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Abstract: Autophagy dysfunction is considered as a potential toxic mechanism of 

nanomaterials. Silica nanoparticles (SiNPs) can induce autophagy, but the specific mechanism 

involved remains unclear. Therefore, the aim of this study was to confirm the effects of SiNPs 

on autophagy dysfunction and explore the possible underlying mechanism. In this article, we 

reported that cell-internalized SiNPs exhibited dose- and time-dependent cytotoxicity in both 

L-02 and HepG2 cells. Multiple methods verified that SiNPs induced autophagy even at the 

noncytotoxic level and blocked the autophagic flux at the high-dose level. Notably, SiNPs 

impaired the lysosomal function through damaging lysosomal ultrastructures, increasing 

membrane permeability, and downregulating the expression of lysosomal proteases, cathepsin 

B, as evidenced by transmission electron microscopy, acridine orange staining, quantitative 

reverse transcription-polymerase chain reaction, and Western blot assays. Collectively, these 

data concluded that SiNPs inhibited autophagosome degradation via lysosomal impairment in 

hepatocytes, resulting in autophagy dysfunction. The current study not only discloses a potential 

mechanism of autophagy dysfunction induced by SiNPs but also provides novel evidence for 

the study of toxic effect and safety evaluation of SiNPs.
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Introduction
Silica nanoparticles (SiNPs) are one of the most widely used engineered nanomaterials. 

According to the updated information on Nanotechnology Consumer Products Inventory 

(NCPI) in 2015, SiNPs are listed in the top five nanomaterials of consumer products.1 

Owing to their unique physicochemical properties, SiNPs are extensively utilized in 

biomedical and biotechnological fields such as drug delivery, gene therapy, diagnosis, 

and imaging.2–4 With the growing application of SiNPs, the potential hazards of SiNPs 

on environment and human health gain more and more attention.5 The Organization of 

Economic Cooperation and Development (OECD) has also declared SiNPs as one of 

the nanomaterials requiring urgent toxicity evaluation.6 Therefore, understanding the 

detailed toxic mechanisms of SiNPs will be helpful for risk assessment.

SiNPs could be distributed via circulatory system in all organs through various 

exposure routes,7–9 and liver is considered as the primary target organ for the transporta-

tion and biotransformation of SiNPs. It is reported that SiNPs are retained in the liver 

for up to 60 days by intravenous exposure, and liver fibrosis occurs in rats fed with 

SiNPs.10,11 Previously, we have demonstrated that SiNPs are rapidly accumulated in 

livers of mice after intravenous administration causing acute toxicity of lymphocytic 
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infiltration and granuloma formation.12 For in vivo study, 

we confirmed that SiNPs induced excess reactive oxygen 

species (ROS) generation and thus caused adverse effects 

such as DNA damage, cell cycle arrest, apoptosis, autophagy, 

and cell death.13–16 Oxidative stress is a main regulator of 

autophagy, while autophagy dysfunction was newly proposed 

as a potential toxic mechanism of nanomaterials.17 Therefore, 

exploring the effects of SiNPs on autophagy would contrib-

ute to a better understanding of toxic mechanisms involved 

in nanoparticles.

Autophagy is an evolutionarily conserved dynamic 

process that protects the cellular homeostasis and adapts 

to the external adverse environment and stress. Defects in 

autophagy are related to some pathologies in human beings 

such as chronic infection, neurodegenerative disease, and 

cancer.18 Nanoparticle-induced autophagy gains increasing 

attention and is considered as a general phenomenon of 

nanoparticles. Kinds of nanoparticles such as sliver nano-

particles (AgNPs), gold nanoparticles, titanium dioxide, 

rare earth oxides, nano-sized fullerene, and the nano-sized 

fullerene derivatives were reported to evoke autophagy.19–23 

Meanwhile, some nanoparticles were found to cause 

autophagy dysfunction. For example, AgNPs were related 

to defective autophagy and lysosomal dysfunction,19,24 while 

carbon nanotube could inhibit autophagic flux in human 

umbilical vein endothelial cells (HUVEC).25 Therefore, 

Stern et al17 proposed that autophagy dysfunction was an 

emerging important toxic mechanism of nanoparticles. 

The complete autophagic process is dependent on normal 

lysosomal function. Either autophagy overstimulation or 

inhibition of autophagosome degradation caused by nano-

particles could induce autophagy dysfunction. However, 

the detailed mechanism of how these nanoparticles affect 

autophagy function is not clear. Nanoparticles entered 

cells and sedimented in lysosomes followed by enhancing 

lysosomal membrane permeability and releasing of acidic 

hydrolysis enzymes into cytoplasm, which caused lysosomal 

impairment. Therefore, damaged lysosomes disturbed the 

fusion of autophagosome and lysosome; meanwhile, the 

cargos engulfed in autophagosomes would fail degrada-

tion, resulting in accumulation of misfolded proteins and 

impaired organelles. Autophagic cell death might be due 

to these stimulations.

Emerging evidences revealed that SiNPs induced auto

phagy in various types of cells,15,26–29 and our previous studies 

reported that SiNPs upregulated the expression of autophagy 

markers such as LC3B and p62.9 p62 would be degraded 

in the complete autophagic process, so the increased p62 

expression suggested the blockage of autophagic degradation. 

Lysosomal impairment is considered as the leading cause 

of autophagic flux blockage, resulting in autophagy 

dysfunction.17,30 For instance, lysosome damage induced by 

aminochrome resulted in autophagy disorder,31 and HBV X 

protein could inhibit autophagic degradation through destroy-

ing the nature of lysosomes.32 The current investigations 

on SiNPs and autophagy are mostly focused on autophagy 

detection; however, the mechanisms of autophagosome 

accumulation and whether the autophagic flux was blocked 

remain unclear. Therefore, further detailed investigation of 

the effects of SiNPs on autophagy and the specific molecular 

mechanisms are urgently needed.

