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Abstract Silica Nanoparticles (SNPs) have been
found to exhibit higher cytotoxicity to various can-
cer cells than to normal cells, while the underlying
mechanisms are not fully understood. Here, SNPs
triggered much higher cytotoxicity and apoptosis rate
in human hepatoma HepG2 cells than in their normal
counterparts L-02 cells; we thus selected these two
cell lines as the cell model to investigate the mecha-
nisms involved in the SNP-induced selective toxicity
to cancer cells. Although uptake pathways and cellu-
lar trafficking of SNPs in HepG2 and L-02 cells were
similar, more SNPs were taken up and accumulated
in the mitochondria of cancer cells. After the removal
of free SNPs from the culture medium, nanoparticles
were excreted from HepG2 cells more effectively in
the first 24 h, but 72 h later more SNPs still remained
in cancer cells, leading to the continuous drop in cell
viability of HepG2 cells. SNPs triggered a higher
ROS generation, along with a lower intracellular GSH
content and CAT activity in HepG2 cells than in L-02
cells. This could be due to the fact that HepG2 cells
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showed a much lower tolerance to H,O,-induced oxi-
dative stress and cell death. Thus, the selective cyto-
toxicity of SNPs towards cancer cells could probably
be explained by the higher particle uptake efficiency
and cell sensitivity to oxidative stress as observed in
HepG?2 cells.
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Introduction

Nanotechnology has become one of the most inno-
vative technologies in the past few decades due to
the unique physicochemical properties and biologi-
cal effects of nanomaterials, and has been exploited
to revolutionize the industry including electronics
energy and medicine [1, 2]. Among various types of
nanomaterials, SNPs have been widely used in agri-
cultural field, food industry and various industrial
applications [3, 4]. Recently, they have also widely
been explored in the biomedical field, mainly as
nanocarriers for cancer treatment [5]. Interestingly,
it has been reported that SNPs could induce cytotox-
icity to different cancer cells, including human lung
cancer cells, glioblastoma, and hepatocellular carci-
noma [6-8]. The exposure of SNPs caused cell cycle
arrest, apoptosis or autophagy in these cancer cells
mainly by inducing ROS generation and oxidative
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stress [9]. Our previous studies have shown that SNPs
triggered oxidative stress and mitochondrial apoptosis
in cancer cells, and exhibited much higher cytotoxic-
ity to hepatocellular carcinoma HepG2 cells than to
normal L-02 cells [10]. The observed selective cyto-
toxicity to cancer cells might be related to cellular
uptake process and efficiency of SNPs. However, the
mechanisms underlying the selective cytotoxicity of
SNPs to tumor cells are not fully understood.

Cellular entry is an important step for imparting
cytotoxicity by nanoparticles including SNPs [11].
The cellular uptake and cytotoxicity of SNPs are
not only affected by their physiochemical properties
including size, shape and surface chemistry, but also
are highly cell-type—dependent [12-14]. SNPs were
found to be taken up via the energy-dependent endo-
cytosis process, and enclosed in membrane-bounded
organelles [15]. In human cervical carcinoma HeLa
cells, SNPs could be detected in the cytosol, and were
preferentially localized in lysosomes [16]. In this pro-
cess, the smaller particles could be more easily endo-
cytosed and translocated into lysosomes of human
breast cancer cells (MDA-MB-468), causing greater
cytotoxicity to MDA-MB-468 cells [17]. After
internalization, nanoparticles may be excreted from
cells due to exocytosis. Slowing et al. demonstrated
that exocytosis of mesoporous silica nanoparticles
(MSNs) took place in different cells and observed
variations in ability of different cells to expel these
nanoparticles [18]. In addition, the exocytosis rate
of phosphonate-modified MSNs (P-MSNs) was also
found to be cell-type—dependent. P-MSNs were
excreted from cells by lysosomal exocytosis, inhibi-
tors of lysosomal exocytosis could significantly slow
down exocytosis and enhance the efficacy of P-MSN
drug delivery [19]. In our previous studies, we have
already found that the differential cytotoxicity of
SNPs to different normal and tumor cells was associ-
ated with the amount of internalized SNPs [10, 20],
which might be related to the cellular uptake, intra-
cellular trafficking and excretion of SNPs in different
cells.

