
Registered charity number: 207890

Showcasing research from the Department of Materials 

Science and Engineering and the College of Pharmacy 

at Jinan University.

In vitro and in vivo toxicity evaluation of halloysite nanotubes

Halloysite clay shows weak toxicity to cells and can be excreted 

out through the gastrointestinal metabolism of zebrafish.

rsc.li/materials-b

As featured in:

See Rong-Rong He, 
Mingxian Liu et al.,
J. Mater. Chem. B, 2018, 6, 7204.



7204 | J. Mater. Chem. B, 2018, 6, 7204--7216 This journal is©The Royal Society of Chemistry 2018

Cite this: J.Mater. Chem. B, 2018,

6, 7204

In vitro and in vivo toxicity evaluation of halloysite
nanotubes†

Zheru Long,‡a Yan-Ping Wu,‡b Hua-Ying Gao,‡b Jun Zhang,a Xianfeng Ou,a
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Because of their outstanding properties, increasing numbers of research studies and emerging applications

for manufacturing products are currently in progress for halloysite nanotubes (HNTs). Therefore, the

impact of HNTs on the environment and human health should be taken into consideration. In order to

clearly show the cell uptake of HNTs and the biodistribution of HNTs in zebrafish, HNTs are labeled with

fluorescein isothiocyanate (FITC-HNTs). The cytotoxicity assays showed that the cell viabilities of human

umbilical vein endothelial cells (HUVECs) and human breast adenocarcinoma (MCF-7) cells were above

60% after being treated with different concentrations of HNTs (2.5–200 mg mL�1) for 72 h. Confocal laser

scanning microscopy (CLSM) results showed the uptake of HNTs by HUVECs and MCF-7 cells. The in vivo

toxicity of HNTs was then investigated in the early development of zebrafish embryos. The percent

survival of zebrafish embryos and larvae showed no significant changes at different developmental stages

(24, 48, 72, 96, and 120 hpf) when treated with various concentrations of HNTs (0.25–10 mg mL�1).

Besides, HNTs could promote the hatchability of zebrafish embryos and did not affect the morphological

development of zebrafish at a concentration of r25 mg mL�1. HNTs could also be ingested by zebrafish

larvae and accumulated predominantly in the gastrointestinal tract. The fluorescence intensity of

FITC-HNTs decreased gradually with time, which suggested that HNTs could be excreted by zebrafish

larvae through the gastrointestinal metabolism. Therefore, it can be concluded that HNTs are relatively

biocompatible nanomaterials, which can be utilized in many fields.

1. Introduction

In recent years, nanotechnology has been valued in the applica-
tion of composites, biomedical areas, and many other high-
tech fields by virtue of the excellent physical and chemical
properties of nanomaterials (NMs).1,2 In order to complete
the transition from academic research studies to commercial
products, the nanotoxicity of NMs has become of increasing
concern.3,4 Currently, systematic studies of the biological and
environmental toxicities with the size, shape, chemical compo-
sition, concentration, and properties of NMs are not enough.
It is unclear whether the exposure of humans, animals, and plants
to NMs through water, air, and soil could cause potentially
harmful biological effects.5,6 In order to ensure the sustainable
use of NMs, it is necessary to evaluate the effects of different

NMs on the safety of environmental and biological systems. The
toxicity studies of NMs will in turn contribute to managing risk
and providing correct guidance in the use of quality NMs, which
will provide strategies for promoting NMs and nano-related pro-
duct development.7,8 Recently, several studies have investigated
the toxicity of NMs, especially inorganic NMs, towards biological
systems and the environment. For example, the nanotoxicity of
reduced graphene oxide (RGO) was evaluated with zebrafish
embryos, which showed that RGO affected the embryos’ hatch-
ability as well as the length of larvae in a dose-dependent manner.9

Research using a rat model on the toxicity of single-walled carbon
nanotubes (SWCNTs) suggested that serious pulmonary and
cardiovascular responses would occur upon respiratory exposure
to SWCNTs.10 DNA damage was induced by polyvinyl pyrrolidone-
coated silver nanoparticles in Daphnia magna.11 Gold nano-
particles (B18 nm) showed a slight effect on gene expression
in cells, and iron nanoparticles caused interferences in the
expression of functional genes.12 A study on the cytotoxicity of
multi-walled CNTs, GO and nanodiamond found that NMs showed
dose- and time-dependent toxicity to cells.13 However, the nano-
toxicity of natural clay NMs needs to be further investigated, since
more and more clay products such as kaolinite and mont-
morillonite enter into the environment and biological systems.
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Halloysite nanotubes (HNTs), as natural clay nanotubes
with a formula of Al2Si2O5(OH)4�nH2O, are one of the most
promising natural NMs because of their moderate price,
excellent physical and chemical properties, and easy availability
in thousands of tons.14–16 HNTs possess unique tubular nano-
structures with an inner diameter of 10–20 nm, an outer
diameter of B50 nm, and a length of 200–1500 nm.14 HNTs
can be selectively chemically modified through the two types of
hydroxyl groups on the inside and outside of the tubes.17 In
2017, more than 400 ISI-indexed articles related to HNTs were
published, which demonstrates that HNTs have attracted more
and more attention in recent years. Typically, polymer/HNT
composites showed improved mechanical strength, thermal
stability, and flame retardancy.15,18 HNTs have also been designed
for biomedical applications such as drug controlled release,19,20