In this study, we confirmed the effects of SiNPs on 

autophagy function and investigated its underlying mecha-

nism. First, cellular uptake and cytotoxicity of SiNPs were 

detected in hepatocytes. To evaluate the autophagic process, 

autophagosome accumulation and autophagic flux were then 

measured. Lysosomal function was eventually detected to 

confirm its role in autophagy dysfunction. The current study 

developed a comprehensive understanding of toxic mecha-

nism associated with autophagy and improved knowledge 

for the safety evaluation of SiNPs.

Materials and methods
Preparation and characterization of SiNPs
SiNPs were prepared using the Stöber method and char-

acterized as described in our previous studies.33 Briefly, 

2.5 mL of tetraethylorthosilicate (TEOS) was added to 

50 mL of premixed ethanol solution containing 4 mL of 

ammonia and 2 mL of water. The reaction system was 

kept at 40°C for 12 h with continuous stirring at 150 rpm. 

Then, the mixture was centrifuged at 12,000  rpm for 

15 min and was washed three times with deionized water 

and then dispersed in 50 mL of deionized water. The size 

and shape of SiNPs were characterized by transmission 

electron microscopy (TEM; JEOL JEM-2100, Akishima-

shi, Japan). The particle size was calculated from a 

random field of TEM images that showed the general mor-

phology. A total of 500 particles were randomly counted 

and measured to determine the mean size, standard devia-

tion (SD), and size distribution. Then, the hydrodynamic 

diameters and zeta potentials of SiNPs were examined by 

Zetasizer (Nano-ZS90; Malvern Instruments, Malvern, 

UK). The purity of SiNPs was analyzed by ICP-AES 

(ARL, Washington, DC, USA) as described previously.27 

Endotoxin in SiNP suspensions was assessed by a gel-clot 

limulus amebocyte lysate (LAL) assay, and the detec-

tion limit was ,0.125 EU/mL. Before performing each 

experiment, the SiNP suspensions were sonicated for 
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5 min in a sonicator (160 W, 20 kHz; Bioruptor UDC-

200; Diagenode, Liège, Belgium).

Cell cultures
The normal human hepatic cell line, L-02, was obtained 

from Nanjing Keygen Biotech cell library (Nanjing, People’s 

Republic of China). The human hepatocellular carcinoma 

cell line, HepG2, was obtained from Chinese Academy of 

Sciences cell library (Shanghai, People’s Republic of China). 

All cell lines were routinely maintained in Dulbecco’s Modi-

fied Eagle’s Medium (DMEM; Gibco, Carlsbad, CA, USA) 

supplemented with 100 U/mL penicillin, 100 mg/mL strep-

tomycin, and 10% fetal bovine serum (FBS; Gibco) at 37°C 

in a humidified 5% CO
2
 incubator. For each experiment, cells 

in exponential growth stage were seeded in culture plates and 

allowed to adhere for 24 h. For SiNP treatment, the complete 

medium was replaced with fresh serum-free medium contain-

ing SiNPs. Controls were supplied with an equivalent volume 

of serum-free DMEM. For Western blot and quantitative 

reverse transcription-polymerase chain reaction (RT-PCR) 

assay, the cells were treated with five different concentrations 

of SiNPs (6.25, 12.5, 25, 50, and 100 μg/mL) for different 

time points (3, 6, 12, and 24 h). At the indicated time point, 

the cells were harvested for further analysis.

Antibodies and reagents
Rabbit anti-LC3 (L7543), rabbit anti-p62 (P0067), and mouse 

anti-actin (A5441) antibodies were purchased from Sigma-

Aldrich Co (St Louis, MO, USA). Antibodies against cathe-

psin B (CTSB; 31718S) were purchased from Cell Signaling 

Technology (Beverly, MA, USA). Antibodies against cathepsin 

D (CTSD; ab75852) were purchased from Abcam. Goat anti-

mouse IgG IRDye 680RD (925-68070) and goat anti-rabbit 

IgG IRDye 800CW (926-32211) antibodies were obtained from 

Li-Cor Biosciences. The fluorescein Isothiocyanate (FITC)-

conjugated anti-rabbit secondary antibodies used for immuno-

fluorescence were procured from Beijing ZhongShan Golden 

Bridge Biotechnology Co. Ltd. 4′,6-Diamidino-2-phenylindole 

(DAPI) dihydrochloride (D9542) and bafilomycin A1 (BafA1; 

B1793) were purchased from Sigma-Aldrich.

Cell viability assay
The cytotoxicity of SiNPs in L-02 and HepG2 cells was 

determined using Cell Counting Kit-8 (CCK-8; CK04-

1000; Dojindo, Mashiki-machi, Japan) according to the 

manufacture’s instruction. Briefly, 1.2×104 L-02 or HepG2 

cells were seeded into a 96-well plate in 100 μL of DMEM 

and incubated at 37°C for 24 h. Then, the cells were treated 

with various concentrations of SiNPs (6.25, 12.5, 25, 50, and 

100 μg/mL) for different time points (3, 6, 12, and 24 h). 

At the indicated time point, 10 μL of CCK-8 regents was 

added to each well and further incubated for 2 h, and then 

the absorbance at 450 nm was detected using a microplate 

reader (Synergy HT; Bio Tek, Winooski, VT, USA).

