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ABSTRACT: In this study, the toxicity of two one-dimensional (1D) nanoparticles,
halloysite nanotubes (HNTs) and chitin whiskers (ChNCs), was investigated in detail.
Both in vitro and in vivo models were applied to evaluate the toxicity by cell viability
staining, apoptosis assay, and reactive oxygen species generation. Particularly, the toxicity
of HNTs and ChNCs was compared using an in vivo model Caenorhabditis elegans; their
toxicity was assessed using the in vitro models, mouse bone marrow mesenchymal stem
cells (mBMSCs) and rat osteosarcoma cells (UMR-106). In vitro, both HNTs and
ChNCs exhibited low toxicity at concentrations lower than 50 μg/mL, but HNTs showed
higher toxicity than ChNCs at higher concentrations such as 200 μg/mL. Cell viabilities
of mBMSCs and UMR-106 were 73.4 and 77.1% at the HNT concentration of 200 μg/
mL, while these were 96.2 and 99.8% at the ChNC concentration of 200 μg/mL,
respectively. In vivo, HNTs exhibited a side effect on the C. elegans reproduction but did
not influence the lifespan and other phenotypes, which suggested that HNTs had no long-
term toxicity effects. While ChNCs did not result in obvious alterations in the phenotype of worms below the concentration of
2.5 mg/mL, the brood size of C. elegans decreased at ChNC concentrations of 10 and 50 mg/mL. Moreover, ChNCs had the
side effect on the development of C. elegans at the high level. However, ChNC exposure at the concentrations of 10 and 50 mg/
mL induced the longer fast movement periods and extended lifespan of C. elegans. It demonstrated that both HNTs and ChNCs
had good biocompatibility below the concentration of 2.5 mg/mL. The toxicity studies of these two 1D nanoparticles
contributed to their great significance for various biomedical applications.
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■ INTRODUCTION

Nanotoxicity study becomes more and more significant with
emphasis on the unpredictable biosafety during the explosive
growth of synthetic and natural nanomaterials.1,2 One-
dimensional (1D) nanoparticles, such as nanotubes, nanowires,
nanofibers, nanobelts, and nanorods, have attracted the
researchers’ interests from the unique structures such as a
high aspect ratio and anisotropy, which leads to the excellent
mechanical, electrical, and magnetic properties of particles.3

Recently, researchers have found that the shape of 1D
nanoparticles played the important role in the cell uptake
kinetics and toxic mechanism.4 Kostarelos et al. found that the
cellular uptake of functionalized carbon nanotubes (CNTs) is
independent of the functional group and cell type. Mammalian
and prokaryotic cells can uptake CNTs through the different
cellular barriers by energy-independent mechanisms. The
cylindrical shape and high aspect ratio of CNTs ensure a
“nanosyringe” uptake mechanism for their penetration through
the plasma membrane. The size and shape of gold nano-
particles can mediate receptor−ligand binding constants,

receptor recycling rates, and exocytosis. The rod-shaped
nanoparticles can have larger contact area with the cell
membrane receptors than the spherical nanoparticles when the
longitudinal axis of the rods interacts with the receptors.5

However, the toxicity of other type 1D nanoparticles such as
clay and polysaccharide nanocrystals has rarely been
investigated.
Halloysite nanotubes (HNTs), Al2Si2O5(OH)4·nH2O,

6 have
a tubular-like shape with a high aspect ratio of 10−50 (L/D).
The length and the outer diameter of HNTs range from 200 to
2000 nm and from 40 to 70 nm, respectively.7,8 The inner and
outer surfaces of HNTs are composed of Al2O3 and SiO2,
which are positively and negatively charged, respectively.9

However, the overall potential of HNTs is negative. The
hollow tubular structure enables them with excellent properties
such as carrying and sustained release of active agents,

Received: July 28, 2019
Revised: September 24, 2019
Published: November 4, 2019

Research Article

pubs.acs.org/journal/ascecgCite This: ACS Sustainable Chem. Eng. 2019, 7, 18965−18975

© 2019 American Chemical Society 18965 DOI: 10.1021/acssuschemeng.9b04365
ACS Sustainable Chem. Eng. 2019, 7, 18965−18975

D
ow

nl
oa

de
d 

vi
a 

JI
N

A
N

 U
N

IV
 o

n 
D

ec
em

be
r 

11
, 2

01
9 

at
 0

7:
53

:1
1 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/journal/ascecg
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.9b04365
http://dx.doi.org/10.1021/acssuschemeng.9b04365


mechanical reinforcement, thermal stability, or the other
transport properties.8,10,11 Owing to the excellent biocompat-
ibility of HNTs, they have been applied in tissue engineering
scaffold, wound healing dressing, drug delivery, and bio-
sensors.12−14 Massaro et al. reviewed the biomedical
applications of HNTs.15 HNTs could be modified by carbon
dots (CDs) to develop fluorescent tags.16 HNT-CDs could
load and release calf thymus-DNA as the nonviral vector for
oral gene therapy with the tubular body protecting and provide
sustained release of drugs. In addition, HNT-CDs also had the
ability of tracking the delivered molecules.17

