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This decade has seen revolutionary developments in the field
of nanotechnology with newer and diverse applications of
nanoparticles (NPs) appearing every day. However, there
are limited data about the toxicity of nanoparticles and
their fate in biological systems. Inhalation, ingestion, and
dermal penetration are the potential exposure routes for
nanoparticles, whereas particle size, shape, surface area,
and surface chemistry collectively define the toxicity of
nanoparticles. Increased production and intentional (sun-
screens, drug delivery) or unintentional (environmental,
occupational) exposure to nanoparticles are likely to increase
the possibilities of their adverse health effects. It is crucially
important that novel nanomaterials must be biologically
characterized for their health hazards to ensure risk-free and
sustainable implementation of nanotechnology.

Although NPs have always occurred in nature, the latest
developments are in the production and use of engineered
NPs which are finding applications in a wide range of areas
including cosmetics, medicine, food and food packaging,
bioremediation, paints, coatings, electronics and fuel cat-
alysts, and water treatment. The drugs encapsulated into
nanoparticles result in a clump-free, stable, and water-
soluble material due to a very large surface to volume ratio.
Nanoparticle-mediated drug delivery systems are being de-
veloped for preventive treatment of the oxidative damage
implicated in various neurodegenerative diseases such as
Alzheimer’s disease, Parkinson’s disease, andWilson’s disease.
Novel nanomaterials are also being explored for potential
therapeutic and diagnostic applications in cancer treatment
and diagnosis where the nanoscale properties facilitate the
entry and intracellular transport to specific target sites. Nano-
materials also hold great promise for reducing the production

of wastes and industrial contamination and improving the
efficiency of energy production and use. The potential for
nanotechnology is believed to be practically limitless and
the potential for profiting from creating and marketing these
advances is the driving force behind an incredibly rapid rush
to deliver these applications to the marketplace.

However, the production, use, and disposal of manu-
factured NPs lead to discharges into air, soils, and aquatic
systems. Therefore, it is crucial to investigate their transport
into and through the environment and their impacts on
environmental health. The indiscriminate use of engineered
NPs with unknown toxicological properties might pose a
variety of hazards for environment, wildlife, and human
health. Our knowledge of the harmful effects of nanoparticles
is still very limited and at present no specific regulations have
been developed for NPs usage. Since the nanomedicine and
nanotoxicology are two sides of the same coin, the worth
of this coin depends on its prudent use. There is potential
risk for the exposure of humans and the environment to
nanoparticles throughout their life cycle, starting from man-
ufacture to disposal. Accidental spillages or permitted release
of industrial effluents in waterways and aquatic systems may
result in direct exposure to nanoparticles of humans via skin
contact, inhalation of water aerosols, and direct ingestion
of contaminated drinking water or particles adsorbed on
vegetables or other foodstuffs.The small size of NPs facilitates
their uptake into cells and translocation across epithelial
and endothelial cells. NPs may travel to other places in
body and interact with tissues prolonging their stay in the
body. There is predominant accumulation of NPs in organs
with high phagocytic activity, mainly in liver, kidney, and
spleen. Toxic effects have been documented at the pulmonary,
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cardiac, reproductive, renal, cutaneous, and cellular levels.
A precautionary approach is required for individual eval-
uation of new nanomaterials for potential risks to health
and environment associated with the application of these
nanomaterials. Although current toxicity testing protocols
may be applicable to identify harmful effects associated with
nanomaterials, research into new methods is necessary to
address the special properties of nanomaterials.

This special issue is a collection of 16 peer-reviewed
original research and review articles, describing the toxico-
logical properties and biocompatibility of the commonly used
nanomaterials. Most of the articles in this special issue are
devoted to carbon nanomaterials. Carbon is nonmetallic with
peculiar property of being able to bond with itself and a wide
variety of other elements. Natural carbon exists in two differ-
ent forms: graphite and diamond. Three additional forms of
carbon including fullerenes, nanotubes, and graphene were
discovered between 1985 and 2004. Owing to their nanoscale
structure, these forms of carbon were classified as carbon
nanomaterials. Graphene is a two-dimensional, atomic-scale,
and hexagonal lattice in the form of a flat carbon sheet. It
is the basic structural element of other allotropes, including
carbon nanotubes and fullerenes. Fullerenes are spherical
carbon-cage molecules with sixty or more carbon atoms and
measure about 0.7–1.5 nm in diameter. Carbon nanotubes
(CNTs) are seamless cylinders of one or more layers of
graphene with open or closed ends. Carbon nanotubes are
the third most widely used materials due to their significant
properties like thermal stability, lower mass density, and high
mechanical strength. CNTs have now been incorporated in
more than 35 products for the various applications such as
sporting goods, automotive vehicles, clothing, electronics,
and computers. The widespread use has enhanced their
annual production globally from 300 tons in 2006 to about
4500 tons in 2011. The lipophilic nature, higher reactivity,
and long life span of CNTs can adversely impact human
health and environment. CNTs can easily pass the biological
barriers and get distributed into the cellular and subcellular
organs, but their toxicity is concentration dependent. It has
been observed in the mice that inhalation exposure can
cause pleural fibrosis in some cases; it is also reported that
it shows the toxicological activities like asbestos and leads
to the mesothelioma and granuloma. The toxicity studies
in vitro in cell lines demonstrated reactive oxygen species
(ROS) generation, inflammatory responses, DNA-damage,
and oxidative damage of proteins. The ecotoxicity of CNTs
has been assessed in bacteria, protozoans, crustaceans, and
fishes. For example, CNTs affect the ingestion and digestion
in ciliated protozoa, ultimately reducing bioavailability of free
iron in the marine environment. There is a need to develop
themethodologies and techniques to detect, characterize, and
determine the transformation of CNTs in environment and
biological systems. The rise in the use of CNTs demands
health and safety standards for CNT manufacturing opera-
tions that potentially generate airborne particulate matter.

Some articles in this issue describe the toxicities of metal
oxide NPs including three articles devoted to the toxicity
of iron oxide NPs and one on the toxicities of nickel and
cerium oxide NPs. One article reported the toxicity and

tolerance of zerumbone-loaded nanostructured lipid carrier
in amousemodel.There are two review articles in this special
issue that focus on the general aspects of advantages and
disadvantages (toxicity) related to applications of different
types of NPs. Although there is a general recognition that
nanotechnology has the potential to advance science and
quality of life and to generate substantial financial gains, a
number of reports have also suggested that potential toxicity
should be considered as a primary concern for safe use of
nanoparticles. The current knowledge of the toxic effects of
nanoparticles is relatively limited. A precautionary approach
is therefore required for evaluation of potential risks to health
and environment associated with the use of nanomaterials.
Although current toxicity testing protocols may be applied to
identify harmful effects of NPs, research into newmethods is
required to address the special properties of nanomaterials.
It is crucially important to assess their safety for sustainable
implementation of nanotechnology with its full potential.

Haseeb A. Khan
Rishi Shanker
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Two fullerene derivatives (fullerenes 1 and 2), bearing a hydrophilic chain on the pyrrolidinic nitrogen, were developedwith the aim
to deliver anticancer agents to solid tumors.These two compounds showed a significantly different behaviour on human neoplastic
cell lines in vitro in respect to healthy leukocytes. In particular, the pyrrolidinium ring on the fullerene carbon cage brings to a
more active compound. In the present work, we describe the effects of these fullerenes on primary cultures of human monocytes
and macrophages, two kinds of immune cells representing the first line of defence in the immune response to foreign materials.
These compounds are not recognized by circulating monocytes while they get into macrophages.The evaluation of the pronecrotic
or proapoptotic effects, analysed by means of analysis of the purinergic receptor P2X7 activation and of ROS scavenging activity,
has allowed us to show that fullerene 2, but not its analogue fullerene 1, displays toxicity, even though at concentrations higher than
those shown to be active on neoplastic cells.

1. Introduction

Application of nanomaterials is increasing in the field of
medicine with the aim to overcome the limitations of or to
provide new tools and solutions to the existing approaches
to human diseases [1, 2]. Among these nanoscale chemical
structures, fullerenes represent an important source of the so-
called biocompatible molecules because of their capacity to
be in contact with cells and biological tissues without altering
their behaviour [3]. Some of these substances were shown to
be capable to cross cells without affecting their viability [4, 5];
others were demonstrated to be suitable as substrates for the
growth of cells and tissues of importance for regenerative
medicine and cell therapies [6]. They are also supposed to
be good drug carriers in that they might use the enhanced
permeability retention for selective accumulation of cytotoxic
agents into solid tumour masses [7, 8].

In this context, two fullerene derivatives (hereafter iden-
tified as fullerene 1 and fullerene 2, Figure 1), bearing a

hydrophilic chain on the pyrrolidinic nitrogen, were devel-
oped with the aim to deliver anticancer agents to solid
tumours [9]. These two compounds showed a significantly
different behaviour on cell cultures in vitro, as the charged
compound 2 is being significantly more cytotoxic than
fullerene 1. A whole-transcriptome RNA-seq analysis, assess-
ing their effects on gene expression in the human MCF7
cell line [10], highlighted the questions about the safety of
fullerenes in biological systems. In fact, also those com-
pounds (e.g., fullerene 1) which appear to be well tolerated,
according to conventional functional studies, can cause
important changes at the transcriptomic level, suggesting
potential implications for the toxicity of these compounds.
The effects of nanomaterials for immune cells have even
major health, hazard identification and risk assessment
implications. This is particularly important when proposing
their possible use as drug delivery devices in tumor-bearing
patients for whom the maintenance of an appropriate func-
tionality of the immune system is of crucial importance for
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Figure 1: Chemical structures of the fullerene derivatives.

the benefit of the antitumor therapies. Then, independent of
whether these fullerenes will be developed as drug delivery
systems (e.g., compound 1) or for their antitumour properties
(e.g., compound 2), the knowledge of their effects on cells of
the immune system, also because these cells are involved in
the recognition and scavenging of foreign material, appears
crucial.

We therefore thought it is worth noting to study whether
fullerenes 1 and 2 are biologically inert or they exert any
biological effects on immune cells such as monocyte and
macrophages. Depending on their surface modifications,
fullerene derivatives may present quite different solubilities
and, when put in biological systems, different proclivity to
coalesce into sizes that could be readily recognized and
captured by immune cells such as monocytes/macrophages
with potential consequences on the biological functions of
these cells. Monocytes and macrophages are cells known
to be involved in both the innate and adaptative immune
responses, the role of which is equally fundamental in
the initiation and maintenance, likewise the resolution of

many inflammatory processes. For this purpose, we tested
circulating monocytes and cells resembling tissue resident
macrophages, because they represent the first line of defence
in the immune response to foreign materials, including
fullerenes and nanostructures in general. Nanoparticles have
been reported to be scavenged by macrophages before they
transcytose across the plasma membranes of the target cells.
Most of the study was then performed using monocytes and
macrophages induced by differentiation of myeloid cell lines
or primary cultures isolated from buffy coats.

2. Material and Methods

2.1. C
60

Derivatives. The general synthesis of the fullerene
derivatives is herein reported.

The C
60
was functionalized using the 1,3-dipolar cycload-

dition of azomethine ylides, generated by condensation of
𝛼-amino acid and aldehyde. In the case of derivatives 1, 1-
FITC, 2, 2-FITC, and 3, the 𝛼-aminoacid prepared was the
N-Boc-amino-diethoxy-ethylamino acetic acid, synthetized
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in 3 steps. Firstly, the 2,2-(ethylenedioxy)bis(ethylamine)
was monoprotected with di-tert-butyl dicarbonate. After
purification, the product 1 was alkylated using benzyl 2-
bromoacetate and, lastly, the amino ester was deprotected
by catalytic hydrogenation to obtain the 𝛼-aminoacid with
quantitative yield. The latter, together with paraformalde-
hyde, was used for the 1,3-dipolar cycloaddition on the
fullerene C

60
. The Boc protecting group was cleaved using

trifluoroacetic acid to obtain the free amino group with
quantitative yield. For the synthesis of the fulleropyrrolidine
derivatives 2, 2-FITC and 3, methylated on the nitrogen of
the pyrrolidine ring, the methylation was done before the
Boc deprotection to avoid the methylation on both nitrogen
atoms. The introduction of the methyl group was done with
methyl iodide, under heating in a pressure vial. The methy-
lated derivative was then treated with trifluoroacetic acid to
obtain the desired compounds. The fulleropyrrolidine was
also coupled with fluorescein isothiocyanate isomer I (FITC).
The positive charge on the deprotected aminewas neutralized
using diisopropylethylamine (DIPEA), making it available
to attach the isothiocyanate group of the fluorophore com-
pound.The product was precipitated from the reaction crude
(DMF solution) with distilled MeOH subsequently washed
with distilled MeOH. For further details, the full syntheses
were already reported for 1, 2, 3, and 8 [9] and for fluorescent
derivative 1-FITC [11]. Compound 2-FITC was prepared
following the same procedure performed for 1-FITC, using
as starting materials compound 2.

Solubility of derivatives 1 and 2 has been measured in
PBS and at acid pH. In the first case, the difference is not
dramatic (3𝜇Mversus 4 𝜇Mresp.). At pH 4, the solubility of 1
increases by one order of magnitude (37𝜇M)while derivative
2 presented a solubility of 240𝜇M.

2.2. Monocyte and Lymphocyte Cell Lines. Thehumanmono-
cytic U937 (cell line ATCC CRL 1593, Rockville, MD) and
Burkitt’s lymphoma BJAB cell line (kindly supplied by Dr.
Macor, Department of Life Sciences, University of Trieste)
were cultured in RPMI 1640 medium supplemented with
2mM L-glutamine, 100U/mL penicillin, 100 𝜇g/mL strepto-
mycin, and 10% fetal bovine serum (FBS) (completemedium)
and were subcultured three times a week for not more
than 20 passages. Human monocytes and lymphocytes were
isolated from buffy coats of different informed donors (in
accordance with the ethical guidelines and approved from the
ethical committee of the University of Trieste) as described
by Bennett and Breit [12]. Briefly, the buffy coats were diluted
1 : 1 with PBS and added to an equal volume of histopaque-
1077. After centrifugation for 30min at 400×g without brake,
the white band at the interphase between the plasma and
the Histopaque fractions was soaked up, transferred into a
sterile tube and washed twice with PBS. The cell pellet was
then resuspended in RPMI Hepes and transferred to a cell
culture flask. The lymphocytes were recovered, as cells in
suspension, after the monocytes were left to adhere for 1 h.
The lymphocytes were used within two days, maintaining
them in completemediumaddedwithHepes (25mM), nEAA
(1x), sodium pyruvate (1mM), and 2ME (50 𝜇M). The cells
were incubated in humidified air with 5% CO

2
at 37∘C.

2.3. Macrophage Induction. For induction of differentiation
of U937 monocytes into macrophages (U937-PMA), the cells
(1 × 106 per mL) were seeded in the same medium and
treated with 50 ng/mL of phorbol 12-myristate 13-acetate
(PMA) at 37∘C in an atmosphere of 5% CO

2
. After 72 h

incubation, nonadherent cells were removed by aspira-
tion. For test involving cell suspensions, the adherent cells
(macrophages) were washed with PBS and then incubated
at 37∘C for 5min in 5% CO

2
with 0.05% trypsin and 0.02%

EDTA⋅4Na solution to gently release them from the tissue
culture flask. Recovered cells were then washed in PBS,
resuspended in complete medium, and counted to prepare
the cell suspension at the desired concentration. Differenti-
ation of the human seeded monocytes from buffy coats into
macrophages (MDM-LPS) was obtained following the same
conditions described for U937; 10 ng/mL of E. coli LPS was
used as differentiating agent for 5 days incubation in 5%
CO
2
.
The characterization of LPS-induced macrophages was

performed dosing IL12-IL10 (Platinum Elisa Human IL-
12p70 “Ready-to-Use ELISA”; Human IL-10 Instant ELISA
CE-IVD “Just add Sample”). In particular, we measured
≈100 pg/mL IL12 and ≈20 pg/mL IL10 that accordingly to
Mosser ’08 correspond to M1 polarization. The characteriza-
tion was also confirmed by flow cytometry with human anti-
IL-12 (p40/p70) and human anti-IL-10 antibodies (MACS,
Miltenyi Biotec, Italy).

(All chemicals, unless specified, were purchased from
Sigma-Aldrich, Italy).

2.4. Cytotoxicity Assays

2.4.1. MTT Assay. The colorimetric 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was
performed to assess the metabolic activity of cells plated
into 96-well culture plates (105 cell/well) and treated with
0.5–25𝜇M of fullerene 1 or fullerene 2 in complete medium
for 24–72 h. At the end of treatments, fullerenes containing
medium were removed and replaced with fresh medium;
for the cytotoxic assay, 20𝜇L stock MTT (5mg/mL) was
added to each well, and cells were then incubated for
4 hr at 37∘C. The converted MTT dye was solubilised with
acidic isopropanol (0.04N HCl in absolute isopropanol).
Absorbance was measured at 540 nm and 630 nm using
a microplate reader (Automated Microplate Reader EL311,
BIO-TEK Instruments, Vermont, USA). All measurements
were done in triplicate and each experiment was repeated at
least three times.

2.5. Flow Cytometry Assays. All flow cytometry measure-
ments were carried out on a Cytomics FC500 (Beckman
Coulter Inc., Fullerton, CA), equipped with an argon laser
(488 nm, 5mV) and standard configuration with photomul-
tiplier tube (PMT) fluorescence detector for green (525 nm,
FL1), orange (575 nm, FL2), or red (610 nm, FL3) filtered light.
After acquisition, of at least 10,000 events per each run, data
are stored as listmode files and analyzedwith the FCSExpress
V3 software or, the FL3 saved histograms, andwere submitted
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to the analysis of the cell cycle, performed by the MultiCycle
software.

2.5.1. Apoptosis/Necrosis Assay. U937-PMA or monocytes/
MDM-LPS cells were differentiated in 12-well tissue culture
plates, as described above, and subsequently cells were incu-
bated with the test compounds at 37∘C in 5% CO

2
. At the

end of treatment, cells were washed to remove extracellular
fullerenes and stained with the appropriate probes described
below to detect the cellular damage.

(i) DiOC
6
(3,3-dihexyloxacarbocyanine iodide) (Fluo-

Probes, Interchim, Montlucon Cedex, France) was
added (50 nM) to cell cultures in the dark at 37∘C
for 15min, washed twice with 2mL of PBS, and
then stained at room temperature in the dark with
10 𝜇g/mL propidium iodide (PI) (Sigma) for 10min.
Double stained cells were then analyzed by flow
cytometry.

(ii) JC-1 cyanine iodide probe (5,5,6,6-tetrachloro-
1,1,3,3-tetraethyl-benzimidazolcarbocyanine iodide;
Molecular Probes Europe BV, Leiden, The Nether-
lands) was used as previously described [13]; briefly,
the probe (2.5 𝜇g/mL) was added to cells in suspen-
sion (RPMI 1640 medium with 10% FBS) by gentle
vortexing and, after incubation for 15min at 37∘C
in 5% CO

2
in the dark, the cells were washed twice

with prewormedPBS (37∘C), resuspended inPBS, and
immediately analyzed by flow cytometer, acquiring
FL2/FL1 signals on viable cells (those excluding PI,
run in parallel). JC-1 monomer was measured at
FL1-PMT, JC-1 aggregated at FL2-PMT. Cells treated
with 50𝜇M of the uncoupler carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) at 37∘C for 15min
were run in parallel as a control for the collapse of
mitochondrial transmembrane potential.

(iii) YOPRO-1 (Molecular Probes, Invitrogen) (2𝜇M) was
added to cell cultures in the dark at 37∘C for 30min.
Recovered cells were washed twice with cold PBS,
stained with PI, and read by flow cytometry. 3mM
ATP (adenosine 5-triphosphate disodium salt) was
used as agonist of the purinergic receptor P2X7R.

2.5.2. Cell Cycle Analysis. 0.5 × 106 cells were fixed in 70%
ethanol, washed twice with PBS, and allowed to balance in
PBS for 1 h. Cells were stained overnight with 0.5mL of a PBS
solution containing 10 𝜇g PI, 0.25 ng FITC, and 4 𝜇g RNase
(all chemicals were purchased from Sigma-Aldrich, Italy).

2.6. Cell-Uptake Assays

2.6.1. Flow Cytometric Evaluation. Monocytes/MDM-LPS
(106/mL cells per well) were incubated in complete medium
24 h with 5–10 𝜇M 1-FITC or 2-FITC. The cells were then
washed with PBS to remove the noninternalized compound
and analysed by flow cytometry. For kinetic studies, cell
suspensions (106/mL cells per tube) in PBS were kept in
thermostated bath and added with the 1-FITC; for each time

point (0–60min) of treated cells, appropriate controls were
run in parallel and read by flow cytometry. A further series
of tubes were incubated for 30 and 60min, washed to remove
unbound fullerenes, and subsequently incubated for 10min
with 1mg/mL of the extracellular quencher Trypan Blue prior
to flow cytometry measurement.

