
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 3

/2
8/

20
24

 1
0:

03
:2

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Silica sub-micros
The Key Laboratory for Chemical Biology of

Physical Chemistry of Solid Surfaces, iCh

College of Chemistry and Chemical En

361005, China. E-mail: jhgao@xmu.edu.cn

† Electronic supplementary informa
10.1039/c6ra26649e

Cite this: RSC Adv., 2017, 7, 12496

Received 11th November 2016
Accepted 15th February 2017

DOI: 10.1039/c6ra26649e

rsc.li/rsc-advances

12496 | RSC Adv., 2017, 7, 12496–1250
pheres induce autophagy in an
endocytosis dependent manner†

Dengtong Huang, Hualu Zhou, Xuanqing Gong and Jinhao Gao*

The health risk of exposure to manufactured nano- and submicro-materials leads to an increasing effort to

explore their biological effects and potential toxicity in detail. Here, we show that silica sub-microspheres

(0.1 to 2.1 mm in diameter), the major component of dust or particulate matter less than 2.5 mm (PM 2.5),

induce autophagy depending on the levels of cellular endocytosis. Due to the suitable size for cellular

endocytosis, 0.5–0.7 mm silica particles induce the highest levels of autophagy among particles from 0.1

to 2.1 mm in diameter. Changes in cellular endocytosis of silica sub-microspheres lead to alteration of

autophagy levels. Furthermore, dephosphorylation of FOXO3A and subsequent translocation to the

nucleus may be associated with this autophagy process. Our results reveal the manner in which silica

sub-microspheres induce autophagy, emphasize the potential risk of endocytosis of fine particles or

other non-degradable materials, and suggest a new signaling pathway involved with autophagy induced

by sub-micromaterials.
1. Introduction

A large variety of functional materials have been developed for
better life. Due to the small size, submicro- and nano-materials
possess unique physical and chemical properties that differ
from the corresponding bulk materials, which endow them with
great potential applications in biomedicine.1–3 By the same token,
submicro- and nano-materials also display unexpected toxicity,
especially the latter, which have a higher surface-to-volume ratio.
An emerging discipline “nanotoxicology” is developing rapidly to
cope with potential hazards of nanomaterials.4 In contrast, sub-
micromaterials are considered less hazardous due to their
larger size and lower surface-to-volume ratio than nanomaterials.
Nevertheless, sub-micromaterials can be harmful to humans as
well. For example, particulate matter less than 2.5 mm (PM 2.5),
which is one of the major airborne pollutants, can cause many
chronic diseases.5 Moreover, nanomaterials tend to aggregate to
sub-microscale due to the destruction of electrostatic stabiliza-
tion by electrolytes.6,7 We hypothesize that the results are highly
implicated in sub-microscale aggregates rather than individual
nanoparticles. Therefore studying the biological effects of sub-
micromaterials in depth is of great importance.

Autophagy is a basic biological process by which cells
maintain normal functions, respond to stress, and protect
survival, through degrading unnecessary and harmful inner
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components.8 A great diversity of nanomaterials can stimulate
autophagy induction due to their toxicity.9 In contrast, the auto-
phagic effect of sub-micromaterials receives little attention for
a long time. This may be due to a habitual thought that sub-
micromaterials have little toxicity compared to nanomaterials
so that aggregation of nanomaterials would reduce the cytotox-
icity.10,11 However, iron oxide and silica nanomaterials, which
have good biocompatibility and wide applications in biomedicine
elds,12–14 are able to induce high level of autophagy when they
aggregate to sub-microscale size.15 This phenomenon suggests
that sub-micromaterials with low cytotoxicity may induce auto-
phagy as well.