TEM
L-02 and HepG2 cells were treated with 50 μg/mL SiNPs for 

24 h; then, the cells were harvested and washed three times 

with phosphate-buffered saline (PBS). The cell pellets were 

fixed in 2.5% glutaraldehyde (in 0.1 M PBS) at 4°C for 3 h, 

and washed with 0.1 M PBS. After immersion in 2% agarose 

gel, the cells were postfixed in 4% osmium tetroxide solution 

for 1 h. After washing with distilled water, the cells were 

stained with 0.5% uranyl acetate for 1 h, following dehydra-

tion in a graded series of ethanol (30, 60, 70, 90, and 100%), 

and finally embedded in epoxy resin. The resin was polymer-

ized at 60°C for 48 h. Ultrathin sections were prepared with 

a ultramicrotome and then stained with 5% aqueous uranyl 

acetate and 2% aqueous lead citrate. After air drying, sections 

were observed using TEM (JEOL JEM-2100).

Sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis 
(PAGE) and Western blot
Cells were harvested and lysed in lysis buffer containing 

150 mM NaCl, 25 mM Tris (pH 7.4), 1% NP-40, 0.25% 

sodium deoxycholate, and 1  mM ethylenediaminetet-

raacetic acid (EDTA) with a protease inhibitor cocktail 

(04693132001; Roche). The total protein concentration 

was determined using a bicinchoninic acid (BCA) protein 

assay kit (Dingguo, Beijing, China). Equal amounts of 

total proteins were separated with SDS-PAGE (10%) for 

p62 detection, 12% gels for CTSB and CTSD detection, 

and 15% gels for LC3 detection, and then transferred 

to nitrocellulose membranes (66485; Pall). Membranes 

were first incubated with different primary antibodies 

overnight at 4°C and incubated with IRDye 680 or 800 

labeled secondary antibodies at room temperature for 

2 h. Protein bands on the membrane were scanned using 

a Li-Cor Odyssey system (Li-Cor Biosciences). At least 

three independent experiments were performed, and a rep-

resentative result was shown. For the grayscale analysis, 

photodensitometric data from protein bands were analyzed 

and quantified using Quantity One software (Bio-Rad). For 

statistical analysis, standard error and P-value (Student’s 

t-test) were calculated from at least three independent experi-

ments using Prism 5 software (GraphPad Software Inc.).  

A P-value of ,0.05 was considered significance.
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Immunofluorescence and confocal 
microscopy
For the analysis of autophagic vesicles, L-02 and HepG2 cells 

were seeded in confocal dish at a density of 1.5×105 cells/mL. 

After incubation for 24 h, the cells were treated with various 

doses of SiNPs (12.5, 25, and 50 μg/mL) for another 24 h. 

Then, the cells were fixed with 4% paraformaldehyde and 

permeabilized with PBS containing 0.5% Triton X-100 and 

5% bovine serum albumin (BSA) for 30 min. After that, the 

fixed cells were incubated with rabbit anti-LC3B antibody 

(1:100 dilution in 5% BSA) at 4°C overnight. Then, the cells 

were incubated with secondary FITC-conjugated anti-rabbit 

antibodies at room temperature for 1 h followed by incuba-

tion with DAPI for nuclear staining. Images were analyzed 

using a TCS SP8 laser scanning confocal microscope 

(LSCM) and software (Leica Microsystems CMS GmbH, 

Mannheim, Germany).

For the analysis of autophagic flux, L-02 and HepG2 cells 

were transfected with mTagRFP-mWasabi-LC3B plas-

mids, and 24 h later the transfected cells were pretreated 

with 10 nM BafA1 for 2 h and then treated with 50 μg/mL 

SiNPs for additional 24 h. The distribution of mTagRFP-

mWasabi-LC3B was observed using a TCS SP8 LSCM and 

software (Leica Microsystems CMS GmbH).

Acridine orange (AO) staining
For the analysis of the change of pH values in lysosomal lumens, 

L-02 and HepG2 cells were seeded in confocal dish at a density 

of 1.5×105 cells/mL and treated with various doses of SiNPs 

(12.5, 25, and 50 μg/mL) as described earlier. Cell staining with 

AO (KGA231; Keygen Biotech, Nanjing, People’s Republic of 

China) was performed according to the manufacturer’s protocol, 

adding a final concentration of 5 μg/mL for 10 min (37°C, 

5% CO
2
). After washing with PBS three times, the cells were 

stained with 20 ng/mL Hoechst33342 (14533; Sigma-Aldrich) 

at 37°C for 30 min; then, the cells were washed with PBS three 

times. The AO staining emitted red fluorescence in lysosomal 

acidic condition of lower pH value, and green fluorescence in 

cytoplasm of higher pH value. With raising pH, the intensity 

of red fluorescence decreased. Finally, the images of cells 

were captured using a TCS SP8 LSCM and its software (Leica 

Microsystems CMS GmbH). The relative ratio of AO red/green 

fluorescence was analyzed using Columbus software.

RT-PCR
Total cellular RNA was extracted using RNAiso Plus 

(9108; Takara) according to the manufacturer’s protocol. 

One microgram of total RNA was reversely transcribed in 

a 20 μL volume using PrimeScript™ RT Kit (DRR047A; 

Takara). All cDNAs were stored at −80°C until further use. 

To detect the mRNA expression of CTSB and CTSD, 1 μL 

of cDNA was used for quantitative PCR using SYBR®  

Premix Ex Taq™ II (RR820Q; Takara). Each experi-

ment was performed in triplicate. Primers for quanti-

tative PCR reactions were as follows: CTSB (human 

being):  5 ′-AACACGTCACCGGAGAGATGA-3 ′ , 
5′-CCCAGTCAGTGTTCCAGGAGTT-3′; CTSD (human 

being): 5 ′-GGCTCTGTGGAGGACCTGATTG-3 ′ , 
5′-CGATGCCAATCTCCCCGTAGTA-3′; GAPDH (human 

being): 5′-TGTTGCCATCAATGACCCCTT-3′, 5′-CTCC 

ACGACGTACTCAGCG-3′. The PCR reaction was con-

ducted in a real-time PCR machine (Eppendorf, Ham-

burg, Germany), and the data were analyzed using RQ 

manager software.