gene delivery,17,21 capture of tumor cells,22 cell surface engineering
and tissue engineering scaffolds.23,24 As HNTs have been widely
used in porcelain and polymer composite industries, it is
unavoidable that HNTs will be released into the environment.
This may cause negligible damage to the tissues, organs and
bodies of animals.25 In addition, with a growing number of
HNT applications used in biomedicine and the huge potential
of HNTs in clinical applications, the evaluation of the nano-
toxicity of HNTs towards living organisms became crucially
important. However, most recent reports only assessed the
nanotoxicity of HNTs in vitro. For example, the toxicity of HNTs
evaluated using human cells suggests that the viability of the
cells was still maintained at a high level of 70% after being
treated with a high concentration of HNTs (0.075 mg mL�1).26

HNTs were reported to be nontoxic in the process of protein
expression at moderate levels of exposure.27 A dental scaffold
composed of HNTs and polydioxanone improved the growth of
dental pulp fibroblast cells.28 Besides, HNTs show nontoxicity
towards yeast cells.23 Recently, the nanotoxicity of HNTs in vivo
was reported, which demonstrated that HNTs could induce
some toxic effects on nematodes and the liver and lung of
mice.25,29,30 However, the nanotoxicity of HNTs in vivo needs to
be further investigated for the possible risks in aquatic animals.

Zebrafish is a tropical freshwater fish that has 87% homology
genes with human genes and is usually used as a basic model
organism for the assessment of toxicity in the environment.31,32

Zebrafish embryos are an ideal alternative model for evaluating
the developmental toxicity of NMs during early life stages
with the characteristics of small scale and easy observations.33

Zebrafish is commonly used as a correlative and predictive
model for assessing nanobiomaterial toxicity.34 For example, in
the research of the toxicity of multi-walled CNTs and GO, the
effects of NMs on zebrafish embryos were evaluated.9 Besides,
zebrafish embryos were designed to study the physicochemical
toxicity mechanism of zinc oxide NMs.35

In this work, the cytotoxicity and ecotoxicity of HNTs both
in vitro and in vivo were evaluated systematically. Firstly, the
cytotoxicity of various concentrations of HNTs towards HUVECs
and MCF-7 cells was investigated using CCK-8 assays, cell
apoptosis assays, and ROS assays. Then, the zebrafish model
organism was designed for investigating the nanotoxicity of

HNTs in vivo. The toxicities of different concentrations of
HNTs towards zebrafish embryos and larvae were examined.
The biodistribution of HNTs in zebrafish was assessed via the
fluorescence labeling of HNTs with FITC. All experimental
results revealed that HNTs are relatively good biosafety NMs
for biological systems and the environment.

2. Materials and methods
2.1 Materials

Halloysite nanotubes (HNTs) were purchased from Guangzhou
Runwo Materials Technology Co., Ltd, China and used as received.
Fluorescein isothiocyanate (FITC) (analytical grade) was bought
from Shanghai Yeasen Biotechnology Co., Ltd, China. All
other reagents were obtained from Aladdin without further
purification. Ultrapure water was obtained from a Milli-Q water
(resistivity 418.2 MO cm) system.

2.2 Preparation of FITC-labeled HNTs

FITC-labeled HNTs (FITC-HNTs) were prepared by solution-
mixing and freeze-drying methods. Typically, HNTs were
dispersed in 100 mL of ultrapure water under magnetic stirring
for 30 minutes. Subsequently, the suspension underwent ultra-
sonic treatment in an ice bath for 30 minutes. FITC was added into
the dispersion and stirred for 24 h under a lucifugal condition.
FITC-HNTs were then collected using an ultracentrifuge
(YNX-4000, Thermo Fisher Scientific Ltd, USA) and washed
with water and anhydrous ethanol to remove the unreacted
FITC. Then, the specimens were dried with a freeze dryer
(Scientz-18ND, Ningbo Scientz Biotechnology Ltd, China) at
�54 1C. FITC-HNTs were stored in a dry and dark place.

2.3 Characterization of FITC-HNTs

Fourier transform infrared (FTIR) spectroscopy. The FTIR
spectra of the HNTs and FITC-HNTs were recorded using a
Thermo FTIR (Nicolet iS50, Thermo Fisher Scientific Ltd, USA).
Twenty-two consecutive scans were taken and the average was
saved. Spectra were ranged from 4000 to 400 cm�1.

Dynamic light scattering (DLS). The particle sizes of the
HNTs and FITC-HNTs were measured using a Nano-ZS instru-
ment (Malvern Instruments Ltd, UK).

X-ray diffraction (XRD) analysis. XRD analyses of HNTs and
FITC-HNTs were performed using an X-ray diffractometer
(MiniFlex-600, Rigaku Corporation, Japan).

Fluorescence microscopy observation. The fluorescence
images of HNTs and FITC-HNTs were obtained using a fluores-
cence microscope (XDY-2, Guangzhou Liss Optical Instrument
Ltd, China).

Transmission electron microscopy (TEM). Ethanol disper-
sions of the HNTs and FITC-HNTs were dropped on carbon
film-supported copper grids, and then dried. The samples
were observed using a TEM instrument (JEM-2100F, JEOL Ltd,
Japan), and the accelerating voltage was 100 kV.

