
pore assay kit (Invitrogen). Briefly, cells are loaded with the
acetoxymethyl ester of calcein dye, calcein AM, which passively
diffuses into cytosolic compartments and transforms into the
fluorescent dye calcein. The fluorescence from cytosolic calcein
is quenched by the addition of CoCl2, while the fluorescence
from the mitochondrial calcein is maintained. The opening of
the MPTP will result in the loss of green mitochondrial calcein
fluorescence. Mitochondria and nucleus were stained with
MitoTracker Red CMXRos and Hoechst 33342 dye. The
fluorescence was imaged using a laser confocal scanning
microscope (Leica SP5).
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2.8. Release of Cytochrome c. The release of cytochrome
c from mitochondria into the cytoplasm was detected using
immunofluorescence. After AgNP or Ag+ treatments, the cells
were washed with PBS and fixed with 4% of formaldehyde for
10 min and then permeabilized with 0.1% Triton X-100 in PBS
(PBST) for 10 min at room temperature. Next, cells were
blocked with 1% BSA in PBST for 30 min and incubated with
the anti-cytochrome c primary antibody at 4 °C overnight.
Last, cells were incubated with the secondary FTTC-
conjugated goat anti-Rabbit antibody for 1 h at room
temperature. After washing with PBS three times, cells were
imaged using a laser confocal scanning microscope (Leica
SP5).
2.9. Simultaneous SLI and Fluorescence Imaging.

AgNPs and mitochondria were imaged using a laser confocal
scanning microscope equipped with a 63.0× oil objective (1.40
numerical aperture). The scattering light signal from AgNPs
and fluorescence from the fluorescent dye-labeled mitochon-
dria were recorded in two independent fluorescence channels
in the fluorescence mode of confocal microscopy, in which
PMT1, PMT2, and PMTtrans worked simultaneously. HepG2
cells were illuminated with a 488 nm laser. PMT1 was used to
record the scattered light signal from AgNPs at 483−493 nm,
and PMT2 was used to record the fluorescence signal from
mitochondria at 505−535 nm. PMTtrans was used to observe
the cell morphology. The light signal profile was analyzed using
ImageJ software (NIH, USA).
Three-dimensional (3D) SLI was used to measure the

distribution of AgNPs inside cells. AgNPs were imaged in
PMT1. The nucleus stained by Hoechst 33342 was illuminated
with 405 nm illumination and detected at 435−475 nm in

PMT2. The step size of scanning in the z-axis is 0.21 μm, and
the scanning speed is 1000 HZ.

2.10. TEM Analysis. After AgNP or Ag+ treatments, cells
were harvested and washed with PBS three times. Then, cells
were fixed in 2.5% glutaraldehyde at 4 °C overnight. The fixed
samples were prepared into ultrathin sections (80 nm)
according to the previously described methods.24 The sections
were stained with 1% lead citrate and 0.5% uranyl acetate. The
ultrathin sections were imaged using a transmission electron
microscope (JEM2100, JEOL Ltd, Tokyo, Japan).

2.11. Statistical Analyses. At least three independent
experiments were performed in this study. The values for all
experiments are expressed as mean ± standard error. The data
were analyzed using the unpaired t test with Welch’s correction
(Graphpad Prism software, San Diego, USA), and the
statistical significance was calculated between untreated and
treated cell groups. The background subtraction, colocalization
analysis, and reconstruction of 3D SLI images were carried out
using Image J software.

3. RESULTS AND DISCUSSION

3.1. Cytotoxicity of AgNPs and Ag+. Since particle size
plays an important role in AgNP dissolution and toxicity,25,26

two kinds of citrate-coated AgNPs (20 and 100 nm), named
NP20 and NP100, were used in this study (Figure S1). The
cytotoxicities of AgNPs and Ag+ were compared by measuring
the cell viability, LDH release, and apoptosis. As shown in
Figure 1a, a significant effect on cell viability was determined
following 24 h exposure to Ag+ at the concentration of 2 μg/
mL. However, only a small decrease of cell viability was
observed for the two types of AgNPs at this concentration.
Similarly, the LDH level had no significant changes when cells