To verify this assumption, we select silica sub-microspheres as
the testing material because they are widely used in biomedical
elds due to their good biocompatibility.16–19 In addition, silica is
one of the primary components of PM 2.5 and widely distributed
in nature. It is also very important that silica particles with
diameters in a range from nanometer to micrometer are easy to
synthesize. In this study, we fabricated a series of uniform silica
sub-microspheres with diameters from 0.1 to 2.1 mm for inves-
tigation of autophagic effect. We found that silica sub-
microspheres with various sizes induced autophagy to different
extents depending on the levels of endocytosis.
2. Experimental
Synthesis and modication of silica sub-microspheres

Silica sub-microparticles were synthesized through hydrolysis
of tetraethylorthosilicate (TEOS) in aqueous solution containing
arginine. The resulting silica nanoparticles were used as seeds
to regrow via Stöber process.20 Surface modication with
This journal is © The Royal Society of Chemistry 2017
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carboxylate or PEG was performed in alkaline solution while
modication with amino groups was performed in acid solu-
tion. The detailed procedure is provided in ESI.†
Cell culture

HeLa cells were purchased from cell bank of Chinese Academy
of Sciences. HeLa-GFP-LC3 cells stably expressing GFP-LC3 were
constructed using lentivirus as described previously.15 All the
cells were cultured with Minimum Essential Medium (MEM)
supplemented 10% fetal bovine serum (FBS) and maintained in
a humidied atmosphere with 5% CO2 at 37 �C.
Western blot

Aer treated, cells were harvested by trypsin and centrifugation.
Proteins were extracted using radio immune precipitation assay
(RIPA) lysis buffer containing 1% protein inhibitor cocktail.
Aer separated in SDS-PAGE, proteins were transferred to 0.45
mm PVDF membrane. The PVDF membrane was blocked in 5%
milk for 30 min and then incubated with primary antibody for
2 h and secondary antibody for 1 h. Signal was developed with
chemiluminescence substrate and acquired in chem-
iluminescence imaging systems (C-DiGit, Licor). For detailed
procedure, please refer to our previous publication.15 The anti-
bodies are listed in ESI.†
Immunouorescence staining

Cells were xed with 4% paraformaldehyde, permeabilized with
methanol and blocked with goat serum. Then cells were stained
with primary antibody at 4 �C overnight and secondary antibody
at room temperature for 1 h. Images were acquired at confocal
microscope (Leica TCS SP5). For more detailed procedure,
please refer to our previous publication.15 Antibodies are listed
as follows: anti-LAMP1 (1/100, Cell Signaling Technology,
#9091), anti-FOXO3A (1/100, Abcam, ab53287), goat anti-rabbit
IgG (H + L) DyLight 633 Conjugated (1/200, Pierce, Thermo
scientic).
Flow cytometry measurement

Cells were collected by trypsin and centrifugation aer treat-
ment and staining. Subsequently, cells were re-suspended in
cold PBS and placed in ice bath until measurement. Data were
acquired in BD FACSAria II cytometry. 10 000 events were
recorded for analysis. The rst sample was re-measured at the
end of measurement to conrm the stability of signal. Cyto-ID
Autophagy Detection Kit (Enzo Life Science) was used to
measure autophagic vacuoles according to the instruction
manual from manufacturer. To avoid interference, we used
HeLa cells that did not express GFP-LC3.
Fig. 1 Silica sub-microspheres from 0.1 to 2.1 mm in diameter induce
different levels of autophagy. (a) SEM images of silica sub-micro-
spheres. Scale bar is 2 mm. (b) Fluorescence images of GFP-LC3. White
arrows point to some GFP-LC3 fluorescent puncta. Scale bar is 50 mm.
(c) Western blot analysis of autophagy related proteins. Cells were
treated with 60 mg mL�1 silica sub-microspheres for 24 h. (d) The
relative ratios of LC3-II to GAPDH. Data are expressed as mean � S.D.
from four repeated experiments, *p < 0.05; **p < 0.01.
Statistical methods

Mean value and standard deviation (S.D.) were calculated from
at least three independent repeated experiments. P values were
calculated using student's t test methods. P value < 0.05 was
considered statistically signicant.
This journal is © The Royal Society of Chemistry 2017
3. Results and discussion
Size effect of silica sub-microspheres in autophagy induction

