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Cytotoxicity induced by new spiral mesoporous
silica nanorods via specific surface area and ROS
accumulation in HeLa cells

Lan She, a Miao Sun,a Xinfang Li,a Anfeng Kang,a Feng Yang,a Yonghui Deng, b

Dan Wangc and Xinrong Zhang*a

Mesoporous silica nanoparticles (MSNs), with good biological safety and drug carrying capacity, are being

widely used for applications in biomedical research. In this study, three new spiral mesoporous silica

nanorods (MSNRs) with different aspect ratios were synthesized through adjusting the dosage of NH3�H2O

by the modified Stöber method. Furthermore, MSNRs were used to study their interactions with HeLa

cells. The synthesized MSNRs had periodical thread and narrower aperture size distribution. As indicated

by laser scanning confocal microscopy (LSCM) and biological transmission electron microscopy, MSNRs

were found to be internalized by HeLa cells and were primarily localized in the cytoplasm, lysosomes and

membranous vesicles. When the concentration of MSNRs reached 320 mg mL�1, MSNRs had different

degrees of cytotoxicity. The cytotoxicity was positively correlated with the size of the specific surface area

of MSNRs. Reactive oxygen species (ROS) production was induced in the HeLa cells by the MSNRs, and

reactive oxygen species generation might be the major factor causing cytotoxicity. The results of this

study indicated that the effect of MSNRs on HeLa cell viability and cellular oxidative stress was related to

specific surface area and has great potential in drug loading and delivery.

1. Introduction

In recent years, a variety of nanomaterials, such as mesoporous
silica nanoparticles (MSNs), graphene, quantum dots (QDs)
and carbon nanotubes (CNTs) have been synthesized and
applied in biomedical research.1,2 As is well known, nano-
particles exhibit medical potential because of their unique
physicochemical and biological features, including high speci-
fic surface area, specific structural properties, ability to carry
drugs, capability to cross cell barriers and long circulation time
in blood.3–5 MSNs, as a kind of non-metal oxide, has been
extensively used in biomedicine, pharmaceuticals and other
industrial manufacturing fields, such as cancer therapy, bio-
sensors, and drug delivery.6–8 Moreover, MSNs have drawn
much attention as promising drug carriers in controlled drug
delivery since they biodegrade in a controlled manner.9 In
particular, biodegradable mesoporous silica has been used in
drug carriers to store unstable proteins or poorly soluble drugs

for sustained and controlled delivery to target tissues.10–12

In the synthesis process of MSNs by the modified Stöber
method,13 a new type of spiral mesoporous silica nanorods
(MSNRs) with different aspect ratios was synthesized by adjust-
ing the dosage of NH3�H2O.14,15 Interestingly, a recent study
reported that the ‘‘rotational hopping’’ movement of nanorod
particles can promote its diffusion speed in the grid like mucin
fluid; therefore, nanorods can effectively improve the efficiency
of drug delivery.16 The MSNRs fabricated by our method
possessed the characteristics of large pore volume and specific
surface area, and had potential as a new drug carrier.

At present, a number of studies on the cytotoxicity of MSNs
have been performed to explore their biocompatibility using
various human cell types such as the MDA-MB-231 breast cancer
cells,17 Ovcar8-IP cells18 and A549 cells.19 However, there are few
reports on the potential toxic impact of MSNRs. The present study
aimed to synthesize new spiral MSNRs and investigate the effect
of MSNRs in HeLa cells, which probably implied the possibility of
MSNs being widely used in drug loading and delivery.

