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Abstract

Over the past few years, nanomaterials toxicology has emerged as a new exciting field in which theoretical and experimental studies of toxicity 
of nanomaterials have become a focus, and the importance of carbon nanotubes (CNTs), graphene oxide (GO), quantum dots (QDs), magnetic 
nanoparticles (MNPs), and amorphous silica nanoparticles (ASN) as special nanomaterials to the fundamental development in biomedical engineering 
has begun to be recognized. In particular, interaction between nanomaterials and nucleic acids, proteins or cells, animals, environment, etc. has 
become a new interdisciplinary frontier, there is an increasing need for a more systematic study of the basic issues involved in nanomaterials toxicity 
and potential toxicity-reducing methods, great advances have been and are being made in nanomaterials’ biological effects and application in disease 
diagnosis and therapy. Here we review some of the main advances in this field over past few years, and discuss about the concepts, issues, approaches, 
and challenges, with the aim of stimulating a broader interest in studying the toxicological mechanism of nanomaterials and potential toxicity-
eliminating measurement. 
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1. Introduction

     Nanotechnologies have been growing rapidly during 
the past decade, giving rise to an expanding discipline 
representing an innovative leap that, according to 
numerous scientists, will likely revolutionize the global 
industry. The area of nanotechnology has expanded so 
much that nowadays it is difficult to categorize them. 
A few widely recognized important areas include 
nanofabrication and nano-electro-mechanical systems 
(NEMS) [1,2], nanoscale chemical and biological 
sensors [3-5], single-molecule science and imaging 
technologies [6], self-assembly and nanodevices [7-9], 
nanobiology and nanomedicine [10-12], and production 
and characterization of nanomaterials [13].

    Nanotechnology is not as much a discipline, like 
chemistry or physics, as a tool for manipulating matter 
as its finest scale. Nanoscale is usually defined as 
smaller than a one tenth of a micrometer in at least one 
dimension, though this term is sometimes also used 
for materials smaller than one micrometer. At this size, 
materials may exhibit unique properties compared with 
bulk materials, including altered color, magnetism, optical 
properties, increased strength, flexibility, or reactivity, 

and improved electrical conductivity or absorption, etc. 
As a result, engineered nanomaterials have become the 
focus of extensive research in diverse areas, including 
electronics, materials engineering, energy production and 
conservation, and biomedical applications. 

    However, the same properties that make nanomaterials 
desirable in these various applications have the potential 
to alter the biological properties that impact human 
healthcare, nature and the environment, and climate. 
The little data now available highly suggest that some 
nanomaterials show signs of toxicity [14], being mobile 
or persistent in the environment [15], or affecting 
microorganisms [16]. The data highlights the fact that we 
know little about the environmental and health effects 
of engineered nanomaterials, especially the real risks 
generated by the consequences of interaction between 
the novel classes of nanomaterials being produced 
and the human body or environment. These risks and 
their corresponding uncertainties highly suggest that 
nanotechnology should be regarded as a double-edged 
sword. The risks of nanomaterials should be identified 
before they are incorporated into products for commercial 
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production. 

    Nanotoxicology is a sub-specialty of toxicology 
to deal with the study and application of toxicity of 
nanomaterials. Because of quantum size effects and large 
surface area to volume ratio, nanomaterials have unique 
properties compared with their larger counterparts. The 
understanding of the safety, environmental and human 
health implications of nanomaterials and products has 
become a focus worldwide. Nanotoxicological studies are 
intended to determine whether and to what extent these 
properties may pose a threat to the environment and to 
human beings. Up to date, it is still a great challenge for 
the assessment of the safety of nanotechnology-based 
products and to encourage nanotechnological advances 
that can address the needs of citizens and contribute to 
sustainable development objectives.

    Safety evaluation of nanomaterials should be done 
from five scales, that is, molecular level, cell level, 
animal level, human body level, and environment and 
climate level. In fact, the nanomaterials are how to affect 
human body, plants, and environment as well climate has 
become very key challengeable problems. Up to date, no 
data fully shows that the procedure and mechanism of 
nanomaterials interacting with human body or healthcare. 