Carboxylated silica sub-microspheres with diameters ranging
from 0.1 mm to 2.1 mm (Fig. 1a) were synthesized using seed-
mediated growth and Stöber method.20,21 XRD spectra
conrmed their amorphous structure (Fig. S1†). Aer sterilized
and puried, silica sub-microspheres were tested their auto-
phagic effect. We found that particles with low dose (60 mg mL�1)
can induce considerable accumulation of LC3-II, a marker of
autophagosome,22 until 12–24 h (Fig. S2†). Thus, we chose 60 mg
mL�1 and 24 h as the test condition and found that particles with
different sizes showed distinct ability to induce autophagy. Cells
treated with 0.5–0.7 mm silica particles displayed many GFP-LC3
(green uorescent protein fused with microtubule-associated
proteins 1 light chain 3) uorescent puncta (Fig. 1b) and high
expression levels of autophagy related proteins (e.g. LC3-II, GFP-
LC3-II and GFP)23 (Fig. 1c and d), indicating high-level induction
of autophagy. However, when the particle size was smaller than
0.5 mm or larger than 0.7 mm, autophagic level decreased. Cells
treated with 0.1 mm or 2.1 mm silica particles had negligible
change in GFP-LC3 puncta or expression levels of autophagy
related proteins compared to the control group. These results
RSC Adv., 2017, 7, 12496–12502 | 12497
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conrm the ability of silica sub-microspheres to stimulate auto-
phagy induction and suggest 0.5–0.7 mm as a suitable size for
high-level induction of autophagy.

When keep mass concentration the same, particles with
various sizes would have dramatically different number
concentrations, and vice versa. Thus dening the dose of
particles by mass concentration or number concentration is
controversial,24,25 which makes it difficult to standardize the test
conditions. Mass concentration is widely accepted for its
convenient usage. Nevertheless, we also tested the size effect of
silica sub-microspheres at the same number concentration.
Western blot revealed that 0.7 mm silica particles induced more
LC3-II accumulation (Fig. S3†) than 0.9 mm or larger particles.
As the numbers of particles were the same, so the sizes of sub-
microscale particles play a key role in causing autophagy to
various extents. Considering both mass concentration and
number concentration, we suggest 0.5–0.7 mm silica particles as
a suitable size for high-level induction of autophagy. Due to the
wide usage of mass concentration, we still used 0.5 mm silica
sub-microspheres as the typical sample and 60 mg mL�1 as the
testing dose.
Positive correlation relationship between autophagic level and
endocytic level

We propose that cellular endocytosis may be an important
factor because the formation of sub-microscaled aggregation
facilitates the endocytosis of nanomaterials and subsequent
autophagy induction.15 Transmission electron microscope
(TEM) imaging revealed that 0.5 mm silica particles had the
highest endocytic level by number (Fig. 2a and b), followed by
0.2 mm, 0.7 mm, and 0.9 mm particles. 1.1 mm or larger sub-
microspheres had a low endocytic level. This is in accordance
Fig. 2 Cellular endocytosis of silica sub-microspheres and autophagy
induction. (a) TEM images of cells after treated with 60 mg mL�1 silica
sub-microspheres with various sizes for 24 h. White arrows point to
some silica particles inside cells. (b) The number of silica sub-micro-
spheres per cell. Data are mean � S.D. from fifty images of planar cells
in each group, **p < 0.01. 0.1 mm silica particles were not counted as
they were difficult to be identified at low magnification. (c) Quantifi-
cation of endocytic level and autophagic level by flow cytometry.
Endocytic level is determined by the intensity of 0.5 mm fluorescent
silica and autophagic level is determined by the intensity of Cyto-ID.
Data are expressed as mean � S.D. from three repeated experiments.