2.6.2. Confocal Microscopy. Mononuclear cells were primed
with LPS on coverslips (1 × 106 cells per coverslip), placed
in a 12-well plate and treated for 24 hr with 10 𝜇M 1-
FITC or 2-FITC. Monocytes/MDM-LPS cells, adhered on
coverslips, were then washed with PBS and the intracellular
localization of fullerenes was traced using the mitochondrial
marker Mito-ID red mitochondria (Enzo Life Sciences, EU)
following the instructions of the manufacturer. Cells were
examined using a Nikon C1-SI confocal microscope (TE-
2000U) equipped with a 60x oil immersion lens.

2.7. ROS Production. After treatment, with 10 𝜇M of the test
fullerenes, the recovered cells were washed and concentrated
(20 × 106/mL in PBS) prior to staining with 10 𝜇M CM-
H2DCF-DA probe (Molecular Probes, Invitrogen, Italy), for
30min, at room temperature and in the dark. At the end
of the incubation time, cells were washed twice and diluted
to 106/mL in RPMI-1640 modified without phenol red and
each sample (treated or control cells) has been divided into
2 aliquots (0.5 × 106 cells/0.5mL), one representing the basal
production of ROS and the other challenged with PMA at
𝑇 = 0. Fromboth groups, a kinetic analysis by flow cytometry
was run from 0 to 60min for the ROS production.

2.8. Statistical Analysis. Data obtained from repeated exper-
iments were subjected to computer-assisted analysis using
GraphPad InStat 3, and statistical significance was assumed
at 𝑃 ≤ 0.05 (ANOVA, Student-Newman-Keuls posttest). For
cytotoxic assays, IC

50
values were extrapolated by regression

correlation analysis performed by GraphPad InStat 3 from
experimental curves concentration effect (𝑟2 ≥ 0.9).

3. Results and Discussion

3.1. Cytotoxicity and Cell Cycle Effects on Primary Cells and on
Lines of Lymphoid and Myeloid Derivation. The cytotoxicity
(measured by the MTT) of the test compounds (Figure 1)
was carried out on fresh peripheral blood monocytes and
lymphocytes in comparison to macrophages and to cell lines
of lymphoid and myeloid origin. The IC

50
values reported

in Table 1 show a very low susceptibility of primary cell
cultures, composed of resting cells and macrophages from
buffy coats to the effects of fullerenes 1 and 2. These cells
showed no toxicity up to 72 h exposure to the maximum
dose tested, and it was not possible to precisely extrapolate
the IC

50
in these cell lines. Concentrations higher than

those tested could not be used because of the formation
of aggregates when the solutions of 1 and 2 were put in
contact with the cells. On the contrary, fullerenes 1 and 2
show a measurable cytotoxicity for the stabilised cell lines,
including the PMA differentiated U937 cells (U937-PMA),
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Table 1: Fullerene cytotoxicity on primary and stabilized cells of lymphoid and myeloid derivation.

Cell lines Primary cultures
U937 U937 PMA BJAB Monocytes MDM LPS Lymphocytes

Fullerene 1 27 𝜇M 34 𝜇M 40 𝜇M >>50𝜇M >50𝜇M >50 𝜇M
Fullerene 2 17 𝜇M 32 𝜇M 24 𝜇M >>50𝜇M >50𝜇M >50 𝜇M
Cells (105/well) were treated in complete medium with fullerene 1 and fullerene 2 for 24 hr and then subjected to MTT test. IC50 values were obtained
(interpolation with GraphPad InStat) from data of repeated experiments; each of them are being with samples at least in triplicate.

slightly superior for fullerene 2 in the U937 and BJAB cell
lines, similar to previous studies with MCF/7 cells [9]. When
cell exposure was extended to 72 h, 25𝜇M fullerene 2 showed
even greater cytotoxicity, corresponding to about 75% of cell
loss (O.D. fullerene 2: 0.197 ± 0.016 versus O.D. controls:
0.791 ± 0.02, 𝑃 < 0.001). The effects on these proliferating
cells confirm the highest toxicity for fullerene 2 and are
already evident at concentrations below the IC

50
. The cell

cycle analysis of U937 cells exposed to 10 𝜇M fullerenes 1 and
2 (approximately 50% of their IC

50
in this cell line) showed

the slow-down of cell progression into the cell cycle phases
at any point of examination and without a particular phase
specificity; compound 2 was much more active than 1 also in
this experiment (Table 2).

The MTT test has been reported to present some limita-
tions to accurately predict fullerene toxicity. It works poorly
with C

60
itself and better with C

60
derivatives [14]. It has then

been suggested that more than one assay might be required
when determining nanoparticle toxicity for risk assessment
[15]. Our study was then extended to the effects of fullerenes
on monocytes and on macrophages using further methods
suitable to definemore precisely their activity on cell viability.
These tests were done on the resting population ofmonocyte-
macrophages obtained from buffy coats in order to study
the potential cytotoxic effects of the test fullerenes on cells
that can be found in vivo and which have a role in the
pharmacokinetics of nanomaterials.

3.2. Effects on Mitochondria and on Cell Membrane. The
JC-1 cyanine dye is a suitable probe to measure the fall
of mitochondria energy in response to cytotoxic drugs.
Flow cytometry measurements of the ΔΨ𝑚 (mitochondrial
membrane potential), with two different colours (green/red),
allows us to distinguish the formation of the JC-1 aggregates
(given by the FL2) and of the JC-1 monomer (FL1) formed
in the mitochondria of the treated cells. Compounds 1 and 2
were analysed on primary cultures of resting monocytes and
on macrophages resembling the M1 polarized (MDM-LPS)
macrophages.

Monocytes and MDM-LPS were treated for 24 h with
0.5–10 𝜇M fullerenes and subsequently stained with the
metachromatic probe. CCCP was used as positive control
(Figure 2(b)). Derivative 1 does not significantly modify the
treated cell population and the cytograms of the treated
cells (Figures 2(d)–2(f)) are comparable to those of the
untreated controls (Figure 2(a)). Conversely, 5 𝜇M fullerene
2 (Figure 2(h)) causes the mitochondrial depolarization in
approximately 50% of the treated cells, as evidenced by the
loss of aggregated JC-1. The use of 10 𝜇M leads to a complete

Table 2: Cell cycle analysis of fullerene derivatives U937 treated
cells.

% G1 % S % G2M
24 h
Control 36.3 ± 0.7 59.9 ± 0.9 3.9 ± 0.2
Fullerene 1 35.7 ± 0.5 58.3 ± 0.3 6.0 ± 0.4∗∗∗

Fullerene 2 37.0 ± 0.8 56.6 ± 0.8∗ 6.4 ± 0.2∗∗∗

48 h
Control 46.2 ± 1.7 47.6 ± 1.3 6.2 ± 0.5
Fullerene 1 43.1 ± 0.7 50.6 ± 0.5∗ 6.3 ± 0.7
Fullerene 2 37.9 ± 0.8∗∗,§ 55.0 ± 0.3

∗∗∗,§§ 7.1 ± 0.5
72 h
Control 46.7 ± 0.7 47.5 ± 0.5 5.8 ± 0.5
Fullerene 1 46.4 ± 0.8 47.7 ± 0.6 5.9 ± 0.3
Fullerene 2 43.2 ± 0.6∗,§ 50.7 ± 0.4

∗∗,§§ 6.0 ± 0.3
Cells (1 × 106/mL) were exposed for 24–72 hr long-lasting treatment with
10𝜇M of fullerene 1 and fullerene 2 and then subjected to PI staining prior
to performing the flow cytometric cell cycle analysis. The percentage of each
phase reported was calculated by MCycle analysis software. ∗𝑃 < 0.05,
∗∗
𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 versus untreated controls; §

𝑃 < 0.05,
§§
𝑃 < 0.01 versus fullerene 1; Student-Newman-Keuls multiple comparisons

test, ANOVA.

effect in 100% of the cell population (Figure 2(i)). If we
consider the JC-1 aggregated/JC 1 monomer ratio (FL2/FL1)
(Figure 2(j)), the ratiometric semiquantitative assessment of
mitochondrial polarization state caused by fullerene 2 shows
a statistically significant drop of the transmembrane energy
potential of the mitochondria in comparison to the untreated
control with any dose tested. The two fullerenes, tested
on monocytes, characterised by a lower energetic status
(Figure 2(c)), show no effect on these cells (data not shown).

The consistency of the depolarization induced by 2 and
the consequences of this effect for cell viability were anal-
ysed with the DiOC

6
/PI dual staining. This mitochondrial

potential-sensitive dye renders the viable cells fluorescent
(see Figure 3(a), untreated controls), because of their high
transmembrane potential (lower-right quadrant), while its
uptake is reduced in early and late apoptotic cells. The
dual staining, DiOC

6
combined with PI, allows us to dis-

tinguish cells in early stages of apoptosis (negative for PI
with decreased DiOC

6
fluorescence) from those in late stage

of apoptosis (DiOC
6
+/PI+, Figure 2, upper-right quadrant,

UR) and finally the necrotic cells that will be PI positive
only (Figure 2, upper-left quadrant, UL). A representative
experiment with fullerenes 1 and 2 is given in Figure 3 ((b):
fullerene 1 and (c): fullerene 2) and the detailed effects are
reported in Figure 4.
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Figure 2: Analysis of the energized mitochondria of MDM-LPS and monocytes stained with the cyanine dye JC-1. Dot plots show JC-
1 monomer FL1 (𝑥-axes) and JC-1 aggregates FL2 (𝑦-axes) of untreated ((a) MDM-LPS, (c) monocytes) and positive ((b) CCCP) controls;
fullerene 1 treated MDM-LPS at 0.5𝜇M (d), 5𝜇M (e), and 10 𝜇M (f). Fullerene 2 treated MDM-LPS, respectively, at 0.5𝜇M (g), 5 𝜇M (h),
and 10 𝜇M (i). (j) displays the ratiometric assessment of mitochondrial polarization signals as FL2/FL1 (JC-1 aggregated/JC 1 monomer) of
MDM-LPS cells treated for 24 hrs with fullerene 1 (circle) and fullerene 2 (square) at the concentrations shown on 𝑥-axes. Mean values ±
SEM of at least three independent determinations: ∗∗∗𝑃 < 0.01 versus untreated controls, post-ANOVA Student-Newman-Keuls multiple
comparison test.
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Figure 3: Analysis of the apoptosis/necrosis by DiOC
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/PI double staining. Representative dot plots showing MDM-LPS cells untreated
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Figure 4: Effects of fullerene treatment onmonocytes andMDM LPS analysed byDiOC
6
/PI double staining.The figure shows the percentage

of damaged cells measured in quadrants UR and UL (see Figure 3) after fullerene treatments while in the inset there are reports of the MFI
values of MDM-LPS (filled symbols) or monocytes (open symbols) after treatment with fullerene 1 (circle) and fullerene 2 (square). Mean
values ± SEM of at least three independent determinations: ∗∗𝑃 < 0.05, ∗∗∗𝑃 < 0.01 versus untreated controls, post-ANOVA Student-
Newman-Keuls multiple comparison test.

The analysis of the effect of 5–25𝜇M fullerenes 1 and
2 for 24, reported in Figure 4, confirms the absence of
activity on monocytes (empty symbols) and the profound
depolarization caused on MDM-LPS cells (filled symbols)
(MFI values, indicative of the mitochondrial membrane
polarization, insert of Figure 4). However, only a limited
percentage of late apoptotic (UR) and necrotic cells (UL)
are detectable up to 25 𝜇M of fullerene 1 (Figure 4) whereas
2 confirms its cytotoxicity with over 70% cells irreversibly
damaged at 25 𝜇M concentration.

From these data, it can be concluded that the depolar-
ization measured by JC-1 and DiOC

6
probes, after exposure

of cells up to 10 𝜇M, does not lead to cell death and that
higher doses of the cytotoxic derivative 2 are required to

bring cells to complete their apoptotic pathway. Despite the
hydrophobic nature of C

60
, that should allow the insertion of

the tested compounds into the cell membrane bilayer, leading
to potential alteration of its structure and function, there is no
increase of permeability to PI, suggesting that the observed
cell toxicity largely depends on the effects on mitochondria.
In fact, we showed fullerene 2 to inhibit the “mitochondrial
target of rapamycin” (mTOR) pathway in MCF7 cells, an
important intracellular signalling cascade regulating cellular
metabolism, growth, and proliferation in response to the
cellular energetic and oxygen levels and to a number of other
stimuli [10].

The YO-PRO-1 probe was used to functionally detect
the apoptotic macrophages, that become permeable to the
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Figure 5: Evaluation of the P2X7R opening in MDM-LPS. Flow cytometric measurement of control and treated cells, with 10𝜇M fullerenes
(24 hr), stained with the YO-PRO fluorescent probe (solid histograms) or after addition of the agonist ATP (3mM) (line pattern histograms).
PI positive cells were gated out from the analysis and were below 10%. Mean values ± SEM of at least three independent determinations:
∗∗∗
𝑃 < 0.01 versus untreated/unstimulated controls (−) and §

𝑃 < 0.05 versus ATP alone, post-ANOVA Student-Newman-Keuls multiple
comparisons test.

Table 3: Flow cytometric analysis of the fullerene derivatives interaction with monocytes and macrophages.

Monocytes MDM-LPS
% MFI % MFI

0 𝜇M 0 ± 0.01 0 ± 0.01 0.16 ± 0.04 3.1 ± 0.4
5 𝜇M fullerene 1-FITC 3.8 ± 0.3 3.0 ± 0.05 94.1 ± 0.06 34.7 ± 6.3∗∗∗

10 𝜇M fullerene 1-FITC 12.6 ± 1.2 3.2 ± 0.01 98.6 ± 0.19 76.4 ± 2.8
∗∗∗,§

5 𝜇M fullerene 2-FITC 0.3 ± 0.03 3.1 ± 0.04 93.50 ± 0.23 18.7 ± 0.8∗∗

10 𝜇M fullerene 2-FITC 1.8 ± 0.19 3.4 ± 0.08 96.93 ± 0.36 31.5 ± 1.0
∗∗∗,§

Cells (1× 106/mL)were exposed for 24 h to 5–10 𝜇Mof fullerene derivatives: FITC tagged and subsequently recovered and run by flow cytometer.Thepercentage
of positive cells and the mean fluorescent intensity of FL1 channel are reported. Each value is the mean ± SEM of triplicate samples. ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001
versus untreated controls; §𝑃 < 0.05 versus the lower concentration (5𝜇M). Student-Newman-Keuls multiple comparisons test, ANOVA.

fluorescent probe, but not to PI. YO-PRO-1 selectively enters
throughout the P2X7R, an ion channel receptor that is
activated by extracellular ATP and indirectly by a broad range
of stimuli (bacterial and particulate material). ATP-gated
P2X7Rs leads to a rapid caspase-1 activation.

MDM-LPS cells express functional P2X7R since they
respond to exogenously added ATP (Figure 5, line filled his-
tograms). By contrast, 24 h treatment with 10 𝜇M fullerenes 1
and 2 did not induce the opening of the receptor which is in
line with the absence of significant increases of apoptotic cells
in these experimental conditions (see Figure 4).The addition
of ATP to the MDM-LPS cells, pretreated with fullerene 2,
significantly increased the percentage of YO-PRO-1 positive
cells as compared to the use of ATP alone (Figure 5). During
pathophysiological conditions, the endogenous release of
ATP from necrotic cells, as extracellular ATP in the milieu
(eATP), represents a danger signal that alerts and activates
the innate immune response against the tissue damage.
eATP binds the purinergic receptor P2X7 triggering the
formation of a pannexin-1 hemichannel, resulting in the
activation of the NLRP3 inflammasome [16], as reported for
environmental irritants, including silica and asbestos [17, 18].

It could be argued that the pretreatment with 2, but not with
fulleropyrrolidine 1, contributes to rendering the cells more
responsive to ATP, leading to the pyroptosis [19] of MDM-
LPS cells.

3.3. Binding and Internalization of Compounds 1 and 2.
Confocal laser scanning microscopy was used to study the
internalization of 5𝜇M and 10 𝜇M of the fluorescent deriva-
tives fullerene 1-FITC and fullerene 2-FITC into human
monocytes and MDM-LPS cells (Figure 6). After incuba-
tion for 24 h, the cell distribution of these two fullerenes
showed compound 1 mainly in the form of aggregates in the
cytoplasm (Figure 6(e)) whereas compound 2 was diffusely
present in the cell cytoplasm (Figure 6(h)). The absence
of colocalization with the MitoTracker probe suggests the
absence of a direct localization of these fullerenes in the
mitochondria. Also, the persistence of the fluorescence signal
of FITC suggests that these compounds are not sequestered
by lysosomes, intowhich the acidic environment, within 24 h,
would have caused the FITC degradation.

Uptake studies, carried on by flow cytometry analyses
(Table 3), confirm the selective and concentration-dependent
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Figure 6: Confocal microscopy of MDM-LPS cells after 24 hr incubation with 10𝜇M fullerene 1-FITC ((d), (e), and (f)) or fullerene 2-FITC
((g), (h), and (i)) or untreated control ((a), (b), and (c)), stained with Mito-ID (red fluorescence). Many fields were examined and over 95%
of the cells displayed the patterns of the respective representative cells shown here.

binding of the tested compounds to macrophages (>90%)
than tomonocytes.The highMFI values of fullerene 1 treated
cells should be attributed to the strong fluorescent signal
(relative fluorescence unit, RFU) emitted by fullerene 1-FITC,
greater than that of fullerene 2-FITC, as determined using
equimolar solutions of the FITC-labelled fullerenes in an in
vitro cell-free system (RFU fullerene 1/RFU fullerene 2 = 4.1
± 0.2).

The kinetic study of 1-FITC (more efficient as fluo-
rescent “tracer” and less toxic than 2-FITC) interaction
with primary cultures of monocytes and MDM-LPS cells
was done at 15min intervals (Figure 7). The MFI values
(Figure 7(a)) confirmed the specificity of fullerene 1 binding
to macrophages than to monocytes, even after normalization
of the data on the cell dimensions (FS channel from flow
cytometry data) given that macrophages are generally larger
than monocytes. Compound 1 binds to MDM-LPS in a
concentration dependent way, reaching the plateau within
15 minutes of incubation. The entry of fullerene 1-FITC

into the treated cells was determined after 30 and 60min
incubations, with the cells thoroughly washed to remove
any remaining surface-bound fullerene and fluorescence and
before and after the addition of the quencher Trypan Blue
(TB) (Figure 7(b)) 1-FITC interacted approximately with
>90% of MDM-LPS already after short time exposure and
independent of the concentration tested (Figure 7(c), black
histograms). Theinteraction with MDM-LPS cells is rather
weak and the positive cells are markedly reduced by simple
washing. Washing is responsible for the loss of about 80%
of fluorescence (MFI: 5 ± 0.4 versus 22.6 ± 0.7 for washed
versus unwashed, resp., at 5 𝜇M)with 5 𝜇M 1-FITC.However,
the fullerene measured after washing is inside the treated
cells since the signal is not disturbed by the addition of the
quencher TB (Figure 7(c), line filled histograms).

3.4. ROS Scavenging Activity of Fullerenes 1 and 2. MDM-LPS
cells can be compared to classically activatedM1macrophages
[20] and, as expected, they respond to the PMA induced
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Figure 7: Flow cytometric analysis of the binding/uptake of fullerene 1-FITCwithMDM-LPS andmonocytes. In (a), the kinetic assay, carried
out at 37∘C for MDM-LPS (square) and monocytes (circle) treated with 5𝜇M (half-filled symbols) or 10𝜇M (filled symbols), is shown as MFI
signal referred to the forward scatter parameter. Overlays of (b) are representative of untreated (gray filled) or fullerene 1-FITC treated cells
(for 60 minutes with 10𝜇M) without washout of unbound fullerene (black solid line) or after cell washing and addition of the TB quencher
(gray and black thin lines). Histograms of (c) represent the percentage of positive cells stained with fullerene 1-FITC at the concentrations and
times reported on 𝑦-axis without washing out of the fullerene (black), or after washing (gray) and subsequently addition of TB (line pattern
histograms).

ROS production [21, 22], measured by the use of DC-
H2DCF-DA, a probe becoming fluorescent in the presence
of oxidants in viable cells (Figure 8(a)). MDM-LPS cells
stimulation by PMA tended to reduce the ROS production,
particularly when pretreated with 2, with a statistically
significant inhibition of about 30–40%. This result is in
agreement with the electron affinity properties of fullerenes
C
60
, supporting their capacity to act as radical scavengers

[23], depending on the functionalization that can change

the photophysical electrochemical properties and their ROS-
generating/quenching capacity [24]. Therefore, derivative 2,
endowed with a solubility higher than 1, displayed a better
quenching capacity. The lowest scavenging activity of 1
might be further ascribed to its property to form nanoscale
aggregates (that we observed at the confocal microscopy; see
Figure 6) with reduced surface-to-volume ratio that could
affect its ROS-quenching capacity [25]. Since covalently
attached groups to C

60
may play an important role in the
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Figure 8: Evaluations of ROS produced by PMA-activated macrophages with the CM-H2DCF-DA probe. MDM-LPS response of controls to
the NADPH activator PMA is shown in (a). The kinetic ROS production of fullerene 1 (b) and fullerene 2 (c) pretreated cells (gray symbols)
is compared to that of untreated control (black symbols), and all (untreated and treated) were stimulated with 0.1𝜇M PMA. Each point
represents the mean value ± SEM of at least three independent determinations, obtained by the ratio of the fluorescence emitted by PMA
stimulated cells/basal fluorescence, measured as MFI at each time of 𝑥-axes. ∗𝑃 < 0.05 versus untreated controls, post-ANOVA Student-
Newman-Keuls multiple comparison test.