    Here we review some of the main advances in the 
toxicity of common nanomaterials such as carbon 
nanotubes, grapheme oxides, fluorescent magnetic 
nanoparticles, and amorphous silica nanoparticles over 

past few years, and discuss about the concepts, issues, 
approaches, and challenges, with the aim of stimulating a 
broader interest in studying the toxicological mechanism 
of nanomaterials and potential toxicity-eliminating 
measurement.

2. Advances of nanomateirals toxicity
2.1 Advances of CNTs toxicity

    CNTs including single walled carbon nanotubes 
(SWCNTs) and mult i  wal led carbon nanotubes 
(MWCNTs), as a class of stiff, stable and hollow 
nanomaterials with many unique properties such as 
mechanical, physical and chemical properties, have 
recently emerged as a new option for possible use in 
methodologies of cancer treatment, bioengineering, and 
gene therapy. For example, CNTs have used as atomic 
force microscopy (AFM) tip to obtain atomic-resolution 
imaging of biological molecules such as DNA and 
proteins [17,18]. CNTs can be filled with DNA or peptide 
molecules and have highly potential in gene or peptide 
storage and delivery system for molecular therapy of 
diseases [19,20].

    The application of CNTs in biomedical engineering is 
highly depend upon their biocompatibility and toxicity. 
Up to date, CNTs showed sign of toxicity. For example, 
SWCNTs can inhibit the growth of human fibroblast cells 
and HEK293 cells [21], decrease the adhesive ability 
of cells, and induce cell apoptosis in a dose- and time-

Fig. 1 Apoptosis of HEK293 cells induced by SWCNTs. A: morphological changes of HEK293 cells cultured with 25 μg mL−1 SWCNTs 
for three days; A0: showing cells become round and floating with apoptotic characteristics; control: showing normal morphological cells; 
A1: showing nodular structures composed of SWCNTs and apoptotic cells; A2: showing apoptotic cells attached by SWCNTs. B1: DNA 
electrophoresis of cells cultured with 25 μg mL−1 SWCNTs for 1-5 days, M molecular marker, no. 1-5 denote the results of cells cultured for 
day 1-5, respectively; B2: DNA electrophoresis results of control cells cultured for day 1-5; C: the cell cycle distribution of HEK293 cells 
cultured with 25 μg mL−1 SWCNTs for four days, the percentage of sub-G1 cells was 43.5%. Copyright permission from ref. 22.
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dependent manner as shown in Fig. 1. 

    SWCNTs are about 1 nm in diameter and several 
microns in length, and often pack tightly together to form 
rods or ropes of microscopic size. Unprocessed nanotubes 
are very light and could become airborne and potentially 
reach the lungs. No-purified CNTs could not induce 
significant signs of lung toxicity four weeks after a single 
intratracheal administration in guinea pigs [22]. It is also 
reported that CNTs could induce acute inflammatory 
pulmonary effects in mice [23-25], for example, 
epithelioid granulomas and interstitial inflammation in the 
lungs of mice.

    SWCNTs can influence the growth of natural plants 
[26]. For example, SWCNTs exhibited dual-phase 
regulation to Arabidopsis mesophyll cells, under the 
dose of 50 μg mL−1 SWCNTs in medium, SWCNTs 
stimulate plant cells to grow out trichome clusters on 
their surface, with more than 50 μg mL−1 SWCNTs in 
medium, SWCNTs exhibited obvious toxic effects to 
the protoplasts such as increasing generation of ROS, 
inducing changes of protoplast morphology, changing 
green leaves into yellow, and inducing plant cells' 
necrosis and apoptosis, as shown in Fig. 2.

    We also observed that generation 5 polyamidoamine 

dendrimer-functionalized multi-walled carbon nanotubes 
could enter into embryonic stem (ES) cells quickly, more 
than 20 μg mL−1 dose caused ES cells become smaller and 
smaller as the incubation time increased, and inhibited 
cell growth in dose- and time-dependent means, less than 
5 μg mL−1 dose improves ES differentiation [27]. 