12498 | RSC Adv., 2017, 7, 12496–12502
with their autophagic effects except for 0.2 mm particles, which
may be explained by their low endocytic level by weight. Scan-
ning electron microscope (SEM) imaging results further
conrmed the different endocytosis levels of various-sized silica
sub-microspheres. 0.5–0.7 mm silica particles had the highest
cellular endocytic levels, followed by 0.2 mm and 0.9 mm parti-
cles, while 1.1 mm or 0.1 mm particles had little endocytosis
(Fig. S4†). Despite the slight difference, TEM and SEM images
suggest that cells internalize more 0.5–0.7 mm silica particles
than silica sub-microspheres with other sizes. This may be the
reason that these particles induce a high level of autophagy.
Ideally, it is better to quantify the endocytic level accurately. The
common practice is to wash the cells with phosphate buffered
saline (PBS) for three times, detach and then digest, followed by
inductively coupled plasma mass spectrometry (ICP-MS) anal-
ysis. The resulting data, however, are derived from extracellular
particles as well as intracellular particles. The extracellular
particles, whether adhered on the surface of cells or the
substrate of culture dishes, are difficult to wash out, and thus
make a contribution to nal results. Hence we cannot get the
reliable endocytic level of particles in this way. Fluorescent
labeling and quantitation can be useful for comparison among
particles of the same size, but not particles with different sizes.
So we chose to estimate the endocytic levels of different sized
silica sub-microspheres by TEM imaging and found 0.5–0.7 mm
was the suitable size for cellular endocytosis (Fig. 2a). This
result suggests the positive correlation relationship between
autophagic level and endocytic level.

To explore the detailed relationship between endocytosis
and autophagy, we investigated their induction processes.
Endocytic levels at different time points could be quantied by
ow cytometry using uorescent silica sub-microspheres. Since
there is only one type of particles, and the uorescent particles
in solution have negligible interference with cells (Fig. S5†),
a reliable quantitative result of endocytic level is attainable.
Autophagic level was quantied by ow cytometry using Cyto-
ID™ Autophagy Detection Kit.15 This commercial kit is special
for autophagic vacuoles with negligible staining of lysosomes.26

Quantitative analysis revealed that autophagy induction was
quite slowly when cells had a low endocytic level at rst 6 h
(Fig. 2c). Aer the internalized particles accumulated to
a certain amount at 6–12 h, cells accelerated autophagy induc-
tion. However, when the uptake of particles was slow at 12–24 h,
autophagy induction was decelerated (Fig. 2c). This result
indicates that the endocytic level of silica sub-microspheres
may be decisive to the autophagic level.
Tuning autophagy by modulation of endocytosis

To further conrm their relationship, we varied the cellular
endocytic levels of silica sub-microspheres by surface modi-
cation. Polyethylene glycol (PEG) can reduce the nonspecic
interaction between materials and cells.27,28 It was difficult for
silica sub-microspheres coated with PEG to enter cells (Fig. 3a
and S6†). Subsequently, the autophagic effect was diminished
considerably (Fig. 3b). In contrast, surface modication with
amino groups promoted endocytosis of silica sub-microspheres
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Modulating cellular endocytosis of silica sub-microspheres and
subsequent autophagy by surface modification. (a) Representative
TEM images of cells after treated with 0.5 mm SiO2–PEG, SiO2–COOH
or SiO2–PEG for 24 h. The right views are the magnification of the
region with a white box in the left views. White arrows point to some
silica particles inside cells. (b) Western blot analysis of cells after treated
with 60 mgmL�1 SiO2–COOH (C) or SiO2–PEG (P) for 24 h. (c) Western
blot analysis of cells after treated with 60 mg mL�1 SiO2–COOH (C) or
SiO2–NH2 (N) for 24 h.

Fig. 4 Serum starvation promotes internalization of silica sub-
microspheres and subsequent autophagy. (a) Flow cytometry analysis
of the endocytic level of 0.5 mm fluorescent silica particles after cells
were serum starved for 4 h. Data are expressed as mean � S.D. from
three repeated experiments. (b) Western blot analysis of autophagy
related proteins. Cells were treated with serum starvation (lane 3, lane
4) and silica (lane 3) for 4 h and then cultured with complete medium
without silica for another 20 h.