With the widespread applications of HNTs, it is very
essential to investigate the toxicity of HNTs. The Caeno-
rhabditis elegans, zebrafish, and mice models have been used to
evaluate the toxicity of HNTs.18−20 The interaction between
cells or tissue and HNTs is a critical issue that will determine
any future biological application of such structures. Laser
confocal visualization and atomic force microscopy (AFM) of
cellular uptake exhibited that fluorescently labeled HNTs are
located within the cells in the nuclear vicinity.21,22 Fakhrullina
et al. used enhanced dark-field microscopy to investigate the in
vivo toxicity of HNTs using C. elegans. It was found that HNTs
is localized exclusively in the alimentary system and does not
induce severe toxic effects on nematodes.18 Recently, the toxic
effects of HNT-supported palladium nanoparticles on the
plants were explored. The results showed HNT-supported
palladium nanoparticles had no influence on radish seed
germination physiology, seedling development and growth,
mitotic index, and chromosomal figures.23

Chitin is a natural polysaccharide extracted from the skeletal
of crustaceans, insects, and algae.24 With good biocompati-
bility, biodegradability, and antibacterial activity, chitin and its
derivatives have been extensively used in food, medicine,
cosmetic, and environmental industries over the past
decades.25 Chitin whiskers (ChNCs), the acidolysis product
of chitin, exhibit a rodlike shape and maintain the bioactivity of
chitin, and their advantages include a high modulus, large
specific surface area, and high aspect ratio, which facilitate their
application as biomedical materials and nanoreinforcement of
polymers.26−29 In contrast to negatively charged HNTs, the ζ
potential of ChNC suspension is positive because the presence
of NH2 on the surface of ChNC molecules.30 However, as
elongated rodlike particles, biological safety of ChNCs is worth
exploring in light of that nanomaterials may interact with living
systems, causing a threat to human health.31 One of the
biomedical applications of these polysaccharide nanocrystals is
as a nanovector for therapeutic agent delivery. For example,
ChNCs were explored as carriers of methylparaben to prepare

durable antimicrobial cotton textiles.32 Our laboratories have
also investigated the use of ChNC scaffolds in controlling the
release of curcumin for anticancer therapy.33 However, studies
on the toxicity of ChNCs especially using an in vivo model are
very rare.
Over the past decades, it has been proved that C. elegans can

be used as an animal model for studies on toxicity.34,35

Considering these advantages including a short life cycle, a
small size, good transparency, and a fully sequenced genome,
C. elegans was often chosen as the priority model to elucidate
the toxicity mechanism.18,36−38 Previous studies demonstrated
that C. elegans could swallow the nanoparticles as their
baits.39−42 The nanoparticles were used as a food source for C.
elegans, which is the simple and convenient way to study the
toxicity.16 In the present work, the physical−chemical features
of the two 1D nanoparticles have been investigated. Then,
mouse bone marrow mesenchymal stem cells (mBMSCs) and
rat osteosarcoma cells (UMR-106) were used to evaluate the in
vitro cytotoxicity of the nanoparticles. In addition, the in vivo
toxicities of HNTs and ChNCs at concentrations from 0 to 50
mg/mL using C. elegans were assessed and compared. It
demonstrated that both HNTs and ChNCs had good
biocompatibility at low concentrations. The toxicity studies
of these two 1D nanoparticles contributed to their great
significance for various applications.

■ EXPERIMENTAL SECTION
Materials. HNTs were purchased from Guangzhou Runwo

Materials Technology Co., Ltd. HNTs were purified by a
dispersion−centrifugation method. Raw halloysite suspensions with
a concentration of 2% (w/v) were prepared. After keeping the
suspension for 24 h, the upper solution was centrifuged at 8000 rpm
and then freeze-dried. After repeating the standing and freeze-drying
three times, the purified halloysite was obtained with a purity higher
than 95.7 wt %. ChNCs were prepared by the acid hydrolysis of crab
shells (Wuhan Hezhong Biochemical Manufacturing Co., Ltd.,
China), according to a previous study.43 Rhodamine-labeled HNTs
and ChNCs were prepared by absorbing rhodamine B (Aladdin).19 In
detail, 1 g of HNTs or ChNCs and 5 mg of rhodamine B were added
into 50 mL of deionized (DI) water and were stirred for 24 h away
from light. Then, the suspensions were centrifuged at 8000 rpm for 3
min. To separate the free rhodamine B, 100 mL of deionized water
was added into the centrifugal deposit and mixed evenly. Free
rhodamine B could be soluble in water and removed by
centrifugation. The washing process was repeated three times.
Rhodamine-labeled HNTs and ChNCs could be obtained after
freeze-drying. Acridine orange (AO) and ethidium bromide (EB)
were bought from Solarbio Science & Technology Co., Ltd., China.
Cell Counting Kit-8 (CCK-8) reagents were bought from BestBio
Biology Co., Ltd., China. Ultrapure DI water was obtained by