2. Experimental

The HeLa tumor-cell line, a human cervical cancer cell line
originating from an American woman, Henrietta Lacks, was
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established in 1951.20 This cell line has been widely used in
cytotoxicity, tumor research and biological experiments in the
medical field.21–23 The morphology of the MSNRs was verified by
field emission scanning electron microscopy (FESEM) and trans-
mission electron microscopy (TEM). The specific surface area,
pore volume, and pore size of MSNRs were measured based on N2

adsorption/desorption isotherms using a pore size analyzer. The
XRD patterns of the samples were analyzed through an X-ray
diffractometer. The interaction between MSNRs and HeLa cells
was explored. Laser scanning confocal microscopy (LSCM) was
used to study the uptake of MSNRs in HeLa cells. Cell ultrastruc-
ture was detected by biological TEM. Cell viability and oxidative
stress level were detected to access the cytotoxicity of MSNRs.

2.1 Materials and methods

RPMI-1640 medium and fetal bovine serum (FBS) were pur-
chased from Gibco, USA. Cell counting kit (CCK-8) was obtained
from Dojindo, Chemical Co., Ltd (Japan). Unless otherwise
specified, the reagents and chemicals were purchased from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Phos-
phate buffer saline (PBS) and 0.25% trypsin enzyme solution were
purchased from Bio-light Biotech (Shanghai, China). Reactive
oxygen species assay kit (ROS) was purchased from Beyotime
Biotechnology Research Institute (Jiangsu, China). Fluorescein
isothiocyanate (FITC) and DAPI were obtained from Sigma
Aldrich (St. Louis, USA). Laboratory consumables and equipment
were purchased from Thermo Fisher Scientific (Shanghai, China).
HeLa cells were presented by the National Key Laboratory of
Medical Immunology, the Second Military Medical University.

2.2 Preparation of MSNRs

MSNRs were prepared in a Stöber solution (containing CTAB,
TEOS, NH3�H2O, and deionized water) by a modified surfactant
assembly sol–gel method.24,25 Briefly, 1.0 g CTAB was dissolved
in 160 mL of deionized water at 35 1C. After 15 min, 10 mL,
8 mL and 4 mL of NH3�H2O were added dropwise into the
system, respectively. In addition, TEOS (5 mL) was added slowly
and uniformly into the solution under stirring. After stirring for
12 h, the product was collected by centrifugation (5000 rpm, and
10 min), then washed three times with water and ethanol. After that,
the white products (silica–CTAB composites) were dispersed in
ethanol solution (100 mL) containing concentrated HCl
(1.0 mL) and stirred at 90 1C for 5 h to remove the template
CTAB. The surfactant extraction process was repeated two times
to ensure complete removal of CTAB. Next, the products were
washed by deionized water three times and MSNRs were
obtained after vacuum drying. Three different morphologies
of MSNRs were prepared by adjusting the dosages of NH3�H2O.
These particles were denoted as MSNR1, MSNR2 and MSNR3
according to the NH3�H2O dosage. FITC labeled MSNRs were
synthesized simultaneously for further experiments.

2.3 Characterization of MSNRs

The morphology and physicochemical properties of the MSNRs
were verified by field emission scanning electron microscopy
(FESEM, S4800, Hitachi, Japan) and transmission electron

microscopy (TEM, JEM2010, JEOL, Japan). The average lengths
of MSNRs were estimated from cross-sectional FESEM images.
The specific surface area, pore volume, and pore size of MSNRs
were measured based on N2 adsorption/desorption isotherms
using a pore size analyzer (TriStar 3000, GA, USA). The measure-
ment was conducted under a nitrogen atmosphere with the
weight of each sample set at 2 g. The XRD patterns of the samples
were analyzed through an X-ray diffractometer (XRD, D4, Bruker,
Germany). The pore size and distribution of the MSNRs were
verified through the Barrett–Joyner–Halanda (BJH) method. The
size and diameter distribution of MSNRs micelles were measured
by dynamic light scattering (DSL, ZEN3600, Malvern Panalytical,
UK). Additionally, fabrication was verified by Fourier transform
infared spectroscopy (FTIR) analysis (Nexus Model 470; GMI,
Ramsey, MN, USA) in the range of 400–4000 cm�1.