Figure 1. (a−c) Cytotoxicity induced by AgNPs and Ag+. (a) Cell viability, (b) LDH release, and (c) cell apoptosis were determined after HepG2
cells were exposed to AgNPs and Ag+ for 24 h. (d,e) Suppression test of Z-VAD-FMK on cell apoptosis. Cell apoptosis was measured using flow
cytometry. HepG2 cells were exposed to AgNPs and Ag+ at 2 μg/mL for 24 h. The data are presented as mean ± standard error (at least three
replicates). *P < 0.05.
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were exposed to AgNPs at 2 μg/mL, while the LDH level
increased from 3.55 to 43.25% after the treatment with Ag+

(Figure 1b), suggesting that Ag+ trends to impair cell
membrane damage more than NP20 and NP100. The cell
apoptosis increased significantly when HepG2 cells were
exposed to Ag+, NP20, and NP100 for 24 h at a dose greater
than 1 μg/mL (Figure 1c). The apoptosis rates were 11.79,
8.84, and 30.68% for NP20, NP100, and Ag+, at a
concentration of 2 μg/mL, respectively. These results together
indicated that Ag+ is more toxic to HepG2 cells than NP20 and
NP100 at the same exposure concentrations. Here, Z-VAD-
FMK, a caspase inhibitor, was used to reverse the apoptotic
effect exerted by Ag+ and AgNPs (Figure 1c,d). In the presence
of Z-VAD-FMK, the increase in apoptosis was markedly
inhibited in NP20- and NP100-treated cells compared with the
control, suggesting that cell apoptosis was blocked. However,
the inhibitor has no obvious effect on Ag+-induced apoptosis.
These results indicated that AgNPs and Ag+ induced cell
apoptosis via different pathways.
3.2. Uptake and Ag+ Release of AgNPs in HepG2

Cells. Then, AgNPs (2 μg/mL) were exposed to HepG2 cells,
and the dynamic uptake of AgNPs was recorded over 24 h
using the SLI method. No scattered light of particles was
detected in the control and Ag+-treated cells, while AgNPs
were imaged as bright green spots in NP20- and NP100-
treated groups (Figures 2a and S2). Consistently, particles
were observed in the TEM images of NP20- and NP100-
treated cells but not in the images of the control and Ag+-
treated cells (Figure S3). In order to quantify AgNPs inside a
single cell, the intracellular AgNPs were imaged using 3D SLI
(Figure S4).27 The 3D movies showed that NP20 and NP100
were distributed in the cytoplasm of HepG2 during uptake
(Movies S1 and S2). Then, the particle number was
determined using Image J software. Here, an agglomerate
was counted as a particle. As shown in Figure 2b,c, the particle
number was increased in NP20- and NP100-treated cells with
the extension of incubation time. After 24 h exposure, the
average particle number in a single cell is about 187 ± 15 for
NP20 and 74 ± 7 for NP100.

The Ag+ retained in the culture medium was 3.8 and 2.5% of
the total Ag of NP20 and NP100, respectively, after 24 h of
incubation at 37 °C (Figure S5), indicating the stability of
NP20 and NP100. However, a recent study showed that
AgNPs dissolved very fast inside HepG2 cells, with 82.7% of
the total silver dissolved after 1 h and 93.3% after 24 h, as
observed using liquid chromatography combined with ICP−
MS.28 To measure the intracellular level of Ag+ during
incubation, Ag particles and Ag+ were extracted from HepG2
cells, separated from each other via centrifugal ultrafiltration,
and analyzed using ICP−MS at 6, 12, and 24 h. As shown in
Figure 2d, the level of Ag+ in AgNP-treated cells was
continuously increased with the increasing exposure time.
The proportion of Ag+ in the NP20-treated cells was higher
than that in the NP100-treated cells at all three points in time,
indicating that NP20 more easily released Ag+ than NP100 in
HepG2 cells. The proportion of AgNPs suggested that cellular
AgNPs mainly existed in the form of particles. This result is
consistent with a previous finding that over 89.7% of silver
existed in the nanoparticle form and less than 10.3% was in the
ionic form inside HepG2 cells using cloud point extraction
combined with ICP−MS.29