ROS generation has been considered as a major
mechanism for the cytotoxicity of SNPs [21-23].
Actually, ROS in low concentration is required in
normal cells for signal transduction. While in cancer
cells, increased ROS production has been detected
as a consequence of their accelerated metabolism
to maintain the high proliferation rate. Thus, cancer
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cells have developed an increased antioxidant defense
system to maintain ROS homeostasis, and such an
altered redox environment of cancer cells may ren-
der them more sensitive to elevated ROS levels [24,
25]. Based on these findings, a number of pro-oxi-
dant strategies have been proposed for effective can-
cer therapies [26-29]. It has been reported that ROS
overproduction that resulted from SNPs exposure
could trigger cell death via apoptosis and autophagy
in various cancer cells [9, 30, 31]. Similarly, our pre-
vious studies also showed that SNPs induced intrin-
sic apoptosis and increased ROS in human hepatoma,
gastric and cervical cancer cells [10, 20]. These
results suggested that cancer cells might be more sen-
sitive to elevated ROS levels than normal cells, lead-
ing to enhanced cytotoxicity of SNPs in cancer cells,
which need to be further investigated.

In this study, we used human hepatic cancer cells
(HepG2) and their normal counterparts (L-02 cells)
as models to explore the mechanism of the selective
toxicity of SNPs to cancer cells from two aspects.
On the one hand, cellular uptake pathway, trafficking
behavior and excretion dynamics of SNPs by different
cells were checked using fluorescein isothiocyanate-
labeled SNPs (FITC-SNPs). On the other hand, to
provide a better understanding of the role of elevated
ROS production in cancer-cell-specific cytotoxicity
of SNPs, SNP-induced ROS production, intracellular
level of antioxidant molecule GSH and enzyme activ-
ity of catalase (CAT) were determined in HepG2 and
L-02 cells, and the sensitivity of these two cells to
H,0,-induced cytotoxicity was compared as well.

Materials and methods
Chemicals and reagents
SNPs were purchased from Shanghai Cabot Chemi-

cal Co Ltd. Fluorescein isothiocyanate (FITC),
N,N-dimethylformamide, 3-aminopropyltriethox-

ysilane  (APTES),  3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium  bromide =~ (MTT), and
methyl-pB-cyclodextrin  (MPCD), chlorpromazine

and 4',6-diamidino-2-phenylindole (DAPI) were
supplied by Sigma-Aldrich (St. Louis, MO, USA).
LysoTracker™ Red DND-99 and MitoTracker™
Red were purchased from Invitrogen (Carlsbad, CA,
USA).
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Characterization of SNPs

Particle size and morphology were characterized
using transmission electron microscopy (TEM; JEM-
2100; JEOL, Tokyo, Japan). For TEM observation,
the particle samples were dispersed in ethanol, depos-
ited on a carbon-coated copper grid, and dried at
room temperature. The SNP samples were suspended
in water or Dulbecco’s Modified Eagle Medium with
10% serum (cDMEM) at concentration of 1 mg/ml,
and used for determination of hydrodynamic size and
zeta potential via Dynamic light scattering (DLS;
Zetasizer Nano ZS; Malvern Instruments, Worcester-
shire, UK).

Synthesis of FITC-labeled SNPs

Fluorescein isothiocyanate (FITC) (1 mg) was dis-
solved in 5 ml of N,N-dimethylformamide solution.
After that, 500 pl of APTES was added and stirred
for 2 h in the dark at room temperature. The reac-
tion mixture was then added to a solution of 50 mg
of SNPs in 50 ml of ultrapure water under stirring
for 8 h in the dark at room temperature. The FITC-
labeled SNPs were collected by centrifugation at
10,000 rpm for 5 min.

Cell culture

HepG2 cells and L-02 cells were purchased from the
Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). Cells were
cultured in DMEM (Gibco, Carlsbad, CA, USA) con-
taining 10% fetal bovine serum, 100 U/ml penicillin
and 0.1 mg/ml streptomycin, in a humidified 5% CO,
incubator at 37 °C.

Cell viability assay

MTT assay was performed to evaluate the cell viabil-
ity of HepG2 and L-02 cells upon the nanoparticle
and H,0O, treatments. Cells at a density of 5x10°
cells per well were seeded into 96-well plates. After
cell adhesion (12 h), the culture medium was replaced
with the fresh medium containing SNPs at different
concentrations. Following that, 30 pl of MTT solu-
tion (5 mg/ml) was added to each well. After incuba-
tion for 4 h, the culture medium was aspirated, cells
were washed with PBS to remove nanoparticles, and

200 pl of DMSO (Beyotime Bioengineering Institute,
Nantong, Jiangsu, China) was added for dissolution of
formazan crystal for 10 min at 37 °C. The absorbance
was measured at the wavelength of 492 nm using a
microplate reader (Molecular Devices SpectraMax
M2, Sunnyvale, USA).