2.2 Advances of graphene oxide toxicity
    Graphene oxide (GO) is one of the most important 
graphene derivatives and has been extensively studied 
in recent years. Owing to its small size, intrinsic optical 
properties, large specific area, low cost, and useful non-
covalent interactions with aromatic drug molecules, GO 
is the potential candidates for biomedical applications  
[28-30]. Up to date, GO showed the sign of toxicity. For 
example, Chang, et al. [31] evaluated the morphology, 
viability, mortality and membrane integrity of A549 after 
exposure to GO, results showed that GO could hardly 
enter cells and no obvious toxicity to A549 cells. But 
GO induces the cellular oxidative stress even at low 
concentration and induce a slight decrease of the cell 
viability at high concentration. Very similar results were 
reported by Ryoo,et al. [32], showing that GO was highly 
biocompatible and improved gene transfection efficacy in 
NIH-3T3 fibroblasts. 

Fig. 3 GO-treated HDF cell adhesion ability measured by centrifugation 
method. The percentage of adhesive cells decreased with the increase 
in GO concentration and culture time. Copyright permission from ref. 
34.

Fig. 2 Optical images and SEM images of Arabidopsis mesophyll cells 
exposed to SWCNTs. (A) Plant cells treated without or with 15 and 25 
μg mL−1 SWCNTs; (B) and (C) plant cells treated with 15 and 25 μg 
mL−1 of SWCNTs for 24 h. (D) Plant cells treated with 25 μg mL−1 of 
SWCNTs for 48 h; (E) plant cells without exposed SWCNTs as control; 
(F) plant cells treated with 15 μg mL−1 of SWCNTs for 24 h. Copyright 
permission from ref. 26.

Fig. 4 The light micrograph of lung tissues from mice exposed to GO of 0.1 mg at different exposure time: (A) 7 days, (B) 
30 days. (magnification: X200). Copyright permission from ref. 33.
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    But, Wang, et al. [33] reported that GO exhibits dose-
dependent toxicity to cells and animals, and cannot be 
cleaned by kidney, inducing lung inflammatory lesions, as 
shown in Fig. 3 and Fig. 4. Biris, et al. [34] also reported 
that both GO and CNTs induce cytotoxic effects on PC-12 
cells, considering that CNTs are more toxic than graphene 
and that the shape of these carbon-based nanomaterials 
plays an important role in their cytotoxicity. 

2.3 Advances of quantum dots toxicity
    Quantum dots (QDs) are nanoscale semiconductor 
crystals composed of groups II-VI or III-V elements, 
and are defined as particles with physical dimensions 
smaller than the exciton Bohr radius [35]. When a 
photon of visible light hits such a semiconductor, some 
of their electrons are excited into higher energy states. 
When they return to their ground state, a photon of a 
frequency characteristic of that material is emitted. QDs 
are emerging as alternative or complementary tools to the 
organic florescent dyes which can be exploited for cellular 
imaging, immunoassays, DNA hybridization, and optical 
barcoding [36]. Therefore, QDs provide a new functional 
platform for bio-analytical sciences and biomedical 
engineering. However, QDs’ toxicity affects their in vivo 
application. For example, several studies showed that 
uncapped QDs could induce damage to mammalian cells 
through the generation of free radicals and DNA damage 
resulting in different types of cell death, including cell 
apoptosis [37]. 

    Lovric, et al. [38] found that CdTe QDs exhibited 

marked cytotoxicity to PC12 and N9 cells at low con-
centrations, but pre-treatment of cells with the antioxidant 
N-acetylcysteine and with bovine serum albumin could 
significantly reduce the QD-induced cell death, as shown 
in Fig. 5.

    Derfus, et al. [39] demonstrated that CdSe-core QDs 
were toxic under certain conditions using primary 
hepatocytes as a liver model. Current data further 
suggests that cytotoxicity of QDs correlates with the 
liberation of free Cd2+ ions due to deterioration of the 
CdSe lattice. When appropriately coated, CdSe-core QDs 
can be rendered nontoxic and used to track cell migration 
and reorganization in vitro.

    Hoshino, et al. [40] revealed the toxicity of QDs in 
biological systems is not dependent on the nanocrystal 
particle itself but on the surface molecules. In the case 
of QDs, surface processing of QDs could overcome 
the toxicity of nanomaterials. For example, surface 
modifications with polyethylene glycol (PEG) or car-
boxylic acids, and encapsulation in polymeric micelles 
can improve the stability and biocompatibility of the QD 
core/shell complex.