Fig. 5 Cellular trafficking of silica sub-microspheres. (a) SEM images
reveal the endocytic process of silica sub-microspheres via macro-
pinocytosis. White arrows point to some silica particles being endo-
cytosed by cells. Scale bar is 0.5 mm. (b) Flow cytometry analysis of
endocytic levels of 0.5 mm fluorescent silica particles in the presence
of different inhibitors. Cells were treated at 37 �C for 4 h unless noted
otherwise. The concentrations of inhibitors are 25 mM Pitstop 2, 90 mM
dynasore, 30 mM nystatin, 20 mM cytochalasin D, 0.5 mM wortmannin,
20 mM EIPA, respectively. Data are expressed as mean � S.D. from
three repeated experiments.
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(Fig. 3a and S6†) and then substantially enhanced autophagy
induction (Fig. 3c). Furthermore, 0.5–0.7 mm silica particles still
had the highest autophagic levels. We speculate that 0.5–0.7 mm
may be a critical size for silica sub-microspheres to induce
autophagy or other biological effects.

Besides surface modication, serum diminishes the inter-
action between particles and cells, and thus reduces uptake and
cytotoxicity of nanoparticles29–31 or sub-microspheres.32 When
cells underwent serum starvation for 4 h, the endocytic level of
silica sub-microspheres dramatically increased (Fig. 4a). During
the following period when cells were cultured in fresh complete
medium to eliminate the effects of starvation, the large amount
of intracellular silica sub-microspheres substantially enhanced
autophagic effect (Fig. 4b and S7†). It is noted that short-term
serum starvation alone induced negligible autophagic effect
(Fig. 4b). These results strongly indicate that autophagic level is
dependent on the endocytic level of silica sub-microspheres.

To clarify the detailed process that internalized silica sub-
microspheres induce autophagy, we further explore the endo-
cytic pathway and cellular trafficking of silica sub-
microspheres. The most extensively studied endocytic path-
ways are phagocytosis, clathrin mediated endocytosis, caveolin
mediated endocytosis and macropinocytosis.33 Phagocytosis is
typically restricted to special cells such as phagocytes. The
cargos are usually less than 0.3 mm in clathrin mediated endo-
cytosis and less than 80 nm in caveolae mediated endocytosis.
Cargos larger than 1 mm can be internalized by non-phagocytic
cells via macropinocytosis.34 We used SEM to monitor the
endocytic process of silica sub-microspheres and observed the
typical structure of macropinocytosis. Cells extended the
membrane ruffles to engulf silica sub-microspheres. Then the
ruffles fused back with the plasmamembrane and encapsulated
silica sub-microspheres into macropinosomes (Fig. 5a).
This journal is © The Royal Society of Chemistry 2017
We further found that the endocytosis of silica sub-
microspheres could be effectively impeded by low temperature
(30 �C) and inhibitors of macropinocytosis such as wortmannin,
cytochalasin D, and 5-(N-ethyl-N-isopropyl) amiloride (EIPA)
(Fig. 5b). In particular, EIPA is usually used as a symbolic
inhibitor of macropinocytosis.35 In contrast, inhibitors of cla-
thrin or caveolae mediated endocytosis such as pitstop, dyna-
sore, and nystatin did not sufficiently inhibit endocytosis of
RSC Adv., 2017, 7, 12496–12502 | 12499
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Fig. 6 Signaling pathways associated with autophagy induced by silica
sub-microspheres. (a) Western blot analysis of AKT-mTOR and
FOXO3A pathway. Cells were treated with 50 mM carbonyl cyanide 3-
chlorophenylhydrazone (CCCP), MEM medium without FBS, 0.5 mM
torin 1, 0.1 M 2-deoxy-D-glucose (2-DG), 0.1 M trehalose for 3.5 h, or
60 mg mL�1 silica (0.5 mm in diameter) for 0–25 h, respectively. (b)
Translocation of FOXO3A to nucleus. Cells were treated with 60 mg
mL�1 silica (0.5 mm in diameter) for 24 h. Scale bars are 20 mm (left) and
10 mm (right), respectively.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 3