To evaluate cytotoxicity of H,0, to HepG2 and
L-02 cells, cells were plated at a density of 7x10°
cells per well and incubated overnight. The culture
medium was then replaced with the fresh medium
with H,O, at different concentrations. After H,0,
treatment for 24 h, cell viability was determined by
MTT assay as described above.

Cell apoptosis assay

The Annexin V-FITC Apoptosis Detection Kit (Bey-
otime Bioengineering Institute, Nantong, Jiangsu,
China) was used to detect cell apoptosis induced
by SNPs. HepG2 and L-02 cells were plated in six-
well culture plates at a concentration of 1x10° cells
per well overnight before being treated with 160 or
320 pg/ml of SNP particles for 24 h. After treat-
ment, cells were collected, washed with PBS, and
resuspended in 400 pl of binding buffer for staining,
according to the manufacturer’s instructions. Finally,
at least 1x 10* cells were collected and analyzed with
the flow cytometer (FACSAria™, BD Biosciences,
CA, USA).

Measurement of cellular uptake and excretion of
SNPs

The uptake kinetics, pathways and excretion of SNPs
were measured using the FITC-SNPs by flow cytom-
etry. HepG2 and L-02 cells were seeded into six-
well culture plates at a density of 2x10° cells per
well overnight. Thereafter, the culture medium was
replaced with the fresh medium containing FITC-
SNPs (320 pg/ml). At the indicated time point, the
medium was removed, cells were washed twice with
ice-cold PBS, harvested after trypsinization and cen-
trifugation. Cells were then treated with trypan blue
solution (400 pg/ml) for 1 min to quench the fluores-
cence of FITC-SNPs adsorbed onto cell membrane,
collected, wash with PBS, and resuspended in PBS
buffer for flow cytometry analysis. The intracellular
FITC fluorescence was measured using flow cytom-
etry (FACSAria™, BD Biosciences, CA, USA) at an
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excitation wavelength of 488 nm and emission wave-
length of 525 nm. To determine the uptake pathways,
cells were pretreated with the clathrin-mediated endo-
cytosis inhibitor chlorpromazine (0.0627 mM) for
1 h, or with the caveolin-mediated endocytosis inhibi-
tor MBCD (10 mM) for 30 min, respectively. The
cells were then incubated with FITC-SNPs (320 pg/
ml). After 2 and 3 h, cells were harvested for fluores-
cence determination following the same procedure as
described above.

In order to evaluate excretion of nanoparticles,
cells were treated with FITC-SNPs (320 pug/ml) under
the same conditions as for the uptake experiments.
After exposure to cells for 24 h, the medium with
SNPs was removed. Cells were washed with PBS and
incubated in fresh medium without nanoparticles for
additional 24, 48 or 72 h, and then were harvested for
flow cytometry analysis following the same proce-
dure as the uptake experiments.

Detection of intracellular localization of SNPs

The lysosomal probe LysoTracker™ Red DND-99
and mitochondrial probe MitoTracker™ Red was
used to determine the intracellular localization of
SNPs. HepG2 and L-02 cells were plated in 20 mm
glass bottom culture dishes and incubated with FITC-
SNPs (320 pg/ml) for 12 h. The treated cells were
subsequently washed twice with PBS, stained with
the LysoTracker™ Red DND-99 or MitoTracker™
Red, fixed with 0.25% glutaraldehyde, and then
stained with DAPI immediately before observation
using a confocal laser scanning microscope (CLSM;
Nikon, Tokyo, Japan).

Measurement of reactive oxygen species (ROS), GSH
and CAT activity

Intracellular ROS was detected using the fluorescent
probe 2'7'-dichlorofluorescin diacetate (DCFH-
DA; Beyotime Institute of Biotechnology, Nantong,
China). HepG2 and L-02 cells were plated in 6 cm
culture dishes and treated with SNPs (320 pg/ml)
for 24 h. After treatment, cells were washed with
PBS and then incubated with DCFH-DA (10 uM)
diluted in serum-free medium for 30 min at 37 °C
in the dark. Cells were then washed three times
with PBS, harvested and resuspended in PBS. The
fluorescence intensity was measured using the flow
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cytometer (FACSAria™, BD Biosciences, CA,
USA) at an excitation wavelength of 488 nm and an
emission wavelength of and 535 nm. The measured
fluorescence intensity was normalized to that of the
control cells without SNPs treatment.