2.4 Cell culture and treatment

After recovery, HeLa cells were grown in a 25 cm2 cell culture
flask at 37 1C under 5% CO2 atmosphere using Roswell Park
Memorial Institute (RPMI)-1640 culture medium containing
10% fetal bovine serum, and 1% penicillin/streptomycin. For
splitting and seeding, the HeLa cells were detached from the
flask with 0.25% trypsin-EDTA.

2.5 Laser scanning confocal microscopy

A total of 1 � 105 HeLa cells were seeded into 35 mm glass
bottom dishes for laser scanning confocal microscopy (LSCM,
Leica TCS SP2, Solms, Germany). After incubating for 12 h, the
medium in each dish was removed and 15 mg mL�1 FITC-
MSNRs in RPMI-1640 medium were added to the plates. Sub-
sequently, the cells were incubated for 2 h at 37 1C in an
incubator containing 5% CO2. Then HeLa cells in each dish
were washed by PBS three times, and the cells were fixed by
1 mL of 4% paraformaldehyde for 20 min. Once fixed, the
samples were washed thrice with PBS and stained by 40,6-
diamidinio-2-phenylindole (DAPI) for 20 min. After washing
with PBS, the HeLa cells were observed by LSCM. The false-
colored images were obtained with an excitation wavelength of
358 nm, and emission fluorescence was collected at a wave-
length of 488 nm.

2.6 Biological transmission electron microscopy

HeLa cells were incubated in a Petri dish (10 cm in diameter)
until 80–90% of the surface of the culture dish was covered.
After the culture medium was discarded, 8 mL of RPMI-1640
medium supplemented with MSNRs (50 mg mL�1) was added
into the culture dish and kept incubating for 4 h, and the cells
were washed thrice with PBS and collected after centrifugation
at 1000 rpm for 5 min. After fixing the cells with the prepared
cellular fixture (2.5% glutaraldehyde), samples were kept at 4 1C
for 4–6 h. The ultrastructure images of HeLa cells were
obtained using a biological TEM (H-7650, Hitachi, Japan).

2.7 Cell viability

In vitro cell viability was accessed using the cell counting kit-8
(CCK-8) method, which was widely used to evaluate cytotoxicity.
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The cell viability was detected according to the manufacturer’s
instruction. HeLa cells were seeded in 96-well flat-bottomed
plates with a density of 5 � 103 cells per well, then incubated in
a CO2 atmosphere at 37 1C for 12 h. Next, the medium in each
well was removed and MSNRs (100 mL) with various concentra-
tions in RPMI-1640 medium were added to the wells. Subse-
quently, the cells were incubated for 24 h. Next, the solution in
each well was removed and 100 mL 10% CCK-8 solutions were
added to each well. After incubation for 2 h, the absorbance was
measured at 450 nm using a microplate reader (BioTek USA).
The relative survival rate of HeLa cells was calculated using the
following formula:

R (%) = (Asample � Ablank)/(Anegative � Ablank) � 100%

2.8 Oxidative stress

The ROS measurement was used to indicate the oxidative stress
caused by MSNRs. HeLa cells were seeded into 6-well plates with
a density of 4 � 105 cells per well and incubated with different
concentrations of MSNRs. Cells incubated with serum-free
RPMI-1640 medium were used as a control group. After treat-
ment for 4 h, the cells were washed three times with PBS and
then incubated with 10 mM 2,7-dichlorodihydrofluorescein dia-
cetate (DCFH-DA) for 20 min in the dark at 37 1C. After washing
with PBS, HeLa cells were collected and centrifuged at 1000 rpm
for 5 min. Subsequently, the samples were suspended in 0.5 mL
PBS and the fluorescent density was detected with flow cytometry
(FACS, BD Biosciences, USA). The detection parameters were an
excitation wavelength of 488 nm and an emission wavelength of
525 nm.