3.3. Mitochondrial Damage Induced by AgNPs. To
identify the particle-specific effect of AgNPs, the cytotoxicity of
AgNPs was compared at equivalent internal doses of Ag+. The
intracellular Ag+ concentrations were 5.49 and 4.27 ng/104

cells when cells were exposed to NP20 and NP100 at 2 μg/mL
for 24 h, respectively (Figure S6). The intracellular
concentration of Ag+ was 7.27 ng/104 cells when cells were
exposed to Ag+at 1 μg/mL for 24 h. Therefore, cells treated
with 1 μg/mL Ag+ were selected as the Ag+ control in the
following assays because of no toxic effect on cell viability and
a slightly higher intracellular Ag+ concentration than that of
AgNPs.
Mitochondria may be a sensitive target organelle to AgNP

exposure.15,16 Hence, the MMP, mitochondrial ROS gener-
ation, and MPTP opening were determined in AgNP- and Ag+-
treated HepG2 cells. Both NP20 and NP100 treatments
significantly induced the potential collapse of mitochondria in
terms of the decrease in the fluorescence intensity of JC-1

Figure 2. Cellular uptake and dissolution of AgNPs. (a) Representative SLI images for AgNPs (green) and nucleus (blue) in a HepG2 cell. (b,c)
Particle number of NP20 and NP100 in a single cell. HepG2 cells were exposed to NP20 and NP100 at 2 μg/mL for 6, 12, and 24 h. The particle
number was counted from 3D SLI images of 10 cells at random. The data are presented as mean ± SD. (d) Intracellular level of Ag particles and
Ag+. HepG2 cells were exposed to AgNPs at 2 μg/mL for 6, 12, and 24 h. Then, AgNPs and Ag+ were separated from each other by using
centrifugal ultrafiltration and analyzed using ICP-MS. The data are presented as mean ± standard error (three replicates).
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aggregates (Figures 3a and S7). Compared to the control, the
flow cytometer analysis shows that there were approximately
35.8, 25.7, and 7.9% cells with a significant decrease in the
MMP for NP20, NP100, and Ag+, respectively (Figure S8).
Cells treated with NP20 and NP100 showed a significant
increase in mitochondrial superoxide generation, as evident by
MitoSOX Red dye (Figures S9 and S10). Compared to the
control, the cellular fluorescence intensity of MitoSOX Red
increased 1.85- and 1.66-fold for NP20 and NP100,
respectively, after 12 h of exposure (Figure 3b). However,
cells treated with Ag+ showed only a slight increase in
mitochondrial superoxide generation (1.18 times) compared to
the control. MPTP opening was measured using the CoCl2−
calcein fluorescence quenching assay. Once the MPTP opens,
the entrapped calcein is released from the mitochondrial
matrix, and CoCl2 quenches cytosolic calcein in terms of the
reduction in calcein fluorescence (Figure S11). MPTP opening
was observed in some cells exposed to NP20 and NP100 for 24
h, leading to a decrease in the green fluorescence of
mitochondrial calcein (Figure 3c). However, no significant
changes in calcein fluorescence were observed in Ag+-treated
HepG2 cells compared to the control. As a result of the
mitochondrial damage, the level of cellular ATP was
significantly reduced in AgNP-treated cells (Figure S12).
These results together suggested that the mitochondrial
damage should be attributed to Ag particles but not Ag+ in
AgNP-treated HepG2 cells.
3.4. AgNPs Induced Apoptosis via Mitochondrial

Damage. In this study, obvious apoptosis and mitochondrial
damage were observed in AgNP-treated cells, which led us to
speculate on the mitochondrial apoptosis pathway. Pro-
apoptotic protein Bax and pro-survival protein Bcl-2 are the
initial regulators of the mitochondrial apoptosis pathway,
which are capable of controlling the release of cytochrome c.30

AgNP treatments increased Bax but inhibited the Bcl-2
expression level in HepG2 cells (Figure 4a). The significant
upregulation of the ratio of Bax/Bcl-2 means that AgNP
exposure promotes the apoptosis of HepG2 cells (Figure
4b).31 MPTP opening is a mitochondrial response to an
oxidative stress, which allowed for cytochrome c release into
cytosol to initiate the apoptotic cascade.32,33 As shown in
Figure 4c, cytochrome c release was observed in some NP20-
and NP100-treated cells, but in very few cells in the control
and Ag+-treated cells. Cytochrome c release from mitochondria
into the cytosol represents a major caspase activation pathway,
which induces cell apoptosis.34 Caspases are a family of
cysteine proteases that are activated during apoptosis.35 This
showed that NP20 and NP100 significantly augmented caspase
3/7 activation (Figure 4d). This is in excellent agreement with

the results of cell apoptosis. As shown in Figure 1d, Z-VAD-
FMK can significantly reduce the AgNP-induced apoptosis via
the universal inhibition of caspases.