ROS scavenging properties, the activity of fullerenes 1 and
2 was compared to that of two bis-functionalized deriva-
tives, namely, compound 3 and compound 8 (see Figure 1).
These bis-adduct compounds showed a significantly higher
scavenging activity than 1 and 2 which is in line with the
hypothesis relating the quenching capacity with the increase
of C
60
functionalization [24, 26].

4. Conclusions

The results of the present study stress the interaction of
fullerene derivatives 1 and 2 with cells of the immune system
endowed with important roles in the control of inflammatory
and cancer diseases. The tested compounds are generally
more active on neoplastic proliferating cells than on circu-
lating monocytes, even though they get into macrophages.

It cannot be excluded that the interactions with these
cells, even though at concentrations higher than those cyto-
toxic on tumour cells, may alter the capacity of macrophages
to appropriately respond during the inflammation processes
or to actively contribute to eradicate tumour cells. On the
other side, this effect might be appropriately exploited to
promote the pyroptosis with the aim to contain the tissue
damage caused by an excessive maintenance of macrophage
proinflammatory activity.

Among the compounds tested, fullerene 2 is more toxic
than fullerene 1 for these cells. This cytotoxicity cannot
simply be attributed to its insertion onto the structure of the
membrane bilayer, as expected for this type of nanostructure.
Compound 2 gets into the cells and can be found into the cell
cytoplasm without altering the cell membrane permeability,
even at doses active on tumour cells. Rather, the mechanisms
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by which it is toxic to macrophages must be attributed to
the high concentration to which these cells were exposed
that negatively interfered with the function of mitochondria.
Alternatively, and at lower concentrations, cell toxicity might
be viewed in the context of damaged tissue by increasing the
eATP activated P2X7R pathway that finally leads to cell death
by apoptosis.

For compound 2, the presence of a pyrrolidinium ring on
the fullerene carbon cage brought to a more active deriva-
tive unlike the corresponding fulleropyrrolidine. In fact,
compound 1 interfered very weakly with the macrophage,
once inside the cells, confirming that this slightly different
functionalization plays a fundamental role for the biological
activity of these compounds. These variations could be
attributed to a better solubility of derivative 2 and to a
consequent lower tendency to form aggregates. Moreover,
the introduction of a positive charge in close proximity of
the carbon cage is known to enhance the electron-acceptor
character of the fullerenes and this characteristic can lead to
a better radical scavenger effect.

The fact that even minimal chemical differences between
fullerene 1 and 2may be responsible for a significant different
toxicity of these nanostructures, often defined as biocompati-
ble and easy to handle with biological tissues, should be taken
into due consideration. In conclusion, compound 1 showed
biological properties thatmake it compatible withmonocytes
and macrophages, suggesting its potential use to deliver
substances capable to modulate the immune responses or, as
already proposed, as a vehicle to deliver anticancer drugs.
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Unique physicochemical properties of carbon nanomaterials (CNMs) have opened a new era for therapeutics and diagnosis
(known as theranostics) of various diseases. This exponential increase in application makes them important for toxicology studies.
The present study was aimed at exploring the toxic potential of one of the CNMs, that is, bucky tubes (BTs), in human lung
adenocarcinoma (A549) cell line. BTs were characterised by electron microscopy (TEM), dynamic light scattering (DLS), Fourier
transform spectroscopy (FTIR), and X-ray diffraction (XRD). Flow cytometric study showed a concentration and time dependent
increase in intracellular internalization as well as reduction in cell viability upon exposure to BTs. However, a significant increase
in intracellular reactive oxygen species (ROS) production was observed as evident by increased fluorescence intensity of 2,7-
dichlorofluorescein (DCF). BTs induced oxidative stress in cells as evident by depletion in glutathione with concomitant increase
in lipid peroxidationwith increasing concentrations. A significant increase inmicronucleus formation and apoptotic cell population
and loss of mitochondrial membrane potential (MMP) as compared to control were observed. Moreover, in the present study, BTs
were found to be mild toxic and it is encouraging to conclude that BTs having outer diameter in the range of 7–12 nm and length
0.5–10 𝜇m can be used for theranostics.

1. Introduction

Nanotechnology has developed tremendously in past few
decades which lead to the discovery and production of
various nanomaterials (NMs), that is, metallic (silver and
gold) and metallic oxide nanoparticles (ZnO and TiO

2
),

quantum dots and carbon nanomaterials. These NMs find
potential applications in diverse areas including physical,
chemical, and biological sciences such as cosmetics, food
packaging industries, electronics, medicines, and biomed-
ical engineering [1–3]. In spite of wide applications, these
NMs have critically drawn concerns towards their potential
adverse effects to human beings.

Carbon nanotubes (CNTs) are the distinct form of carbon
based nanomaterials (CNMs) comprised of single or concen-
trically stacked graphene sheets rolled seamlessly, showing
astonishing structural and physicochemical properties.These

have been explored for diverse applications ranging from
electronics to biomedical applications in applied sciences
such as nanoinjectors, tissue engineering, drug delivery, gene
therapy, and biosensor technology [4–8]. The aforemen-
tioned exponential increase in applications of CNTs raised
concerns towards the occupational threats on exposure of
CNTs which has been discussed in several reports [9].

An occupational survey on exposure of engineered
nanoparticles suggested that theworkers got chronic obstruc-
tion and pulmonary and cardiac diseases due to exposure of
nanoparticles [10]. It can be said that on exposure nanopar-
ticles may be accumulated in different organs upon systemic
circulation and will end up as waste; further their subsequent
degradation may liberate particles into the environment
where they may remain or circulate in food web [11, 12].
Previous studies dealing with both in vitro and in vivo cellular
targets showed the toxic effects of MWCNTs on aquatic
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lives and some other species [13, 14]. The consumption of
nanoparticles follows the demand and supply rule which
ultimately pose a risk on environment as well as on society
and become major concern [15].

According to previous reports, MWCNTs were found
to be immunotoxic when exposed to murine macrophages
for 16 h, 24 h, and 32 h (0–100𝜇g/mL) [16]. Another group
reported that MWCNTs were cytotoxic and cause oxidative
stress in dose dependent manner [17, 18].

Several groups suggested that inhalation is the primary
route of exposure ofMWCNTs and hence induces pulmonary
toxicity [19–22]. Recently it was observed that instillation
of MWCNTs via oropharyngeal exposure route impairs
pulmonary functioning by inducing epithelial damage in
C56B1/6mice due to the development of IL-33 dependentTh-
2 associated inflammatory response [23]. Another inhalation
study reported that C57BL/6J mice exposed to MWCNTs
aerosol (10mg/m3, 5 h/day) for 2, 4, 8, or 12 days showed pul-
monary inflammation and damage with rapid development
of pulmonary fibrosis in time dependent manner [24].

Therefore, keeping in view the above mentioned reports
regarding pulmonary toxicity, present study was designed
to examine the toxic effect of bucky tubes [BTs, a type of
multiwall carbon nanotubes] on human lung alveolar cell
lines (A549).

2. Materials and Methods
2.1. Chemicals. Bucky tubes (CAS number 308068-56-6),
propidium iodide (PI), 2,7-dichlorofluorescein diacetate
(DCFDA) dye, 5,5,6,6-tetrachloro-1,133-tetraethylben-
zimidazolecarbocyanine iodide (JC-1) dye, ethidium bro-
mide (EtBr), Triton X-100, 5,5-dithiobisnitrobenzoic acid
(DTNB), and glutathione (GSH) were purchased from Sigma
Chemical Co. Ltd. (St. Louis, MO, USA). Phosphate buffered
saline (Ca+2, Mg+2 free; PBS), Dulbecco’s modified eagle
medium : nutrientmixture F-12 (Ham) (1 : 1) powder (DMEM
F-12), trypsin-EDTA, fetal bovine serum (FBS), trypan blue,
antibiotic, and antimycotic solution (10,000U/mL penicillin,
10mg/mL streptomycin, and 25𝜇g/mL amphotericin-B)were
purchased from Life Technologies Pvt. Ltd. (New Delhi,
India). All other chemicals were obtained locally and were
of analytical reagent grade. All cell culture plastic wares
were obtained fromThermo Scientific Nunc (Rochester, New
York).

2.2. Characterization of BTs. Theparticles were characterized
by transmission electron microscopy (TEM), dynamic light
scattering (DLS), Fourier transform spectroscopy (FTIR),
and X-ray diffraction (XRD).

2.2.1. Transmission Electron Microscopy (TEM). Electron
microscopywas carried out for the assessment ofmorphology
and size of BTs. Samples were prepared by suspending BTs
in Milli-Q water at a concentration of 25𝜇g/mL and a
drop of nanoparticle suspension was put on the formvar
coated copper grids. Then, grids were dried properly and
examined under the TEM at an accelerating voltage of 80 kV
on TechnaiG2 spirit instrument (FEI, The Netherlands).

2.2.2. Dynamic Light Scattering (DLS). Bucky tubes were
suspended in complete growth medium, that is, DMEMF-
12 supplemented with 10% fetal bovine serum (FBS) at a
concentration of 150𝜇g/mL, and probe sonicated (Sonics
& Material Inc., New Town, CT, USA) at 30 watt for total
10min (2.5min pulse on and 1min pulse off) and allowed to
cool down at room temperature. The average hydrodynamic
diameter and zeta potential of BTs were determined using
dynamic light scattering and phase analysis light scattering,
respectively, using a Zetasizer Nano-ZS, Model ZEN3600
(Malvern Instruments Ltd., Malvern, UK).

2.2.3. Fourier Transform Spectroscopy (FTIR) Analysis of BTs.
FTIR analysis of BTs has been performed with the scan
range 400–4000 cm−1 at the resolution of 8 cm−1 using ATR
accessory on Agilent Cary 630 FTIR spectrometer.

2.2.4. X-Ray Diffraction (XRD) Analysis of BTs. Powder X-
ray diffraction of BTs has been done using RigakuMiniflex-II
bench top X-ray diffractometer with tube voltage of 30KV.

2.3. In Vitro Toxicity Assessment

2.3.1. Cell Culture and BTs Exposure. Thehuman lung epithe-
lial cells (A549) were purchased from the National Centre
for Cell Sciences (NCCS), Pune, India, and maintained in
DMEMF-12 (1 : 1) medium supplemented with 10% heat inac-
tivated FBS, 0.2% sodium bicarbonate, and 1% antibiotic and
antimycotic solution at 37∘C under a humidified atmosphere
of 5% CO

2
.

A549 cells were cultured in complete medium having all
supplements and were harvested at 80–85% confluency using
0.25% trypsin-EDTA solution and were seeded at a density
of 1 × 104 cells/mL/well in a flat bottom 96-well plate, 1 ×
105 cells/mL/well in a 12-well plate, and 2 × 105 cells/mL in
a 6-well plate and culture flasks according to the need of the
experiment. After 22 h of seeding, cells were incubated with
varying concentrations of BTs (1, 10, 25, 50, and 100𝜇g/mL)
for different time points (1 h, 3 h, 6 h, and 24 h) at 37∘C; cells
without nanoparticles were taken as control.

2.3.2. Intracellular Internalization of Carbon Nanoparticles.
The uptake of BTs using flow cytometry was measured
according to the method of Suzuki et al. [25]. For assessing
intracellular internalization of BTs, cells were seeded in
12-well cell culture plates and after 22 h of seeding, cells
were exposed to different concentrations of BTs (1, 10, 25,
50, and 100 𝜇g/mL) for 6 h and 24 h. After completion of
exposure time, the culture medium containing nanoparticles
was removed and cells were harvested using 0.25% trypsin-
EDTA.The cells were then centrifuged at 1200 rpm for 10min
and the pellet was resuspended in 0.5mL of 1x PBS. The
internalization of BTswasmeasured by flow cytometer (FACS
Canto II, BD Biosciences, San Jose, CA, USA) using FACS
Diva software (version 6.1.2, BDBiosciences) equippedwith a
488 nm laser. Results were expressed as increase in SSCmean
as compared to control.
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2.3.3. Cytotoxicity Assays. Cytotoxicity of BTs was deter-
mined by trypan blue dye exclusion assay and propidium
iodide (PI) staining assay.

Trypan Blue Dye Exclusion Assay. Viability of A549 cells
exposed to BTs was determined by trypan blue dye exclusion
assay according to the method of Phillips [26]. In brief, cells
were seeded in 24-well cell culture plates and after 22 h of
seeding, cells were exposed to different concentrations of BTs
for 6 h and 24 h. After completion of exposure time, cells were
harvested and centrifuged at 1200 rpm for 10min. The cell
pellet was washed with 1x PBS twice and finally the pellet was
resuspended in 200𝜇L of 1x PBS. Then, 10 𝜇L of sample was
gently mixed with 10 𝜇L of trypan blue in an Eppendorf tube
and incubated for 5min at room temperature. This sample
was loaded in a chamber slide and counted by using the cell
counter (Countess AutomatedCell Counter, Invitrogen, UK).
The results were expressed as % dead cells when compared
with control.

Propidium Iodide (PI) Staining Assay. Propidium iodide (PI)
dye was used for the flow cytometric assessment of live/dead
cells. Briefly, cells were seeded in 12-well cell culture plates
and exposed to different concentrations of BTs for 6 h and
24 h. After completion of exposure, cells were harvested using
0.25% trypsin-EDTA and centrifuged at 1200 rpm for 10min.
Supernatant was discarded and the pellet was resuspended
in 0.2mL of 1x PBS containing PI having final concentration
of 20𝜇g/mL and incubated for 10–15min at 4∘C. After
incubation, 0.2mLof 1x PBSwas again added and the samples
were ready for acquisition using flow cytometer (FACS
CantoII, BD Biosciences, San Jose, CA, USA) equipped with
a 488 nm laser. Results were analysed using FACS Diva
software (version 6.1.2, BD Biosciences) and expressed as
percentage cell death when compared with control.

2.3.4. Oxidative Stress Parameters

(1) Measurement of Intracellular Reactive Oxygen Species
(ROS). The level of intracellular ROS generation was esti-
mated by the method of Wan et al. [27] and modified by
Wilson et al. [28] using 2,7-dichlorofluorescein diacetate
(DCFDA) dye. Cells were seeded in a 96-well black bottom
plate and exposed to different concentrations of BTs for 1 h,
3 h, 6 h, and 24 h and cells without NPs were used as control
and a set of experiments without cells were conducted in
parallel. Following exposure, the cells were washed twice with
1x PBS and incubated with 20 𝜇M DCFDA dye prepared in
1x PBS for 30min at 37∘C. After completion of incubation
time, the reaction mixture was then replaced by 200 𝜇L of
PBS and fluorescence intensity wasmeasured in a SYNERGY-
HT multiwell plate reader, Bio-Tek (Winooski, USA), using
KC4 software at excitation and emission wavelengths of
485 nm and 528 nm, respectively, and results were expressed
as percentage ROS generation as compared to control.

(2) Oxidative Stress Markers. Cells were cultured in T-75 cm2
culture flasks at a final density of ∼6 × 106 and exposed
for 3 h and 6 h. After exposure, the cells were washed twice

with chilled 1x PBS and then scrapped on ice using 1x PBS.
The cells were centrifuged at 1200 rpm for 10min and the
pellet was resuspended in 1xPBS to obtain cell lysate. Protein
content wasmeasured by Bradfordmethod [29] using BSA as
standard.

Intracellular Glutathione (GSH) Estimation. GSH content was
measured in lysate according to the method of Ellman [30]
and expressed as 𝜇mole/mg of protein.

Lipid Peroxidation (LPO) Assay. The rate of LPO was deter-
mined according to the method of Utley et al. [31] by estimat-
ing malondialdehyde (MDA) formed with 2-thiobarbituric
acid (TBA).

2.3.5. Mitochondrial Membrane Potential (MMP) Analysis
Using Lipophilic Fluorochrome. MMP was determined
by using fluorescent, lipophilic cationic carbocyanine
5,5,6,6-tetrachloro-1,133-tetraethylbenzimidazolecarbocy-
anine iodide (JC-1) dye which exhibits dual fluorescence
emission depending upon the membrane potential state of
mitochondria. Exposed cells were harvested and washed
with 1x PBS and then incubated with 10 𝜇M JC-1 for 15min
at 37∘C. After completion of incubation time, the stained
cells were diluted with 1x PBS and were assayed using flow
cytometer. The red and green fluorescence intensity was
measured at an excitation wavelength of 485 nm and an
emission wavelength of 520 nm and 600 nm for green and
red fluorescence, respectively, using flow cytometry (FACS
CantoII, BD Biosciences, San Jose, CA, USA) and results
were analysed by using FACS Diva software (version 6.1.2,
BD Biosciences).

2.3.6. Apoptosis (Annexin V/PI Double Staining). Apoptosis
on exposure of BTs was measured by using Annexin V-
FITC apoptosis detection kit (BD Biosciences, San Jose, CA,
USA) as per the manufacturer’s protocol. Briefly, treated
cells were harvested; cell pellet was washed with 1x PBS
and resuspended in 100 𝜇L of 1x binding buffer (10mM
HEPES/NaOH, pH 7.5 containing 140mMNaCl and 2.5mM
CaCl
2
). 2𝜇L of Annexin V-FITC and 2 𝜇L of PI were added

to 100 𝜇L of cell suspension and incubated for 10min in dark
at 4∘C. After completion of incubation time, 400 𝜇L of 1x
binding buffer was added and the cells were immediately
analyzed by flow cytometry (FACS Canto II, BD Biosciences,
San Jose, CA, USA) and results were analyzed by FACSDiva
software, version 6.1.2 (BD Biosciences). The results were
expressed as FITC negative and PI negative (viable normal
cells), FITC positive and PI negative (early apoptotic), FITC
positive and PI positive (late apoptotic), and FITC negative
and PI positive (necrotic).

2.3.7. Assessment of Chromosomal Damage. Flow cytomet-
ric analysis of micronucleus formation (MN) was done
according to the method of Pandey et al. [32]. Cells were
seeded in 6-well culture plates and exposed for 3 h and
6 h. After the completion of exposure time, treatment was
removed, cells were washed with incomplete medium, and
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Table 1: Characterisation of BTs by DLS.

S. Number Medium Hydrodynamic diameter PdI Zeta potential
1 Culture medium (DMEM F-12 supplemented with 10% FBS) 179.7 nm 0.354 12.9mV

fresh growth medium supplemented with 10% FBS was
added to each well and incubated till next division cycle.
After incubation, cells were harvested and the pellet was
resuspended in solution I (containing 10mM NaCl, 3.4mM
sodium citrate, 10mg/L RNAse, 0.3mg/L igepal, 25mg/L
EtBr) and incubated for 45min at room temperature in dark.
Equal volume of solution II (1.5% citric acid, 0.25M sucrose,
40mg/L EtBr) was added with vortexing for 2-3 seconds
and samples were placed at 4∘C, ready for acquisition using
flow cytometer (FACSCantoII, BDBiosciences, San Jose, CA,
USA) equipped with 488 nm laser and analysed by FACS
Diva software (version 6.1.2, BD Biosciences). Results were
expressed as percentage micronucleus formed per nucleus.

2.3.8. Assessment of Cell Cycle Progression. Effect of BTs
on cell cycle progression was determined by using flow
cytometer. Briefly, the treated cells were harvested and fixed
in 70% ethanol for 30min at 4∘C and then lysed with 0.2%
tritonX-100 for 30min at 4∘C.After lysis, cells were incubated
for 30min in dark at 37∘C in RNaseA (10mg/mL) and
finally stained with PI (1mg/mL) for 60min at 4∘C. Then,
the flow cytometric analysis was performed using BD FACS
Canto II flow cytometer equipped with FACS Diva software
(version 6.1.2, BD Biosciences) and results were expressed in
percentage cell population in different phases of cell cycle.

2.4. Statistical Analysis. All assays were done in three inde-
pendent sets of experiments and results were expressed as
mean ± SEM. Data of treated cells were compared with
their respective controls and were analysed using one way
analysis of variance (ANOVA) with Dunnett post hoc test to
determine significance. In all cases 𝑃 < 0.05 was considered
statistically significant.

3. Results

3.1. Characterisation of Bucky Tubes. BTs were first analysed
by TEM to assess the particle morphology and size. TEM
analysis shows that the particles were tubular in shape with
an average (bundle diameter) size of ∼37.2 nm at scale bar of
100 nm (Figure 1(a)).

Further, the mean hydrodynamic diameter and zeta
potential of BTs in cell culture medium DMEM F-12 supple-
mented with 10% FBS were estimated using DLS and found
to be in range of 179.7 nm and 12.9mV, respectively, with
polydispersity index (PdI) 0.354 (Table 1).