2.9 Statistical analysis

All the experimental data were expressed as means � standard
deviation (SD) from three separate experiments. Date were
analyzed by one-way ANOVA followed by Dunnett’s t-test for

comparisons between groups, and P o 0.05 indicated a statis-
tically significant difference.

3. Results and discussion
3.1 Characterization of MSNRs

MSNRs were prepared according to the modified Stöber
method and were characterized by FESEM and TEM (Fig. 1).
The FESEM images showed that when the dosage of ammonia
was 10 mL, the mesoporous silica rods (MSNR1) had a clear and
regular six square shape spiral morphology with a slight bulge
at both ends and were more uniform in size (Fig. 1a and b).
When the dosage of ammonia was 8 mL, the mesoporous silica
rods (MSNR2) still maintained the spiral shape. The length of
the rods decreased, while the diameter and the helix degree
increased. The rod size was more uniform with a better mono-
dispersity (Fig. 1d and e). When the dosage of ammonia was
4 mL, the length and the diameter of the mesoporous silica
rods (MSNR3) were further shortened (Fig. 1h and i). The TEM
results showed that along the long axis of spiral MSNRs, at
intervals of a certain distance, the mesoporous orifice showed a
periodical twist, which indicated that the mesoporous channel
was a spiral array coiled along the long axis. MSNR1 had a six
square shaped spiral helical morphology (Fig. 1c), the pitch of
MSNR2 was smaller and the direction of mesoporous path also
presented periodic parallel mesoporous stripes, which
indicates that the spiral channel of MSNRs was chiral (Fig. 1f)
and the chirality of the spiral channel was formed by removing
the chiral organic group in the preparation.26 The helix mor-
phology of MSNR3 remained unchanged, while the ordering of
mesoporous channels decreased (Fig. 1j). The length–diameter
ratios were estimated from FESEM images. The results showed
that the diameter of MSNR1 was the largest, while the ratio of
length to diameter was the smallest (3.5). The draw ratios of
MSNR2 and MSNR3 were close to 4.6 and 4.8, respectively.

Fig. 1 Field emission scanning electron microscopy images (a, b, d, e, h and i) and transmission electron microscopy images (c, f and j) of MSNRs.
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The small angle XRD patterns of the samples showed that
there were three obvious diffraction peaks of MSNRs (Fig. 2).
The ratio of the diffraction peak to the reciprocal of the spacing
of the crystal plane (d) was 1 :O3 : 2; hence we determined that
the mesoscopic structure of the samples was p6mm and the
three diffraction peaks corresponded to the (10), (11) and (20)
sides of the p6mm two-dimensional hexagonal mesostructure.
When the usage of ammonia water was 8 mL, the diffraction
peaks of MSNR2 were relatively sharp (Fig. 2b), while when the
ammonia water was 4 mL, the diffraction peaks of MSNR3 were
relatively wide (Fig. 2c), which indicated that the formation of
the ordered mesoscopic structure was more favored with
ammonia catalysis.

N2 adsorption/desorption isotherms of MSNRs are illu-
strated and summarized in Fig. 3 to investigate the surface

area and pore size distribution. According to the six classified
types of adsorption isotherms of porous powders, the MSNRs
showed a typical IV type isotherm curve for mesoporous mate-
rials. In the range of P/P0 0.2–0.4 (Fig. 3A), there was a sharp
increase of adsorption caused by capillary condensation, indi-
cating that the mesoporous distribution of MSNRs was very
concentrated. The mean pore sizes of MSNR1, MSNR2 and
MSNR3 were 2.78 nm, 2.78 nm and 2.94 nm, respectively
(Fig. 3B). The results of Table 1 showed that when the dosage
of ammonia was 8 mL, MSNR2 possessed the maximum
specific surface area (1251 m2 g�1) and pore volume
(1.05 cm3 g�1) among the three kinds of MSNRs.