Figure 1. Toxicological evaluation of HNTs and ChNCs.
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deionization and filtration with a Millipore purification apparatus
(resistivity >18.2 MΩ cm).
Material Characterization. The morphologies of HNTs and

ChNCs were observed by scanning electron microscopy (SEM, Ultra
55, Zeiss, Germany), transmission electron microscopy (TEM, JEM-
2100F, JEOL Ltd., Japan), and atomic force microscopy (AFM,
BioScope Catalyst Nanoscope-V, Bruker Instruments Ltd.) with a
sample concentration of 0.5 mg/mL. The morphologies of nano-
particles were imaged by ScanAsyst mode with the probes (Tap 150
AI-G). The particle size distribution and ζ potential of the
nanoparticles were analyzed using a Zetasizer Nano ZS instrument
(Malvern Instruments Ltd., U.K.) with a sample concentration of 0.35
mg/mL.
Cell Culture. To investigate the toxicities of the nanoparticles

systematically, toxic evaluations of cells and C. elegans were performed
(Figure 1). Mouse bone marrow mesenchymal stem cells (mBMSCs)
and rat osteosarcoma cells (UMR-106) were purchased from
American Type Culture Collection (Manassas, VA) and were used
to evaluate the toxicity in vitro. The cells were cultured in high
glucose-Dulbecco’s modified Eagle’s medium supplemented with 10%
(v/v) fetal bovine serum and 1% (v/v) penicillin−streptomycin
solution. All cells were maintained in a 37 °C incubator with a
humidified atmosphere of 5% CO2.
Cytotoxicity and LIVE/DEAD Staining Assays. mBMSCs and

UMR-106 were seeded in 96-well culture plates with the
concentrations of 1 × 104 and 5 × 103 cells/well for 24 h,
respectively. In this study, nanoparticle suspensions of different
concentrations (25, 100, 500, and 2000 μg/mL) were prepared and
sterilized using a microwave with 400 W power for 1 min. Then,
sterilized nanoparticle suspensions were added into the culture plates
with the final concentration (2.5, 10, 50, and 200 μg/mL) to incubate
for 24 h. The cell cultures were not contaminated. The CCK-8 assay
was used to evaluate the cytotoxicity of 1D nanoparticles, and AO/EB
dual-fluorescent dyes were used to observe dead and living cells.
Confocal Laser Scanning Microscope (CLSM) Observation.

mBMSCs were cultured for 24 h with the rhodamine-labeled
nanoparticles and then fixed by paraformaldehyde. Cell membranes
were penetrated using Triton, and the cells were stained by the
corresponding markers. Finally, rhodamine-labeled nanoparticles,
cytoskeletons, and nuclei stained by Alexa Fluor 488 phalloidin and
4′,6-diamidino-2-phenylindole, respectively, were observed by the
CLSM (Leica, SP8, Germany).
Cell Apoptosis Assay and Reactive Oxygen Species (ROS)

Assay. The flow cytometry assay was used to determine the cell
apoptosis and ROS. mBMSCs were seeded into six-well plates (5 ×
105 cells per well) for 24 h. Different concentration nanoparticles were
added in the culture plates, and cells were collected after incubating
for 24 h. An annexin V−fluorescein isothiocyanate (FITC)/
propidium iodide (PI) apoptosis detection kit (eBioscience) and
the dichlorodihydrofluorescein diacetate assay were used to measure
the cell apoptosis and ROS production, respectively.
Maintenance of C. elegans and Treatment. Wild-type N2 C.

elegans, obtained from Caenorhabditis Genetic Center (University of
Minnesota), which is supported by the NIH NCRR, were used in this
study. The maintenance of worms was conducted as previously
described, unless otherwise stated.44 Synchronization of worms was
performed by preparing eggs from gravid adults using a solution
(containing 7 mL of ddH2O, 1 mL of 5 M NaOH, and 2 mL of 6−
12% NaOCl); eggs were washed twice with M9 buffer and hatched
overnight in M9 buffer to synchronize to L1 larvae; then, L1 larvae
were raised on nematode growth medium (NGM) agar plates seeded
with Escherichia coli OP50 at 20 °C according to standard methods for
the following experiment. The nanoparticle dispersion was sonicated
(30 min) prior to use for exposure. Nematode growth media (NGM)
plates containing compounds were equilibrated overnight before use.
Distribution and Translocation. Worms were exposed to raw

nanoparticles and rhodamine-labeled nanoparticles from L1 larvae for
24 or 48 h, then washed three times with M9 buffer, and imaged using
a Nikon Ti2-U microscope.