/2
8/

20
24

 1
0:

03
:2

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
silica. These results provide strong evidences that cells inter-
nalize silica sub-microspheres via macropinocytosis. Thus
inhibitors of macropinocytosis may be used to modulate
endocytosis of sub-microscale particles. However, cells cannot
sustain these inhibitors for a long time due to their high cyto-
toxicity and disturbance to autophagy. For this reason, we
adopted epidermal growth factor (EGF), an activator of macro-
pinocytosis,36 to test the autophagic level aer treatment. EGF
facilitated endocytosis of silica sub-microspheres and subse-
quent increased autophagy induction (Fig. S8†). This result
further conrms the positive correlation between endocytosis
and autophagy.

We utilized 0.5 mm uorescent silica to monitor the cellular
trafficking of particles. Aer incubated with cells for 24 h, most
internalized 0.5 mm silica particles co-localized with GFP-LC3 and
lysosomal-associated membrane protein 1 (LAMP1) (Fig. S9†),
revealing that they located in autophagosomes and lysosomes.23

1.4 mm and 2.1 mm silica particles are large enough to be indi-
vidually identied in optical imagingwithoutuorescent labelling.
These 1.4 mm and 2.1 mm silica particles all located in LAMP1
labelled lysosomes aer internalized by cells (Fig. S10†). Among
these internalized particles, few located in GFP-LC3 and LMAP-1
double-labelled autolysosomes.23 However, no particles located
in GFP-LC3 single-labelled autophagosomes. These results suggest
that silica sub-microspheres may be captured into lysosomes
directly aer internalized. Considering that autophagosomes fuse
with lysosome quickly aer formation,37 silica sub-microspheres
may be engulfed into autophagosomes and then fuse with lyso-
somes. The details of this process need to be further elucidated.
Possible involved signalling pathway

Finally, we also explored signaling pathways that may be
involved in this process. Excess reactive oxygen species (ROS)
will cause oxidative stress, damage proteins and organelles (e.g.,
mitochondria and lysosomes), and thus induce autophagy.38,39

Silica nanoparticles can cause ROS generation.40,41 Autophagy
induced by silica nanoparticles is also usually regulated by
ROS.42 However, silica sub-microspheres did not increase
cellular level of ROS (Fig. S11†). Moreover, N-acetyl-cysteine
(NAC), a ROS scavenger, could not diminish the autophagic
effect induced by silica sub-microspheres, suggesting that ROS
did not regulate this process. Due to the low surface-to-volume
ratio and high chemical inertness, it is not surprising that silica
sub-microspheres do not stimulate ROS generation. Another
popular pathway by which nanomaterials regulate autophagy is
mammalian target of rapamycin (mTOR),9 which is also the
major regulator of autophagy.43 When cells undergo serum
deprivation or nutrient starvation, mTOR is de-phosphorylated
and inhibited, resulting in autophagy induction. Aer cells were
treated with silica sub-microspheres, mTOR was slightly phos-
phorylated and activated (Fig. 6a), leading to the activation of its
downstream p70S6 kinase (p70S6K). These results indicate that
autophagy induced by silica sub-microspheres may not be
closely related to the inhibition of mTOR.