TEM and EDAX results are shown in Fig. 4, with the
corresponding N (c), Si (d), O (e) and C (f) elemental face
mapping of MSNR2, indicating the high homogeneous disper-
sion of N and C in the silica matrix. In addition, the EDAX
result only shows the Si, O, N and C signal, which further
confirms the purity of the synthesized nanomaterials.

FTIR spectra evidenced the successful –OH modification on
the surface of mesoporous silica (Fig. 5). In order to confirm
that the–OH group was successfully introduced to the MSNR2,
the FTIR spectra was collected, as shown in Fig. 5. From the
FTIR spectra, it can be clearly seen that the MSNR2 exhibited
typical related absorption bands at 3442 cm�1 and 1089 cm�1,
corresponding to the O–H stretching vibration and Si–O skele-
ton stretching vibration, respectively, so the results of FTIR
spectra showed that a large number of Si–OH have been
successfully loaded in the surface of MSNR2.

Fig. 2 Small-angle XRD patterns of MSNR1 (a), MSNR2 (b) and MSNR3 (c).

Fig. 3 Adsorption–desorption isotherms (A) and pore size distributions (B) of MSNR1 (a), MSNR2 (b), and MSNR3 (c).

Table 1 Textural properties of MSNRs

BET surface
area (m2 g�1)

Pore volume
(cm3 g�1)

Pore size
(nm)

MSNR-1 1092 0.99 2.78
MSNR-2 1251 1.05 2.78
MSNR-3 1055 0.97 2.94
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Size and charge of mesoporous silica nanoparticles (MSNs)
play a major role in the stability of the nanoparticles. As shown
in Fig. 6, MSNR2 exhibited an average hydrodynamic diameter
of 240 nm determined by dynamic light scattering (Fig. 6A). The
surface zeta potential of MSNR2 was �17.5 mV due to charge
screening of –OH (Fig. 6B). Also, the stability of the MSNR2
dispersion was estimated by PDI changes in 48 h after

dispersion under faintly acidic conditions, as shown in Fig. 7.
The MSNR2 nanorods showed high stability and benign dis-
persity under faintly acidic conditions.

3.2 Cellular uptake by LSCM

Cellular uptake is essential for drug carriers in vivo. Fluores-
cence images of HeLa cells were obtained using LSCM, as
shown in Fig. 8. DAPI (blue in Fig. 8) stained the DNA of living
cells and FITC (green in Fig. 8) was used to mark the location
relationship between MSNRs and HeLa cells. The results
showed that MSNRs could be taken by endocytosis and dis-
tributed in the cytoplasm of HeLa cells, which could be used as
potential drug carriers to achieve antitumor therapy.

3.3 The ultrastructure of HeLa cells

Internalization and intracellular distribution of the MSNRs in
HeLa cells were investigated by biological TEM as shown in
Fig. 9. TEM images showed that the three types of MSNRs
mainly endocytosed HeLa cells by phagocytosis. Except for
small single particles in the lysosomes and cytoplasm, MSNRs
were present in lysosomes and membranous vesicles in the
form of aggregates. It was noteworthy that MSNRs were not
observed in the nucleus.

3.4 Cell viability

HeLa cells were exposed to a range of concentrations of MSNRs
(625, 312.5, 156.25, 78.125, 39.06, 19.5, 9.75 and 4.825 mg mL�1)

Fig. 4 TEM images of MSNR2 (a and b), elemental mapping of N (c), Si (d), O (e) and C (f), respectively, and EDAX result (g).

Fig. 5 FTIR spectra of MSNR2.
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for 24 h. The cell viability was assessed by the CCK-8 method
and the result was presented as a percentage of control group
viability (Fig. 10). IC50 values were calculated as MSNR1
(300.2 mg mL�1), MSNR2 (128.3 mg mL�1), and MSNR3
(306.4 mg mL�1). When the concentration of MSNRs was

o78.125 mg mL�1, the viability of HeLa cells was about 100%,
indicating no obvious cytotoxicity. With further increases in the
concentration to 156.25 mg mL�1 of MSNRs, both MSNR2 and
MSNR3 had a certain cytotoxicity, especially the cell viability of
MSNR2 sharply decreased to 37.1%, mainly due to the high
specific surface area of MSNR2, which could induce the
generation of more active oxygen species in tumor cells.