Atomic force microscopy (AFM). Morphology analyses of
the HNTs and FITC-HNTs were performed using a multimode
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AFM instrument (BioScope Catalyst NanoScope-V, Bruker,
Instruments Ltd, USA). Tap150-Al-G silicon AFM probes
(budget sensors) were used to capture AFM images in ScanAsyst
mode (scanning speed was 0.6 Hz, k = 5 N m�1, and resonance
frequency was 150 kHz). The experiment was conducted at
room temperature.

2.4 Cells and cell culture conditions

HUVECs and MCF-7 cells were obtained from the Laboratory
Animal Center of Sun Yat-sen University. The cells were cultured
in Gibco Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 1% penicillin/streptomycin and 10% fetal bovine
serum in a humidified incubator containing 5% CO2 at 37 1C.

2.5 Cytotoxicity assays

A cell counting kit-8 (CCK-8) assay was designed to evaluate the
in vitro cytotoxicity of HNTs. HUVECs and MCF-7 cells were
seeded in 96-well plates (8 � 103 cells per well) for 24 h under a
humidified atmosphere of 5% CO2 at 37 1C. Then, different
concentrations of HNTs were added to the wells and incubated
for 24, 48 and 72 h. The cells were washed with PBS twice and
then replaced with 100 mL of fresh DMEM medium. Finally,
10 mL of CCK-8 reagent (BB-4202-500T, BestBio Biological
Technology Co., Ltd, China) was added into each well and
incubated for another 4 h, and the absorbance at 450 nm was
recorded by a microplate reader (Multiskan MK3, Thermo). PBS
was set as the control group. Cell viability was calculated as the
OD value ratio of the HNT treated groups and control groups.

Reactive oxygen species (ROS) assay and cell apoptosis assay
were further used to investigate the cytotoxicity of HNTs towards
HUVECs. In brief, after treatment with various concentrations of
HNTs for 24 h, the HUVECs were collected and suspended with
PBS. For ROS assay, the cells were centrifuged and the super-
natant was abandoned. Then, 200 mL of 2,7-dichlorodihydro-
fluorescein diacetate (DCFH-DA) solution was added and
incubated for 15 min in the dark. Finally, 500 mL of PBS was
added and then centrifuged, and another 300 mL of PBS was
added after abandoning the supernatant. The samples were
detected with flow cytometry (BD FACSCanto, USA). Green
fluorescence was monitored using the FITC channel. The results
were analyzed with FlowJo 10.4 software. For cell apoptosis
assay, the cells were treated with 100 mL of binding buffer
and an Annexin V-FITC/PI apoptosis detection kit (eBioscience,
USA) in the dark for 15 min, and analyzed by flow cytometry
(BD FACSCanto, USA). The results were analyzed using FlowJo
10.4 software. The cells treated with PBS were set as the control
group. Simultaneously, the bright-field images of HUVECs and
MCF-7 cells were observed by fluorescence microscopy.

2.6 CLSM observation

HUVECs and MCF-7 cells were seeded in a confocal dish (NEST,
China) at a density of 1 � 104 cells per dish for 24 h in DMEM.
Then, the cells were treated with FITC-HNTs (50 mg mL�1) for
24 h. Subsequently, the cells were washed with PBS and then
fixed onto a glass slide using paraformaldehyde solution (4%)
for 20 min. The cells were treated with Triton X-100 (0.5%) for

5 min to increase the permeability of the cytomembrane.
Finally, the cells were stained with DAPI (40,6-diamidino-2-
phenylindole, 10 mg mL�1, 30 min) and observed using CLSM
(LSM880, Carl Zeiss AG, Germany).

2.7 Zebrafish growth and embryo collection

The adult wild-type zebrafish (AB) (Zebrafish Research Centre
of Southern Medical University, China) were kept separately in
a water purification system (Shanghai Aquarium Devices Com-
pany, China) at 28.5 1C with 14 h light/10 h dark every day.
Zebrafish were transferred to the mating pool at a sex ratio of
1 : 2. Spawning was induced in the morning when the light was
turned on, and subsequently the embryos were collected in a
dish after 30 min and maintained in egg water (culture water
containing 5–10% methylene blue, Sigma). Zebrafish melanin
was inhibited by 0.003% phenylthiourea (PTU) (Sigma, USA)
within 12–24 h. Egg water was replaced every day. The develop-
mental stage of embryos was defined according to the method
described by Kimmel et al.36 Embryo condition was examined
under a dissecting microscope (OLYMPUS SZX7), and the embryos
were exposed to materials at a certain blastula stage.

2.8 Acute toxicity of HNTs to zebrafish embryos and larvae

At 6 hours post-fertilization (hpf), the embryos were moved to a
96-well plate and cultured with egg water (100 mL per well).
Embryos were treated with various concentrations of HNTs
(0.25, 0.5, 1, 2.5, 5, 10, 25, and 50 mg mL�1) in an incubator at
28.5 1C. Subsequently, percent survival and percent of malformed
zebrafish were assessed every 24 hours from 24 to 120 hpf
under a dissecting microscope. Larvae without cardiac function,
unresponsive to touch or decomposed were confirmed as dead.
Larvae with pericardial edema, axis curvature, yolk sac edema,
and cranial and facial abnormalities were considered as
malformed. The numbers of dead and malformed zebrafish were
recorded every 24 hours. Repeated experiments were run on
separate days (n = 24 day�1). The percent survival and percent
malformed were calculated using the following formula.