Lifespan Assay. All strains were grown on nematode growth
medium (NGM) agar plates seeded with E. coli OP50 at 20 °C
according to standard methods for two to three generations without
starvation. All lifespan assays were performed at 20 °C as previously
described.44−46 In brief, about 100 late L4 larvae or young adults were
transferred to fresh plates containing the respective nanoparticles and
10 μM 5-fluro-2′-deoxyuridine (Sigma) and scored every day. To
ensure fresh food, worms were transferred using worm pick every
second day. Animals were denoted dead if they failed to display
mechanical stimulation-induced movement with a pick. Sixty worms
were examined per experiment.

Movement Assays. Movement assays were conducted as
previously described.32 Briefly, about 100 late L4 larvae or young
adults were transferred to fresh plates with or without 1D
nanoparticles as described in the lifespan assay. When tapping plates,
the movement of worms in a continuous, coordinated sinusoidal way
was defined as fast movement; otherwise, the movement of worms
was characterized as a nonfast movement.

Fertility Assay. Single L4 or young adults were transferred to
single plates with or without 1D nanoparticles and then transferred
every 24 h to a fresh plate. The number of eggs and hatched larvae
were determined by each worm on each day. The hatching rate was
calculated as the number of larvae/number of egg. For each exposure,
more than 30 worms were used and the experiments were conducted
three times.

Development Analysis. The effects of different concentrations of
HNTs and ChNCs on the development of worms were determined by
calculating the percentage of L4 worms in the worm population. The
embryos that had been laid within an interval of 4−6 h were
maintained on the plates with or without the nanoparticles, after 48 h,
by counting the number of L4 worms.

ROS Production. The worms that were raised on the plates with
or without HNTs and ChNCs were labeled using MitoSOX as
previously described.47,48 Labeled animals were picked on the agar
pads and then imaged at 20× magnification using a Nikon Ti2-U
fluorescence microscope. At least, 30 animals were used for each
experiment and each experiment was repeated at least twice. For
fluorescence quantification, images were analyzed by ImageJ.

Oil Red O (ORO) Staining and Quantification. ORO staining
of fixed worms was conducted as previously described.49 ORO-stained
worms were picked onto agar pads and imaged at 20× magnification
using a Nikon Ti2-U fluorescence microscope. The ORO intensity
was measured using Image-Pro-Plus processing software. At least 30
animals were used for each experiment, and each experiment was
repeated at least twice.

Quantitative Reverse Transcription Polymerase Chain
Reaction (PCR) Assay. RNAiso Plus (Takara) was used to isolate
total RNA of worms based on the protocol. The synthesis of
complementary DNA (cDNA) using total RNA through a high
capacity cDNA transcription kit (Applied Biosystems) based on the
manufacturers’ protocol. Expression levels of examined genes were
analyzed in a SYBR Green Select Master Mix (Applied Biosystems)
on a CFX96 real-time system (Bio-Rad). Triplicate reactions were
conducted. The results were calculated by the 2−ΔΔCt method and
normalized to the reference genes cdc-42.50 The following
quantitative PCR (qPCR) primer sequences were used:

sod-3: 5′ AGCATCATGCCACCTACGTGA and 5′ CACCAC-
CATTGAATTTCAGCG;

ctl-1: 5′ AGACGTATCCAAAACCCCAAGT and 5′ GACCGTT-
GAAAAACGAACGAGAA;

dod-3: 5′ CGTATATGGACCCAGCTAATG and 5′ ATGAA-
CACCGGCTCATTC.

Intestinal Barrier Function Assay. The intestinal barrier
function assay was performed as previously described.51 Briefly, the
worms were raised on the plates with or without HNTs and ChNCs
until young adult stage. Then, animals were collected using M9 buffer
and suspended for 3 h in liquid medium containing E. coli OP50 and
blue food dye (Spectrum FD&C Blue #1 PD110, 5.0% w/v in water).
Then, blue food dye-stained worms were picked onto agar pads and
imaged at 20×/40× magnification using a Zeiss Axio Imager Z2 with

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.9b04365
ACS Sustainable Chem. Eng. 2019, 7, 18965−18975

18967

http://dx.doi.org/10.1021/acssuschemeng.9b04365


ApoTome.2 microscope. For each experiment, at least 30 animals
were used and each experiment was repeated at least twice.
Data Analysis. In the statistic experiments, the samples were

conducted at least in triplicate and the results were presented as mean
± standard deviation (SD). The results were analyzed using Student’s
t test. p < 0.05 represented that it was significant statistically. For the
lifespan assay, statistical analysis and mean lifespan were obtained by
SPSS software and p values were calculated by a log-rank test.