2.4 Advances of magnetic nanoparticles toxicity

    In general, magnetic nanoparticles (MNPs) are 
constituted by magnetite (Fe3O4). They have an external 
surface covered by a stabilizing or surfactant agent to 
avoid the spontaneous clotting induced by the interaction 
of the magnetic dipoles. MNPs are widely studied and 

Fig. 5 Confocal micrographs of PC12 cells treated with positively charged, red QDs. A-C PC12 cells were incubated with red cationic QD 
(3.75 μg mL−1) for 5 min (A), with DAF (1 μM) for 1 min (B) and the obtained images were superimposed (C). D-F PC12 cells incubated 
with high concentration of QDs (37.5 μg mL−1) for 5 min (D), with DAF (1 μM) for 1 min (E), Hoechst (10 μM) for 1h and the obtained 
images were superimposed (F). Scale bar 10 μm. Inserts show rounding of cells and nuclear blebbing after 1 h treatment with QDs (37.5 
μg mL−1). Copyright permission from ref. 38.
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applied in biology and medicine, magnetic resonance 
imaging, diagnostics, immunoassays, RNA and DNA 
purification, gene cloning, and cell separation and 
purification [41-43]. These MNPs are generally exist in 
a core-shell configuration in which biological species 
such as cells, nucleic acids, and proteins are bound to the 
magnetic core through organic linkers, which are often 
organized as a polymeric shell around the core [44]. 

    MNPs offer some attractive possibilities in biomedicine. 
First, they have controllable sizes ranging from a few 
nanometers up to tens of nanometers, which mean that 
they can get close to a biological entity of interest. 
Second, the nanoparticles are magnetic, which means 
that they obey Coulmb’s law, and can be manipulated by 
an external magnetic field gradient. Third, the magnetic 
nanoparticles can be made to resonantly respond to a 
time-varying magnetic field, with advantageous results 
related to the transfer of energy from the exciting field to 
the nanoparticle. 

    Kim [45] tested the toxicity and tissue distribution 
of magnetic nanoparticle in mice. They synthesized 
silica-overcoated MNPs containing rhodamine B 
isothiocyanate (RITC) within a silica shell of controllable 
thickness [MNPs@SiO2(RITC)]. After intraperitoneal 
administration of MNPs@SiO2(RITC) for 4 weeks 
into mice, the nanoparticles were detected in the brain, 
indicating they can penetrate blood-brain barrier (BBB) 
and be present in various organs without causing apparent 
toxicity. They concluded that magnetic nanoparticles of 
50 nm size did not cause apparent toxicity.

    Jain [46] tested the bio-distribution and biocompati-
bility of oleic acid (OA)-Pluronic-coated iron oxide 
MNPs in rats. They analyzed the changes in serum 
and tissue iron levels over 3 weeks after intravenous 
administration and found serum iron levels gradually 
increased for up to 1week but levels slowly declined 
thereafter. Bio-distribution of iron in various body tissues 
changed with time but greater fraction of the injected iron 
localized in the liver and spleen. The increase in oxidative 
stress was tissue dependent, reaching a peak at ~3 days 
and then slowly declining thereafter. So they concluded 
that MNPs can be safely used for drug delivery and 
imaging applications.

    We also prepared hydrophilic high-luminescent 

magnetic nanocomposites (LMNCs), and investigated 
their influence on HEK293 cells and mice [47]. Results 
showed that the water soluble FMSNPs with dose less 
than 50 μg mL−1 exhibited well biosafety to HEK293 
cells, FMSNPs with low dose (0.1 mg mL−1) and middle 
dose (0.3 mg mL−1) did not exhibit toxicity to mice, as 
shown in Fig. 6. LMNCs exhibited good biocompatibility 
to cells and animals under the dose of 50 μg mL−1, and 
own great potential biomedical applications.

2.5 Advance of amorphous silica nanoparticles 
toxicity 

    Amorphous silica nanoparticles (ASNs) are incr-
easingly used in diagnostic and biomedical application 
due to its ease of production and relatively low cost. It 
is generally regarded as safe, and has been approved for 
use as a food or animal feed ingredient. Some literatures 
revealed that ASNs may present toxicity concerns at high 
doses. Lin, et al. [48] investigated the cytotoxicity of 
silica nanoparticles in human lung cancer cells and results 
in a dose-dependent cytotoxicity. 