Percent survival ð%Þ

¼ Number of survival zebrafishes in experiment group

Number of survival zebrafishes in control group
� 100%

Percentmalformed ð%Þ

¼ Number of malformation

Total number of live zebrafishes
� 100%

2.9 Sublethal effects of HNTs on zebrafish embryos and larvae

Zebrafish embryos were treated with different concentrations of
HNTs (0.25, 0.5, 1, 2.5, 5, 10, 25, and 50 mg mL�1) at 6 hpf, and
then the percent hatching was observed under a microscope
every 6 hours from 48 hpf to 72 hpf. The percent hatching was
calculated using the following formula.

Hatching ð%Þ ¼ Number of hatched

Total number of live embryos
� 100%
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As for cardiac and behavioral toxicity, heart rates in 10 s and
spontaneous movements in 20 s were measured from 24 to
120 hpf under HNTs exposure according to previous reports.9

The heartbeats and spontaneous movements were observed
clearly under a microscope and recorded by an experimenter
with a stopwatch. Replicate experiments were run on separate
days (n = 24 day�1).

2.10 HNT enrichment on embryo membrane

Zebrafish embryos (24 hpf old) were exposed to various con-
centrations of HNTs for 24 hours. The enrichment of HNTs
on zebrafish embryo membrane was observed by optical micro-
scopy (Olympus IX51, Japan) and scanning electrical micro-
scopy (SEM) (FEI SIRION200, USA). In particular, FITC-HNTs
were used to make the photographs more vivid. The remaining
treatments were undertaken as described in the previous sec-
tion. Photographs were collected right after the treatment to
display the shape of the zebrafish embryo membrane.

2.11 Assessment of HNT distribution in the zebrafish

Larvae were added to a 96-well plate and treated with different
concentrations (0, 0.25, 2.5, and 25 mg mL�1, n = 3) of FITC-
HNTs at 5 dpf. The larvae were gently washed three times with egg
water, fixed in 4% paraformaldehyde for 20 min, and subsequently
observed under a fluorescence microscope (Olympus IX51,
Japan) at 6, 7, 8, and 9 dpf. The intensity of the fluorescence
was analyzed using ImageJ software (NIH, USA).

2.12 Statistical analysis

The data were presented as means � standard deviation (SD).
Statistical comparisons of data were performed using Graph-
Pad Prism 6 (GraphPad Software, La Jolla, CA) for one-way
analysis of variance (ANOVA) followed by a Dunnett’s test or
two-way ANOVA followed by a Tukey’s test. Values of all
significant correlations (P o 0.05) were given with the degree
of significance indicated.

3. Results and discussion
3.1 Characterization of FITC-HNTs

In order to investigate the uptake of HNTs by cells and the
distribution of HNTs in zebrafish, HNTs were firstly labeled
with FITC. Fig. 1A shows the structural formula of HNTs and
FITC. HNTs and FITC can adsorb physically because they are
both polar and hydrophilic. Fig. 1B shows the FTIR spectra
of HNTs and FITC-HNTs. The peaks around 3694 cm�1 and
3622 cm�1 are assigned to the O–H stretching peak of inner-
surface hydroxyl groups and the O–H stretching vibration of the
inner hydroxyl groups, respectively. The peaks at 1028 cm�1

and 907 cm�1 are assigned to the Si–O stretching peak and
O–H deformation of the aluminum hydroxyl groups of HNTs,
respectively.37 The FITC-HNTs show characteristic absorption
peaks of both HNTs and FITC. For example, the stretching
vibration of C–H in the benzene ring appears at 2988 cm�1 and
the stretching vibration of CQO in the five-membered ring

appears at 1812 cm�1. The peaks at 1469 cm�1 and 1379 cm�1

are ascribed to the CQC stretching vibration of the benzene
ring and the O–H bending vibrations of FITC.38 Fig. 1C shows
the XRD patterns of HNTs and FITC-HNTs. Raw HNTs show the
diffraction peaks at 2y = 121, 201, and 251, which are assigned to
the (001), (02,11), and (020) planes, respectively.39 After labeling
of FITC, the diffraction peaks of FITC-HNTs show no obvious
changes compared to the HNTs. HNTs used in this work are
raw HNTs without purifying treatment; the impurity diffraction
peaks of HNTs around 17.91, 30.01, and 47.81 were attributed to
the presence of alunite in the XRD patterns.40 The particle size
distribution from DLS analysis (Fig. 1D) shows that FITC-HNTs
possess a bigger size than the HNTs. The average particle size of
FITC-HNTs is 318.1 nm (PDI = 0.185), while that of HNTs is
309.2 nm (PDI = 0.216). From the image showing the appearance
of the HNTs and FITC-HNTs (Fig. 1E), one can observe that FITC-
HNTs display a color of orange compared with the raw white
HNTs. Fig. 1F shows the fluorescence microscopy images of
HNTs and FITC-HNTs. FITC-HNTs exhibit green fluorescence
while the photo of raw HNTs is dark. All these results confirmed
the successful labeling of FITC on HNTs. Fig. S1 (ESI†) shows
that FITC-HNTs possess high stability under all exposure condi-
tions in cell culture and zebrafish feeding exposure conditions.
The interactions between the aromatic groups in FITC and
surface groups on the nanoparticles can lead to stable physical
adsorption of FITC for fluorescence labeling.41