Cellular GSH content and CAT activity were
measured after the same treatment for ROS assay,
using the kits (Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s
instructions. Briefly, after 24 h exposure to SNPs,
cells were harvested, washed with PBS, and homog-
enized. Cell lysates were centrifuged at 12,000 rpm
for 10 min to obtain supernatants for GSH and CAT
activity assay. Protein concentration of the sample
was determined utilizing the BCA protein assay
kit (Beyotime Institute of Biotechnology, Nantong,
China). The GSH content was expressed in terms of
uM/mg protein, and normalized to that of the con-
trol cells without SNPs treatment.

Statistical analysis

All experiments were conducted three times unless
otherwise indicated. Results are presented as
means + standard deviation. Student’s ¢-test was
performed to compare two means of one variable.
Differences were considered to be significant if
p<0.05.

Results
Characterization of SNPs

The transmission electron microscopy (TEM)
image showed that the amorphous silica nanoparti-
cles (SNPs) were in a spherical shape with a diam-
eter of about 20 nm (Fig. 1). When dispersed in
ultrapure water and complete cell culture medium
DMEM with 10% serum (cDMEM), SNPs were
negatively charged, exhibited the hydrodynamic
size of approximately 238 and 330 nm, respectively
(Table 1). The larger diameter in aqueous solutions
revealed the aggregation of SNPs, and the reduced
surface charge in cDMEM might decrease the repul-
sive force between particles leading to an increased
diameter.
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SNPs induced selective cytotoxicity and apoptosis in
HepG2 cells

In our previous studies, it was found that SNPs selec-
tively inhibited cell proliferation and induced apop-
tosis in human hepatoma HepG2 cells, but appeared
to be less toxic to normal liver L-02 cells. Here, we
confirmed such cancer-specific cytotoxic effects of
SNPs using MTT assays and annexin V-FITC/PI dou-
ble staining. As shown in Fig. 2A, SNPs were more
toxic to HepG2 cells. For HepG2 cells, cell viability
decreased to around 24% after exposure to SNPs at
the concentration of 320 pg/ml for 48 h, while cell
viability of L-02 cells only slightly decreased by
14% after the same treatment. With the increase of
SNP concentration, the induction of apoptosis was
much more prominent in HepG2 cells than in L-02
cells (Fig. 2B). Following the exposure of SNPs at
the concentration of 320 pg/ml for 24 h, the percent-
age of early and late apoptosis reached 50% and 23%,

Table 1 Hydrodynamic size and Zeta potential of SNPs in dif-
ferent solutions

Hydrodynamic size (nm) Zeta potential (mV)

in H,O in cDMEM in H,0 in cDMEM

238+2 330+9 =51 =27

Somm

Fig. 1 Transmission electron microscopy image showed nano-
particles of SNPs were sphere-like and ~20 nm in diameter

respectively (Fig. 2C), suggesting that early apoptosis
might mostly affect the viability of HepG2 cells. On
the contrary, about 94% of the L-02 cells were alive
after the same treatment.

Cellular uptake and excretion of SNPs

As FITC has been commonly and widely used to label
nanoparticles for analysis of their uptake and intra-
cellular localization [32-35], we used FITC-SNPs
to investigate cellular uptake and removal of SNPs
in HepG2 and L-02 cells using flow cytometry. We
studied the dynamics of uptake firstly. As shown in
Fig. 3A, cellular uptake was a time-dependent process
in both HepG2 and L-02 cells. However, internaliza-
tion of nanoparticles was more efficient in HepG2
cells, reaching a maximum after cells were exposed
to SNPs for 4 h. While for L-02 cells, a maximum
fluorescence was detected at 8 h, which was only 26%
of the maximal value observed in HepG2 cells. With
the incubation temperature dropped from 37 to 4 °C,
the uptake of SNPs was inhibited significantly, sug-
gesting that energy-dependent endocytic mechanisms
were involved in particle internalization.

We next investigated the endocytotic pathways for
internalization of SNPs in HepG2 and L-02 cells with
specific inhibitors of endocytosis. Chlorpromazine is
known to inhibit clathrin-dependent endocytosis, and
methyl-B-cyclodextrin (MPCD) has been extensively
used to inhibit caveolae-mediate uptake. Cells were
preincubated with the inhibitors, and then exposed to
FITC-SNPs for 2 and 3 h to evaluate the pathway of
uptake. Cellular uptake of particles was sensitive to
these two inhibitors, suggesting that SNPs were inter-
nalized within HepG2 and L-02 cells through both
clathrin-dependent and caveolae-dependent endo-
cytosis (Fig. 3B). However, SNPs uptake was much
more significantly inhibited by MPCD in the two cell
lines, implying a major role for caveolin-mediated
pathway in cellular uptake of SNPs.