3.5. Interaction between AgNPs and Mitochondria. It
is still uncertain how AgNPs interact with mitochondria and
then affect their function. The SLI technique allows label-free
NPs to be imaged using the fluorescence channel of confocal
fluorescence microscopy.21 Therefore, label-free AgNPs and
fluorescent-labeled mitochondria are imaged simultaneously,
making it possible to monitor their interactions at the same
focal plane (Figure S13). Some NP20 and NP100 seem to be
colocalized with mitochondria in the merged images (Figure
5a). However, both AgNPs and mitochondria likely appear
larger than they really are because of the fluorescence or
scattered light in microscopy photos. Then, the light signal
profile was used to further determine the colocalization of
AgNPs and mitochondria. The light intensity is measured
using ImageJ along the white line in the images (Figure 5a). As

Figure 3. AgNPs and Ag+-induced mitochondrial damage. HepG2 cells were exposed to AgNPs (2 μg/mL) and Ag+ (1 μg/mL). (a) Mitochondrial
ROS generation was determined using a flow cytometer at 12 h. (b) The change of the MMP was determined using a flow cytometer at 24 h. (c)
The opening of the MPTP was imaged using a confocal microscope at 24 h. The cellular calcein fluorescence was quantified using Image J from 20
confocal images at random. The data are presented as mean ± standard error (three replicates). *P < 0.05.

Figure 4. AgNP-induced mitochondrial apoptosis in HepG2 cells.
The cells were exposed to AgNPs (2 μg/mL) or Ag+ (1 μg/mL) for
24 h. (a) Western blot analysis of Bax and Bcl-2 protein expressions.
(b) Relative ratio of Bax/Bcl-2 base on western blots analysis. (c)
Representative immunofluorescence images of cytochrome c (green)
released into the nucleus (blue). (d) Change of the relative activity of
caspase 3/7. The data are presented as mean ± standard error (three
replicates). *P < 0.05.
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shown in Figure 5b, the red line is the fluorescence signal from
mitochondria, and the green line is the scattered light signal
from AgNPs. The x-axis is the position along the white line,
and the y-axis is the light intensity. AgNPs and mitochondria
are deemed to be localized together when the peaks for the
maximal light intensity of AgNPs and mitochondria are
overlapped. Based on the colocalization analysis, there are
23.5 ± 1.6 and 19.8 ± 1.4% particles colocalized with
mitochondria in NP20- and NP100-treated cells at 24 h,
respectively (Figure 5c). The presence of AgNPs inside the
mitochondria was also observed in TEM images (Figure 5d).
Energy-dispersive X-ray spectroscopy analysis of the TEM
micrograph of HepG2 cells further validated that AgNPs
existed in the form of particles, and the dissolution of AgNPs
could be stabilized into Ag−S− and AgCl.
The toxicity of AgNPs on cells is generally regarded as a

“Trojan horse” mechanism, in which AgNPs can gradually
dissolve into Ag+ once inside the cells.4,36 Although the
nanoparticle contribution cannot be ignored in the AgNP-
induced toxicity, evidence of the effect from nanoparticles is
still limited.37,38 In this study, we first compared the
cytotoxicity between AgNPs and Ag+ by measuring the cell
viability, LDH release, and cell apoptosis under the same
exposure concentrations. It shows that AgNPs and Ag+

induced cell apoptosis via different pathways, which led us to

speculate on AgNP-induced mitochondrial damage. We then
compared mitochondrial damage between AgNPs and Ag+

under the same intracellular Ag+ concentration. It shows that
the mitochondrial damage might mainly be attributed to Ag
particles but not released Ag+. The apoptosis results are
consistent with those obtained from mitochondrial damage,
showing that AgNPs triggered HepG2 cell apoptosis via a
mitochondrial apoptosis pathway.
Due to the lack of proper analytical methods, it is difficult to