FT-IR spectra of BTs exhibited the presence of character-
istic peaks at∼2600 cm−1, 2325 cm−1, 1111 cm−1, and 465 cm−1
corresponding to the two-dimensional carbon nanostruc-
tures (Figure 1(b)).

X-ray diffraction pattern of BTs taken in the 2𝜃 range of 5–
80∘ revealed the major diffraction peaks at 25.6∘, 42.4∘, 53.5∘,
and 77.2∘, which are discussed in detail later (Figure 1(c)).

3.2. Intracellular Internalization of CarbonNanoparticles. The
cellular uptake of BTs was assessed by flow cytometry. The
change in side scattering (SSC) mean and forward scattering
(FSC) mean represents the relative change in granularity and
size of the cell, respectively. There was an increase in SSC
mean with the increase in concentration at 1, 10, 25, 50,
and 100 𝜇g/mL after 6 h and 24 h exposure as represented in
Figure 2.The percentage increase in SSCmean of cells treated
with BTs was statistically significant (𝑃 < 0.01, 𝑃 < 0.001) at
50 𝜇g/mL and 100 𝜇g/mL after 24 h exposure.

3.3. Cytotoxicity Assessment. For determining cytotoxicity by
trypan blue dye exclusion assay and PI staining assay, cells
were exposed to varying concentration (1𝜇g/mL–100𝜇g/mL)
of BTs for 6 h and 24 h. It was revealed from both assays
that there was a concentration and time dependent increase
in cell death as compared to control. There was statistically
significant (𝑃 < 0.05, 𝑃 < 0.001) increase in cell death
from 1.30% to 4.70% and 5.70% after 6 h exposure which
increased from 2.30% to 8.70% and 10.7% after 24 h exposure
at 50𝜇g/mL and 100 𝜇g/mL concentrations, respectively, as
observed from trypan blue dye exclusion assay (Figure 3(a)).
PI staining method showed the similar trend, that is, 3.00%,
3.43% at 6 h and 5.30%, 9.33% at 24 h exposure at 50 𝜇g/mL
and 100 𝜇g/mL concentrations, respectively, when compared
with respective controls (1.80% and 2.23%) (Figure 3(b)).

3.4. Analysis of Oxidative Stress Parameters (Intracellular
ROS, GSH, and LPO). A549 cells were loaded with 2,7-
dichlorodihydrofluorescein diacetate and itwas observed that
BTs induced ROS generation in both time and concentra-
tion dependent manner which was revealed from increase
in DCF fluorescence. The fluorescence intensity increased
from 101.71%, 106.37%, 119.21%, and 142.49% after 1 h and
109.77%, 130.12%, 144.55%, and 202.43% after 3 h exposure
of BTs as compared to control. The fluorescence intensity
was decreased from 95.7%, 120.98%, 137.11%, and 195.23%
after 6 h and 89.58%, 109.57%, 100.29%, and 126.32% after
24 h exposure of BTs at concentrations (10–100𝜇g/mL) as
compared to control (Figure 4(a)). A statistically significant
reduction (𝑃 < 0.05, 𝑃 < 0.001) in cellular GSH content
(Figure 4(b)) with increase in lipid peroxidation (Figure 4(c))
was observed after 3 h and 6 h exposure to BTs in A549 when
compared with respective control.

3.5. Detection of Changes in Mitochondrial Membrane Poten-
tial. Cells treated with BTs showed a statistically significant
(𝑃 < 0.001) mitochondrial membrane depolarization which
was detected by JC-1 dye using flow cytometer. Normal
healthy (polarized) cells showed higher levels of fluorescence
emission measured in red channel while cells in which
dye does not accumulate in mitochondria showed depolar-
ized membrane having more fluorescence in green channel.
Our data represents 5.03% and 11.53% depolarized cells at
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Figure 1: Characterization of BTs: (a) TEM photomicrograph: TEM analysis revealed that BTs were tubular/rod shaped having ∼37.2 nm
average (bundle) size at scale bar of 100 nm. (b) FTIR analysis revealed the presence of characteristic peaks corresponding to two-dimensional
carbon nanostructures. (c) XRD pattern of BTs.

50𝜇g/mL and 100 𝜇g/mL when compared with control cells
(0.33%) (Figures 5(a) and 5(b)).

3.6. Apoptosis (Annexin V/PI Double Staining). The cell
population of interest was gated on the basis of untreated
control stained cells. These were divided into four quadrants
and were analysed as FITC negative and PI negative (viable
normal cells), FITCpositive and PI negative (early apoptotic),
FITC positive and PI positive (late apoptotic), and FITC
negative and PI positive (necrotic). It was observed that there
was increase in percentage of FITC− and PI+ population
and decrease in FITC+ PI+ and FITC+ PI− population
with increasing concentration which suggest that at lower
concentration BTs cause apoptosis in A549 cells and at higher
concentration cause necrosis (Figures 6(a) and 6(b)).

3.7. Chromosomal Damage and Progression of Cell Cycle. A
statistically significant (𝑃 < 0.05) induction ofMN formation
was observed in A549 after 3 h and 6 h exposure to BTs from
12.9% and 23.0%, respectively, at 100 𝜇g/mL by flowMNwith
respect to control 2.7% (Figure 7).

Flow cytometric analysis of cell cycle of A549 cells
exposed to BTs for 24 h revealed that there was a sig-
nificant concentration dependent increase in cells present
in sub-G1 phase (4.4%, 2.8%, 3.7%, 5.3%, and 8.3%)
in comparison to control (2.6%) while there is no sig-
nificant change in percentage of cells in G1, S, and
G2/M phase of cell cycle which revealed that there was
increase in apoptotic cell population (Figures 8(a), 8(b), and
8(c)).



6 BioMed Research International

0

1000

2000

3000

4000

5000

6000

Control 1 10 25 50 100

SS
C 

m
ea

n

∗∗∗
∗∗

24h
6h

Concentration of bucky tubes (𝜇g/mL)

Figure 2: Internalization of BTs in A549 cells after 6 h and 24 h exposure. Increase in SSC mean correlates with the increased granularity of
cells which was used as a marker for internalization of NPs. Values represent mean ± SEM of three independent experiments. (∗∗𝑃 < 0.01,
∗∗∗

𝑃 < 0.001 when compared to control).

0

2

4

6

8

10

12

14

Control 1 10 25 50 100

D
ea

d 
ce

lls
 (%

)

∗∗∗

∗∗∗

∗∗

∗∗
∗∗

∗∗

24h
6h

Concentration of bucky tubes (𝜇g/mL)

(a)

0

2

4

6

8

10

12

14
D

ea
d 

ce
lls

 (%
)

Control 1 10 25 50 100

∗

∗

∗∗

24h
6h

Concentration of bucky tubes (𝜇g/mL)

(b)

Figure 3: Cytotoxic effect of BTs NPs in A549 cells by (a) trypan blue dye exclusion assay using automatic cell counter and (b) propidium
iodide (PI) uptake method in which cells were stained with PI and analysed by flow cytometer after 6 h and 24 h exposure. Results were
expressed as the percentage cell death after exposure of BT relative to control cells and were represented as mean ± SEM of three independent
experiments. (∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 when compared to control).

4. Discussion

MWCNTs are produced in huge amount and exponentially
applied in almost all sectors. These increasing applications
necessitate the evaluation of risk of MWCNTs exposure and
their adverse health effects.

Therefore, present study was designed to evaluate the
toxicity of BTs (type of MWCNTs) and add to the present
knowledge by concluding that BTs get internalized and cause
cellular toxicity. It causes oxidative stress by generation
of intracellular ROS which induce lipid peroxidation that
leads to imbalance in level of antioxidants. It has been also
observed that BTs exposure causes mitochondrial dysfunc-
tioning, chromosomal damage, and cell cycle arrest for which
oxidative stress may be one of the possible reasons.

Prior to investigating the in vitro toxicity, characterization
of experimental nanoparticles is essential as the shape, size,
particle dispersity, and charge on its surface primarily affect
the biological responses [33]. Hence, first of all we examined
BTs by electron microscopy (TEM) which is the most widely
used technique and directly measures the particle size and
morphology. Size of particles observed by TEMwas ∼37.2 nm
(bundle diameter) having tubular structure of the diameter
ranging from 5 to 10 nm.

Another method used was DLS which characterize the
particle in the cell culture medium which was used for
treatment of BTs to A549 so as to characterise the particle by
simulating the culture conditions. The mean hydrodynamic
diameter and zeta potential of BTs in culture medium
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Figure 4: Effect of BTsNPs on (a) induction of intracellular reactive oxygen species (ROS), (b) cellular level of glutathione (GSH), and (c) lipid
peroxidation (LPO) in A549 cells. The % ROS generation of the control cells was considered 100% and fluorescence intensity was measured
by microplate reader while glutathione level and lipid peroxidation were measured spectrophotometrically. Data represents mean ± SEM of
three independent experiments. (∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 when compared to control).

obtained fromDLSwere in the range of 179.7 nm and 12.9mV,
respectively, at physiological pH which was more than the
size reported (7–12 nm) by its commercial supplier (Sigma-
Aldrich). The reason behind the vast difference in particle
size may be that DLS characterise the particle considering it
spherical in shape which is not in the case of BTs as these are
tubular in structure. Moreover, difference in particle size may
be due to agglomeration which is influenced by intrinsic and
extrinsic factors [33].

A FT-IR spectrum of BTs illustrates the presence of
characteristic peaks related to 2-dimensional carbon nanos-
tructures. Stretching at around∼2600 cm−1 has been assigned
to C–O stretching that may correspond to the presence
of –COOH groups. Several minor peaks appeared due to
amorphous content, C–H stretching vibrations (∼2325 cm−1,
∼1111 cm−1, and ∼465 cm−1), and so forth; stretching at

∼2100 cm−1 is due to the interference of CO
2
during the

course of the spectral measurements.
X-ray diffraction pattern of BTs showed the graphitic

structure with interlayer spacing of 0.33 nm corresponding to
the d
002

reflection at 25.6∘. Peaks at 42.4∘, 53.5∘, and 77.2∘ were
attributed to the diffraction of (1 0 0), (0 0 4), and (1 1 0) planes,
respectively, which suggested the BTs structural resemblance
to the multiwalled carbon nanotubes.

To explore the toxicity potential of BTs, it is neces-
sary to evaluate the internalization of BTs which can be
correlated with varying biological responses. The cellular
uptake of nanoparticles was considered as a primary method
of screening of nanotoxicity by flow cytometer [25] and
therefore, BTs were examined by measuring the relative
change in cell granularity (SSC). Our preliminary study
on A549 cells demonstrated a significant increase in SSC
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Figure 5: Flow cytometric detection of change in mitochondrial membrane potential (MMP) in A549 cells exposed to BTs using JC-1 dye.
(a) Representative bar graph of three independent experiments analysed. (b) Representative dot plots. Data represent mean ± SEM of three
experiments. (∗∗∗𝑃 < 0.001 when compared to control).

mean (marker of granularity) in a time and concentration
dependent manner which suggests that there was uptake of
BTs in treated cells when compared with untreated cells.
There were several reports which suggest that increase in SSC
mean is the indicator of increase in cellular granularity on the
internalization of NPs [34–36].

After internalization studies, effect of BTs on cellular
viability was examined by trypan blue dye exclusion assay and
PI assay. It was found that BTs exposure causes a statistically
significant decrease in cell viability in lung alveolar cells in
both assays at higher concentration at different time points.
Several groups have reported that, after internalization, NPs
interact with cellular components that induce alteration in
cellular/functional responses which ultimately leads to cell
death [34, 37].

Further, to investigate the cause of cytotoxicity, we tried to
identify the generation of free radicals which are considered
to be the primary cause of toxicity due to exposure of NPs
[35, 38–40]. On analysing the effects of BTs exposure to
A549 at different time points, we found that these induced
intracellular ROS generation up to 3 h and decreased further.
This decrease in ROS after 3 h may be due to the decrease in
viable cells or ROS generated may be stabilized after certain
duration.

It is documented that oxidative stress occurs in a cell
or tissue when the concentration of ROS generated exceeds
the antioxidant capability of that cell [41–43]. Therefore, we
tried to determine the level of one of the major endogenous
antioxidants and free radical scavengers, that is, glutathione,
which is mostly (90%) present in reduced form in healthy
cells and in the present study, there was decrease in level of
GSH in treated cells as compared to untreated one whichmay
be possibly due to elevated level of intracellular free radicals.

In addition, overproduction of ROSmay result in damage
to critical biomolecules including cellular fatty acids which
are readily oxidized to produce lipid peroxyl radicals and
lipid hydroperoxides. Lipid peroxyl radicals are subsequently
propagated into malondialdehyde (MDA) which is the major
carbonyl produced during LPO and potent mutagen and
carcinogenic compound. We explored the level of cellular
fatty acids and found that there was increase in level of LPO
with increasing concentrationwhich represents the increased
toxicity due to free radical generation.

Based on a study on wide body of literature it is seen
that severe oxidative stress can cause instability in mito-
chondrial membrane potential, DNA damage, and/or cell
death and even moderate oxidation can trigger apoptosis,
while more intense stresses may cause necrosis [44, 45]. In
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Figure 6: BTs induced cell death in A549 cells analysed by flow cytometry. Data represent mean ± SEM of three experiments. (a)
Representative bar graph. (b) Dot plots. (∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001 when compared to control).

the present study, MMP was evaluated by JC-1 dye which
is positively charged, having dual fluorescence spectra and
gets accumulated in the electronegative leaflet (interior)
of polarised mitochondria as aggregates. Change in redox
potential causes depolarization of mitochondrial membrane
allowing mitochondrial permeability transition pores to pass

JC-1 aggregates from interior to outer environment and
reside there as monomers. Our results indicated that there
was a statistically significant increase in JC-1 monomers at
50 𝜇g/mL and 100 𝜇g/mL which was correlated with the loss
in mitochondrial membrane potential. Our results were in
accordance with previous reports which showed that the
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Figure 8: Flow cytometric analysis of cell cycle of A549 cells exposed to BTs for 24 h. (a) Bar graph representing cell population in different
phases of cell cycle and (b) representing % cell population in sub-G1 phase which ultimately represents apoptotic population and (c)
representative histograms. (∗𝑃 < 0.05, ∗∗∗𝑃 < 0.001 when compared to control).
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exposure of nanoparticles causes toxicity and alteration in
mitochondrial functioning which may be due to loss in
membrane potential [37, 46, 47].

Moreover, it can be said that disruption of mitochondrial
activity is the distinctive feature in cell death and in accor-
dance with this we assessed cell fate by Annexin V/PI double
staining and found that at lower concentration BTs cause
apoptosis in A549 cells and at higher concentration causes
necrosis. It can be concluded that BTsweremild toxic towards
A549 and lead to cell death. Some of the previous reports
have shown that mitochondrial dysfunction is activated with
accidental cell death (necrosis) or programmed cell death
[48, 49].

Another important outcome of these deleterious reactive
radicals is that they can diffuse through membranes and
may also interact with cellular DNA and nitrogen bases by
forming adducts resulting in a loss of cellular homeostasis
[50]. It causes chromosomal damage through micronucleus
formation which arises when acentric chromosomal frag-
ments and/orwhole chromosome are excluded from themain
nucleus at the telophase of cell division. Hence, micronucleus
assay was used for detecting the genotoxic potential of those
agents that induce chromosomal breakage and instability in
spindle formation [51]. We evaluated the genotoxic potential
(micronucleus formation) of BTs in A549 by flow cytometric
method and observed that BTs exposure causes the increase
in number of MN formed with the increase in concentration
as analysed by flow cytometer suggesting chromosomal
damage.

Further, in response to DNA damage, progression of cell
cycle was assessed by PI staining flow cytometrically and it
was observed that there was statistically significant increase
in apoptotic cell population in exposed cells at 100 𝜇g/mL
(indicated by Sub-G1 phase) as compared to control.

5. Conclusion

Present study demonstrated that BTs get internalized intra-
cellularly to human lung alveolar cells and cause cell death
with increasing concentrations and time points which was
observed by flow cytometer. Exposure of these nanoparticles
causes increased ROS production and lipid peroxidationwith
concomitant depletion in glutathione level which confirms
the induction of oxidative stress which ultimately triggers
loss in MMP at 100 𝜇g/mL concentration. Along with this,
BTs cause oxidative stress which may lead to chromosomal
damage causing micronucleus formation and cell death as
revealed from Annexin V/PI double staining and cell cycle
analysis. Overall study determines that these BT NPs were
mild toxic towards human lung alveolar cell lines showing
statistically significance but seems to be less significant
biologically. So, these CNMs can be considered to be safe in
some specific cases.
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Bronchial epithelial cells and mesothelial cells are crucial targets for the safety assessment of inhalation of carbon nanotubes
(CNTs), which resemble asbestos particles in shape. Intrinsic properties of multiwalled CNTs (MWCNTs) are known to cause
potentially hazardous effects on intracellular and extracellular pathways. These interactions alter cellular signaling and affect
major cell functions, resulting in cell death, lysosome injury, reactive oxygen species production, apoptosis, and cytokine release.
Furthermore, CNTs are emerging as a novel class of autophagy inducers. Thus, in this study, we focused on the mechanisms
of MWCNT uptake into the human bronchial epithelial cells (HBECs) and human mesothelial cells (HMCs). We verified that
MWCNTs are actively internalized into HBECs and HMCs and were accumulated in the lysosomes of the cells after 24-hour
treatment. Next, we determined which endocytosis pathways (clathrin-mediated, caveolae-mediated, and macropinocytosis) were
associated with MWCNT internalization by using corresponding endocytosis inhibitors, in two nonphagocytic cell lines derived
from bronchial epithelial cells andmesothelioma cells. Clathrin-mediated endocytosis inhibitors significantly suppressedMWCNT
uptake, whereas caveolae-mediated endocytosis and macropinocytosis were also found to be involved in MWCNT uptake. Thus,
MWCNTs were positively taken up by nonphagocytic cells, and their cytotoxicity was closely related to these three endocytosis
pathways.

1. Introduction

Carbon nanotubes (CNTs) were first discovered by Oberlin
et al. [1], and they have attracted increasing attention since
the end of 20th century. Owing to their unique physical,
mechanical, and electronic properties, CNTs serve as valuable
reinforcements or enhance the properties and introduce
novel functionalities of various materials in a number of
fields, including chemistry, electronics, energy, and materials
science [2, 3]. The unique properties of CNTs have also
garnered considerable attention from the fields of medicine

and biology, and they have potential applications as biomate-
rials for biosensors, drug and vaccine delivery vehicles, and
scaffold materials [4–6].

However, the potential adverse effects of CNTs on human
health are of great concern, considering their increasing use
in composite biomaterials and exploration as innovative solu-
tions for biomedical applications or in nanomedicine as well
as the potential workplace exposure [7–9]. CNTs possess
asbestos-like morphological characteristics (i.e., a nanoscale
size and a high aspect ratio) and persist in the human body
for a long time [10–12]. In 2008, Takagi et al. reported that
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transgenic mice intraperitoneally injected with MWCNTs
exhibited mesothelioma similar to that in mice exposed to
asbestos [13]. Subsequently, induction of mesothelioma was
also reported after intraperitoneal or intrascrotal injection of
CNTs in rodents [14–16]. Moreover, some evidence suggests
that CNT causes cancer upon inhalation or intratracheal
administration [17–20], although there is no direct evidence
that CNTs induce pleural mesothelioma and lung cancer
[17, 21–24].

Previous studies have clarified the carcinogenic mecha-
nisms of CNTs in vitro. The number of micronuclei in lung
epithelial cells increases upon exposure to MWCNTs, which
is indicative of genotoxicity such as chromosomal damage
or mitotic spindle disruption [20]. Sargent et al. showed that
CNTs induce mitotic spindle disruption that results in errors
in chromosome number [8, 25–27]. CNTs must be internal-
ized by cells for such phenomena to occur.Wehave previously
reported that it is important for multiwalled CNTs (MWC-
NTs) to be internalized for cytotoxic effects to be observed
in a human mesothelioma cell line (MESO-1) and a human
bronchial epithelial cell line (BEAS-2B) [28–30]. However,
the internalization mechanism of CNTs is not well known.

In this study, we demonstrated the mechanism underly-
ing CNT internalization in human primary bronchial epithe-
lial cells and mesothelium cells. Moreover, we also demon-
strated the internalizationmechanism of CNTs in nonphago-
cytic cells by using various endocytosis inhibitors.

2. Materials and Methods

2.1. CarbonNanotubes. MWCNTsmanufactured by a chemi-
cal vapor depositionmethod [31] were provided byHodogaya
Chemical (MWNT-7; Tokyo, Japan); their properties have
been reported previously [32]. The sterilization conditions
were autoclaving at 121∘C for 15min.MWCNTswere vortexed
for 1min in 0.1% gelatin (MediGelatin; Nippi, Tokyo, Japan)
or 2% fetal bovine serum (FBS; Life Technologies, Grand
Island, NY, USA) in phosphate-buffered saline (PBS) and
sonicated for 30min. MWNT-7 was diluted if required, and
a volume of 1/100 was added to the cell culture fluid in the
following exposure experiments.