■ RESULTS AND DISCUSSION

Characterization of HNTs and ChNCs. The chemical
composition, morphology, and size characterization result of
HNTs and ChNCs are shown in Figure 2. From the structural
formulas of HNTs and ChNCs, both of them have massive
hydroxyl groups that lead to the good hydrophilicity. HNTs
are inorganic matter composed of silicon oxide and aluminum
oxide, while ChNCs are organic matter composed mainly of
carbon, oxygen, and nitrogen. It indicates that it is feasible to
absorb the rhodamine B dye because they are polar and
hydrophilic. Figure 2A-c,B-c shows that HNT and ChNC
dispersions with the concentration of 8% (w/v) could be stable
after ultrasonic dispersion for a long time due to charge
repulsion. It could be seen that the nanoparticle suspension
could retain good stability after standing for 3 days (Figure
S1). Both of them displayed a uniform nanoscale dispersion
state, which is beneficial for the uptake by cells and animals. It
is determined that the HNTs exhibited negative charges with a
ζ potential of −21.7 mV, while ChNCs showed positively
charged surfaces with a ζ potential of +38.0 mV. TEM, SEM,

and AFM of HNTs and ChNCs demonstrated their rod-like
morphology with a high aspect ratio. The length of HNTs
ranged from 200 to 1000 nm, and TEM images showed that
their empty lumen structure with inner and outer diameters of
10−15 and 50−70 nm, respectively. Lengths and widths of
ChNCs were 100−500 and 15−30 nm, respectively. Figure
2A-b,B-b gives the average size of HNTs and ChNCs, i.e., 301
and 143 nm, which indicated that ChNCs had the smaller
particle size than HNTs. Since nanoparticles with the high
surface reactivity could penetrate the cell membrane and be
uptake by cells. The nanoparticle size had an important effect
on the toxicity. Recent studies showed that nanoparticles with
the particle size <100 nm always had more toxicity than the
nanoparticles with large sizes (>100 nm).52,53

Cytotoxicity of HNTs and ChNCs in Vitro. In this study,
mBMSCs and UMR-106 were selected as the cell model to
evaluate the cytotoxicity. At present, a lot of cell lines were
applied for studying the toxic effects of nanoparticles.54−56

Stem cells had a pluripotent nature and self-renewal property.
Some findings suggested that primary cells or stem cells
responded differently to nanoparticle exposure as compared to
the other cell lines.57,58 The unique properties ensure stem
cells to possess the potential applications include stem cell
therapy, tissue engineering, drug delivery, and so on.
Therefore, evaluating the hazardous effects of 1D nanoparticles
on stem cells is significant.58,59 In our previous studies, it was
proved that ChNCs and HNTs could be used as the carrier of
antitumor drugs.33,60 Based on these applications, UMR-106

Figure 2. Characterization of HNTs and ChNCs. (A-a, B-a) Molecular formula; (A-b, B-b) size distribution and ζ potential; (A-c, B-c) appearance
of the aqueous dispersion of the two nanoparticles; (A-d, B-d) SEM images; (A-e, B-e) TEM images; (A-f, B-f) AFM images; and (A-g, B-g) AFM
3D images.
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was chosen as the tumor cell model for the cytotoxicity test. As
shown in Figure 3, both mBMSCs and UMR-106 were alive
and dead cells (orange color) were rare at the concentration of
ChNCs in the range of 2.5−200 μg/mL from the LIVE/DEAD
staining images. Both HNTs and ChNCs groups did not show
obvious difference of LIVE/DEAD staining images at the
concentration below 50 μg/mL. However, the HNT group
showed more dead cells including mBMSCs and UMR-106 at
the concentration of 200 μg/mL. This is properly because the
high concentration of nanotubes affects the transportation of
the nutrients for cell growth. Results of cell viability also were
agreed with it from the CCK-8 measurement. Both HNTs and
ChNCs exhibited low toxicity at a concentration lower than 50
μg/mL with the higher cell viabilities of 95%. Cell viabilities of
mBMSCs and UMR-106 were 73.4 and 77.1% at the HNT
concentration of 200 μg/mL. Cell viabilities of mBMSCs and
UMR-106 were 96.2 and 99.8% at the ChNC concentration of
200 μg/mL. It was indicated that both ChCNs and HNTs have
low toxicity below 50 μg/mL concentration and ChNCs
showed better cytocompatibility at the 200 μg/mL concen-
tration. The toxicity mechanism of HNTs is related to their
aluminum elements in the chemical composition.20 The
external surfaces of HNTs were composed of SiO2, which
was first exposed into the cellular media. Asbestos was also a
silicate mineral with the fibrous structure. Compared with
HNTs, asbestos had the longer fibrous structure (5−20 μm