monitor the interaction between NPs and mitochondria during
NP exposure. A flow cytometer has been used to detect cell-
associated AgNPs based on their side scattering intensities,
whereas this method has difficulty in tracking the distribution
of AgNPs at the subcellular level.39,40 Recently, the
combination of dark-field microscopy and fluorescence
microscopy was used to study the colocalization of AgNPs
with mitochondria in liver cells.41,42 However, the scattering of
light in the darkfield light path distorts the shapes of the NPs in
the z-direction due to the lack of confocality. In this study, we
combined SLI and fluorescence imaging together. With this
combined approach, label-free AgNPs and fluorescently
labeled mitochondria can be imaged simultaneously, making
it possible to trace their interaction. AgNPs and mitochondria
appearing in the same region seem to be localized together in
these images (Figure 5a). It is important to highlight that the
light signal profile helps determine the colocalization by
overlapping the maximal intensity of fluorescence form
mitochondria and scattered light from AgNPs. Furthermore,
some AgNPs were observed inside the mitochondria in TEM
images (Figure 5d).
It is generally accepted that nanoparticles are internalized

into cells via endocytosis, enclosing them in a vesicle pinched
off from the cytoplasmic membrane and subsequently
transporting them into lysosomal vesicles.43,44 Interestingly,
we found that many AgNPs were not colocalized with
lysosomes using SLI analysis (Figure S14). These AgNPs
may be free of cellular vesicles or may escape from the
lysosomal clearance system. Free AgNPs in the cytoplasm can
directly interact with mitochondria or other organelles. The
minor differences in mitochondrial damage between NP20 and
NP100 may be due to their particle number in cells. Although
the total amount of Ag in NP100-treated cells was a little
higher than that in NP20-treated cells (Figure 2d), the particle
numbers in NP20-treated cells were greater than those in
NP100-treated cells because of their smaller size. A higher
particle number means more opportunities to contact with
mitochondria.
Overall, this study demonstrated the possible “particle-

specific” toxicity of AgNPs in HepG2 cells. The colocalization
of AgNPs and mitochondria was observed using combined
methods, and the results are consistent with AgNP-induced
mitochondrial damage and apoptosis. Further work is
necessary to fully understand the conversion of AgNPs inside
cells and their synergistic effect on the cytotoxicity. These
findings will be helpful for understanding the detailed toxic
mechanism of AgNPs and advancing their applications.
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Figure 5. Interaction between AgNPs and mitochondria. The cells
were exposed to AgNPs (2 μg/mL) for 24 h. (a) Representative
images for simultaneous imaging of label-free AgNPs and
fluorescence-labeled mitochondria. Yellow indicates that AgNPs
(green) colocalized with mitochondria (red). Blue, nucleus. (b)
Light signal profile along the white line in images of (a). The red line
is the fluorescence from mitochondria, and the green line is the
scattered light from AgNPs. (c) Percentages of NP20 and NP100
colocalized with mitochondria. The particle number was determined
using Image J from SLI images of 10 cells at random. The data are
presented as mean ± standard error (three replicates). (d)
Representative TEM images for mitochondria (blue M) and AgNPs
(green arrow). Energy-dispersive X-ray spectroscopy analysis of NP20
and NP100 was carried out in the regions of interest marked 1 and 2.
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Determination of the ATP level; representative TEM
images and size distribution of NP 20 and NP100;
representative SLI images of AgNPs; representative
TEM images of AgNPs in HepG2 cells; representative
3D SLI images of AgNPs; Ag+ retained in the culture
medium; intrcellular Ag+ level in AgNP- and Ag+-treated
cells; representative images and flow cytometry analysis
of the fluorescence of JC-1 aggregates in AgNP- and
Ag+-treated cells; representative images and flow
cytometry analysis of the MitoSOX Red fluorescence
in AgNP- and Ag+-treated cells; ATP level in AgNP- and
Ag+-treated cells; representative images for simultaneous
imaging of label-free AgNPs and fluorescence-labeled
mitochondria; and representative images for simulta-
neous imaging of label-free AgNPs and fluorescence-
labeled lysosome (PDF)
3D distribution of NP20 in HepG2 cells (AVI)
3D distribution of NP100 in HepG2 cells (AVI)
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