Statistical analysis
All the data are presented as mean ± SD. All experiments 

were repeated at least three times. One-way analysis of 

variance (ANOVA) was used to analyze the significance in 

corresponding experiments. Statistical significance was set 

at P,0.05.

Results
Characterization of SiNPs
The SiNPs were fully characterized for morphology, 

size, purity, and toxin contamination. The TEM images 

showed that all the particles exhibited near-spherical shape 

(Figure 1A) with an average diameter of ∼58.4±7.4  nm 

(Figure 1B). The hydrodynamic sizes and zeta potential 

were measured at different time points (0, 3, 6, 12, and 24 h) 

in distilled water and serum-free DMEM (Table 1). These 

data indicated that the prepared SiNPs possessed favorable 

stability and monodispersity in both stock solution and cul-

ture medium. In addition, the purity of SiNPs was .99.9%, 

and no endotoxin was detected in the SiNP suspensions.

Cellular uptake and cytotoxicity of SiNPs
The cellular uptake and the intracellular distribution of 

SiNPs were observed by TEM assay, as shown in Figure 2A. 

L-02 and HepG2 cells treated with SiNPs clearly mani-

fested the prominent accumulation of SiNPs within lumens 

of lysosomes and autophagic vacuoles, compared with 

the untreated control cells. In addition, some SiNPs were 

scattered in cytoplasm in nanoparticle-treated cells. The 

cytotoxicity of SiNPs induced by L-02 and HepG2 cells 

was measured using CCK-8. As shown in Figure 2B, the 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

813

Silica nanoparticles induce autophagy dysfunction

results showed that SiNPs decreased cell viability of L-02 

and HepG2 cells in a dose- and time-dependent manner (the 

line plots of cell viability in SiNP-treated L-02 and HepG2 

cells are shown in Figure S1).

SiNPs induced autophagosome 
accumulation
Autophagosome accumulation is considered as a general 

phenotype induced by nanoparticles. Observation of autopha-

gosomes with TEM is the benchmark for autophagy study. 

As shown in Figure 3A, the subcellular organelles were 

morphologically normal in untreated control cells with rarely 

autophagic vacuoles, while a number of double-membrane 

autophagosomes and single-membrane autolysosomes were 

obviously observed in SiNP-treated L-02 and HepG2 cells. 

Moreover, autophagosomes engulfed particle aggregates, 

damaged mitochondria, and misfolded proteins were also 

observed. LC3B is a classical autophagic marker; when 

autophagy was activated, lipid-conjugated LC3B-II accu-

mulated in autophagosome membranes and LC3B-I was 

distributed through cytoplasm. Then, the puncta formation 

of endogenous LC3B was examined using LSCM, as shown 

in Figure 3B, and LC3B protein was dispersed throughout 

cytoplasm in untreated control cells, whereas it accumulated 

as specific puncta in SiNP-treated L-02 and HepG2 cells. 

Compared with untreated cells, a few LC3B puncta were 

observed in cells treated with low-dose (12.5 μg/mL) of 

SiNPs, while remarkable LC3B puncta were observed in 

cells with high-dose (50 μg/mL) of SiNPs treatment. Quan-

titative analysis revealed that the number of LC3B spots in 

SiNP-treated cells increased in a dose-dependent manner. For 

further confirmation, the conversion of LC3B-I to LC3B-II 

and p62 degradation was measured by Western blot assay. 

Figure 4A and C shows that the expression of LC3B-II was 

increased in a dose- and time-dependent manner, but p62 

degradation was not observed in L-02 cells treated with any 

dose of SiNPs at any time point. However, in HepG2 cells, 

SiNPs exposure caused a dose- and time-dependent increase 

in both LC3B-II and p62. Generally, p62 would be degraded 

in a normal complete autophagic process; the unobserved p62 

degradation in L-02 and HepG2 cells implies that SiNPs might 

block the autophagic flux resulting in autophagy disorder.

Figure 1 Characterization of SiNPs.
Notes: (A) The morphology of SiNPs is characterized by TEM. Scale bar, 100 nm. (B) Size distribution histograms were obtained by ImageJ software. The average diameter 
was 58.4±7.4 nm.
Abbreviations: SD, standard deviation; SiNPs, silica nanoparticles; TEM, transmission electron microscopy.

Table 1 The hydrodynamic size and zeta potential of SiNPs in distilled water and DMEM at different time points

Time Distilled water DMEM

Hydrodynamic 
sizes (nm)

Zeta potential 
(mV)

PDI Hydrodynamic 
sizes (nm)

Zeta potential 
(mV)

PDI

0 h 107.21±1.32 −38.92±1.81 0.09±0.01 106.87±4.30 −34.83±1.78 0.08±0.03

3 h 109.83±0.53 −39.83±2.67 0.10±0.02 106.47±1.12 −36.28±1.99 0.10±0.01

6 h 107.37±2.14 −37.56±0.84 0.12±0.01 104.07±3.47 −36.36±1.35 0.09±0.02

12 h 108.32±1.11 −39.61±1.26 0.14±0.01 105.26±1.56 −35.20±0.98 0.12±0.01

24 h 108.37±1.14 −39.92±1.25 0.11±0.03 107.15±1.42 −36.66±2.35 0.10±0.02

Note: Data are expressed as mean ± SD from three independent experiments.
Abbreviations: DMEM, Dulbecco’s Modified Eagle’s Medium; PDI, polydispersity index; SD, standard deviation; SiNPs, silica nanoparticles.
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SiNPs inhibited autophagic flux
Autophagic flux is a dynamic process that synthesizes 