Furthermore, TEM and AFM images were collected to com-
pare the morphological changes of HNTs and FITC-HNTs.
Fig. 2A shows the TEM images of HNTs and FITC-HNTs. Both
HNTs and FITC-HNTs exhibit typical tubular structures with a
hollow lumen. After FITC labeling of HNTs, the typical empty
lumen structure of the HNTs remains preserved. As expected,
FITC-HNTs exhibit a layer of organics (relatively black part) on
both the external surfaces and luminal walls of the nanotubes,
as observed from the magnified TEM images (inset), as well as
the interlayer space. Previous studies have also demonstrated
that organics could enter into the lumen and the inter-layers of
HNTs.42,43 From the AFM images of HNTs and FITC-HNTs
(Fig. 2B), HNTs possess a smooth and regular tube morphology,
but the tubes of FITC-HNTs are more misty from the magnified
AFM images (inset). Therefore, the morphological characteriza-
tion also demonstrates the successful labeling of FITC on HNTs.

3.2 In vitro cytotoxicity and cell uptake of HNTs

The cytotoxicity of HNTs towards HUVECs and MCF-7 cells was
investigated with CCK-8 assay, ROS assay and cell apoptosis
assay. CCK-8 assay was used to quantify the cell viability
(Fig. 3A and B). The HUVECs and MCF-7 cells show high cell
viability after being treated with different concentrations
of HNTs for 24 h. Both the cell viabilities of the HUVECs and
MCF-7 cells remain above 85.0% even when the concentration
of HNTs reaches up to 200 mg mL�1. The cells treated with
HNTs show slightly decreased cell viability at long incubation
periods for 48 h and 72 h. For example, the HUVEC viability at
72 h is 62.1% at the maximum HNT concentration of 200 mg mL�1.
The LD50 values of HNT concentrations in HUVECs and
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MCF-7 cells for 24 h were also evaluated (Fig. S5, ESI†).
The results show the LD50 values of HNT concentrations in
HUVECs and MCF-7 cells are 384.7 mg mL�1 and 472.2 mg mL�1

respectively. These results indicate that HNTs possess relatively
low cytotoxicity in relatively low concentrations. The good
cytocompatibility of HNTs has also been reported in other
literature studies.19,20,24,26

Numerous research studies have demonstrated that increased
ROS generation is one of the major factors leading to DNA
damage, lipid peroxidation, and caspase activation, which even-
tually lead to cell death via apoptosis.44,45 To study the induction
of oxidative stress in the cells by HNTs after 24 h incubation,
cellular ROS generation of HUVECs was monitored by flow
cytometry. The flow cytometry histograms (Fig. S2A–E, ESI†)
show that the mean fluorescence intensity of the HNT-treated
group (unfilled histogram) shifts to a higher value compared

with the control group (blue-filled histograms). Fig. S2F (ESI†)
shows that the ROS mean fluorescence intensity changes in the
cells with the increase of the concentration of HNTs. A gradual
increase in mean fluorescence intensity can be distinguished
with the increase of the concentration of HNTs, which demon-
strates the augmentation of ROS. ROS is considered as an
indicator of apoptosis, so a certain concentration of HNTs can
induce a bit of cell apoptosis, as observed from flow cytometry
analysis. The HUVECs were incubated with various concentra-
tions of HNTs under the same conditions as those of the
ROS generation experiments. The dot plots (Fig. S3, ESI†) show
that the number of apoptotic cells (Q2 + Q3) increased with
increasing concentrations of HNTs after incubation for 24 h. At
low HNT concentrations, the percentage of apoptotic cells is
negligible compared with the control group. HNTs only cause
cell apoptosis of 12.9% and 14.4% in HUVECs even when the

Fig. 1 (A) Structural formula of HNTs and FITC, (B) FT-IR analysis, (C) XRD pattern, (D) DLS size distribution, (E) appearance images, and (F) fluorescence
microscopy images of HNTs and FITC-HNTs.
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concentration is as high as 100 mg mL�1 and 200 mg mL�1,
respectively. Fig. S4 (ESI†) shows the bright-field images of
HUVECs and MCF-7 cells after being incubated with different
concentrations of HNTs for 24 h. At a concentration of
5 mg mL�1, both HUVECs and MCF-7 cells show good cell
viability. With the increase of the HNT concentration, more and
more dead cells with a round shape are found. But, on the
whole, the cells are in good living conditions even when the HNT
concentration reaches 200 mg mL�1. It is noted that some HNT
aggregates (black points) can be found in the cell morphology
images of high-concentration treated groups. In short, the
in vitro cytotoxicity assays demonstrate the relatively good
biocompatibility of HNTs.

NMs could be used in a biological imaging system and be
internalized by cells.46–48 To investigate the cell uptake of
HNTs, the HUVECs and MCF-7 cells were incubated with
FITC-HNTs and monitored using CLSM. Fig. 4A and B show

the CLSM images of FITC-HNTs internalized by the HUVECs
and MCF-7 cells. FITC-HNTs and cell nucleus are indicated
in green and blue, respectively. Grey and green intracellular
accumulation indicates the presence of FITC-HNT aggregates
within the endolysosomes of the cells. From the merged
images, it is obvious that FITC-HNTs are internalized by the
cells and located in the cytoplasm and around the cell nucleus.
Previous studies have also observed HNTs aggregated in the
cells by using phase contrast microscopy and fluorescence
microscopy.49,50 From the results of the in vitro cytotoxicity of
HNTs, it can be concluded that HNTs possess relatively low
cytotoxicity as well as the ability to be internalized by cells,
which indicates that HNTs have promising potential in drug
delivery applications.