length) and showed the higher in vivo toxicity. However,
HNTs with a shorter size (200−1000 nm) could be much
easier removal by macrophages.21 Therefore, HNTs exhibited
low toxicity below 50 μg/mL concentration, which can be
attributed to the shorter length, while the ChNCs at 200 μg/
mL concentration had the better cytocompatibility. ChNCs
were composed of the pyranose rings that had the good
biocompatibility and nontoxicity.61 It results in the better
cytocompatibility of ChNCs because of the chemical
composition of nanoparticles.
To confirm the uptake of the nanoparticles by cells,

mBMSCs were cultured with rhodamine-labeled nanoparticles
for 24 h and were observed by CLSM (Figure S2). The
nanoparticles, cytoskeletons, and nuclei were red, green and
blue, respectively. From the merged images, both ChNC and
HNT aggregates appeared inside the cells and the cells could
internalize the 1D nanoparticles by endocytosis. It showed that
it was feasible that both HNTs and ChNCs could be labeled
with rhodamine B to track the cells, and it was promised that
rhodamine-labeled nanoparticles could be used in bioimaging.
For further investigation of cytotoxicity, cell apoptosis rate

(Q2 + Q4) was quantitatively determined using the annexin
V−FITC/PI apoptosis detection kit. As shown in Figure 4, cell
apoptosis rates of materials groups had no obvious differences
with the control groups at nanoparticle concentration below 50
μg/mL. Although the ChNC group had the cell apoptosis rate

Figure 3. Cytotoxicity of HNTs and ChNCs in vitro. LIVE/DEAD staining images of mBMSCs (a) and UMR-106 (b) cultured for 24 h. Relative
survival rate of mBMSCs cultured with HNTs (c) and ChNCs (d) and UMR-106 cultured with HNTs (e) and ChNCs (f) for 24 h (means ± SD,
n = 4).
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of 8.51%, it was higher than the other groups at the
concentration of 200 μg/mL. However, at the same
concentration, the cell apoptosis rate of the HNT group
reached to 49.02% and was significantly higher than all of the
others. It was proved that ROS generation could be as a major
paradigm of nanotoxicity and lead to damage of multiple cell
organelles.62,63 From Figure 4c, the mean fluorescence
intensity of the 200 μg/mL HNT group shifted toward a
higher value than that of the other HNT groups and greatly
increased the ROS generation. In contrast, all of the ChNC
groups had no obvious difference in ROS generation. These
results were consisted with the previous cell LIVE/DEAD
staining, viability, and apoptosis results. ChNCs presented a
better biocompatibility than HNTs at the concentration of 200
μg/mL.
Distribution and Translocation of HNTs and ChNCs in

Wild-Type Nematodes. To understand whether and how
HNTs and ChNCs are ingested by worms, HNTs and ChNCs
were labeled using rhodamine B. C. elegans were incubated
with these rhodamine-labeled nanoparticles at L1 larvae stage
for 24 or 48 h and subsequently imaged. Figure 5 shows
representative nematodes with obvious red fluorescence in the
intestine after exposure for either 24 or 48 h. In addition, we
did not see any aggregation of the HNTs and ChNCs in the
other tissues of C. elegans including vulva, uterus, and germline.
Taken together, these results suggested that worms could eat
HNTs and ChNCs through the pharynx into the intestine, as
well as just uptake nanomaterials, not digesting and absorbing
them.
Uptake of HNTs and ChNCs by C. elegans is mainly

distributed in intestine, which is the main part of the nematode
responsible for metabolism. Whether the location of HNTs
and ChNCs in the intestine will affect the metabolism of
nematodes? It was detected through lipid metabolism by oil

red O (ORO) staining. It was found that wild-type animals
treated with different concentrations of HNTs and ChNCs did
not influence ORO staining (Figure S3), which indicated that
distribution of HNTs and ChNCs in the intestine did not
affect its metabolic function. In addition, we further analyzed
the effect of HNTs and ChNCs on the intestine function of
worms by the dye leakage assay. The result showed that HNTs
and ChNCs did not influence the intestinal barrier function of
C. elegans because they had no significant effect on dye leakage
of animals (Figure S4).