3.5 Cellular oxidative stress level

Cellular oxidative stress induced by MSNRs in HeLa cells was
examined using FACS, as shown in Fig. 11. ROS generation was
indicated by DCF fluorescence. The results showed the level of
ROS of MSNR2 was significantly higher than that in MSNR1
and MSNR3. Besides, the MSNR2 caused a dose dependent
increase in the ROS level of the HeLa cells. With increased
concentration of MSNRs, the ROS level of MSNR1 cells also
increased slowly, but the level in MSNR3 cells did not change
significantly.

MSNs are an extraordinarily diverse family of inorganic
nanomaterials, which are synthesized primarily from tetra-
alkoxysilanes or sodium silicate solutions.27 The pH of aqueous
solution and template molecules used in MSN synthesis can
control the pore size, pore ordering, morphology and reaction
rate to form an ordered silicon dioxide matrix.28 In this work,
new spiral MSNRs with different aspect ratios were synthesized

Fig. 6 Typical DLS profile of MSNR2 measured in aqueous solution. Notes: (A) hydrodynamic diameters. (B) Zeta potential measurements of
nanoparticles.

Fig. 7 Polydispersity index (PDI) of MSNR2 against faintly acidic condi-
tions over 48 h.
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through adjusting the dosages of NH3�H2O by the modified
Stöber method.29 These particles were denoted as MSNR1,
MSNR2 and MSNR3 according to the NH3�H2O dosage
(10 mL, 8 mL and 4 mL). The characterizations of MSNRs were
verified by TEM, FESEM, XRD and BET. The results showed that
MSNRs had a p6mm mesoscopic structure with a six square
shape spiral morphology and two-dimensional six square
arrangement of the channel. The ratio of the length to diameter
of the MSNRs was 3.5 4.6, and 4.8, respectively. Furthermore,
MSNRs with different aspect ratios had different specific sur-
face area and pore volume. MSNR2 had the largest specific
surface area (1251 m2 g�1) and pore volume (1.05 cm3 g�1); the
BET surface areas of MSNR1 and MSNR3 were 1092 m2 g�1 and
1055 m2 g�1.

Nanomaterials have unique physico-chemical properties
because of their small size and unusual structures.30–32 Despite
their potential ability to move to cells, the toxicity of this new
type of nanomaterial is still rarely reported. In vitro responses of
HeLa cells were applied to study the biological safety of MSNRs.
The ultrastructure of HeLa cells was incubated with MSNRs for
4 h and the results of LSCM showed that MSNRs could readily
enter HeLa cells and be localized in the cytoplasm through
endocytosis. MSNRs showed no significant toxicity to HeLa
cells, as shown in the TEM images of cell ultrastructure. The
HeLa cell viability of MSNRs was tested with the CCK-8 method
at 24 h. The results showed that all cell relative viability was

almost 100% in all groups, even though MSNRs were at a high
concentration of 160 mg mL�1, which indicated that MSNRs
were biocompatible. With the concentration increased to
320 mg mL�1, the cell viability of MSNR1 and MSNR2 decreased
to 82.1% and 63.73%. However, MSNR3 had almost no toxicity
to HeLa cells, and the cell viability was 94.86%. Interestingly,
we found that cytotoxicity was positively related to the specific
surface area of the MSNRs. The silanol groups (Si–OH) on the
surface of MSNRs could directly lead to cell membrane disrup-
tion and cytotoxicity, and the number and distribution of
silanol groups could affect cytotoxicity.33–35 The cytotoxicity of
MSNR2 was the largest because the surface area of MSNR2 was
quite high with a large number of Si–OH. The CCK-8 results
showed that the specific surface area of MSNRS might be a key
factor to induce cytotoxicity.