autophagosomes and delivers autophagic substrates to 

lysosomes. Although a series of studies in our group have 

reported that SiNPs induced autophagy in various cell lines, 

the effect of SiNPs on autophagic flux was not investigated 

yet. To verify the hypothesis that SiNPs inhibited autophagic 

flux, the control cells and SiNP-treated cells were treated 

Figure 2 Cellular uptake of SiNPs and cell viability of L-02 and HepG2 after exposure to SiNPs.
Notes: (A) TEM images of L-02 and HepG2 cells with 50 μg/mL SiNP treatment for 24 h. There were no SiNPs observed in controls and the cellular structures were 
unchanged (a and d). Electron-dense SiNPs were dispersed in cytoplasm, LYs, and autophagic vacuoles in 50 μg/mL SiNP-treated cells (b and e). The magnification view of the 
selected area showed LYs (black arrows) and autophagic vacuoles (white arrows) containing aggregated SiNPs. Scale bars: 1 μm (a, c, d, and f); 2 μm (b and e). Magnification: 
a, 2,500×; b, 1,200×; c, 6,000×; d, 6,000×; e, 4,000×; f, 1,000×. (B and C) Cell viability was analyzed by CCK-8. L-02 and HepG2 cells were treated with different doses of 
SiNPs (6.25, 12.5, 25, 50, and 100 μg/mL) for indicated time points (3, 6, 12, and 24 h). Data are expressed as mean ± SD. *P,0.05 compared with control.
Abbreviations: Av, autophagic vacuoles; CCK-8, Cell Counting Kit-8; LYs, lysosomes; N, nucleus; SD, standard deviation; SiNPs, silica nanoparticles; TEM, transmission electron 
microscopy.
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with or without 10  nM BafA1, a specific inhibitor of 

vacuolar-type H+-ATPase (V-ATPase), which suppresses 

the fusions between autophagosomes and lysosomes.34 As 

shown in Figure 5A, with BafA1 treatment, LC3B-II accu-

mulation increased in L-02 cells treated with lower dose 

of SiNPs (12.5 and 25 μg/mL), while there was no further 

accumulation of LC3B-II observed in L-02 cells treated 

with higher dose of SiNPs (50 and 100 μg/mL). Moreover, 

BafA1 treatment had no effect on p62 expression in L-02 

cells with any dose of SiNP treatment. These results indi-

cated that SiNPs might block autophagic flux at higher dose, 

while have little effect at lower dose. The similar results 

were obtained in HepG2 cells (Figure 5A). The difference 

is that p62 expression was increased at lower dose of SiNP 

exposure but there was no further elevation in higher-dose 

groups, when compared with the corresponding treated cells 

in the absence of BafA1.

To confirm the blockage of autophagic flux by higher dose 

of SiNPs, we used an improved tandem fluorescent-tagged 

LC3B construct (mTagRFP-mWasabi-LC3B) to monitor 

autophagic flux.35 This assay is based on the principles that 

the acidic lysosomal environment efficiently quenches green 

fluorescence but not red fluorescence. Therefore, when 

autophagosomes fused with lysosomes, green fluorescence 

from the mTagRFP-mWasabi-LC3B disappeared and red 

fluorescence could be observed. As shown in Figure 5B, 

in control cells treated with or without BafA1, the distribution 

of mTagRFP-mWasabi-LC3B was mainly diffused, as shown 

by yellow staining due to merged green and red fluores-

cence. In SiNP-treated cells without BafA1 treatment, the 

green puncta were not quenched and many separate yellow 

puncta appeared, indicating that the formation of autopha-

gosomes and autolysosomes was inhibited by SiNPs, while 

the yellow puncta were not increased in SiNP-treated cells 

upon treatment with BafA1, indicating that SiNPs inhibited 

autophagic flux. Overall, all these data suggested that higher 

dose of SiNP treatment inhibited autophagic flux in both 

L-02 and HepG2 cells.

SiNPs blocked autophagic flux via 
impairing lysosomes
Autophagy is a degradation process depended on lysosomes. 

Either lysosomes damaged or degradation process disrupted 

could cause autophagic flux blockage, which might lead to 

autophagosome accumulation and eventually autophagy 

dysfunction. To elucidate the mechanism underlying SiNPs 

inhibited autophagic flux, we assessed the lysosomal function 

after SiNP exposure. L-02 or HepG2 cells were treated with 

SiNPs at a concentration of 50 μg/mL for 24 h; then, the lyso-

some ultrastructures were observed by TEM. As shown in 

Figure 6A, the internalized SiNPs were prominently accumu-

lated in lysosomes, which caused the swelling of lysosomes 

even when broken. As these SiNPs were aggregated inside 

lysosome lumen, the overload of particles might disturb the 

Figure 3 (Continued)
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Figure 3 SiNPs induced autophagosome accumulation in L-02 and HepG2 cells.
Notes: (A) TEM images showed autophagosome accumulation in L-02 (a, b, c) and HepG2 cells (d, e, f) with SiNP treatment. a,d: untreated control cells; b,e: cells 
treated with 50 μg/mL SiNP for 24 h; c,f: the enlarged autophagosome or autolysosome. Black arrow, double-membrane autophagosome; white arrow, single-membrane 
autolysosome. Magnification: a, 8,000×; b, 6,000×; c, 30,000×; d, 12,000×; e, 12,000×; f, 60,000×. (B) After treatment with different doses of SiNPs (12.5, 25, and 50 μg/mL) 
for 24 h, the cells were fixed and analyzed by indirect immunofluorescence using anti-LC3B. Distribution patterns of cytoplasmic LC3B in control and SiNP-treated cells were 
visualized with LSCM, and the selected areas were magnified. LC3B (green) and DAPI staining of nuclei (blue) is shown. Quantification represents the number of punctate 
LC3B per cell in untreated control and SiNP-treated cells. Data are expressed as mean ± SD. *P,0.05 compared with control.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; LSCM, laser scanning confocal microscope; N, nucleus; SD, standard deviation; SiNPs, silica nanoparticles; TEM, 
transmission electron microscopy.