3.3 Acute toxicity of HNTs in zebrafish embryos and larvae

Zebrafish is a valuable model organism to identify phenotypic
abnormalities after exposing xenobiotics in embryos.34 There-
fore, zebrafish (AB wild type) embryos were used to assess the
systemic toxicity of HNTs. The acute toxicity of HNTs (0.25, 0.5,
1, 2.5, 5, 10, 25, and 50 mg mL�1) towards zebrafish embryos
and larvae was tested from 24 hpf to 120 hpf. As shown in
Fig. 5, in contrast to the control group, the percent survival of
zebrafish embryos and larvae shows no significant changes at
different developmental stages (24, 48, 72, 96, and 120 hpf)
when treated with different concentrations of HNTs, while
the high concentrations (25 and 50 mg mL�1) of HNTs cause
a significant survival decrease (P o 0.01). Acute toxicities of
HNTs in zebrafish show that the percent survival for all of the
hpf data sets increases slightly above 100% at relatively low
HNT concentrations before the value decreases at higher HNT
concentrations. This means that the HNTs actually increase the
survival of the zebrafish at low concentrations before they begin
to kill the fish at higher concentrations. However, the percent
survival of larvae is time dependent and shows a significant
difference in mortality (20%) at 72 hpf (P o 0.001) in the higher
dose of HNTs (50 mg mL�1) treated group. Therefore, the

Fig. 3 CCK-8 assay of the treated cells. Cell viabilities of (A) MCF-7 cells and (B) HUVECs after being treated with different concentrations of HNTs for
24, 48 and 72 h. The values were represented as mean � SD (n = 3). The data were analyzed using GraphPad Prism 6 for one-way ANOVA and a Tukey’s
post hoc test. *P o0.05, **P o 0.01, ***P o 0.001 versus the control group for the same cultivated time.

Fig. 2 (A) TEM images and (B) AFM images of HNTs and FITC-HNTs.
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results indicate that HNTs have little effect on the survival of
zebrafish and are weakly toxic to zebrafish.

In order to assess morphological malformation of zebrafish
induced by HNTs, the morphology of zebrafish was observed
from 72 to 120 hpf upon exposure to HNTs with different
concentrations (0.25, 0.5, 1, 2.5, 5, 10, 25, and 50 mg mL�1).
As shown in Fig. 6A–D, compared with control groups, HNTs in
different concentrations cause no significant difference from
72 to 120 hpf, except for the highest concentration of HNTs
(50 mg mL�1) with an obvious morphological malformation (10%).
Fig. 6E shows that most of the larvae exhibit a normal morphology
during their developmental stages. Many nanoparticles, such as

silica nanoparticles,51 ZnO nanoparticles,52 and S-doped TiO2

nanoparticles,53 have been reported that could induce develop-
mental toxicity including morphological malformation. To our
surprise, the effects of HNTs are different from those nano-
particles mentioned above. Our data demonstrate that HNTs
at various concentrations (r25 mg mL�1) cannot affect the
morphological development of zebrafish.

3.4 Sublethal effects of HNTs on the development of zebrafish

Hatchability between 48 hpf and 72 hpf is considered as a
critical factor for zebrafish embryogenesis and hatchability of
chorion.54 The correlation of successful embryogenesis and

Fig. 4 CLSM images of (A) HUVECs and (B) MCF-7 cells. Cells incubated with FITC-HNTs (50 mg mL�1); FITC-HNTs and cell nucleus are indicated in
green and blue, respectively. The circles in the images represent the FITC-HNT aggregates. Scale bar =20 mm.

Fig. 5 Acute toxicities of HNTs in zebrafish. Histograms depict the percent survival of various concentrations of HNTs at different developmental stages: (A) 24 hpf,
(B) 48 hpf, (C) 72 hpf, (D) 96 hpf, and (E) 120 hpf. (F) Dose–response and time course of the survival. The results are presented as mean� SD (n = 24) in 3 separate
experiments. The data were analyzed by ANOVA and a Tukey’s post hoc test using Graph Prim 6. **P o 0.01; ***P o 0.001 versus control group.
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embryo toxicity is a crucial parameter to evaluate the nanotoxi-
city. In order to evaluate whether different concentrations of
HNTs have potential toxic effects on embryo hatching delay, the
hatchability at 48, 54, 60, 66 and 72 hpf was observed. Hatching
requires the secretion of proteolytic enzymes from the hatching
gland to soften the chorion surface and larval movement
to break free, and many xenobiotics are reported with the
capability to block this stage.55 To date, many NMs have been
highlighted as causing hatching delay and having toxic effects
on the development of zebrafish.56,57 For example, GO or multi-
walled CNT (50 mg L�1) hatching delay of embryos may be
caused by a change in the elasticity of the chorion and

the function of the chorionic hatching enzyme.58 An amazing
result is shown in Fig. 7A, HNTs significantly enhance the
hatchability of zebrafish embryos to various degrees from 48 to
72 hpf in contrast to the control group, and only the highest
concentration (50 mg mL�1) of HNTs appears to cause a lag in
hatchability. It is noted that the zebrafish embryos exposed
to HNTs at a concentration of 50 mg mL�1 display a delay in
hatching along with a low percent survival and a high percent
of malformation, when combined with the results of the acute
toxicity analysis of HNTs in zebrafish embryos and larvae.
In other words, exposure to HNTs (r25 mg mL�1) can promote
the hatching of zebrafish embryos with a high survival rate