Toxic Effects of HNTs and ChNCs on the Reproduc-
tion and Growth of C. elegans. Changes in the phenotype
of nematodes including body length, locomotion, and
reproduction are critical endpoints in toxicology. It was
analyzed the effects of body length effected by 1D nano-
particles and found that increasing concentration of HNTs and

Figure 4. mBMSC apoptosis and necrosis effects of HNTs (a) and ChNCs (b), ROS production effects of HNTs (c) and ChNCs (e), and bar
graph representation for ROS generation corresponding to HNTs (d) and ChNCs (f) (means ± SD, n =3).

Figure 5. Translocation and distribution of HNTs and ChNCs in
wild-type nematodes.
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ChNCs did not obviously influence the body length (Figure
6a). Additionally, the body movement of animals treated with
or without different concentrations of HNTs and ChNCs was
analyzed. Body movement is the one of most obvious
behavioral abnormalities accompanying nematode aging.45

The results exhibited that the body movement of C. elegans
was not influenced by HNTs (Figure 6b). However, the
decrease in body movement with aging was delayed by a higher
concentration of ChNCs (10 and 50 mg/mL) because the fast
motion period of worms was increased, but not at other
concentrations (Figure 6f). The longer fast movement periods
of C. elegans at the higher concentrations of ChNCs could
retain, which demonstrated that C. elegans could be in a young

state at longer periods. Since worms were known to generate
their progenies during the initial 5 days of adulthood, it was
speculated that the early effects of materials on nematode
toxicity can be reflected in the process of reproduction. Results
displayed that the total brood sizes of worms were significantly
decreased when animals were exposed to the different
concentrations of HNTs and higher concentrations of
ChNCs (10 and 50 mg/mL) (Figure 6c,g), while the hatching
rate of worms was not influenced by different concentrations of
HNTs or ChNCs (Figure 6d,h). Development is a critical
indicator to evaluate the toxic effects of HNTs and ChNCs on
larvae. Our results showed that the development of worms was
not influenced by exposure to HNTs but was obviously

Figure 6. Effects of different HNT and ChNC concentrations on (a) worm body length, (b, f) worm locomotion (n ≥ 60 worms for each
experimental group). (c, g) Number of daily progeny and the total number of progeny of wild-type N2 worms. (d, h) Egg hatching rate of wild-type
N2 worms; Student’s t test; *p < 0.05, **p < 0.01; mean ± SD; n ≥ 30. (e, i) Worm development (n ≥ 30).
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decreased when animals were incubated with higher
concentrations of ChNCs (10 and 50 mg/mL) (Figure 6e,i).
These results demonstrated that the side effects of HNTs on C.
elegans are relatively small, only manifested in affecting the
brood size. However, ChNCs did not result in evident
alterations in the phenotype of worms at lower concentrations,
but at higher concentrations (10 and 50 mg/mL), their side
effects are obvious, including affecting the reproduction,
development, and locomotion of C. elegans.
Toxic Effects of HNTs and ChNCs on the Lifespan of

C. elegans. Lifespan can reflect the long-term effect of certain
toxicants on animals. Our results showed that the lifespan of C.
elegans was hardly affected by exposure to HNTs, except
animals exposed to 50 mg/mL exhibited a slight increase in the
lifespan (5.4%) (Figure 7a). Different from HNTs, the lifespan
of C. elegans was significantly influenced by ChNCs. When
animals were exposed to 0.5 mg/mL ChNCs, the lifespan was
moderately decreased (5.6%); however, when they were
exposed to higher concentrations (2.5, 10, and 50 mg/mL),
the lifespan were obviously extended (5.8, 24.4, 24.8%,
respectively). This result was in agreement with the movement
behavior that C. elegans could be in a young state at longer
periods and higher concentrations of ChNCs. These variations
of lifespan may be associated with the decrease in the brood
size since some research works reported that a decrease in the
production of progeny was usually accompanied by lifespan
extension.64,65 Therefore, only the reproduction of C. elegans
was influenced by HNTs and other phenotypes including body
length, movement ability, development, and lifespan were
hardly disturbed. It indicated that HNTs had no long-term
toxicological effects. Compared with HNTs, ChNCs at 10 and
50 mg/mL concentrations had effects on the reproduction and
development of C. elegans but could retain the longer fast
movement periods of C. elegans and promote the lifespan
extension, which suggested that ChNCs not only had good
biocompatibility but also could extend the lifespan. Both
HNTs and ChNCs did not exhibit an obvious toxic effect,
although they have particle sizes >100 nm.
Effects of HNTs and ChNCs on Induction of ROS. In C.