lysosomal function. The integrity of the lysosomal membrane 

was assessed using AO staining. AO is a fluorochrome which 

diffuses into cells and accumulates in lysosomes leading to 

a change in the fluorescence emission (from cytosolic green 

to lysosomal red due to concentration-dependent stacking of 

the probe). The lysosomal membrane destabilization (LMD) 

can be assessed by measuring the change in intracellular AO 

fluorescence (loss of lysosomal red and gain of cytoplasmic 

green). The fluorescence observation was operated with 

excitation at 485 nm and emission at 530 nm (cytoplasmic 

green) and 620  nm (lysosomal red). With increasing the 

dose in SiNP treatment, the lysosomes were overloaded with 

SiNPs, so the uptake of AO was reduced and the intensity of 

red fluorescence was decreased. As shown in Figure 6B, the 

relative ratio of AO red/green fluorescence was decreased 

with SiNP treatment in a dose-dependent manner, which 

indicated that the lysosomes were destroyed and lysosomal 

membrane permeability was increased.
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Figure 4 The conversion of LC3B-I to LC3B-II and p62 degradation after SiNP treatment was analyzed using Western blot.
Notes: (A, B) L-02 and HepG2 cells were treated with different concentrations of SiNPs (6.25, 12.5, 25, 50, and 100 μg/mL) for 24 h. (C, D) L-02 and HepG2 cells 
were treated with 50 μg/mL SiNPs for different time points (3, 6, 12, and 24 h). At the indicated time point, cells were harvested and the expressions of LC3B and 
p62 were analyzed by Western blot. Blots are representative of the three independent experiments. β-Actin was used as sample-loading control. Densitometric 
LC3B-II/β-actin and p62/β-actin ratios from at least three independent experiments are shown. The value of control without any treatment was set at 1 for each 
experiment (*P,0.05).
Abbreviation: SiNPs, silica nanoparticles.
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SiNPs downregulated lysosomal cathepsin 
expression
At the late stage of autophagic flux, the autophagosomes fuse 

with the lysosomes, the engulfed cargos are then degraded. 

The autophagic degradation requires the participation of 

proteases in lysosomes. To further confirm lysosomal 

dysfunction and explore the underlying mechanism of the 

autophagic flux blockage, expressions of two major lysosomal 

proteases, CTSB and CTSD, were detected at both protein and 

mRNA levels. CTSB and CTSD were synthesized as inactive 

Figure 5 SiNPs inhibited autophagic flux in L-02 and HepG2 cells.
Notes: (A) L-02 or HepG2 cells were pretreated with (+) or without (-) 10 nM BafA1 for 2 h; then, the cells were treated with different concentrations of SiNPs (12.5, 25, 
50, and 100 μg/mL) for 24 h. Cells were harvested and the expressions of LC3B and p62 were analyzed by Western blot. Blots are representative of the three independent 
experiments. β-Actin was used as sample-loading control. Densitometric LC3B-II/β-actin and p62/β-actin ratios from at least three independent experiments are shown. 
The value of control without any treatment was set at 1 for each experiment (*P,0.05). (B) L-02 or HepG2 cells were transfected with mTagRFP-mWasabi-LC3B plasmids 
for 24 h; the cells were pretreated with (+) or without (-) BafA1 (10 nM) for 2 h, and then treated with 50 μg/mL SiNPs for additional 24 h. The distribution of mTagRFP-
mWasabi-LC3B was observed using LSCM. Yellow punctate structures indicate autophagosomes; red punctate structures indicate autolysosomes. Scale bars: 10 μm.
Abbreviations: BafA1, bafilomycin A1; DAPI, 4′,6-diamidino-2-phenylindole; LSCM, laser scanning confocal microscope; NS, not significant; SiNPs, silica nanoparticles.
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Figure 6 SiNPs blocked autophagic flux through impairing lysosomes.
Notes: (A) TEM images showed that SiNPs were accumulated in lysosomes (black arrows), causing swelling of lysosomes even when broken after SiNP exposure in both 
L-02 and HepG2 cells. Images of untreated control group showed the smaller intact lysosomes (black arrows). The selected areas were magnified. Scale bars, 0.5 μm. 
(B) AO staining was performed to evaluate the integrity of the lysosomal membrane in L-02 and HepG2 cells after exposure to SiNPs. Green fluorescence was acquired with 
excitation at 485 nm and emission at 530 nm; red fluorescence was acquired with excitation at 485 nm and emission at 620 nm using LSCM. Scale bars, 25 μm. The ratio of 
red and green fluorescence was calculated by Columbus software (*P,0.05).
Abbreviations: AO, acridine orange; BafA1, bafilomycin A1; LSCM, laser scanning confocal microscope; SiNPs, silica nanoparticles; TEM, transmission electron microscopy.
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membrane-bound precursors, and the precursors were further 

cleaved to produce the active forms in lysosomes. As shown 

in Figure 7A, the expressions of CTSB were decreased in a 

dose-dependent manner in both L-02 and HepG2 cells, includ-

ing both the active and inactive forms. However, the CTSD 

protein level was not affected by SiNP treatment in either 

L-02 cells or HepG2 cells. Besides, quantitative RT-PCR 

assay was performed to examine the mRNA levels of CTSB 

and CTSD after SiNP exposure. The results showed that only 

high dose of SiNPs (50 μg/mL) decreased the CTSB mRNA 

expression in L-02 cells (Figure 7B). Conversely, SiNPs 

upregulated CTSB mRNA level in a dose-dependent manner 

in HepG2 cells. The opposite results might attribute to the 

differences between normal cells and tumor cells. Moreover, 

the mRNA levels of CTSD were unchanged with or without 

SiNP treatment in both L-02 and HepG2 cells.