Fig. 6 Effects of HNTs on the morphology of developing zebrafish. Embryos were treated with different concentrations of HNTs (0, 0.25, 2.5, 5, 25, and
50 mg mL�1) starting from 6 hpf. (A–D) Percent of malformed zebrafish was analyzed at 72, 96 and 120 hpf. (E) Morphology of zebrafish larvae treated with HNTs
was photographed using a microscope at 48, 72, 96 and 120 hpf. The values are represented as mean � SD (n = 24). Each bar represents the collated data of
3 separate experiments. The data were analyzed using Graph Prim 6 for one-way ANOVA and a Tukey’s post hoc test. ***P o 0.001 versus control group.
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and without malformation. Appropriate amounts of HNT aggre-
gation on the zebrafish embryos can block the pores of the
chorion surface, leading to an increase in embryo breathing
and gill ventilation rates, which will facilitate the premature
fracture and release of hatching enzymes from the hatching
glands.59,60 However, HNT aggregates on the zebrafish embryos
can change the elasticity of the chorion, which will impede

the digestive function of the chorionic hatching enzyme, thus
causing a delayed hatchability of zebrafish embryos.61 This
further confirmed that HNTs are friendly NMs to zebrafish
embryos at a concentration of r25 mg mL�1.

Zebrafish embryos exhibit spontaneous movement (coiling
and flexing) during the 17–30 hpf developmental window.62

Zebrafish larvae observed directly under a microscope to count

Fig. 7 Sublethal effects of HNTs in the development of zebrafish. Embryos were treated with different concentrations of HNTs (0, 0.25, 2.5, 5, 25 and
50 mg mL�1) at 6 hpf. (A) The percent hatching of zebrafish was observed at 48, 54, 60, 66 and 72 hpf. (B) Spontaneous movement of zebrafish was
observed at 24, 48, 72, 96 and 120 hpf. (C) Heart rate per 10 s of zebrafish was recorded at 24, 48, 72, 96 and 120 hpf. The values were represented
as mean � SD (n = 24). Each bar represents the collated data of 3 separate experiments. The data were analyzed using Graph Prim 6 for one-way ANOVA
and a Tukey’s post hoc test. *P o 0.05, **P o 0.01, ***P o 0.001 versus control group.

Fig. 8 Enrichment of HNTs on the chorion surface of embryos. Zebrafish embryos were exposed to different concentrations (0, 0.25, 2.5, 5, 25 and
50 mg mL�1) of HNTs at 24 hpf. The representative micrographs of the enrichment of HNTs on the chorion surface of zebrafish embryos observed using
(A) optical microscopy, (B) SEM and (C) fluorescence microscopy at 48 hpf.
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their spontaneous movement during a specific period is a simple
and convenient method for measuring zebrafish behavior.9

Therefore, spontaneous movements for 20 s of zebrafish exposed
to HNTs (0, 0.25, 2.5, 5, 25, and 50 mg mL�1) at 6 hpf were
recorded at 24, 48, 72, 96, and 120 hpf. The results are shown in
Fig. 7B. All of the zebrafish with different concentrations do
not show significant changes in spontaneous movements at
24, 48, 72, and 96 hpf. Only the spontaneous movements of
zebrafish larvae at 120 hpf display a significant dose depen-
dence. Zebrafish in the control group moved spontaneously the
most. Furthermore, the spontaneous movement times of zebra-
fish larvae decrease with increasing concentrations of HNTs. For

example, zebrafish larvae in the control group move 17 times in
20 s while they moved 12, 10 and 8 times in the 0.25 mg mL�1,
2.5 mg mL�1 and 50 mg mL�1 HNT-treated groups, respectively.
Therefore, it can be concluded that HNTs existing in the zebra-
fish living environment have a little influence on zebrafish
behavior such as its spontaneous movement.

In order to evaluate the cardiac toxicity of zebrafish after
being treated with HNTs (0, 0.25, 2.5, 5, 25, and 50 mg mL�1),
the heart rate was counted in 10 s and recorded at 24, 48, 72, 96,
and 120 hpf (Fig. 7C). Compared to the control treatment, there
are no obvious changes in the heart rate of zebrafish when
exposed to various concentrations of HNTs from 24 hpf to

Fig. 9 Absorption and distribution of FITC-HNTs in zebrafish. Zebrafish were treated with different concentrations (0, 0.25, 2.5, and 25 mg mL�1) of
FITC-HNTs at 5 dpf. (A) Fluorescence images of zebrafish were obtained using a fluorescence microscope at 6, 7, 8, and 9 dpf. The images in the bright
field are the insets in the lower right corner of the fluorescence images. Scale bar = 500 mm. The images of fluorescence and in the bright field of HNTs
(25 mg mL�1) were merged and enlarged. Red arrows in the images indicate the gastrointestinal tract of zebrafish. (B) Quantification of fluorescence in
zebrafish exposed to different concentrations (0, 0.25, 2.5 and 25 mg mL�1) of FITC-HNTs at 6, 7, 8, and 9 dpf. The fluorescence intensity at 6 dpf was
defined as 1.0. (C) The representative images of the excretion of HNTs in zebrafish larva. The values were represented as mean � SD (n = 3). The data
were analyzed using Graph Prim 6 for one-way ANOVA and a Tukey’s post hoc test. *P o 0.05, **P o 0.01, ***P o 0.001 versus control group.
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120 hpf, which illustrates that HNTs cannot display cardiac
toxicity during the development of zebrafish.