2.2. Endocytosis Inhibitors. The endocytosis inhibitors used
were previously described by Yumoto et al. [33]. Phenylar-
sine oxide, indomethacin, nystatin, and 5-(N-ethyl-N-isopro-
pyl)amiloride were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Chlorpromazine was purchased from Nacalai
Tesque (Kyoto, Japan). Phenylarsine oxide was dissolved in
dimethyl sulfoxide (DMSO) and diluted to 0.2–5mM. Indo-
methacin was dissolved in ethanol at 50∘C and diluted to 5–
100mM. Nystatin was dissolved in DMSO and diluted to 1–
20mM. 5-(N-Ethyl-N-isopropyl)amiloride was dissolved in
DMSO and diluted to 5–80mM. Chlorpromazine was dis-
solved in PBS and diluted to 2–50mM.

2.3. Cell Culture. Normal human bronchial epithelial cells
(HBECs) were purchased from Lonza (Walkersville, MD,

USA). Normal human mesothelial cells (HMCs) were pur-
chased from Zen-Bio, Inc. (Research Triangle Park, NC,
USA). The BEAS-2B human bronchial epithelial cell line was
purchased from American Type Culture Collection (Manas-
sas, VA, USA). The ACC-MESO-1 human malignant pleural
mesothelioma cell line [34] was purchased from RIKEN
(Ibaraki, Japan). HBECs were cultured in bronchial/tracheal
epithelial cell serum-free growth medium kit with 0.1 𝜇g/mL
retinoic acid (Cell Application, SanDiego, CA,USA) and pas-
saged every 4 d, with the medium exchanged every alternate
day. HMCs were cultured in mesothelial cell growth medium
(Zen-Bio, Inc.) and passaged twice a week. Both types of
normal cell were used within 5 passages. BEAS-2B cells were
cultured in Ham’s nutrient mixture F-12 (Nacalai Tesque)
with 10% FBS and passaged twice a week. MESO-1 cells were
cultured in RPMI 1640 (Nacalai Tesque) with 10% FBS and
passaged twice a week. For each experiment, the cells were
seeded at a density of 2× 105 cells/cm2 and allowed to adhere
for 24 h.

2.4. Cell Viability. The cell viability assay was performed as
described previously [35]. We performed an Alamar Blue
assay (alamarBlue cell viability reagent; Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. Cells were
plated in 96-well plates and incubated for 24 h at 37∘C in the
culture medium containing MWCNTs in a dispersant or in a
control medium containing only dispersant without MWC-
NTs. Viable cells metabolized the dye, resulting in increased
fluorescence detected by excitation/emission at 530/590 nm
using a fluorescence multiplate reader (PowerScan 4; DS
Pharma Biomedical, Osaka, Japan). Cell viability was calcu-
lated as follows: percent cytotoxicity = 100 × experimental
value/control value.The test media were assayed six times for
each treatment condition.

2.5. Imaging of MWNT-7 Uptake by Fluorescence Microscopy.
Cells were cultured on ibiTreat 𝜇-Slide (ibidi GmbH,Martin-
sried, Germany) for snapshot imaging and ibiTreat 𝜇-dish for
time-lapse imaging for 24 h in a 5% CO

2
incubator. The cells

were prestained with bisbenzimide H33342 fluorochrome
trihydrochloride (H33342, 1𝜇g/mL;Nacalai) andCytoPainter
Lysosomal Staining Kit (Abcam, Tokyo, Japan) for 2 h.
Then, the cells were washed once and exposed to MWNT-
7 (10 𝜇g/mL). MWNT-7 uptake was snapshot-imaged at 2, 6,
and 24 h, and time-lapse imaging was performed at 10min
intervals for 24 h by using differential interference contrast
(DIC) and fluorescence imaging by fluorescence microscopy
with cell culture equipment (AxioObserver Z1, Zeiss, Jena,
Germany) using a 40x objective.

2.6. Assessment of MWNT-7 Uptake by Flow Cytometry. Cells
were cultured on a 12-well plate for 24 h in a 5% CO

2
incu-

bator. Endocytosis inhibitors were pretreated 15min before
CNT exposure. Then, the cells were exposed to MWNT-7
(10 𝜇g/mL) and incubated for 2 h. The evaluation of cellular
uptake for MWNT-7 followed the method reported that
we reported previously [28]. In brief, the cells treated with
or without MWNT-7 were washed twice and trypsinized.
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Figure 1: HBECs were exposed to MWNT-7. (a) Viability of HBECs exposed to various concentrations of MWNT-7 in 0.1% gelatin or 2%
FBS for 24 h. HMCs were compared with HBECs exposed to MWNT-7 in each type of dispersant and to the control. Mean ± SD. 𝑛 = 6,
∗

𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001. Image of HBECs exposed to 10𝜇g/mL MWNT-7 in 0.1% gelatin at 2 h (b), 6 h (c), and 24 h (d) and
in 2% FBS at 2 h (e), 6 h (f), and 24 h (g). DIC and fluorescence images were merged. Nuclei were stained blue with H33342 and lysosomes
were stained red with CytoPainter.

The cells suspended in PBS containing 10% FBS were filtered
through a nylon mesh. Then, the cells were assayed for side
scatter (SSC) by light scattering analysis using a flow cytome-
ter (FCM; FACSCalibur, Becton Dickinson, San Jose, CA,
USA).The SSC ratio was calculated by dividing theMWNT-7
value with the control value.

2.7. Statistical Analysis. Data are presented as the mean ±
standard deviation (SD). Statistical significance was deter-
mined by analysis of variance (ANOVA) followed by Student’s
𝑡-test, and 𝑃 < 0.05 was considered to be significant.

3. Results and Discussion

3.1. Cellular Uptake by HBECs and HMCs. First, we deter-
minedwhether CNTs could be internalized in normal human
bronchial epithelial and mesothelial cells, for which potential
carcinogenicity of CNTs is of concern. Although we had
already shown that human mesothelioma cells and commer-
cialized normal HBECs from Cell Application internalized
CNTs [28, 32, 36], Nagai et al. reported that normal human
primary culturedmesothelium cells did not internalize CNTs
[16]. We used HBECs purchased from a different company
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Figure 2: HMCs were exposed to MWNT-7. (a) Viability of HMCs exposed to variety concentration of MWNT-7 in 0.1% gelatin for 24 h. 𝑃
values were compared to HMCs exposed to MWNT-7 in dispersant control. Mean ± S.D. 𝑛 = 6, ∗𝑃 < 0.05, ∗∗𝑃 < 0.001. Image of HMCs
exposed to 10 𝜇g/mLMWNT-7 in 0.1% gelatin at 2 h (b), 6 h (c), and 24 h (d). DIC and fluorescence images were merged. Nuclei were stained
blue with H33342 and lysosome were stained red with CytoPainter.

from that used in the previous paper to evaluate the influence
of supplier on cellular uptake of CNTs. Moreover, we com-
pared FBS as a dispersant for CNTs with gelatin in HBECs
because the dispersion ofCNTs by 2%FBSwas recommended
by the ENPRA [37]. The viability of HBECs from Lonza
at 10 𝜇g/mL MWNT-7 for 24 h was approximately 85.5% in
FBS and 64.7% in gelatin, and the cell viability decreased
at higher concentrations (100𝜇g/mL) in both dispersants
in a concentration-dependent manner (69.9% versus 47.7%;
Figure 1(a)). We observed cells dyed with fluorescence to
determine whether CNTs were internalized in the cells. The
visualized cells began to internalize MWNT-7 dispersed in
not only gelatin but also FBS within 2 h in some cells,
and uptake of MWNT-7 was observed in most cells within
6 h (Figures 1(b), 1(c), 1(e), and 1(f)). At 24 h, MWNT-7
appeared to accumulate in lysosomes (Figures 1(d) and 1(g)).
Because the purpose of this paper was to elucidate themecha-
nisms underlying the endocytosis of CNTs, the CNTs used
in subsequent experiments were dispersed with gelatin to
prevent the influence of unknown factors.

Although the viability of HMCs exposed to MWNT-7
dispersed in gelatin decreased in a concentration-dependent
manner (Figure 2(a)) the cell viability was still higher than
that of HBECs. HMCs also began to internalize MWNT-
7 within 2 h, and the internalization of MWNT-7 increased

over time (Figures 2(b)–2(d)). We previously reported that
BEAS-2B cells derived from human bronchial epithelium
and MESO-1 cells derived from human malignant mesothe-
lioma showed cytotoxicity arising from lysosomal injury
[35]. Human normal bronchial epithelial and mesothelial
cells also showed MWNT-7 internalization and cytotoxicity
dependent onMWNT-7, which accumulated in the lysosome
in excessive concentrations. Although Nagai et al. found that
human primary mesothelium cells exposed to MWCNTs
did not internalize the MWCNTs based on the SSC ratio,
transmission electron microscopy, confocal microscopy, and
time-lapse microscopy, they evaluated the results at 3 h after
exposure to the materials [16]. We speculate that these results
were obtained because it is difficult for CNTs to sink in the
solution owing to their very light weight. In fact, our results
showed that uptake of MWNT-7 observed by DIC increased
over time, and only a few cells internalizedMWNT-7 in 2 h. It
has also been reported that the quantity of CNTs that undergo
cellular uptake increases until approximately 12 h [38]. More-
over, although previous studies have evaluated the uptake of
CNTs in comparison with asbestos, such a comparison under
the same conditions is not effective because cellular uptake of
different materials depends on their physicochemical prop-
erties. Another study showed that MWCNT exerted adverse
effects without CNT uptake in a human mesothelial cell line
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Figure 3: Effect of clathrin-mediated endocytosis inhibitors on cellular uptake of MWNT-7. The SSC ratios of (a) BEAS-2B cells and (b)
MESO-1 cells pretreated with various concentrations of chlorpromazine are shown.The SSC ratios of (c) BEAS-2B cells and (d) MESO-1 cells
pretreated with various concentrations of phenylarsine oxide are shown.The cells were compared with control cells pretreated with inhibitor
solvent. Mean ± SD. 𝑛 = 4 or 6, ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001.

(Met-5A) [39]. However, although they showed transmission
electron microscopy (TEM) images of A549 alveolar epithe-
lial cell lines to conclude that the cells do not internalize
CNTs, no TEM images for Met-5A were presented, and opti-
cal microscope images of low magnification (×20) were only
shown. Lindberg et al. reported genotoxicity of MWCNTs
based on TEM images showing that the Met-5A cells inter-
nalize CNTs [40]. Moreover, our time-lapse data clearly and
directly indicate that HBECs and HMCs endocytose MWC-
NTs actively (Movies S1 and S2) (see Supplementary Material
available online at http://dx.doi.org/10.1155/2015/793186). We
also have already reported that the BEAS-2B cell line derived
from human bronchial cells and MESO-1 cells derived from
human mesothelioma cells internalized some MWCNTs [28,
36]. Therefore, we used inhibitors of endocytosis, to clarify
the internalization mechanism of CNT further using BEAS-
2B cells andMESO-1 cells rather thanHBECs andHMCs, res-
pectively.

We investigated the mechanism of CNT uptake using
inhibitors for three endocytosis pathways (clathrin-mediated,
caveolae-mediated, and macropinocytosis), with the SSC
ratio as an index. We have already shown that SSC ratio

increases concentration dependently over time in cells that
only internalized CNTs [28]. The SSC ratios of the con-
trol, which was not pretreated by inhibitors in BEAS-2B
and MESO-1 cells, were 1.355–1.426 and 1.137–1.258 in 2 h,
respectively. It was observed that the SD of the SSC ratios
tended to increasewith cell passage number, likely becausewe
analyzed under sixteen passages for both cell lines.Therefore,
few statistically significant differences were noted when we
assayed the SSC ratios of nystatin as a caveolae-mediated
endocytosis inhibitor and 5-(N-ethyl-N-isopropyl)amiloride
as a macropinocytosis inhibitor.

Two clathrin-mediated endocytosis inhibitors suppressed
the ratio in a concentration-dependent manner in both cell
lines (Figures 3(a)–3(d)). In BEAS-2B cells, the maximum
concentration of chlorpromazine (50𝜇M) decreased the SSC
ratio to 1.039, whereas the SSC ratio with 2𝜇M phenylarsine
oxide was 1.040. In MESO-1 cells, the lowest SSC ratios were
1.032 and 1.025 with treatment with 50𝜇M chlorpromazine
and 5 𝜇M phenylarsine oxide, respectively. Because the base-
line SSC ratio for which the cells were not exposed to CNTs
was 1.000, clathrin-mediated endocytosis seems to be the
main mechanism for cellular uptake.
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Figure 4: Effect of caveolae-mediated endocytosis inhibitors on cellular uptake of MWNT-7. The SSC ratios of (a) BEAS-2B cells and (b)
MESO-1 cells pretreated with various concentrations of nystatin are shown. The SSC ratios of (c) BEAS-2B cells and (d) MESO-1 cells
pretreated with the various concentrations of indomethacin are shown. The cells were compared with control cells pretreated with inhibitor
solvent. Mean ± S.D. 𝑛 = 4, ∗𝑃 < 0.05, ∗∗𝑃 < 0.01.

The results for caveolae-mediated endocytosis inhibitors
were complicated. Nystatin decreased the SSC ratio in both
cells significantly except at 1𝜇M in MESO-1 cells (Figures
4(a) and 4(b)). In detail, MESO-1 cells displayed a tendency
for concentration dependency, whereas the inhibition did not
depend on the dose in BEAS-2B cells. In contrast, although
indomethacin tended to show concentration-dependent
inhibition in both cell lines, there was no statistically signifi-
cant difference (Figures 4(c) and 4(d)). The difference in the
results may be caused by the inhibition mechanism. Nystatin
disrupts caveolar function and binds to sterol in the plasma
membrane [41–43]; indomethacin blocks the internalization
of caveolae and the return of plasmalemmal vesicles [44, 45].
However, we considered that caveolae-mediated endocytosis
pathway may partially contribute to the internalization of
CNTs for the following reasons: (1) the inhibition rate of
nystatin, which was not concentration-dependent, was 30.7%
and was the same as the inhibition rate (27.9%) with the
highest concentration of indomethacin (100 𝜇M) in BEAS-
2B cells. (2) In MESO-1 cells, both inhibitors showed a
tendency for concentration-dependence, and the inhibition

rate provided by indomethacin, which inhibits the essential
parts of the endocytosis pathway, was higher than that by
nystatin (35.2% and 23.9%, resp.). The inhibition of statin
binding to the sterol may have been responsible for difference
among cell types.

5-(N-Ethyl-N-isopropyl)amiloride, which inhibits the
macropinocytosis pathway, seems to suppress CNT uptake in
a concentration-dependent manner, although the difference
did not reach significance except at 80 𝜇M in MESO-1 cells
(Figures 5(a) and 5(b)). The inhibition rates of BEAS-2B cells
andMESO-1 cells were comparable at 42.7% and 56.6% at the
highest concentration (80 𝜇M).The role of macropinocytosis
in CNT uptake has not been extensively studied. Hirano et
al. demonstrated that macrophage receptor with collagenous
structure- (MARCO-) transfected CHO-K1 cells takes up
MWCNTs via membrane ruffling in a process similar to
macropinocytosis [46].They also reported that MARCOwas
absorbed in MWCNTs to which macrophages were exposed
[47]. However, it was not clear whether macropinocytosis for
CNTs occurs in nonphagocytic cells. Our results indicate that
macropinocytosis plays an important role in CNTs uptake.
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Figure 5: Effect of a macropinocytosis inhibitor on cellular uptake of MWNT-7 cells. The SSC ratios of (a) BEAS-2B cells and (b) MESO-
1 cells pretreated with various concentrations of 5-(N-ethyl-N-isopropyl)amiloride are shown. The cells were compared with control cells
pretreated with inhibitor solvent. Mean ± SD. 𝑛 = 3, ∗𝑃 < 0.05.

The latest information for cellular uptake of nanomateri-
als has been reviewed and suggests that three different mech-
anisms of endocytosis exist including clathrin- and caveolae-
independent endocytosis, and also endocytosis depends on
particle physical-chemical properties, experimental condi-
tions, and cell type in nonphagocytic cells [48]. We consider
that CNT uptake is also subject to the same influences in
an interdependent manner because the total inhibition rate
when independently inhibited pathways were considered
together easily exceeded 100%, which means that other
pathways function in a compensatory manner, even when
one pathway is inhibited. Moreover, other pathways may
exist because there are some reports indicating several types
of clathrin- and caveolae-independent endocytosis, and the
endocytic mechanism is especially unexplained in the non-
phagocytic cells [49–51]. In fact, it was not possible to clarify
the mechanism underlying the observed suppression of CNT
uptake in BEAS-2B cells cultured in FBS-free medium [32].
That study also indicated that the degree of aggregation is an
important factor but we could not clarify this issue. We mea-
sured the SSC ratio in the comparatively early stage of 2 h after
CNT exposure because high concentrations of the inhibitors
showed cytotoxicity. Within 2 h, a small fibrous agglomerate
containing some MWCNTs was seen at the bottom of the
dish. Although it seems likely that our inhibitor results reflect
actual endocytosis, it is unclear whether the nonagglomer-
ated MWCNTs observed after 2 h at the bottom in Movie S1
andMovie S2 show the same result. However, there appeared
to be a common cellular uptake pattern for the MWCNTs.

In conclusion, we found that human normal bronchial
epithelial cells and mesothelium cells endocytosed MWC-
NTs. The mechanism of endocytosis seemed to be not only
one but a combination of three pathways: clathrin-mediated
endocytosis, caveolae-mediated endocytosis, and macropin-
ocytosis. Although clathrin-mediated endocytosis played the
most important role, other pathways may be involved to
varying degrees. The cellular uptake of MWCNTs is essential

for MWCNT toxicity in the context of genotoxicity. It may
thus be necessary to prepare materials that are not endocy-
tosed to develop the nanomaterials having not only useful
but also hazardous properties, as we alluded to in a previous
study [28]. We have already reported that both BEAS-2B
andMESO-1 cells did not endocytoseMWCNTs dispersed in
carboxymethyl cellulose.Therefore, this and previous studies
suggest that biocompatible nanomaterials can be developed.
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Emerging syntheses and findings of newmetallic nanoparticles (MNPs) have become an important aspect in various fields including
diagnostic imaging. To date, iodine has been utilized as a radiographic contrast medium. However, the raise concern of iodine
threats on iodine-intolerance patient has led to search of new contrast media with lower toxic level. In this animal modeling
study, 14 nm iron oxide nanoparticles (IONPs) with silane-polyethylene glycol (SiPEG) and perchloric acid have been assessed for
toxicity level as compared to conventional iodine. The nanotoxicity of IONPs was evaluated in liver biochemistry, reactive oxygen
species production (ROS), lipid peroxidation mechanism, and ultrastructural evaluation using transmission electron microscope
(TEM). The hematological analysis and liver function test (LFT) revealed that most of the liver enzymes were significantly higher
in iodine-administered group as compared to those in normal and IONPs groups (𝑃 < 0.05). ROS production assay and lipid
peroxidation indicator, malondialdehyde (MDA), also showed significant reductions in comparison with iodine group (𝑃 < 0.05).
TEM evaluation yielded the aberration of nucleus structure of iodine-administered group as compared to those in control and
IONPs groups. This study has demonstrated the less toxic properties of IONPs and it may postulate that IONPs are safe to be
applied as radiographic contrast medium.

1. Introduction

Iodine contrast medium has long been applied in CT scan-
ning for in vivo imaging; however some problems may arise
such as short imaging time and high toxicity to kidney [1,
2]. In order to overcome this drawback, a contrast agent
which demonstrates lower toxicity level has been searched
thoroughly and metallic nanoparticles (MNPs) such as iron
oxide nanoparticles (IONPs) have offered their potential
superiority [2, 3]. Nanotechnology is the branch of science
which deals with modification and synthesization of materi-
als in nanometer size. A lot of scientific researches focus on

MNPs due to their unique properties which are beneficial in
various fields [4]. Current nanomedicine has utilized MNPs
as novel mediator in targeting drug therapy and biomedical
imaging [5]. MNPs have been shown to be a good contrast
agent and can improve limitations of conventional iodine
such as longer acquisition time and lower toxicity [1, 6].

IONPs have been thoroughly studied in medical imaging
and several types are very convincing due to their biocom-
patibility properties such asmagnetite (Fe

3
O
4
) and haematite

(𝛼-Fe
2
O
3
) [7]. However, it has been reported that IONPs

could induce oxidative stress [8]. Peng et al. [9] revealed
that IONPs have a long retention time in circulation and
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biodegradable and lower toxicity. Moreover, polyethylene
glycol (PEG) derivatives are usually used for coating since it
can minimize opsonization of IONPs. Brullot et al. expressed
that silane-PEG (SiPEG) acts as stabilizer which is soluble
in both polar and nonpolar solvents, and thus it will be
inert and biocompatible [10]. Concerning the use of MNPs,
the uncertainty of the toxicity criteria requires full scale
analysis and risk assessment. To ensure the nanotechnology
development is beneficial, various toxicity characteristics of
metallic NPs have been reported [11].