Discussion
Autophagy dysfunction is considered as the potential toxic 

mechanism of nanomaterials.17 Dysregulated autophagy 

gets involved in multiple human diseases, including cancer, 

metabolic diseases, neurodegenerative disorders, and viral 

infections.36–38 Our previous studies have shown that SiNPs 

could induce autophagy in HUVECs, human bronchial 

epithelial BEAS-2B, and HepG2 cells, while detailed 

mechanism is unclear and required to be further studied. 

In the current study, we deeply investigated the effect of 

SiNPs on autophagic function and the potential mechanism 

of autophagosome accumulation. Both normal human 

hepatic cell line, L-02, and hepatocellular carcinoma cell 

line, HepG2, which are two common cell lines, were used 

as cell models in this study. SiNPs were internalized into 

cells via endocytosis.33,39,40 The TEM observation, as shown 

in Figure 2A, provided evidence of uptake of SiNPs in L-02 

and HepG2 cells, showing that SiNPs were mainly distributed 

in cytoplasm, lysosomes, and autophagic vacuoles. Then 

we observed that SiNPs decreased cell viability of L-02 

and HepG2 cells in a dose- and time-dependent manner. It 

might be correlated with the amount of internalization of 

SiNPs. Despite significant difference of genome organization 

existing between these two cell lines, there is no obvious dif-

ference in cytotoxicity between L-02 and HepG2 cells after 

SiNP treatment. In addition, both the lowest toxic levels 

of SiNPs were observed at 25 μg/mL in the two cell lines, 

which is consistent with our previous results in HUVECs 

and BEAS-2B cells.26,28

SiNPs could induce autophagy even at noncytotoxic level 

(Figure 4), suggesting that autophagy is a more susceptible 

index for SiNPs, and simple toxicity data are not enough to 

understand the overall impacts of SiNPs and effects on bio-

logical responses. Moreover, SiNPs induced autophagosome 

accumulation and promoted LC3-I transformation to LC3-II 

in a dose- and time-dependent manner in both L-02 and 

HepG2 cells. For cell type-dependent autophagy activation, 

the dose of SiNP-induced autophagy in L-02 cells is lower 

than that in HepG2 cells, the former is 12.5 μg/mL and the 

latter is 25 μg/mL (Figure 4A). The ability to tolerate extreme 

conditions for cancer cells that might account for higher dose 

of SiNPs was required to initiate autophagy compared with 

that in L-02 cells. p62 directly bounds to LC3-II and acts as a 

cargo receptor for the degradation of ubiquitinated proteins; 

therefore, the decreased p62 expression was correlated with 

autophagic activity and autophagic flux. In the current study, 

p62 was not degraded normally in both L-02 and HepG2 

cells, while was increased in a dose- and time-dependent 

manner in HepG2 cells and unchanged in L-02 cells, which 

suggested that SiNPs might perturb autophagic flux.

Autophagosome accumulation may result from two 

opposite scenarios: autophagy activation (autophagosome 

formation) versus fusion blockage of autophagosomes and 

lysosomes (inhibition of autophagosome degradation), which 

implies a defective autophagy. Therefore, it is necessary to 

measure the autophagic flux; however, nanomaterial-related 

studies mostly focused on autophagy activation, evidences on 

whether autophagic flux was affected or not are still lacking. 

To clarify the effects of SiNPs on autophagic function in 

L-02 and HepG2 cells, it is essential to conduct autophagy 

characterization and distinguish autophagy induction and 

autophagy blockage. As indicated in Figure 5, LC3-II levels 

showed no significant difference between samples in the pres-

ence and absence of BafA1 with high-dose SiNP treatment in 

both L-02 and HepG2 cells, indicating that SiNPs absolutely 

inhibited the autophagic flux at high-dose level, while slightly 

suppressed the autophagic flux at low-dose level. On the one 

hand, the internalized particles were perceived as foreign 

or aberrant by the cells and activated autophagy. On the 

other hand, a large amount of uptake of SiNPs at high dose 

might overload the degradation capacity of autophagy and 

result in the blockage of autophagic degradation. Our results 

properly confirmed that SiNPs blocked the autophagic flux 

and caused autophagy dysfunction. In line with our results, 

gold and fullerene nanoparticles were also reported to impair 

autophagic flux by the overload of nanoparticles interrupting 

the fusion of autophagosomes and lysosomes.33,41

Autophagy is a lysosome-dependent degradation pro-

cess, while autophagic flux blockage prevents degradation. 
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Our previous studies confirmed that SiNPs could activate 

autophagy through PI3K/Akt/mTOR pathway.26,27 Oxidative 

stress is widely accepted as the main toxic mechanism induced 

by SiNPs and considered as a trigger of autophagy induction. 

ROS could activate MAPK and GSK-3β pathways leading to 

the inhibition of mTOR pathway, which negatively regulated 

autophagy.42 Moreover, ROS could directly upregulate LC3B 

expression facilitating the autophagosome formation. Oxida-

tive stress could also inactivate the protease activity of ATG4, 

which promoted the lipidation of ATG8 and autophagy 

induction.42,43 Thus, autophagy initiation is one of the reasons 

for autophagosome accumulation induced by SiNPs.