Instead, we found FOXO3may be involved in the endocytosis of
silica sub-microspheres and subsequent induction of autophagy.
12500 | RSC Adv., 2017, 7, 12496–12502
FOXO3 belongs to the superfamily of Forkhead box O (FOXO)
transcription factors, which modulate the expression of genes
involved in apoptosis, cell cycle, DNA damage repair, oxidative
stress, and other cellular functions.44 When inactivated, FOXO3 is
phosphorylated and locates in cytoplasm. Once activated, FOXO3
is dephosphorylated and translocated to nucleus, which may
facilitate the expression of autophagy-related proteins. Recently,
FOXO3 has been found to regulate autophagy in skeletal muscle
cells45 and haematopoietic stem cells46 by increasing the tran-
scription activity of autophagy-related genes. It also plays a crucial
role in autophagy induced by alcohol or glutamine.47,48 Aer
treated for 1 h, cells internalized some silica sub-microspheres
(Fig. 2c). At this time point, we found that FOXO3A also began
to be dephosphorylated (Fig. 6a). As expected, when cells inter-
nalized more and more silica sub-microspheres, an increasing
amount of FOXO3A was dephosphorylated. The dephosphorylated
FOXO3A was translocated from cytosol to nucleus (Fig. 6b), which
would promote the transcription activity of autophagy-related
genes and enhance autophagy induction.48 This result suggests
that FOXO3A is involved in the regulation of autophagy induced by
silica sub-microspheres. However, Akt/PKB, an upstream of
FOXO3A,49 was not dephosphorylated aer treated (Fig. 6a), indi-
cating that the upstream of FOXO3A in this process is to be
determined. The details of FOXO3A-involved pathway need to be
further claried.

The main reason is that cells ingest particles of 0.5–0.7 mm
the most among particles of 0.1–2.1 mm. We speculate that
internalization of larger particles is more difficult than smaller
particles. Previous reports also support that cells ingest more
particles of <1 mm than particles of >1 mm.50,51 Moreover, auto-
phagosomes forming at normal conditions are usually less than
1 mm.52,53 It may be more difficult for cells to form larger
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26649e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 3

/2
8/

20
24

 1
0:

03
:2

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
autophagosomes. Besides silica sub-microspheres, submicro-
size aggregation of gold nanoparticles also shows size effect in
autophagy induction (Fig. S12†). Small aggregation of nano-
particles considerably facilitated autophagy induction, while
large aggregation did not.

Our results support that autophagic level is determined by
endocytic level. It may lead to a hypothesis that cells initialize
autophagy induction to cope with accumulation of foreign
materials which are difficult to degrade. We further conrmed
that many other insoluble and persistent submicro materials
such as calcium phosphate precipitates,54,55 polystyrene,56 tita-
nium dioxide, carbon, barium sulfate, copper sulphide, calcium
carbonate and alumina can also induce autophagy (Fig. S13†).
These foreignmaterials can be endocytosed by cells and locate in
lysosomes or autolysosomes ultimately. However, they cannot be
degraded in lysosomes. Although cells can eliminate these indi-
gestible materials via division or exocytosis over the long term,
accumulation of indigestible materials in a short termmay stress
cells and trigger autophagy. For static cells in vivo, indigestible
materials may accumulate for a long term and impair lysosomes
and autophagy. This may be a reason for defective autophagy in
silicosis patients or smokers, whose pulmonary cells may ingest
many silica sub-microspheres or carbon particles.

Autophagy induced by silica sub-microspheres has something
different from that induced by typical small molecules and
nanoparticles. It involves FOXO3A-related pathway but not
canonical mTOR or ROS. Is it related to cellular immune
response to foreign matter or pathogen like bacteria or virus? We
propose that endocytosis of silica sub-microspheres triggers
cellular recognition of foreign materials and subsequent induc-
tion of autophagy. To remove or degrade these foreign materials
by autophagy, cells initiate dephosphorylation of FOXO3A to
enhance autophagy activity. However, as silica sub-microspheres
are enwrapped by biomembrane and there is not special spatial
structure on the surface, how do cells recognize them? This may
be interesting but needs further exploration. The involvement of
FOXO3A could be a good clue although its upstream in this
process remains unknown temporally.

4. Conclusions

In summary, we demonstrate that silica sub-microspheres
induce endocytosis-dependent autophagy. 0.5–0.7 mm is the
suitable size for silica sub-microspheres to induce autophagy
due to the high level of endocytosis. Particles with the same size
but different surface can induce different levels of autophagy.
When predicting the ability of particles to induce autophagy, we
should pay more attention to endocytic level instead of particle
size. This will lead to a warning that endocytosis of ne particles
or other non-degradable materials may be harmful as well.
Moreover, the FOXO3A-involved signalling pathway will offer
a new clue for research in cell–particle interactions.
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