Basic concept of MNPs toxicity may be explained by the
production of reactive oxygen species (ROS) which triggers
oxidative stress. This phenomenon is considered as the main
underlying process of nanotoxicology [11, 12]. An in vitro
toxicological study by Zhao et al. [13] has demonstrated that
MNPs can triggerROS formation [14].Usually, the nanometal
or metal oxides may enhance ROS to induce oxidative
stress and DNA damage which may lead to apoptosis or
carcinogenesis. However, the shape is not a main critical
determinant of nanotoxicity. Previous research suggested that
toxicity of MNPs was mediated by lipid peroxidation, ROS,
and oxidative stress [15]. For century, biochemical and cell-
based method have been used in assessing the nanotoxicity
due to the benefits of cell line variety and reproducibility.
However, the measurement of in vivo mechanism is rather
complex and challenging, as it may represent the actual
environment of homeostasis [11]. Understanding the MNPs
behavior will be the key answer towards interpretation of
toxicological results [16].

In the past, many MNPs for biomedical applications had
been studied for their toxicology aspects via in vitro and
in vivo investigations. The interaction between exogenous
MNPs and serum proteins after entering circulation may
reveal that they were transported in some tissues such as liver
and caused hepatotoxicity [17]. In some cases, intravenous
administration of MNPs distributes mainly in liver and
retains without indicating systemic toxicity [18, 19], whereas
Cho et al. reported that oral ingestion of zinc oxide NPs was
deposited mainly in liver and kidney within 72 hours of their
administration [20].Thus, the present study aimed to provide
a scientific evaluation of in vivo IONPs nanotoxicity in the
liver following the implementation as a contrast medium.

2. Materials and Methods

2.1. Chemicals. IONPs were obtained from NanoBiotech-
nology Research and Innovation, Institute for Research in
Molecular Medicine (NanoBRI @ INFORMM), Universiti
Sains Malaysia, Malaysia. Conventional iodinated contrast
mediumwas purchased fromGEHealthcare, Malaysia. Oxis-
elect TBARS Assay Kit (MDA Quantification) and Oxiselect
In Vitro ROS/RNS Assay Kit (Green Fluorescence) were
purchased from Cell Biolab, Inc. (San Diego, CA); other
chemicals were purchased fromMerck Company.

2.2. Particles Characterization. The particles size and shape
were determined by using transmission electron microscope
(TEM). In brief, MNPs solution was sonicated for 10minutes.

One drop was deposited onto copper grid TEM and allowed
to dry in air. NPs solution was again sonicated for 10 minutes
and one drop of solution was placed on copper grid for
viewing process by FEI TECHNAI G2.

2.3. Animals and Treatment. Animal study was conducted
in accordance with the guidelines of Universiti Teknologi
MARA Committee of Animal Research and Ethics (UiTM
CARE) concerning the use of experimental animals (Ref:
28/2013). Fifteen of healthy four-week-oldWistar rats weigh-
ing about 200 grams were obtained from Laboratory Animal
Facility and Management (LAFAM), UiTM Puncak Alam
Campus. The animals were acclimatized for two weeks.
Normal pellet diet with filtered water was given ad libitum.
Experiments were performed on healthy six-week-oldWistar
rats weighing about 250 grams. The study consisted of three
groups (𝑛 = 5) of six-week-old Wistar rats which are divided
into control group (Cx), iodine group (Ix), and iron oxide
nanoparticles group (IONPx). Animal from Ix and IONPx
received 0.5mL of 300 𝜇g/mL commercial iodine and IONP
via intravenous administration. After 24 hours, blood sample
was collected in ethylenediaminetetraacetic acid (EDTA)
and Plain tube from orbital venous plexus under slight
diethyl ether anesthesia. All of the animals were sacrificed by
cervical dislocation after 24 hours. Liver tissues were excised
immediately and stored at −80∘C prior to further analysis.

2.4. Hematological and Biochemistry Analysis. Whole blood
sample was sent for hematological analysis and the serum
was collected after centrifugation of Plain tube at 10,000 g
for 15 minutes. Total red blood cells (TRBC), white blood
cells (TWBC), and platelet count (PC) were performed
for hematology parameters. Meanwhile for biochemistry
assessment, alanine transaminase (ALT), aspartate amino-
transferase (AST), and alkaline phosphatase (ALP) were
performed. The assessment of hematology and biochemistry
parameters was done in University Veterinary Hospital,
UPM Serdang. Hematology and biochemistry analyses were
conducted according to Shahbazi et al. [21].

2.5. Measurements of Cellular Reactive Oxygen Species (ROS).
The liver cellular ROS generation level was estimated by
the method of Oxiselect In Vitro ROS Assay (Green Fluo-
rescence). Marquis et al. [22] stressed that studies on ROS
produced from in vitro NPs exposure have been extensively
conducted, and DCFDA is amongst widely used methods
in nanotoxicology. Tissue samples were resuspended at
50mg/mL in PBS and homogenized on ice. Sample was spun
at 10,000 g for five minutes. Supernatant was collected and
assayed directly for ROS production determination. Oxida-
tion reaction of ROS samples with DCFH probe was mea-
sured fluorometrically at 480 nm excitation/530 nm emission
with POLARstar Omega Plate Reader. Free radical content
was determined by comparison with the predetermined DCF
standard curve.

2.6. Lipid Peroxidation Product, MDAAssay. Lipid peroxida-
tion of liver was determined as the concentration of malondi-
aldehyde (MDA) generated by the thiobarbituric acid (TBA)
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Figure 1: IONPsmicrostructure. 1 and 2: the diameter of the IONPs.
Spheres of IONPs depicted in uranyl acetate and lead citrate contrast.
The average of IONPs size is 14 nm.

reaction by Guo et al. [23]. Tissue samples were resuspended
at 100mg/mL in PBS containing 1X butylated hydroxytoluene
(BHT) and homogenized on ice. The sample was spun at
10,000 g for five min. Supernatant was collected and assayed
directly for TBARS level. MDA in samples and standards
interacted with TBA at 95∘C and the samples were incubated
and then measured spectrophotometrically at 532 nm with
POLARstar Omega Reader. MDA level was determined by
comparison with predetermined MDA standard curve.

2.7. Observation of Liver Ultrastructure. In measuring the
cellular and biochemical alterations pertaining to NPs
administration, a variety of microscopic evaluations has
been described by Schrand et al. [24]. Tissue samples were
placed in 4% glutaraldehyde immediately after excision into
1mm × 1mm size for fixation. Samples were then washed
with sodium cacodylate buffer and postfixedwith 1% osmium
tetroxide in 0.1M cacodylate buffer. Osmicated samples were
dehydratedwith graded series of ethanol (50%, 70%, 95%, and
100%) and rinsed in propylene oxide before being embedded
in resin mould. Resin blocks were trimmed and proceed to
semithin sectioning on glass slide then stained with toluidine
blue for characterization of cells using lightmicroscope. After
the semithin sectioning was done, the ultrathin sectioning
was cut and mounted on copper grid. Grids were contrasted
with uranyl acetate and lead citrate for ultrastructural evalu-
ation by using TEM (FEI TECHNAI G2).

2.8. Statistical Analysis. Statistical analysis was performed by
SPSS version 18.0 (SPSS Inc., Chicago, IL, USA) for Win-
dows. Data were analyzed by one-way analysis of variance
(ANOVA) and followed by post-hoc Tukey test for multiple
comparison of mean. A 𝑃 value < 0.05 was considered as
statistically significant.

3. Results

3.1. NPs Size and Shape Characterization. The character-
ization was carried out using TEM (FEI TECHNAI G2)
with 160,000 times (160KX) magnification showing the size
and shape of IONPs. The IONPs are spheres in shape with
“grapelike” arrangements and the overall diameter is 14 nm
approximately (Figure 1).

3.2. General Examination. After administration of iodine and
IONPs, the animals were closely monitored for lethal sign or
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Figure 2: Hematology values. The bar chart shows the values of
TRBC and TWBC in Cx, Ix, and IONPx groups. Values were
expressed as mean ± S.E.M (𝑛 = 5) (𝑃 < 0.05). aSignificant
differences when compared to Cx, (𝑃 < 0.05). bSignificant
differences when compared to Ix (𝑃 < 0.05).

any obvious physical changes. Nomortality or any significant
clinical sign was observed. Gross examination of the liver for
both particles-administered animals also reveals no evidence
of pathological changes.

3.3. Hematological Analysis. Hematological parameters
include total red blood cells (TRBC), total white blood cells
(TWBC), platelet (PLT), and hemoglobin (Hb). The levels of
TRBC and WBC are shown in Figure 2, while the levels of
PLT andHb are shown in Figure 3. TRBC level was in normal
range and no significant differences were observed between
Cx and both treatment groups (Figure 2). In contrast, the
TWBC for Ix has shown a significant increment compared
to Cx and IONPx (𝑃 < 0.05), respectively. The value for
Ix increased almost twofold from Cx. Value of IONPx also
increased compared to Cx (𝑃 < 0.05). On the other hand,
the PLT levels did not show any significant differences in all
groups. Figure 3 also presents that the level of Hb for both
Ix (145.2 g/L) and IONPx (145 g/L) was significantly higher
compared to Cx (137.2 g/L) (𝑃 < 0.05), respectively.

3.4. Biochemistry Analysis. The effects of intravenous admin-
istrations of 300𝜇g/mL of iodine and IONPs were evaluated
through the measurement of different biochemical parame-
ters. In this study, Ix ALP level was significantly increased
compared to Cx (𝑃 < 0.05) and IONPx (𝑃 < 0.05) (Figure 4).
No significant differences were observed between all groups
in the ALT levels. Level of AST, on the other hand, showed
a significant increment in Ix compared to Cx and IONPx
(𝑃 < 0.05) (𝑃 < 0.05), respectively.

3.5. ROSAssay. Thedetermination of ROS in liver after being
administered with particular particles has been done and the
results were described in Figure 5. Liver ROS production in
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Ix was significantly increased compared to Cx and IONPx
(𝑃 < 0.05). Significant increment of liver ROS level was also
observed in IONPx compared to Cx (𝑃 < 0.05).

3.6. MDA Assay. Lipid peroxidation level in liver was
assessed by the determination of its major end product,
malondialdehyde (MDA). The quantification of MDA would
reflect the level of lipid peroxidation occurrence in liver.
Figure 6 demonstrated that liver’s MDA was significantly
higher in Ix compared to Cx and IONPx (𝑃 < 0.05),
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Figure 5: ROSproduction values.The chart shows the values of ROS
production in liver’s tissues of Cx, Ix, and IONPx groups. Values
were expressed as mean ± S.E.M (𝑛 = 5) (𝑃 < 0.05). aSignificant dif-
ferences when compared to Cx (𝑃 < 0.05). bSignificant differences
when compared to Ix (𝑃 < 0.05).
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as mean ± S.E.M (𝑛 = 5) (𝑃 < 0.05). aSignificant differences when
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respectively. The level of MDA in IONPx was lower than the
value ofCx; however no significant difference had beennoted.

3.7. Observation of Liver Ultrastructure. The ultrastructural
observation of the liver’s nucleus had been carried out by
using TEM and the results were depicted in Figures 7(a),
7(b), and 7(c). Structure of nucleus membrane from Ix liver
tissues (Figure 7(b)) shows an irregular outline compared
to the nucleus membranes in Cx (Figure 7(a)) and IONPx
(Figure 7(c)). The shrinkage in size was also observed in Ix
nucleus when the comparison wasmade with Cx and IONPx.
Nucleus outline of Ix also was noted to be denser than Cx and
IONPx (arrow pointed figures).

4. Discussion

Nanotechnology has emerged rapidly due to its various func-
tions and among the most important benefit of nanotechnol-
ogy is in biomedical application. However, the toxicological
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Figure 7: Ultrastructure of nucleus in liver. (a) Cx nucleus (straight line); (b) Ix nucleus (dotted line); (c) IONPx nucleus (arrow head pointed
figures). Cx and IONPx nucleus are with smooth membrane outline and regular in size, while Ix nucleus reduced in size. Ix is also noted to
be irregular and dense nucleus membrane outline.

impact for the body should be thoroughly identified as
they may cause unfavorable effects due to interaction with
body components [25]. Liver is a major organ where the
particles are deposited and inducing damage [15, 26]. The
accumulation of nanoparticles in the liver may be due to
Kupffer cells intake for detoxification process [26]. In this
study, we evaluate toxicological effects on rat’s liver after
intravenous injection of IONPs by complete blood count
(CBC/FBC), liver function test (LFT), ROS production, lipid
peroxidation, and ultrastructural evaluation.

A CBC was performed to assess the blood compo-
nents environment and to detect any pathological changes
in homeostasis. Selected parameters consisted of TRBC,
TWBC, PLT, and Hb which had been done as they are
pathologically relevant to the hematotoxicity study. TRBC
shows no significant differences in IONPx, Ix, and Cx. This
may indicate no abnormalities in red blood cells and no
anemic symptoms. The administration of IONPx did not
induce red cells defect and this was supported by the findings
of Ahamed et al., which point out that MNPs did not induce
red blood cells defect [15]. On the contrary, the level of TWBC
in Ix shows a significant increment compared to Cx and
IONPx. This phenomenon is known as leucocytosis, where
the study byDobrovolskaia andMcNeil found that leucocytes
proliferation may indicate that the foreign substances carry
immunostimulatory properties [27]. Level of PLT on the
other hand shows no significant differences between all
groups which indicates normal level of platelet, and this was
also observed from the previous study [15]. A level of Hb in Ix
and IONPx was found to be significantly increased compared
to Cx, but the level was in normal range. This was supported
by Ahamed et al., who expressed that NPs administration did
not induce significant alteration in hematologic parameters
[15] and Marquis et al. [22] explained that alteration of FBC
level would reflect the occurrence of toxicity.

In LFT, the level of ALP and AST in Ix was significantly
elevated when comparison had been made with Cx and
IONPx.Thismay indicate that iodine has led to a distortion in

liver function while the IONPs did not induce any significant
changes to the liver. This study’s findings are in agreement
with Garćıa et al., which noted that the IONPs did not induce
toxicity to the experimental animals and can be considered
safe to be used [28]. Other findings by Guo et al. [23] and
Ahamed et al. described similar scenario, in which the level
of serum biochemistry in NPs administered group did not
indicate changes compared to control group [15]. The level
of ALT on the other hand did not show differences between
all groups but the values were higher in Ix compared to both
Cx and IONPx. van der Zande et al. also expressed the same
phenomenon that, in nanosilica-treated animal, the blood
biochemistry showed no liver intoxication [18].

Excess reactive oxygen species (ROS) may induce oxida-
tive stress in cellular environment by the imbalance of
redox status and can lead to various pathological disorders
[29]. The evaluation of ROS production may provide useful
information regarding the capability of certain substances or
environments in inducing oxidative stress. Whenever oxida-
tive status is in imbalance, it may induce toxicological effect
[22].The level of ROS in Ix was significantly higher compared
to Cx and IONPx. Meanwhile, the level of free radicals in
IONPx also showed an elevation when comparison wasmade
with Cx. These results may explain that the administration
of NPs and iodine both induces ROS production in the
liver tissues. However, the free radicals that produced in
Ix were significantly higher than those of IONPx and thus
may indicate that IONPs produced lower ROS compared to
iodine. Ahamed et al. mentioned that ROS generation and
oxidative stress are likely to induce toxicity ofNPs [15]. Auffan
et al. [30] further explained that excess ROS may lead to
a toxic potential of NPs. However, considering the level of
ROS in both Ix and IONPx, this study may suggest that the
administration of IONPs shows fewer tendencies to induce
toxicity compared to iodine. This was further supported by
Roy et al., who point out that the enhancement of ROS
generation will lead to toxicity [26]. Fu et al. addressed
that nanomaterial-induced ROS is essential to determine
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nanotoxicity [11]. In addition, this present study was in line
with Chairuangkitti et al., who revealed that the ROS level
was related to intracellular ROS generation [31].

Lipid peroxidation is considered as one of the mech-
anisms involved in oxidative damage prior to excess ROS
production [26], and themain byproduct is malondialdehyde
(MDA).Measuring the level ofMDAwould reflect that a lipid
peroxidation mechanism occurred. Fu et al. expressed that
IONPs exhibit low to no toxicity [11]. The level of MDA in
Ix was significantly increased compared to Cx and IONPx
while no significant values were found to be detected between
Cx and IONPx. This indicates that iodine has led to a lipid
peroxidation in liver tissues while IONPs did not induce
membrane lipid damage in liver of IONPs administered rats.
The findings were in agreement with ROS generation which
showed that the level of ROS in IONPxwas significantly lower
than in Ix.The outcomes of this study were in agreement with
previous research done by [32], which expressed that the NPs
administration did not lead to significant changes in liver’s
MDA level.

Ultrastructural evaluation by TEM revealed that IONPs
administration did not induce any significant pathological
damage when a comparison was made to control group. The
micrograph of Ix however shows a slight aberrant shape of
nucleus with shrinking in size and thickening of membranes
with irregular nuclear membrane. The ultrastructural evalu-
ation results are in agreement with the other parameter find-
ings, which reveal that there is no significant deterioration of
liver tissues in IONPs administered Wistar rats compared to
iodine. A study by Li et al. [17] stated that superparamagnetic
IONPswill only trigger the toxicity in high dosewith repeated
injection while Brullot et al. point out that IONPs with SiPEG
are biocompatible [10]. According to this study, IONPs show
less toxic properties compared to iodine and are in good
agreement with other research findings.

This present study involved in vivo nanotoxicity and did
not cover in vitro study due to limited timeframe, budget, and
facilities. However, the limitation has been encountered by
using a systematic study and depicts an actual body mecha-
nism. Future research should focus on molecular level toxic-
ity assessment of iodine and IONPs for better understanding.

5. Conclusion

The present study has addressed the in vivo nanotoxicity
profile for IONPs in radiographic applications and the results
might suggest that IONPs are safe to be applied as a contrast
medium.
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Application of nanoscale materials (NMs) displays a rapidly increasing trend in electronics, optics, chemical catalysis,
biotechnology, and medicine due to versatile nature of NMs and easily adjustable physical, physicochemical, and chemical
properties. However, the increasing abundance of NMs also poses significant new and emerging health and environmental risks.
Despite growing efforts, understanding toxicity of NMs does not seem to cope with the demand, because NMs usually act
entirely different from those of conventional small molecule drugs. Currently, large-scale application of available safety assessment
protocols, as well as their furthering through case-by-case practice, is advisable.We define a standard work-scheme for nanotoxicity
evaluation of NMs, comprising thorough characterization of structural, physical, physicochemical, and chemical traits, followed
by measuring biodistribution in live tissue and blood combined with investigation of organ-specific effects especially regarding the
function of the brain and the liver. We propose a range of biochemical, cellular, and immunological processes to be explored in
order to provide information on the early effects of NMs on some basic physiological functions and chemical defense mechanisms.
Together, these contributions give an overview with important implications for the understanding of many aspects of nanotoxicity.

1. Safety Control of Nanoscale Materials
Necessitates Understanding of the Currently
Unexplored Potential Toxic Effects

Generally characterized by 1–100 nm range in at least two
dimensions [1], nanoscale materials (NMs) keep being pro-
gressively applied in many important fields including elec-
tronics, optics, chemical catalysis, solar fuel, agriculture,
biotechnology, and medicine (e.g., see [2–6]). Built on and
confirming earlier documents, SCENIHR emphasized that
methodologies to assess exposure to manufactured NMs
and the identification of potential hazards require further
development. For lack of a general approach, SCENIHR
maintains to perform risk assessment case by case for each
NM in accordance with the practice of the Nanotechnology
Characterization Laboratory at the National Cancer Institute
([7] http://ncl.cancer.gov/assay cascade.asp). The effects of

NMs in biological systems are by now recognized to be
entirely different from those of conventional chemicals or
biological agents due primarily to their microscopic size
[1]. Despite the major efforts worldwide, the scientific basis
underlying these unprecedented effects allowing proper
safety control ofNMsdoes not seem to copewith the demand.
In order to meet the requirements of a knowledge-based
control of the environmental, especially the health-related
effects of NMs, a new and synergistic strategy for research
groups working in the areas of NM science and biology is
much needed. The European Commission’s Framework Pro-
grammes (FPs) support and encourage research and devel-
opment in nanotechnology, especially in the fields related
to environment, health, and safety issues (nanoEHS). Key
projects identified in this regard include knowledge transfer,
standardisation, regulation, guidance, and public engage-
ment, as well as the role of professional bodies. Among many
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projects dealing with nanosafety, some of them are focus-
ing on the measurement difficulties associated with NMs
like the NanoChOp project (http://nanochop.lgcgroup.com)
founded by the European Association of National Metrology
Institutes (EURAMET), while others aim at the stakeholder
driven intelligent testing strategy in nanoEHS [8]. Although
several projects have already been funded to investigate
the potential nanoEHS issues of NMs within successive
FPs, a knowledge-based understanding also supported by
this BMRI thematic issue on nanotoxicity may significantly
improve to identify and address the specific research aspects
underlying biomedical applications of NMs.