In addition to cellular uptake, removal of nano-
particles can also decide their fate and cytotoxic-
ity. We thus examined cellular excretion of SNPs
in HepG2 and L-02 cells. Cells were treated with
FITC-SNPs for 24 h to allow particle internaliza-
tion. After that, the cells were washed with PBS
to remove FITC-SNPs and incubated in fresh cul-
ture medium without nanoparticles for additional
24, 48, or 72 h. Flow cytometry was performed to

@ Springer



13 Page6of 14

J Nanopart Res (2023) 25:13

A B

=

£100

=

3

S 80

o

60

>

= 40

O

.E 20l —=— HepG2

i . ()

°

U 0 1 1 L L L
0 80 160 240 320 400

Concentration of SNPs (ug mL'l)

Propidium iodide

0 pg/ml 160 pg/ml 320 pg/ml

L-02

HepG2

0wt
FITC-A

Annexin V-FITC

120

I [ necrosis and late apoptosis

~~
N [ early apoptosis vilable
S tialed _
wn
= 8ol Z Z % %
D) I
>
()
A
& 40t
=
(o
o 7
Q-‘
< 0
0 160 320 0 160 320
L-02 HepG2

Concentration of SNPs (ug mL™)

Fig. 2 Selective cytotoxicity and apoptosis induced by SNPs
in HepG2 cells. (A) Cell viability of HepG2 and L-02 cells
treated with SNPs for 48 h. Error bars represent the stand-
ard deviation calculated from three independent experiments.

monitor nanoparticles that still remained inside the
cells. As shown in Fig. 4A, the fluorescence inten-
sity inside the HepG?2 cells was 2.6-fold higher than
that in L-02 cells after incubation with FITC-SNPs
for 24 h due to an enhanced cellular uptake. There-
after, removal of the particles from both cells could
be observed for the following 72 h, as indicated by
the decreased fluorescence. Clearance of SNPs was
more prominent in HepG2 cells, especially during
the first 24 h. However, a relatively high fluores-
cence could be detected in cancer cells throughout
the whole excretion process with relative fluores-
cence intensity of 21% and 13% after 48 and 72 h

@ Springer

*p <0.05 vs control. Representative dot plots (B) and apoptotic
rate (C) obtained from annexin V-FITC/PI double staining of
HepG2 and L-02 cells assessed with flow cytometry after treat-
ment with SNPs for 24 h

of particle removal, while L-02 had 11% and 7%,
respectively. Thus, more SNPs were retained in
HepG2 cells, which could lead to the increased
cytotoxicity of SNPs, as shown in Fig. 4B. Expo-
sure of HepG2 and L-02 cells to SNPs for 24 h
resulted in a similar cytotoxicity of 22% and 15%,
respectively. However, after removal of SNPs, cell
viability of L-02 cells recovered to 94% at the first
24 h and then was gradually increased to 98% after
48 and 72 h. In contrast to normal cells, HepG2
cells exhibited continuous drop in cell viability to
69%, 65% and 68% after 24, 48 and 72 h.
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Intracellular trafficking and localization of SNPs

Intracellular trafficking and subcellular localiza-
tion of nanoparticles can also decide their fate and
cytotoxicity. We thus investigated and compared
trafficking and localization of SNPs in HepG2
and L-02 cells via confocal microscopy and fluo-
rescent probes for lysosomes and mitochondria,
namely LysoIracker Red DND-99 and MitoTracker
Red CMXRos, respectively. As shown in Fig. 5A,
HepG?2 cells took up much more of SNPs than L-02
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resent the standard deviation calculated from three independent
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orescence was detected using flow cytometry, and normalized
to the percentage of maximum fluorescence value to obtain the
relative fluorescence of FITC-SNPs. Cell viability of HepG2
and L-02 cells was detected by MTT assay. Error bars repre-
sent the standard deviation calculated from three independent
experiments. *p <0.05 vs control

cells, most nanoparticles (green) were localized in
lysosomes (red) of both cancer and normal cells
to yield yellow signals, indicating that SNPs were
internalized and transported via the same lysosomal
pathway in HepG2 and L-02 cells. We then exam-
ined the distribution of SNPs in mitochondria and
found that some red signals from the mitochondria
and green signals of SNPs were colocalized in both
normal and cancer cells, whereas much more FITC
signals were located in the mitochondria of HepG2
cells (Fig. 5B).
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Fig. 5 Localization of A DAPI
FITC-SNPs in lysosomes
(A) and mitochondria
(B) of HepG2 and L-02
cells. HepG2 and L-02

cells were treated with HepG2

FITC-SNPs (320 pg/ml)

for 24 h, then stained by

LysoTracker™ Red DND-

99 and MitoTracker™

Red CMXRos for 30 min

respectively and observed

by CLSM. Scale bar: 25 pm L-02
B DAPI

HepG2

L-02

SNPs induced enhanced oxidative stress and
weakened antioxidant defense in HepG2 cells