β β

Figure 7 SiNPs downregulated lysosomal cathepsin expression.
Notes: (A) L-02 and HepG2 cells were treated with different concentrations of SiNPs (6.25, 12.5, 25, 50, and 100  μg/mL) for 24  h. Cells were harvested and the 
expressions of CTSB and CTSD were analyzed by Western blot. Blots are representative of the three independent experiments. β-Actin was used as sample-loading 
control. Densitometric CTSB/β-actin and CTSD/β-actin ratios from at least three independent experiments are shown. The value of control without any treatment was 
set at 1 for each experiment (*P,0.05). (B) Relative CTSB and CTSD mRNA levels (compared with GAPDH) were analyzed by quantitative RT-PCR. L-02 and HepG2 cells 
were treated with SiNPs (12.5, 25, and 50 μg/mL) for 24 h. Cells were harvested, and quantitative RT-PCR was performed. Data are representative of three independent 
experiments (*P,0.05).
Abbreviations: CTSB, cathepsin B; CTSD, cathepsin D; RT-PCR, reverse transcription-polymerase chain reaction; SiNPs, silica nanoparticles.
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The autophagy blockage was less investigated, and the 

mechanism of nanoparticle-induced autophagosome accu-

mulation is uncertain. In this article, we deeply explored the 

possible mechanism of SiNP-induced autophagy dysfunction. 

We proposed that SiNPs damaged lysosomes resulting in the 

fusion blockage of autophagosomes and lysosomes and in 

turn preventing autophagic cargos degradation. The results 

indicated that the large numbers of SiNPs were deposited 

in lysosomes causing lysosome ultrastructure damage. 

Moreover, AO staining likewise indicated that the lyso-

somal membrane permeability was increased and lysosomes 

were destroyed.

To further demonstrate that SiNPs impaired lysosomes, 

we measured the expression of two critical lysosomal pro-

teases, CTSB and CTSD, at both mRNA and protein levels. 

The results showed that SiNPs solely downregulated the 

expression of CTSB, while having no obvious effect on 

CTSD expression. Recently, an autophagy-related study 

reported that CTSD is not implicated in autophagic activity 

in pancreatic acinar cells but only plays a role in CTSB and 

cathepsin L degradation.44 In this study, CTSB mRNA level 

is upregulated in HepG2 cells in a dose-dependent manner 

while decreased in L-02 cells. Therefore, the expression of 

CTSB mRNA is cell type dependent. It is reported that CTSB 

overexpression is correlated with invasive and metastatic 

phenotypes in cancers;45 therefore, CTSB transcriptional 

upregulation might attribute to the carcinoma origin of 

HepG2 cells. Moreover, increased CTSB expression in 

B16a melanoma cells was reported due to a transcriptional 

activator of the CTSB gene.46 Thus, the reason why CTSB 

mRNA level increased while protein level decreased in 

HepG2 cells might be that SiNPs activated the CTSB 

SiNPs

ROS

SiNPs

Lysosome
impairment

• Ultrastructure injured
• Membrane permeability
  increased
• CTSB downregulated

Cytoskeleton destroyed

AutophagolysosomeAutophagosome

Autophagosomes
accumulation

Autophagy dysfunction

SiNPs

Phagophore

SiNPs
LC3B-II
p62
Damaged protein and organelles
Lysosomal protease

Activate

Possibly activate

Inhibit

Possibly inhibit

Figure 8 Schematic model of the underlying mechanism of autophagy dysfunction induced by SiNPs.
Notes: SiNPs can be endocytosed into L-02 and HepG2 cells and trigger autophagy through ROS. Moreover, SiNPs were largely deposited in lysosomes and impaired 
lysosomal function through destroying lysosomal ultrastructures, increasing membrane permeability, and downregulating the expression of lysosomal proteases. Eventually, 
SiNPs blocked the autophagic flux and caused autophagy dysfunction.
Abbreviations: CTSB, cathepsin B; ROS, reactive oxygen species; SiNPs, silica nanoparticles.
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transcription and degraded the protein at posttranscriptional 

level via the unknown mechanisms. Besides lysosomal 

impairment, other factors also contributed to the inhibitory 

effect of autophagosome–lysosome fusion. For example, 

both preventing of lysosomal trafficking and disruption of 

the cytoskeleton are principle mechanisms for autophagic 

flux blockage.17 In addition, the transcription factor EB 

(TFEB) is a master regulator of lysosome and autophagy 

gene network, which could be activated by nanoparticle 

internalization.47,48 As reported, polystyrene nanoparticles 

could not only upregulate TFEB transcription but also cause 

lysosomal dysfunction and blockage of autophagic flux.49 

Therefore, TFEB might also be involved in SiNP-induced 

autophagy dysfunction. For further study, other plausible 

mechanisms of autophagy dysfunction induced by SiNPs 

are investigated.

Conclusion
We demonstrated that SiNPs were endocytosed in L-02 and 

HepG2 cells and largely deposited in lysosomes, induced 

autophagy initiation, blocked the autophagic flux, and caused 

autophagy dysfunction. Notably, we demonstrated that SiNPs 

impaired lysosomal function through destroying lysosomal 

ultrastructures, increasing membrane permeability, and 

downregulating the expression of lysosomal proteases. 

Based on these data, we proposed a schematic illustration in 

Figure 8 to summarize our findings. Collectively, our results 

uncover a potential mechanism that SiNPs induced autophagy 

dysfunction through lysosomal impairment and inhibition 

of autophagosome degradation in hepatocytes. These data 

would be helpful to explore the biological consequences of 

autophagy dysfunction induced by SiNPs.
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Figure S1 Cell viability of L-02 and HepG2 after exposure to SiNPs.
Notes: (A, B) Cell viability were analyzed by Cell Counting Kit-8 (CK04-1000; Dojindo, Mashiki-machi, Japan). L-02 and HepG2 cells were treated with different doses of 
SiNPS (6.25, 12.5, 25, 50, and 100 µg/mL) for an indicated time (3, 6, 12, and 24 h). Data are expressed as mean ± standard deviation.
Abbreviation: SiNPs, silica nanoparticles.
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