2. Promoting Awareness on NMs through
Novel Approaches and Techniques

We are well aware that understanding NM toxicity needs
more comprehensive, complex, and novel multi- and inter-
disciplinary approaches [9–23]. These are driven in many
cases by furthering imaging techniques throughmore specific
labeling and detection of the cellular fate ofNMs as illustrated
by (i) in vitro/in vivo fluorescence ([22, 24]; Figure 1),
synchrotron radiation-based (SR) Fourier transform infrared
spectroscopy (FTIR) or X-ray fluorescence microscopy [25],
or single photon emission computed tomography combined
with X-ray computed tomography (SPECT-CT) imaging to
study NM biodistribution at organ levels (Figure 2); (ii)
small-angle X-ray (SAXS; Figure 3) or neutron scattering
[26–28], freeze-fracture combined transmission electron
microscopy (FF-TEM) and sum-frequency generation (SFG)
vibrational spectroscopy for determination of structure or
membrane interactions of NMs [13], and in situ high-
resolution TEM [29]; (iii) application of new sets of method-
ologies built on basic instrumentation and related expertise
in combination with NM surface modifications and toxicity
assaying. For example, alterations of dendrimers combined
with high-resolution NMR, capillary electrophoresis, elec-
trophysiology and computer-assistedmodeling of membrane
interactions [11] or the adjustment of chitosan-based NM
combined with Fourier transform infrared (FTIR) spec-
troscopy, transmission electron microscopy (TEM), atomic
force microscopy (AFM), flow cytometry and near-infrared
(NIR) fluorescence spectroscopy in vivo [22] may also be
critical to rigorously characterize NM traits and relate them
to nanotoxicity parameters to be assessed.

3. Emerging Consensus

The papers referred to below, a mixture of reviews and
research articles, are divided into three parts in line of emerg-
ing consensus.The first section conveys information on prob-
ably the best-known and most intensively studied biosimilar
NMs applied in biotechnology and medicine such as lipo-
somes, chitosan, and poly(lactic-co-glycolic acid) (PLGA)
nanoparticles. These biocompatible and biodegradable NMs
represent wide potential use in delivering a large variety of
drugs and therapeutics including small molecules, herbal
medicines, genes, proteins, miRNAs, and oligonucleotides
([30, 31] and references cited; [9, 14, 22, 25, 32–34]). The

focus of the second section is on the possibility to conclude
on trait-nanotoxicity relationships. Among polymeric NMs,
that can encapsulate drug molecules and can be conjugated
to targeting agents, dendrimers [11, 19, 31, 35–38] are the
preferred test materials, due to their versatile surface func-
tions allowing a wide variety of chemical modifications of
properties. By reflecting preclinical studies using NMs for
the delivery of therapeutics designed for neuroinflammation
and neurodegeneration such as Alzheimer’s and Parkinson’s
diseases, multiple sclerosis or amyotrophic lateral sclerosis
(ALS), cerebral palsy, ischemia/stroke, traumatic brain injury,
and epilepsy ([31] and references cited), the third section
concerns the growing realization of the unique biodistribu-
tion of NMs. It necessitates the development of new model
systems providing parameters predictive for NM action in
various disorders and pathophysiological conditions. In the
conclusion section we propose to set a “preclinical” work-
scheme used for single nanotoxicity assessment of each NM
considered in biomedical applications.

4. Furthering Evidence on Biocompatible and
Biodegradable poly(lactic-co-glycolic acid)
(PLGA), Liposome, and Chitosan NMs

Amongst first choice biodegradable and biocompatible poly-
mers, PLGAhas already been approved byUnited States Food
and Drug Administration and European Medicine Agency
for parenteral administration. PLGA serves as an effective
NM for the delivery of therapeutics enabling organ, tissue, or
cell-specific targeting [25, 30, 33, 39]. PLGA-based nanovec-
tor platform adaptable to formulate hydrophilic or hydropho-
bic small molecules or macromolecules gives rise to many
possibilities including protection of drugs from degradation,
sustained release, and easy surface-property modification
enabling versatile, tunable, and more specific applications.
For further understanding of specific characteristics utilized
by PLGA-basedNMs, we refer to a recent and comprehensive
review [33]. By collecting a vast body of evidence, Danhier et
al. argue for PLGA as the proper choice for planning drug
delivery systems in various biotechnological and medical
applications (vaccination, cancer, inflammation, etc.).

Together with other forms of self-organizing lipid-
systems, liposomes (vesicles) have widely believed to provide
the less harmful substrate for biomedical applications [5, 9,
31]. This concept derives from the fact that liposomes and
the cell membrane have similar lipid bilayers. Moreover, the
existence of natural intra- and extracellular vesicles provides
the reality and perspective of lipid nanocarriers ([23] and
references cited). The special structure of the liposomes,
namely, the aqueous core surrounded by the phospholipid
bilayer, enables the incorporation of both hydrophilic and
hydrophobic drugs. The tailoring of liposomes by varying
their lipid components makes the efficient encapsulation
of drugs and labeling molecules (radiopharmaceutics, dye
molecules) possible with wide variety of different chemical
characteristics. The first approved drug of this kind was the
liposomal doxorubicin (Doxil/Caelyx), which was followed
by many other liposomal products and currently hundreds
of such drugs are under clinical trials [40]. The major
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Figure 1: In vitro cellular uptake of fluorophore dye-conjugated anionic (G4.5-COONa) and cationic (G5-NH
2
) polyamidoamine (PAMAM)

dendrimers. Confocal laser microscope images were taken after 1 h incubation of hepatocytes (a and c) and Kupffer cells (b) with PAMAM
dendrimers. The anionic G4.5-COONa dendrimer was conjugated with 5(6)-TAMRA cadaverine HCl salt while the cationic G5-NH

2

dendrimer was coupled with 5(6)-TAMRA NHS ester as fluorescent dyes. Following 1 h of incubation, the anionic dendrimer expanded
in the cytoplasm of the Kupffer cells, while it was retained in the plasma membrane of the hepatocytes. The uptake of the cationic derivative
by the hepatocytes was much more extensive compared to the anionic one.

Figure 2: In vivo biodistribution of liposomes labeled with 99m-
Technetium. Single photon emission computed tomography com-
binedX-ray computed tomography (SPECT-CT) datawere recorded
after 1.5 hours of the administration of labeled liposomes. The
distribution reflects that of non-PEGylated liposomes and shows
high uptake by the liver.

breakthrough in the biomedical application of vesicles was
the development of sterically stabilized liposomes (SSLs:
Figure 3) that have longer half-life in the circulation than
conventional phospholipid liposomes.The former is achieved
by coating the surface of vesicles by lipopolymers such as
polyethylene glycol (PEG). Due to the important role of the
PEG layer of SSLs, the detailed characterization is required
for development of new liposomal products [27, 28, 38, 41].
The PEG surface, however, induces a pseudoallergic toxic
effect [42] or tolerance-like innate immunity and spleen

injury [18]; therefore the replacement of this polymer by
other biocompatible macromolecules is intensively studied.
Numerous studies are concerned about the more specific and
more efficient delivery of therapeutics by applying specific
combinations of biocompatible and biodegradable NMs ([33]
and reference cited). For recent examples we may conjecture
more efficient transfection of nucleic acid-based therapeutics
based on the modification of chitosan combined g-stearic
acid micelles by cis-aconitate [34] or more effective targeted
delivery of osthole by N-succinyl-chitosan nanoparticles
coupled with low-density lipoprotein [22].

Widespread natural polysaccharide chitosan has received
increasing medical attention via encapsulating anticancer
drugs such as 5-fluorouracil [43], doxorubicin [44, 45],
paclitaxel [46], cisplatin and camptothecin [47], and osthole
[22]. Abundant availability, unique mucoadhesivity, inherent
pharmacological properties, and other beneficial biological
properties such as biocompatibility, biodegradability, low tox-
icity, and low immunogenicity make chitosan an exception-
ally attractive NM for targeting therapeutics [48, 49]. Chi-
tosan, a linear amino polysaccharide composed of randomly
distributed 𝛽-(1→ 4) linked D-glucosamine and N-acetyl-D-
glucosamine units, can be obtained by the deacetylation of
chitin isolated from the exoskeleton of crustaceans such as
crab and shrimp [49]. The physicochemical and biological
properties of chitosan are greatly influenced by its molecular
weight and degree of deacetylation. Due to its reactive NH

2

groups, facile chemical modifications [50] make it possible
to prepare a wide variety of chitosan-based NMs providing
more appropriate targeted drug delivery.These NMs include,
for example, cross-linked chitosan, chitosan-polyelectrolyte
complex, self-assembled chitosan, or PEGylated chitosan
[51]. Modifications made to chitosan, however, could make
it more or less toxic and any residual reactants will affect
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Figure 3: 2D SAXS pattern of polyethylene glycol (PEG) layered sterically stabilized liposomes (a), and the radially averaged 1D scattering
curve as the function of the scattering variable 𝑞(nm−1) (b).The value of 𝑞 is proportional to the scattering angle.The latter carries information
about the structure of the phospholipid bilayer and the thickness of the PEG layer on the surface of the liposomes.

toxicological properties of the product. Therefore, care must
be taken to ensure that the modified chitosan-based NMs
will be free from contaminants such as proteins, metals, or
the coupling agents which could potentially increase toxicity
[52]. In vitro toxicity of chitosan was found to be related to
the molecular weight and concentration at high degree of
deacetylation, while at lower degree of deacetylation toxicity
is less pronounced and less related to the molecular weight
[53, 54]. Acute toxicity tests predicted no “significant toxic
effects” in mice, as well as no eye or skin irritation in rabbits
and guinea pigs, respectively. In addition, chitosan was not
found pyrogenic [55]. One of the least studied characteristic
of chitosan is its biodistribution, especially by administration
methods other than intravenous. The biodistribution is both
molecular weight- and formulation-dependent presenting
relatively long circulation times [52]. The biodistribution is
critically dependent on route of administration, dosage form,
and chitosan characteristics. In the case of a nanoparticulate
formulation, the kinetics and biodistribution will initially
be controlled by the size and charge of the chitosan-based
NM and not by chitosan traits. However, after NM particle
decomposition to chitosan and free drug inside the cells
or target tissue, free chitosan will distribute in the body
and eliminate accordingly. Labeling techniques using amine-
reactive fluorescent indicators (FITC, 9-anthraldehyde) or
radionuclide-labeled chitosan derivatives were found to be
reliable to follow kinetics of chitosan biodistribution [56, 57].

5. Listening to Dendrimers

NM polymers forming branching dendrimeric structure give
opportunities for the targeted delivery of therapeutics that
can alleviate various pathways implicated in the damage
of the brain ([11, 19, 31, 35] and references cited). Report-
edly, dendrimeric NMs give a chance for nanoformulation,
enabling brain restoration and facilitating cellular growth

under specific conditions such as cerebral palsy [31] or
ischemia/stroke [58]. However, clinical use of dendrimers
may be seriously compromised by PAMAM dendrimer-
induced mitochondrial dysfunctioning or autophagy, par-
tially mediated by intracellular ROS generation [19]. Lysoso-
mal dysfunctioning may also be anticipated [19, 59]. Param-
eters indicating early appearance of nanotoxicity followed by
cell death were found to be irreversible depolarization of neu-
ronal and mitochondrial membranes, astroglia activation,
and changing Ca2+ homeostasis [12]. Size, charge, and other
surface characteristics of dendrimers were clearly identified
as being critical for nanotoxicity predictions of dendrimers
(Figure 1; [11, 35, 36]). Conjugation of surface amino groups
of G5-NH

2
by 𝛽-D-glucopyranose units reduced functional

neurotoxicity that may hold significant promise for biotech-
nology and medical applications.

Detection of early changes in membrane permeability of
living neuronal cells identified giant membrane depolariza-
tion and subsequent cell death evoked by the protein-like
PAMAM G5-NH

2
dendrimer. Structural changes observed

by applying SFG, SAXS, transmission electron microscopy
(TEM) techniques, and molecular dynamics calculations
indicate interactions of G5-NH

2
with model membranes.

These interactions suggest the hypothesis that G5-NH
2

inserts in the plasma membrane forming specific Na+ ion-
permeable channels. In this way, we were able to attribute
specific and irreversible action of PAMAM dendrimer G5-
NH
2
to the formation of Na+ ion-permeable channels in

neuronal plasma membrane [13]. The bright side of the
facet may be some potential antibacterial propensity against
resistant strains possibly ascribed to PAMAM G2-NH

2
[20]

or G5-NH
2
dendrimer embedding into the bacterial cell

envelope (wall and/or plasma membrane). The Na+ channel-
forming tendency together with the observed obstructive
effects of PAMAM dendrimer G5-NH

2
on E. coli prolifera-

tion but not on erythrocytes [13] together with the known
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antibacterial effect of gramicidin and related peptides calls
the ion channel-forming predisposition into a common
antiresistant mechanism of action, constituting the future for
a postantibacterial era. Findings that resistance of Klebsiella
pneumoniae and Escherichia coli strains towards extended-
spectrum beta-lactams was partly due to the loss of the porin
OmpK35 [60] may be conjectured.

6. Unique Biodistribution of NMs and
Pertaining Model Systems to Study
Nanotoxicity

NMs have unique biodistribution due to their highly differ-
ent pharmacokinetic properties as compared to small drug
molecules [61–64]. In predicting toxicity of drug molecules,
well-tested and validated assays are available. Uncritical
applications of these assays to toxicity evaluation of NMs,
however, require caution due to distinguishable pharma-
cokinetics of NMs. NMs may possibly be transported in
the body via the lymphatic system that complicates their
pharmacokinetic analysis based on blood sampling and also
exposes lymphoid tissue to higher concentrations thanwould
be seen secondary to distribution fromblood [38]. It has been
shown that, for NMs, decline in blood concentrations can be
related to the compound movement into tissues where fur-
ther excretion does not occur. This way NMs can be trapped
in reticuloendothelial system, bound to tissue proteins, or
can showpostdistributional aggregation. In these cases, blood
half-life may paradoxically be relatively short despite the
prolonged body persistence [65]. For example, a complete
lack of excretion of quantum dots has been demonstrated
28 days after their application [66]. Although plasma half-
life was short, there was a continued redistribution from
body sites to liver and kidney throughout 28 days [66].
For many NMs, liver has been proved to be one of the
final deposits amongst organ tissues. However, in contrast
to small organic molecules, NMs accumulated mostly in the
Kupffer cells but not in the hepatocytes ([67] and Figure 2).
It has also been shown that with a decrease in the blood
concentrations of someNMs, liver and spleen concentrations
significantly increased.These findings suggest that theseNMs
were opsonized and cleared from the blood by circulating
phagocytes and tissue macrophages such as hepatic Kupffer
cells, neural microglia, and spleen macrophages [21, 61,
64, 68, 69]. It is to note that nanoformulation of drug
molecules or using NMs for their targeting might enhance
drug permeation across the blood-brain barrier changing
their biodistribution [70]. In a physiological environment
NMs are immediately coated by a dynamical layer of proteins,
leading to a protein “corona” [71]. Protein binding is one of
the key elements affecting biodistribution, biocompatibility,
and therapeutic efficacy of the NMs [72, 73]. These interac-
tions may alter protein conformations, as well. The plasma
protein adsorption on NMs, influencing its uptake into cells
from the bloodstream, strongly depends on the particle size
and physicochemical properties of the NM. Interaction of
various NMs with the most abundant human serum albumin
(HSA) has been investigated [74, 75]. Systematic studies on

the interaction of the main drug binding components of
human plasma HSA or alpha

1
-acid glycoprotein (AGP) with

NMs may possibly influence not only the free concentrations
of exogenous and endogenous ligands [76, 77], however, the
biodistribution of NMs as well.

6.1. Seven Layers of Nanotoxicity Understanding. In selecting
themost appropriate parameters for the assessment of poten-
tial toxic effects of NMs, we suggest to apply existing safety
assessment protocols (http://ncl.cancer.gov/assay cascade
.asp) as well as exploring novel pertaining functional model
systems. Understanding nanotoxicity of NMs requires rami-
fying series of knowledge, including preparation, biodistribu-
tion,metabolism andpharmacokinetics, toxicological profile,
and immunological consequences [7]. Further nanotoxicity
research underlying biomedical applications could focus on:

(1) the rigorous examination of the physical, physico-
chemical, and chemical nanoscale characteristics fea-
turing a selected set of known “nontoxic” and “toxic”
standard NMs in order to establish “nanotraits” of
NMs under consideration (Figure 4, Block 1): beside
their pharmaceutical applications, liposomes can also
be used as in vitro model systems to predict the
toxic effects of other NMs. The complex structural,
morphological, and thermodynamic studies of both
uni- and multilamellar vesicles in the presence of
NMs (dendrimers, quantum dots, etc.) could be
able to conclude lipid bilayer interferences projecting
possible NM mechanisms of action on the cellular
plasma membrane;

(2) the establishment and characterization of biological
models of increasing complexity (cellular, tissue, and
organism levels), including human cell-based nonan-
imal in vitromodels such as induced pluripotent stem
cells in order to establish biodistribution (Figure 4,
Block 2);

(3) the disclosure of the NM trait-related biological
properties and mechanisms of NM toxicity by using
and further developingmodel systems and comparing
“nontoxic” and “toxic” standardNMs (Figure 4, Block
3): researchers may want to further (i) monitoring
mitochondrial (dys)functions [15, 19, 78]; (ii) assaying
special organs with limited regeneration capacity, for
example, acute/cultured brain tissue slices to assess
short- and medium-term NM effects, asking for
proper functioning of neurons [11, 15, 35] and glia
[12, 15] or the blood-brain barrier (BBB: [79, 80]);
(iii) following activation/inactivation of microglia
subtypes, providing information on potential neu-
roinflammatory effects of NMs [81, 82] completed by
(iv) assaying hepatotoxic effect of NMs by measuring
basic hepatic functions, such as transport of bile salts
and bilirubin through the basolateral and canalic-
ular membranes via the SLCOs, SLC10A1, ABCC3,
ABCB11, and ABCC2 transporters, respectively, in
sandwich coculture of hepatocytes [83–85] with or
without of Kupffer cell subtypes [21, 62, 86], (see
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Figure 4: Suggested work-scheme for safety assessment of nanomaterials.

also Figures 1 and 2); (v) investigations of the altered
bile acid regulation of the function of the human
multidrug transporter expressed in model systems
by the presence of NMs [87, 88]; (vi) investigating
the interactions between NMs and blood serum or
plasma [89, 90];

(4) the validation of nanotoxicity prediction through
evaluation of NMs modified according to the new
knowledge and understanding gained through in
vivo studies (Figure 4, Block 4): after more than 250
different nanoparticle analyses, researchers of the
Nanotechnology Characterization Laboratory at the
National Cancer Institute have addressed issues of
concerns, comprising sterility and endotoxin con-
tamination, proper specification and purity, biocom-
patibility, uniformity of NM batches, and stability
monitoring [7];

(5) the iterative establishment of standard work-scheme
for the safety assessment of NMs (Figure 4, Blocks 1–
4): the multidisciplinal approach involving physical,
physicochemical, and chemical characterization of
NMs, followed by determination of biodistribution

on multiple levels of complexity and assessing the
toxicity of the well-described NMs on functional
nanotoxicity platforms is expected to generate deeper
understanding of the interactions between NMs and
biological environments. The gained knowledge may
eventually lead to the release of less toxic mod-
ifications of NMs providing “proof-of-concept” of
prediction;

(6) the establishment and running of publicly available
information sources addressing nanotoxicity that
provide in-depth experimental data for researchers
and industrial players: it is also advisable to use this
channel to inform the lay audience.

7. Future Outlook

Potential environmental toxicity of NMs may have a major
impact on their further development and applications. To
focus on the discovery of toxic effects of widely used NMs
requires multidisciplinary research. NMs—applied in elec-
tronics, solar energy capturing, or chemistry to areas of
biotechnology andmedicine—are supposed to be thoroughly
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characterized first. Next, examination of NM distribution
in live tissue and the blood should be combined with the
study of immediate organ-level effects especially regarding
the function of the brain and the liver. We suggest a range
of biochemical, cellular, and immunological processes to
be explored in order to provide information on the early
effects of NMs on some basic functions and chemical defense
mechanisms. Understanding of long-term nanotoxicity is
also supposed to be achieved by studying effects of NMs
on the development, cell differentiation, metabolism, and
genetic stability.
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acterization of the PEG layer of sterically stabilized liposomes:
a SAXS study,” Chemistry and Physics of Lipids, vol. 165, no. 4,
pp. 387–392, 2012.

[28] Z. Varga, A. Wacha, and A. Bóta, “Osmotic shrinkage of ster-
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[36] E. Fröhlich, “The role of surface charge in cellular uptake and
cytotoxicity of medical nanoparticles,” International Journal of
Nanomedicine, vol. 7, pp. 5577–5591, 2012.