Oxidative stress has been reported to be a primary
mechanism for SNP-induced cytotoxicity. Here, we
further investigated the role of oxidative stress in
selective cytotoxicity of SNPs to cancer cells. It could
be found that SNPs induced a much severe oxidative
stress in HepG2 cells than in L-02 cells. As shown in
Fig. 6A, after 24 h of SNPs treatment at the concentra-
tion of 160 and 320 pg/ml, ROS formation increased
by 20+6.8% and 110+2.6% in HepG2 cells, while
only by 9+2.5% and 20+2.1% in L-02 cells. On the
contrary, a stronger decrease in GSH level in HepG2
cells was observed under the same treatment. With
the SNP concentration increased to 160 and 320 pg/
ml, the GSH content in HepG2 cells decreased to
85.3+5.5% and 67.1+3.3%, while it only dropped
to 91.1+5% and 82.9+6.4% in L-02 cells (Fig. 6B).
Although HepG2 and L-02 cells exhibited a similar
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FITC Mitochondria Merged

level of CAT activity without SNP treatment, exposure
to SNPs induced a dramatic decrease in CAT activity
in HepG2 cells, cellular CAT activity decreased from
76 to 59 and 45 U/mg at doses of 160 and 320 pg/
ml SNPs, respectively. Conversely, in L-02 cells, the
same SNP treatment resulted in a slightly increase of
CAT activity from 77 to 80 and 80 U/mg (Fig. 6C).
As both GSH and CAT play the key role in cellular
antioxidant defenses, these results indicated that SNPs
stimulated a significantly weaker antioxidant activity
for scavenging excess ROS in cancer cells, suggesting
that HepG2 cells might be more sensitive to oxidative
stress. We thus evaluated the cytotoxicity of the perox-
ide (H,0,) to normal and cancer cells, as H,O, is one
of the three major types of ROS and is well known
to elicit a variety of oxidative damage including cell
death. Obviously, HepG2 cells exhibited much lower
tolerance to H,O,-induced cytotoxicity, cell viabil-
ity dropped to 61% at the H,O, level of 100 pM and
decreased to 31% at the 250 pM exposure. In contrast,
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significant loss of viability (61% of control) was only
observed at the H,0, level above 1000 pM for L-02
cells (Fig. 6D).

Discussion

Based on the selective cytotoxicity of SNPs to can-
cer cells as previously reported [7, 9, 10, 31] and we
showed here (Fig. 7), the underlying mechanisms for
SNPs to induce tumor-specific toxicity was investi-
gated in this study using the human hepatoma HepG2
versus normal liver cell L-02 as cell models. Our
results showed that although the uptake pathway and
intracellular fate of SNPs were similar in both HepG2
and L-02 cells, more nanoparticles were taken up into
HepG2 cells and transported to mitochondria. On the
other hand, 72 h after SNP removal, the remaining
SNPs in HepG2 cells were still about twice as many
as those in L-02 cells, in spite of a more effective
exclusion of SNPs in the first 24 h period in HepG2
cells. Overall, the increased long-term accumulation
of SNPs continued to inhibit cell viability of cancer
cells, mainly because SNPs could greatly improve
the intracellular ROS level via depleting intracellular

Concentration of H202 (uM)

GSH and inhibiting CAT activity and thus elevated
the oxidative stress in HepG2 cells. Such a difference
in response to the SNP-induced oxidative stress could
be explained by a reduced antioxidant capacity of
HepG?2 cells, as exposure to H,0, triggered a much
higher cytotoxicity in HepG2 cells than in L-02 cells.
Therefore, compared to normal cell L-02, the higher
particle uptake efficiency and the lower tolerance to
oxidative stress made HepG2 cells more sensitive to
SNP-induced oxidative damage, eventually leading
to the selective cytotoxicity of SNPs towards cancer
cells. Our results thus provided novel insights into
tumor-specific cytotoxicity of SNPs and the underly-
ing mechanisms, suggesting the potential to develop
SNP-based biomodulators [5] for improving the anti-
cancer efficacy of nanomedicines.