    Yu,et al. [49] examined the uptake, localization, 
and the cytotoxic effects of well-dispersed ASNs in 
mouse keratinocytes (HEL-30), as shown in Fig. 7. 

Fig. 6 Hematology and biochemical markers of mice after intravenous injection FMNPs: (A) WBC. (B) ALT. (C) AST. 
Copyright permission from ref. 47.

Fig. 7 SEffect of silica nanoparticles on MTT reduction (% control). 
The HEL-30 cells were dosed with different sizes (30, 48, 118 and 535 
nm) and various concentrations of silica (0, 10, 50, 100 and 200 μg 
mL−1) for 24 h. Size- and dose-dependent MTT reduction in 30 and 48 
nm at higher concentrations (200 μg mL−1) produced significant toxicity 
when compared to large sizes (118 and 535 nm). Three independent 
experiments (n=4) were carried out, and data are means±SD. 
*Significantly different from control at p<0.05. Copyright permission 
from ref. 48.
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Mouse keratinocytes were exposed for 24 h to various 
concentrations of amorphous silica nanoparticles in 
homogeneous suspensions of average size distribution (30, 
48, 118, and 535 nm SiO2) and then assessed for uptake 
and biochemical changes. Results of transmission electron 
microscopy reveals all sizes of silica were taken up into 
the cells and localized into the cytoplasm. The LDH 
assay shows LDH leakage was dose- and size-dependent 
with exposure to 30 and 48nm nanoparticles. However, 
no LDH leakage was observed for either 118 or 535 nm 
nanoparticles. They concluded that size of particles is 
critical to produce biological effects. 

    In anticipation of potential human exposure to silica, 
Chang, et al. [50] investigated the response of several 
normal fibroblasts to varying doses of ASNs or composite 
nanoparticles of silica and chitosan. A cell proliferation 
assay indicates that silica nanoparticles are nontoxic 
at low dosages but that cell viability decreases at high 
dosages. A LDH assay indicates that high dosages of 
silica induce cell membrane damage. In contrast, silica-
chitosan composite nanoparticles induce less inhibition 
in cell proliferation and less membrane damage. This 
study suggests that the cytotoxicity of silica to human 
cells depends strongly on their doses and it could be 
significantly reduced by synthesizing silica with chitosan.

3. Some major challenges in nanotoxicity
    Nanotoxicity studies, like any emerging field, face 
many challenges. Up to date, the effects of nanoparticles 
on cell proliferation and differentiation as well mice 
were reported for many times. However, few reports are 
closely associated with the influences of nanomaterials 
on human body, natural plants, air, environment and earth 
climates, how to clarify the mechanism of interaction 
between nanomaterials and human, natural environment 
and climates is a great challenge. To date, we still lack 
good experimental and theoretical methods to investigate, 
especially quantitatively, many problems in nanomaterials 
structural, mechanical, and dymanic properties, it is still a 
great challenge to fully quantify the model of interaction 
between nanomaterials and cells, etc. 

4.  Technological prospects of nanotoxicity 
    Up to date, although toxicity studies of nanomaterials 
have obtained some data,  for example, inducing 
cell death and inflammation, however, their toxicity 
mechanism is still not clarified well, toxicity studies just 
begin. From now on, we should strengthen the research of 
the following aspects of nanomaterials: 

First, due to the big difference between the vitro and 
vivo environment, we should strengthen the experiments 
in vivo and further confirm the reliability of the results 
from in vitro experiments. Secondly, we should get a 
better understanding of the transfer and accumulation 
of nanoparticles in the human body through possible 
absorption and clinical administrations, as well as the 
release mechanism and location of the heavy metal 

content. Finally, it should increase monitoring of the 
concentration of nanoparticles and establish relevant 
regulations to manage and regulate the production 
operation. 

    In order to predict and assess the impact of 
nanomaterials on living organisms scientifically, we need 
more systematic and long-term study. Whether foreign or 
domestic, nanomaterials and nanotechnology research on 
human health has just started, it needs the joint efforts on 
biotechnology, nanotechnology, medicine, chemical and 
physical means. While the governments and scientists 
should be committed to the development and research 
of non-toxic nano-materials to reduce the toxicity of 
nanomaterial. We believe that the nanomaterials will 
make great contribution to human beings in near future.
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