The mechanism of induced cell death of MSNRs was further
investigated by measuring the intracellular ROS level. Non-
fluorescent probe DCFH–DA was delivered into HeLa cells
before the ROS measurement. DCFH–DA could freely penetrate
the plasma lemma into the cytoplasm and hydrolyze DCFH.36

By reacting with intracellular ROS, DCFH was converted into
fluorescent matter DCF, which could be used to determine the
amount of ROS.37 After 24 h exposure, the level of intracellular
ROS in HeLa cells incubated with MSNR2 was remarkably
higher than that with MSNR1, and MSNR3, which was consis-
tent with the results of cytotoxicity.

Fig. 8 Laser scanning confocal microscopy images of HeLa cells after the treatment of MSNRs for 2 h.
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In this section, the MSNRs showed remarkable cytotoxicity
at higher concentrations, and the increased ROS yield induced

by MSNRs could be the major factor of this cytotoxicity, which
was probably due to the specific surface area.

4. Conclusions

In this paper, three new spiral MSNRs with different aspect
ratios were synthesized through adjustment of the dosages of
NH3�H2O by the modified Stöber method and the synthesized
MSNRs were used to study their interactions with HeLa cells.
MSNRs had periodical thread and narrower aperture size dis-
tribution. The mean pore sizes of MSNR1, MSNR2 and MSNR3
were 2.78 nm, 2.78 nm and 2.94 nm, respectively. Also, DSL
demonstrated benign hydrodynamic stability under faintly
acidic conditions. As indicated by LSCM and TEM, MSNRs
were found to be internalized by HeLa cells and were primarily
localized in the cytoplasm, lysosomes and membranous vesi-
cles. When the concentration of MSNRs was 160 mg mL�1, the
viability of HeLa cells was about 100%, and there was no
obvious cytotoxicity. With further increases in the concen-
tration to 320 mg mL�1 of MSNRs, the cell viability of MSNR1
and MSNR2 decreased to 82.1% and 63.73%, respectively, while
MSNR3 was 94.86%. Reactive oxygen species production was
induced in the HeLa cells by the MSNRs, and reactive oxygen
species generation could be the major factor causing cytotoxi-
city. The study indicated that the effect of MSNRs on HeLa cell
viability and cellular oxidative stress was related to specific
surface area and has great potential in clinical tumor therapy.
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K. Hamad-Schifferli, J. Phys. Chem. B, 2018, 122, 2827–2840.

32 R. X. Zhang, J. Li, T. Zhang, M. A. Amini, C. He, B. Lu,
T. Ahmed, H. Lip, A. M. Rauth and X. Y. Wu, Acta Pharmacol.
Sin., 2018, 39, 825–844.

33 P. J. A. Borm, P. Fowler and D. Kirkland, Part. Fibre Toxicol.,
2018, 15, 23.

34 D. Ni, D. Jiang, E. B. Ehlerding, P. Huang and W. Cai, Acc.
Chem. Res., 2018, 51, 778–788.

35 A. M. Schrader, J. I. Monroe, R. Sheil, H. A. Dobbs,
T. J. Keller, Y. Li, S. Jain, M. S. Shell, J. N. Israelachvili
and S. Han, Proc. Natl. Acad. Sci. U. S. A., 2018, 115,
2890–2895.

36 F. Wang, C. Jin, H. Liang, Y. Tang, H. Zhang and Y. Yang,
Environ. Toxicol. Pharmacol., 2014, 37, 656–661.

37 J. Zhan, Z. Ma, D. Wang, X. Li, X. Li, L. Le, A. Kang, P. Hu,
L. She and F. Yang, Int. J. Nanomed., 2017, 12, 2733–2748.

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

3:
15

:5
7 

PM
. 

 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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00199f