It has been reported that increased cellular uptake
of SNPs resulted in their higher cytotoxicity [32,
36]. Previously, we also found that SNPs caused dif-
ferential cytotoxic effects in different human cancer
cells, which might be related to the varying uptake
process and efficiency of SNPs in these cancer cells
[20]. Here, to explore the mechanisms involved in
tumor-specific cytotoxicity of SNPs, we investigated
the uptake, transport and excretion of SNPs in normal

@ Springer



13 Page 10 0f 14

J Nanopart Res (2023) 25:13

Fig. 7 Schematic illustra-
tion of the mechanism of
selective cytotoxicity of
SNPs to cancer cells
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and tumor cells. SNPs may enter cells through passive
mechanisms or various active endocytosis pathways,
including pinocytosis, caveolae- and clathrin-medi-
ated endocytosis, depending on particle physicochem-
ical property and cell type [32, 36, 37]. In this study,
SNPs were found to be taken up by HepG2 and L-02
cells both through energy-dependent pathways, mainly
via caveolae-dependent endocytosis. It has also been
reported that SNPs could be internalized via endocy-
tosis by normal and tumor cells [37, 38]. Therefore,
the internalization pathway was not likely responsi-
ble for the higher cytotoxicity of SNPs observed in
tumor cells, and we then examined the excretion of
SNPs from different cells. The excretion of SNPs from
HepG2 cells has been confirmed [39], and mesoporous
silica nanoparticles were observed to be exocytosed
from cells [18], mainly through lysosomal exocytosis
but with variations in the exocytosis rate among dif-
ferent cell lines [19]. In our study, we also observed
the decrease of FITC-SNPs fluorescence intensity in
both HepG2 and L-02 cells after the removal of the
free particles, indicating the excretion of SNPs from
cells. Additionally, a much higher rate of exocytosis
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was found in HepG2 cells during the first 24 h. This
could be related to the high concentration of internal-
ized SNPs in HepG2 cells rather than the effect of
different cell type, as the exocytosis rate decreased
remarkably with the reduction of intracellular particles
24 h later. Although SNPs were excreted from HepG2
and L-02 cells at a similar rate for 24—72 h, the higher
initial concentration resulted in more residual amounts
of particles in HepG2 after 72 h incubation in fresh
medium without SNPs. Such a higher retention of
nanoparticles in tumor cells than in normal fibroblasts
was also found for gold nanoparticles [40].

Since intracellular location and translocation of
nanoparticles is directly related to their cytotoxicity,
the trafficking and localization of SNPs in HepG2
and L-02 cells were investigated and compared.
SNPs have been reported to accumulate in the cyto-
sol and endosome of HeLa cells, they were prefer-
entially localized in lysosomes but not toxic to HeLa
cells [16]. In contrast, cytotoxicity of mesoporous
silica nanoparticles to human breast cancer cells
MDA-MB-468 was suggested to be that more parti-
cles were endocytosed and located within lysosomes

Z Caveolin
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[17], while internalized SNPs induced cytotoxicity in
L-02 cells by targeting mitochondria and their quality
control process [41]. Here, we found that SNPs were
transported via the same pathway in HepG2 and L-02
cells, translocated into lysosomes and mitochondria.
So, it should not be the cellular trafficking of SNPs
that caused the differential toxicity of the particles
to normal and cancer cells. However, much more
particles were finally located in the mitochondria
of HepG2 cells, which should induce mitochondrial
damage and selective cytotoxicity to cancer cells.

The above results demonstrated that it was not
the uptake pathway, exclusion process and intracel-
lular translocation, but the efficient uptake and mito-
chondria accumulation of SNPs that contributed to
their selective toxicity to HepG2 cells. Similarly,
more pristine mesoporous silica nanoparticles could
be internalized into human breast adenocarcinoma
MCF-7 cells compared to foreskin fibroblast BJ cells,
leading to selective cytotoxic effects including cell
cycle arrest and cell death [42]. In addition, gold
nanorods were found to be taken up through simi-
lar pathways in human lung carcinoma A549 cells,
normal bronchial epithelial 16HBE cells and pri-
mary adult stem cells, while selective mitochondria
accumulation of the nanorods was thought to cause
cancer cell-specific cytotoxicity to A549 cells [43].
Interestingly, these nanoparticles could be more effi-
ciently internalized and accumulate in organelles
such as mitochondria to cause selective cytotoxicity
to cancer cells, thus being used to design highly spe-
cific nanomedicines for cancer therapy. Meanwhile,
further work is needed to unravel the underlying
mechanism.

ROS generation has been considered as an impor-
tant mechanism responsible for the toxicity of SNPs
[21, 44], ROS formation and buildup have been found
to play a vital role in SNP-induced mitochondrial
damage and intrinsic apoptosis in glioblastoma cells
[45] and HepG2 cells [46]. Our previous study also
revealed that the differential level of ROS genera-
tion in cancer cells HepG2 and MGC80-3 is closely
related to the cytotoxic effects caused by SNPs [20].
Here, when we found that SNPs triggered a much
higher level of ROS and cytotoxicity in tumor cells,
we go further to explore the underlying mechanisms.