3.5 Distribution of HNTs in zebrafish embryos and larvae

Since HNTs have no effect on acute toxicity and sublethal
toxicity in the development of zebrafish, it is unclear whether
HNTs could be enriched on the surface of the chorion or
ingested by the zebrafish. The enrichment of HNTs on the
chorion surface of zebrafish embryos was observed through
optical microscopy, SEM and fluorescence microscopy.
Furthermore, FITC-HNTs were designed to observe this phe-
nomenon clearly with fluorescence microscopy. As shown in
Fig. 8A and B, HNTs are enriched on the chorion surface of the
embryos with a dose dependence. The zebrafish embryos were
totally wrapped by the nanotubes when the concentration of
HNTs was higher than 25 mg mL�1. Fig. 8C clearly shows the
coverage of FITC-HNTs on the embryos since they display
increased green fluorescence with increasing concentrations
of FITC-HNTs. However, it is hard to define whether HNTs can
accumulate inside the embryos. A previous study reported that
SWCNT agglomerates could adhere to the chorion surface
of embryos, but the size of the agglomerates is too large to
pass through the pores on the embryos, thus the chorion
surface of zebrafish embryos is a protective barrier to the
agglomerates.61 The enrichment of HNTs on the surface of the
chorion is similar to the behavior of SWCNTs. Therefore,
the aggregates of HNTs may not be internalized by the zebra-
fish embryos.

The ingestion of HNTs by zebrafish larvae was observed under
a fluorescence microscope. As shown in Fig. 9A, FITC-HNTs
(25 mg mL�1) without larvae are displayed as a blank group to
prove that the fluorescence of FITC-HNTs cannot naturally
weaken during the experiment. It is noted that different concen-
trations (0.25, 2.5 and 25 mg mL�1) of FITC-HNTs can be ingested
by zebrafish larvae with a dose dependence and they mainly
accumulate in the gastrointestinal tract. The fluorescence inten-
sity of FITC-HNTs ingested by zebrafish larvae decreases gradually
with time (Fig. 9B), which indicates that FITC-HNTs can be
excreted by zebrafish larvae through the gastrointestinal meta-
bolism. The result in Fig. 9C confirms that HNTs can actually
be excreted by the zebrafish larvae. In all, HNTs (r25 mg mL�1)
can accumulate on the surface of chorion and be ingested and
excreted by zebrafish larvae with no significant toxic effects in
the development period of zebrafish. Recent studies confirmed
the toxicity of HNTs towards mice. HNTs can be absorbed
by the intestinal epithelium of mice and exert toxic effects on the
liver and lungs of the animals through intragastric feeding.29,30

Due to the difference of the animal models, the toxic effects of
HNTs are different. HNTs are dispersed in the zebrafish living
environment and ingested by zebrafish larvae in this work.
A previous study has reported that nanoparticles can be
absorbed by the intestinal epithelium and then be gradually
excreted out from zebrafish larvae.63 The egg water accelerates
the bodily fluid circulation in zebrafish, thus decreasing the
toxicity towards other major organs. In total, it can be concluded
that HNTs are relatively biocompatible NMs.

4. Conclusions

A study on the toxicity effects of HNTs towards model human
cell lines in vitro and zebrafish in vivo was achieved. Negligible
cytotoxicity of HNTs towards HUVECs and MCF-7 cells in vitro
was proved by CCK-8 assays, cell apoptosis assays and
ROS assays. Cytotoxicity assays have demonstrated that HNTs
(r200 mg mL�1) exhibit good biocompatibility and cannot
induce significant amounts of apoptosis in HUVECs and
MCF-7 cells. Zebrafish model experiments in vivo revealed that
HNTs (r25 mg mL�1) have no significant acute toxicity and
sublethal effects, including the percent survival, morphological
malformation, and cardiac toxicity during the development
period of zebrafish. It is amazing that HNTs can promote the
hatching of zebrafish embryos with a certain dose dependence.
Furthermore, HNTs can accumulate on the surface of chorion
and be ingested and then excreted by zebrafish larvae. In
brief, HNTs are relatively biocompatible NMs and their rapid
development in many fields is likely safe.
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and D. Voelker, Environ. Sci. Pollut. Res., 2008, 15, 394–404.

34 V. E. Fako and D. Y. Furgeson, Adv. Drug Delivery Rev., 2009,
61, 478–486.

35 W. Bai, Z. Zhang, W. Tian, X. He, Y. Ma, Y. Zhao and Z. Chai,
J. Nanopart. Res., 2010, 12, 1645–1654.

36 C. B. Kimmel, W. W. Ballard, S. R. Kimmel, B. Ullmann and
T. F. Schilling, Dev. Dyn., 1995, 203, 253–310.
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