elegans, oxidative stress is usually an important contributor to
the toxicity induced by environmental toxicants.66,67 It was
further examined the effects of HNTs and ChNCs on inducing
ROS production. It was found that HNTs and ChNCs at the
different concentrations did not obviously induce the ROS
production by MitoSOX staining, instead animals exposed to
50 mg/mL showed moderately decreased ROS production
(Figure 8a). In addition, it was analyzed the effect of different

concentration of HNTs and ChNCs on expression levels of
genes related to oxidative stress, including dod-3, ctl-1, and sod-
3. sod-3, a superoxide dismutase and ctl-1, a catalase, serve as
important molecular basis for antioxidative stress response in
C. elegans.68 dod-3 as a target gene of Forkhead box O
transcription factor homolog DAF-16 is closely associated with
the oxidative stress.69

Our results displayed that expression of these oxidative
stress-associated genes was hardly affected by HNTs, just dod-3
level was slightly elevated when animals exposed to
concentrations of 2.5, 10, and 50 mg/mL and ctl-1 level was
increased when worms were exposed to a concentration of 10
mg/mL. However, for ChNCs, the expression of dod-3, ctl-1,
and sod-3 was downregulated at low concentrations (0.5 mg/

Figure 7. Effects of different concentrations of (a) HNTs and (b) ChNCs on worm lifespan. Lifespan was analyzed using the Kaplan−Meier test,
and p values calculated using the log-rank test; no significance was abbreviated as ns; n ≥ 60. Data are representative of at least two independent
experiments.

Figure 8. Effects of different concentrations of HNTs and ChNCs on
ROS production. (a) Intestinal ROS production in nematode. (b, d)
Fluorescence quantitation (n ≥ 30). (c, e) qPCR analysis of the
mRNA level of genes associated with the oxidative stress. Paraquat (5
mM) was used as a positive control. Data are the mean ± SD, n = 3,
*p < 0.05, **p < 0.01; (Student’s t test).
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mL), but the expression of these genes was upregulated at high
concentrations (2.5, 10, and 50 mg/mL). This result of
expression was consistent with lifespan analysis; when animals
were exposed to 0.5 mg/mL, the shortening of lifespan might
be related to the downregulation of the expression of dod-3, ctl-
1, and sod-3, while at high concentrations (2.5, 10, and 50 mg/
mL), ChNCs induced a slight oxidative stress, which in turn
upregulated oxidative stress-related genes, ultimately leading to
extending lifespan. These results suggested that when the
nematodes were treated with HNTs and ChNCs, a slight
oxidative stress might be induced, which in turn leads to a
slight upregulation of the oxidation-related genes and
ultimately does not cause a significant increase in ROS
production.

■ CONCLUSIONS
Here, toxicity of two 1D nanoparticles was systematically
discussed. In vitro, mBMSCs and UMR-106 were used to
evaluate the toxicity. Cell staining results showed that there
were massive dead cells including mBMSCs and UMR-106 at
the HNT concentration of 200 μg/mL. Cell viabilities of
mBMSCs and UMR-106 were 73.4 and 77.1%, respectively, at
a concentration of 200 μg/mL. LIVE/DEAD staining and cell
viability at low dose groups showed that HNTs and ChNCs
had no obvious difference. Cell apoptosis and ROS generation
results agree with LIVE/DEAD staining and cell viability. It
proved that HNTs at the concentration of 200 μg/mL had the
obvious cytotoxicity. CLSM images demonstrated that rhod-
amine-labeled nanoparticles could enter into mBMSCs. In
vivo, the results of the C. elegans model showed that HNTs and
ChNCs were distributed in the intestine of C. elegans and did
not affect the metabolic function of the intestine. The body
length was hardly influenced by the 1D nanoparticles. HNTs
had an effect on the reproduction of C. elegans but not on the
other phenotypes including movement ability, development,
and lifespan. Thus, HNTs had not a long-term toxicity. In
contrast, there were no obvious effects on phenotypes below
the 2.5 mg/mL concentration of ChNCs. Reproduction and
development of C. elegans were influenced negatively on being
exposed to ChNCs at the concentrations of 10 and 50 mg/mL
but could retain the longer fast movement periods and extend
the lifespan of C. elegans. It demonstrated that ChNCs had
good biocompatibility and could prolong the life of C. elegans.
Finally, the oxidative stress was investigated to study the
toxicological mechanism of nanoparticles from a molecular
level. The results showed that C. elegans were treated with
HNTs and ChNCs to induce a slight oxidative stress. It leads
to a slight upregulation of the oxidation-related genes but did
not cause a significant increase in ROS production. The C.
elegans experiments suggested that both ChNCs and HNTs
below the concentration of 50 mg/mL had no obvious toxicity,
so the nanoparticles showed promising applications in
biomedical areas.
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