In comparison with normal cells, SNPs caused a
significantly higher level of ROS and lower GSH

content in HepG2 cells. In addition, CAT, which
plays an important role in antioxidant defense sys-
tem, decreased dramatically in HepG2 cells, while
increased significantly in L-02 cells after SNP treat-
ment. These results indicated that SNPs stimulated
a weaker antioxidant activity for scavenging excess
ROS in cancer cells, suggesting that HepG2 cells
might be more sensitive to oxidative stress. Further-
more, enhanced cytotoxicity was observed in HepG2
cells as compared to L-02 cells after direct exposure
of these cells to H,O,, demonstrating that HepG2
cells had much lower tolerance to H,O,-induced
oxidative stress. Actually, increased ROS produc-
tion is generally recognized as a hallmark of various
cancers, contributing to proliferation and survival of
cancer cells [47]. Such abnormal increases in ROS
render cancer cells dependent on an increased anti-
oxidant capacity to maintain a correct redox balance,
thus may also provide a biochemical basis to pref-
erentially induce cell death in cancer cells through
a ROS-mediated mechanism by further increasing
ROS or reducing antioxidant activity [25, 48, 49]. For
instance, the natural compound with chemopreventive
activity, p-phenylethyl isothiocyanate, was found to
selectively kill cancer cells via depletion of GSH and
inhibition of GPX enzyme activity [50]. Thus, SNPs
triggered ROS generation in both HepG2 and L-02
cells, while cancer cells exhibited a decreased anti-
oxidant capacity and could not cope with the higher
intracellular ROS level, which eventually led to apop-
tosis and cytotoxicity in HepG2 cells. Similarly, bare
iron oxide nanoparticles were reported to be signifi-
cantly more toxic to human lung cancer cells than to
the normal human lung fibroblast cells, by inducing
ROS production [51]. In addition, ROS-mediated
mechanism was also found to cause the selective kill-
ing of human cervical cancer cells (HeLa) by black
phosphorus-based nanosheets [52].

However, it has been reported that human vascular
endothelial cells are more sensitive to SNP-induced
cell death than HeLa cells [13]. Moreover, although
SNPs and H,O, caused increase of oxidative stress
and depletion of GSH in both A549 and pleural
mesothelial cells (Met-5A), A549 cells were rela-
tively more resilient [53]. Additionally, it was found
that when comparing to poorly differentiated hepa-
tocellular carcinoma SK-Hep-1cells, well-differenti-
ated HepG2 cells showed a more robust antioxidant
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defense system against CuO nanoparticle-mediated
oxidative stress [54]. These differences in cellular
susceptibility to oxidative damage may be attributed
to not only the properties of nanoparticles, but also
the cell types [55]. Therefore, in order to understand
these discrepancies and how designs of nanoparti-
cles could be optimized for therapeutic use, careful
and full characterization of SNPs, including protein
corona formed under biological conditions, along
with the cell type specific cellular response, will
require further study.

Conclusions

In this study, we focused on understanding the mecha-
nisms involved in the selective cytotoxicity of SNPs to
cancer cells. We demonstrated that SNPs were inter-
nalized mainly via caveolae-dependent endocytosis,
and transported to lysosomes and mitochondria, in both
cancer and normal cells. However, SNPs were more
effectively taken up by HepG2 cells, which resulted in
a higher amount of nanoparticles in cytosol and mito-
chondria of cancer cells. Although both cancer and
normal cells continued to excrete SNPs up to 72 h post
incubation and HepG2 cells excreted SNPs more rap-
idly in the first 24 h, the retention of SNPs was found to
be higher in HepG2 cells than in L-02 cells, contribut-
ing to continuous drop in cell viability of HepG2 cells.
Moreover, SNPs induced a higher intracellular ROS
level, along with a lower GSH level and CAT activity
in HepG2 cells. Such an imbalance between ROS pro-
duction and ROS scavenging in cancer cells led to the
increased oxidative stress in HepG2 cells. As HepG2
cells were more sensitive to the H,O,-induced oxida-
tive stress, they thus exhibited much lower tolerance
to SNP-triggered oxidative stress, which may be cru-
cial to understand the selective cytotoxicity of SNPs to
cancer cells. Such a cancer-specific feature should be
investigated in more types of cancer cells, and then be
exploited to develop SNP based nanomedicines with
improved efficacy and selectivity.
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