[37] J. B. Pryor, B. J. Harper, and S. L. Harper, “Comparative
toxicological assessment of PAMAM and thiophosphoryl den-
drimers using embryonic zebrafish,” International Journal of
Nanomedicine, vol. 9, no. 1, pp. 1947–1956, 2014.

[38] G. M. Ryan, L. M. Kaminskas, J. B. Bulitta, M. P. McIntosh, D. J.
Owen, and C. J. H. Porter, “PEGylated polylysine dendrimers
increase lymphatic exposure to doxorubicin when compared

to PEGylated liposomal and solution formulations of doxoru-
bicin,” Journal of Controlled Release, vol. 172, no. 1, pp. 128–136,
2013.

[39] R. Langer and D. A. Tirrell, “Designing materials for biology
and medicine,” Nature, vol. 428, no. 6982, pp. 487–492, 2004.

[40] H.-I. Chang andM.-K. Yeh, “Clinical development of liposome-
based drugs: formulation, characterization, and therapeutic
efficacy,” International Journal of Nanomedicine, vol. 7, pp. 49–
60, 2012.

[41] W. Jiang, R. Lionberger, and L. X. Yu, “In vitro and in vivo char-
acterizations of PEGylated liposomal doxorubicin,” Bioanalysis,
vol. 3, no. 3, pp. 333–344, 2011.

[42] J. Szebeni, “Complement activation-related pseudoallergy: a
new class of drug-induced acute immune toxicity,” Toxicology,
vol. 216, no. 2-3, pp. 106–121, 2005.

[43] Y. Ohya, M. Shiratani, H. Kobayashi, and T. Ouchi, “Release
behavior of 5-fluorouracil from chitosan-gel nanospheres
immobilizing 5-fluorouracil coated with polysaccharides and
their cell specific cytotoxicity,” Journal of Macromolecular Sci-
ence Part A: Pure and Applied Chemistry, vol. 31, no. 5, pp. 629–
642, 1994.

[44] Y. Hu, Y. Ding, D. Ding et al., “Hollow chitosan/poly(acrylic
acid) nanospheres as drug carriers,” Biomacromolecules, vol. 8,
no. 4, pp. 1069–1076, 2007.

[45] J. Zhang, X. G. Chen, Y. Y. Li, and C. S. Liu, “Self-assembled
nanoparticles based on hydrophobically modified chitosan
as carriers for doxorubicin,” Nanomedicine: Nanotechnology,
Biology, and Medicine, vol. 3, no. 4, pp. 258–265, 2007.

[46] Y.-S. Wang, Q. Jiang, R.-S. Li et al., “Self-assembled nanopar-
ticles of cholesterol-modified O-carboxymethyl chitosan as a
novel carrier for paclitaxel,” Nanotechnology, vol. 19, no. 14,
Article ID 145101, 2008.

[47] K. H. Min, K. Park, Y.-S. Kim et al., “Hydrophobically modi-
fied glycol chitosan nanoparticles-encapsulated camptothecin
enhance the drug stability and tumor targeting in cancer
therapy,” Journal of Controlled Release, vol. 127, no. 3, pp. 208–
218, 2008.

[48] L. Illum, “Chitosan and its use as a pharmaceutical excipient,”
Pharmaceutical Research, vol. 15, no. 9, pp. 1326–1331, 1998.

[49] M. N. V. R. Kumar, R. A. A. Muzzarelli, C. Muzzarelli, H.
Sashiwa, and A. J. Domb, “Chitosan chemistry and pharmaceu-
tical perspectives,” Chemical Reviews, vol. 104, no. 12, pp. 6017–
6084, 2004.

[50] R. P. McGeary, I. Jablonkai, and I. Toth, “Carbohydrate-based
templates for synthetic vaccines and drug delivery,” Tetrahe-
dron, vol. 57, no. 41, pp. 8733–8742, 2001.

[51] J. H. Park, G. Saravanakumar, K. Kim, and I. C. Kwon,
“Targeted delivery of low molecular drugs using chitosan and
its derivatives,” Advanced Drug Delivery Reviews, vol. 62, no. 1,
pp. 28–41, 2010.

[52] T. Kean and M. Thanou, “Biodegradation, biodistribution and
toxicity of chitosan,” Advanced Drug Delivery Reviews, vol. 62,
no. 1, pp. 3–11, 2010.
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Laczka, “Regulation of the function of the human ABCG2
multidrug transporter by cholesterol and bile acids: effects of
mutations in potential substrate and steroid binding sites,”Drug
Metabolism and Disposition, vol. 42, no. 4, pp. 575–585, 2014.

[89] M. Rahman, S. Laurent, N. Tawil, L. Yahia, and M. Mah-
moudi, “Nanoparticle and protein corona. Chapter 2 in Protein-
Nanoparticle Interactions,” inProtein-Nanoparticle Interactions,
vol. 15 of The Bio-Nano Interface, Springer Series in Biophysics,
pp. 21–44, Springer, Berlin, Germany, 2013.

[90] P. del Pino, B. Pelaz, Q. Zhang, P. Maffre, G. U. Nienhaus, and
W. J. Parak, “Protein corona formation around nanoparticles-
from the past to the future,”Material Horizons, vol. 1, no. 3, pp.
301–313, 2014.



Research Article
Cytotoxicity of Protein-Carbon Nanotubes on J774 Macrophages
Is a Functionalization Grade-Dependent Effect

Silvia Lorena Montes-Fonseca,1 Blanca Sánchez-Ramírez,2

Antonia Luna-Velasco,1 Carlos Arzate-Quintana,1 Macrina Beatriz Silva-Cazares,3

Carmen González Horta,2 and Erasmo Orrantia-Borunda1

1 Centro de Investigación en Materiales Avanzados (CIMAV), Miguel de Cervantes 120, Complejo Industrial Chihuahua,
31109 Chihuahua, CHIH, Mexico

2 Facultad de Ciencias Quı́micas, Universidad Autónoma de Chihuahua, Nuevo Campus Universitario,
Circuito No. 1, 31125 Chihuahua, CHIH, Mexico

3 Coordinación Académica Región Altiplano, Universidad Autónoma de San Luis Potośı, 78000 Matehuala, SLP, Mexico
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Carbon nanotubes (CNTs) are used as carriers in medicine due to their ability to be functionalized with chemical substances.
However, cytotoxicity analysis is required prior to use for in vivo models. The aim of this study was to evaluate the cytotoxic
effect of CNTs functionalized with a 46 kDa surface protein from Entamoeba histolytica (P46-CNTs) on J774A macrophages. With
this purpose, CNTs were synthesized by spray pyrolysis and purified (P-CNTs) using sonication for 48 h. A 46 kDa protein, with
a 4.6–5.4 pI range, was isolated from E. histolytica HM1:IMSS strain trophozoites using an OFFGEL system. The P-CNTs were
functionalized with the purified 46 kDa protein, classified according to their degree of functionalization, and characterized by
Raman and Infrared spectroscopy. In vitro cytotoxicity was evaluated by MTT, apoptosis, and morphological assays. The results
demonstrated that P46-CNTs exhibited cytotoxicity dependent upon the functionalized grade. Contrary to what was expected,
P46-CNTs with a high grade of functionalization were more toxic to J774 macrophages than P46-CNTs with a low grade of
functionalization, than P-CNTs, and had a similar level of toxicity as UP-CNT. This suggests that the nature of the functionalized
protein plays a key role in the cytotoxicity of these nanoparticles.

1. Introduction

Carbon nanotubes (CNTs) are carbon allotropes with a
size range of <100 nm. These nanoparticles are used in
nanomedicine as carrier systems of drugs due their ability
of functionalization. Nanoparticles offer better pharmacoki-
netic properties, such as controlled and sustained release and
targeting of specific cells, tissues, or organs [1]. Consequently
CNTs have been employed to deliver drugs, genes, vaccines,
and diagnostics [2]. However, results obtained in toxicity
studies of CNTs are contradictory. These contradictions
undoubtedly arise as a result of variations in synthesis
and preparation methods used [3]. These variations are
due to different features of the CNTs that depend on its

physicochemical modifications. Montes-Fonseca et al. (2012)
proved that purified CNTs (P-CNTs) that had a length
of <1 𝜇m and 7% of COOH groups on its surface had a
minor toxic effect compared to larger P-CNTs containing a
minor percentage of groups COOH [4]. The COOH groups
increase both solubility and stability of CNTs in aqueous
solution due to their charges [5]. Another study demonstrated
that functionalized CNTs (f -CNTs) with different molecules
showed a decrease in its cytotoxic effect, which could be
attributed to a higher compatibility of f-CNTs with the cell
membrane [6]. However, some studies have demonstrated
that functionalization does not totally eliminate the toxicity of
f-CNTs because this process improves the biodistribution of
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the molecules attached. Therefore, the functionalization may
potentiate the natural toxic effect of a substance [6].

Thus it is important to assess the toxicity of f -CNTs,
especially those that could be used in a biologic system,
such as nanovaccines. Lastly, peptides capable of eliciting an
immune response against a pathogen of interest are selected
and functionalized on CNTs [7]. A particular case of our
interest is amoebiasis, an intestinal infection caused by the
parasite Entamoeba histolytica, which afflicts several million
people worldwide [8]. Transmission occurs via the fecal-
oral route, either directly by person-to-person contact or
indirectly by eating or drinking fecal contaminated food or
water. Although infection can occur at any age, a higher
prevalence has been observed in school-age populations with
lower socioeconomic levels [9]. In Mexico, the prevalence
is estimated at 4 to 20% in some populations [10]. To date,
a vaccine does not exist that evokes a specific and effective
immune response against this parasite.

The aim of this study was to evaluate the cytotoxicity of
f -CNTs with an Entamoeba histolytica surface protein with
different functionalization degrees on J774A macrophages.

2. Methods

2.1. Synthesis and Purification of CNTs. CNTs were synthe-
sized by spray pyrolysis, using toluene and ferrocene as the
carbon source and the catalyst, respectively [11].The synthesis
time was 2min, purification was carried out with 0.2 g of
crude unpurifiedCNTs (UP-CNTs) suspended in 400mL of a
mixture of concentrated H

2
SO
4
(90%)/HNO

3
(70%) 3 : 1 v/v,

and particles were sonicated in a water bath for 48 h [12].The
resultant purified CNTs (P-CNTs) were collected by filtration
through a 450 nm pore size polytetrafluoroethylene filter and
washed four times with water and methanol. Finally, P-CNTs
were dried at room temperature [13].

2.2. Isolation of Entamoeba histolytica Surface Protein of
46 kDa. Amoebic protein was obtained from an axenic
culture of Entamoeba histolyticaHM-1:IMSS. Briefly, tropho-
zoites were harvested by centrifugation and resuspended in
buffer A (0.05M Tris-HCl pH 6.8, added with 5% Triton
X-100 and a protease inhibitor cocktail containing 1mM
phenylmethylsulfonylfluoride (Sigma, Chemical Co.), 2 𝜇M
leupeptin, and 5mM N-ethylmaleimide (Sigma, Chemical
Co.)). The trophozoites were lysed in a Teflon glass Potter
homogenizer coupled to a drill at 3000 rpm with 80 up and
down strokes in an ice bath. Homogenate was centrifuged
for 30min at 12,000 rpm at 4∘C and the obtained pellet was
suspended in 0.36mL of buffer A and 1.44mL of OFFGEL
buffer stock (1.25X) (Agilent Technologies, St. Clara, USA).
Later, proteins were separated according to their isoelectric
point (pI) using the Agilent 3100 OFFGEL fractionator
(Agilent Technologies, St. Clara, USA), pH gradient ranging
from 3 to 10. One aliquot of each batch, was screening
in 2100 BioAnalyzer (Agilent Technologies, St. Clara, USA)
to identify a single protein fraction; finally, the fraction
corresponding to pH 4.6–5.4, which contained a 46 kDa
protein, was cleaned using the ReadyPrep-2D CleanUp kit

(BioRad) to eliminate salts and buffers that could interfere in
the functionalization procedure. The protein was quantified
using the Bradford assay [14] and stored at −70∘C until use.

2.3. Functionalization of P-CNTs. The P-CNTs were func-
tionalized with the 46 kDa protein by diimide-activated
amidation according to themethodology described byHuang
et al. (2002) [15] with modifications as described: 5.5mg
of P-CNTs and 10mg of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide were added to 10mL of 0.1M phosphate buffer
pH 7.5. The suspension was sonicated for 2 h and 66.74 𝜇g
of the 46 kDa protein was added and mixed for 24 h at
4∘C. Next, the suspension was centrifuged for 30min at
5,000 rpm, to separate f -CNTs according to their solubility.
The f-CNTs recovered from the supernatant and precipitate
were designated as P46S-CNTs and P46P-CNTs, respectively.
Both, P46S-CNT and P46P-CNT, were filtered separately
through a 0.45 𝜇m pore size membrane filter. Finally, f-CNTs
were suspended in 2mL of deionized water and lyophilized
to dryness in a FreeZone Triad Freeze Dry System (Labconco
Co., Kansas, USA).

2.4. Characterization of f-CNTs. The f -CNTs were charac-
terized by Raman and Infrared spectroscopy using micro-
Raman LabRAM HR (Horiba Jobn Yvon, NJ, USA) coupled
to an Olympus BX-4 microscope and Spectrum Gx (Perkin
Elmer, Massachusetts, USA).

2.5. Viability Test in J774 Macrophage (MOs) Cell Line. Cell
viability was determined by MTT assays (Sigma-Aldrich) in
96-well plates. For this assay, 105 cells were cultivated in
DMEM-HG supplemented with 10% heat-inactivated bovine
fetal serum, 100 IU/mL of penicillin, 100 𝜇m/mL strepto-
mycin, and 2mM L-glutamine; cells were interacted with
UP-CNTs, P-CNTs, or P46P-CNTs at concentrations of 0.06,
0.6, and 6mg/L. Due to the low production yield, P46S-
CNTs were tested only at a single concentration. Cultures
were incubated for 24 h at 37∘C in a humid atmosphere at
5%CO

2
. MOs without stimulus were used as control. At

20 h cultivation time, 0.1mg of MTT dissolved in sterile
phosphate buffered saline was added to each well, followed by
incubation for 4 or more hours. Cellular lysis was conducted
with acidified isopropanol, and the absorbance at 590 nm
was quantified using a Varioskan Flashmicroreader (Thermo
Scientific, Waltham, MA, USA).

2.6. Apoptosis Assay. The apoptosis assays were performed
using the ReadiPlate 96 EnzChek Caspase-3 Assay Kit
(Molecular Probes, Waltham, MA, USA). For this, 106 MOs
were cultured in 24-well plates using the same conditions as
the MTT assay. MOs were lysed in 1X buffer provided by
the caspase-3 kit for 30min in an ice bath (4∘C). The lysate
was centrifuged for 5min at 5,000 rpm, and 50𝜇L of each
supernatant was incubated in the plates provided by the kit.
Fluorescence intensity was determined at 496/520 nmEx/Em
using a Varioskan Flash microreader (Thermo Scientific,
Waltham, MA, USA).



BioMed Research International 3

0
2000
4000
6000
8000

10000
12000

600 1100 1600 2100 2600 3100Ra
m

an
 in

te
ns

ity
 (a

.u
.)

−2000

GD G

(a) P-CNTs

0
200
400
600
800

1000
1200

600 1100 1600 2100 2600 3100

Ra
m

an
 in

te
ns

ity
 (a

.u
.)

−200

GD G

(b) P46P-CNTs (precipitate)

0
200
400
600
800

1000

600 1100 1600 2100 2600 3100

Ra
m

an
 in

te
ns

ity
 (a

.u
.)

−200

GD G

(c) P46S-CNTs (supernatant)

Figure 1: Raman spectra of different CNTs. Raman spectra obtained from P-CNTs (a), P46P-CNTs (b), and P46S-CNTs (c). Each figure
shows the D band at 1330 cm−1, the G-band at 1600 cm−1, and the G band at 2650 cm−1 (laser excitation 632.8 nm).

2.7. Morphological Analysis. Exposures were performed in
the LabTekChamber slide system (NalgeNunc International,
Rochester, NY,USA) using 106 cells/100 𝜇L perwell incubated
with 6mg/L of the different CNTs for 24 h. Next, the super-
natant was removed and the cells were fixed and stained using
fast Hemostain (Hycel, DF, Mexico). Photomicrographs were
obtained using an Olympus BX4-1 microscope (Olympus,
Miami, Florida, USA) equipped with a Pixera cold-coupled
device camera (Pixera, Miami, Florida, USA) and analyzed
with IMAGEPro-Plus 4.1 software (MediaCybernetics, Silver
Spring, Maryland, USA).

2.8. Statistical Analysis. Statistical analysis was carried out
using Minitab software (State College, Pennsylvania); a one-
way analysis of variance was performed to determine the
difference between theMOs interactions with different CNTs
at the concentrations tested.

3. Results and Discussion

3.1. Characterization of f-CNTs. The UP-CNTs and P-CNTs
usedwere previously characterized by our research group [4].
UP-CNTs were on average 20–40 nm in diameter and 30 𝜇m
in length. P-CNTs obtained by sonicationwithH

2
SO
4
/HNO

3

3 : 1 v/v showed a considerable decrease in length to <1 𝜇m
and an increase to 7% of COOH groups.

Regarding the functionalization of P-CNTs with the
46 kDa Entamoeba histolytica surface protein, in this study
a centrifugation step was implemented at the end of the
functionalization process to separate f -CNTs according to

their solubility, where f -CNTs with a high grade of func-
tionalization, which were more soluble, remained in the
supernatant and were named P46S-CNTs [15]. To assess the
functionalization degree of the P46-CNTs recovered from
supernatant or precipitate (P46P-CNTs), both f -CNTs were
characterized by Raman and Infrared spectroscopy.

The Raman analysis spectra obtained for P-CNTs
(Figure 1(a)), P46P-CNTs (Figure 1(b)), and P46S-CNTs
(Figure 1(c)) displayed D, G, and G bands at 1330 cm−1,
1600 cm−1, and 2650 cm−1, respectively; however, differences
in intensity were observed. Patterns of intensity in the D
and G bands were similar between P-CNTs and P46P-CNTs,
while in P46S-CNTs the intensity of these bands decreased
considerably. In contrast, the G band displayed a higher
intensity in both P46P-CNTs and P46S-CNTs, compared
with P-CNTs. In addition, Raman spectra of P46S-CNTs had
numerous unspecific bands along the spectra.

TheD, G, andG bands correspond to different vibrations
of the carbon atoms on the graphitic layers, and their
intensities depend on the structural quality of the CNTs [16].
In particular the G band corresponds to an overtone of the
D band and its intensity increases when CNTs are submitted
to mechanical stresses such as stretching and compression
[16]. These results suggest that the functionalization and
lyophilization processes induce a mechanical stress indepen-
dently of their functionalization degree, thus explaining the
increase in the G band intensity for both functionalized
particles. On the other hand, a decrease of the D and G
band intensities coupled with the disorder introduced the sp2
carbon network in the P46S-CNTs spectra, which suggests



4 BioMed Research International

0.6

0.5

0.4

0.3

0.2

0.1

0.0
3500 3000 2500 2000 1500 1000 500

Ab
so

rb
an

ce
 u

ni
ts

Wavenumber (cm−1)

(a) P46P-CNTs (precipitate)

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 700
0.000

0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.10
1.20
1.30
1.40

1.500

Ab
so

rb
an

ce
 u

ni
ts Amide I Amide II

Amide III Amide V
Amide BAmide A

(b) P46S-CNTs (supernatant)
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the presence of functional groups attached to the surface of
CNTs [17]. However, this type of analysis does not allow us to
determine the composition of these functional groups.

Infrared (IR) spectroscopy studies, on the other hand,
are used to identify the functional groups added to the
walls of CNTs. However, the activity associated with these
groups is frequently difficult to observe [17]. Therefore, it
is preferable to have at least 5% wt of the functionalized
groups on the sample to detect IR activity. If percentage is
lower, the optical absorption spectrum, will be dominated
by the electronic contribution of the CNTs and not by
the functionalized groups. The IR spectra of P46P-CNTs
(Figure 2(a)) contained two weak peaks at 868 cm−1 and
1588 cm−1, which are characteristic of CNTs [18]. Signals due
to functionalized groups were not detected in these particles.
For the case of P46S-CNTs, the IR spectra presented multiple
peaks as a result of functional groups attached to the CNTs,
which were detected at different wavelengths (Figure 2(b)).

According to Arrondo et al. (1993), the IR spectra of
the protein are composed of nine specific bands, which
correspond to the different vibrations of the peptide bond
(CONH), called amide bands [19]. In Figure 2(b), green
squares indicate the wavelengths of the main amide bands as
well as their corresponding spectra signal. Moreover, we also
observed multiple peaks at lengths of 1000–1630 cm−1, which
according to Barth (2000) correspond to specific vibration
bands of different amino acids [20]. Also in the spectra,

a broad band at 3000 to 2850 cm−1 that corresponds to
the carbohydrate-OH group’s vibration was detected. Taken
together these results suggest that the substance attached to
the CNTs-P46S could be a glycoprotein. Furthermore, we
may conclude that the centrifugation step at the end of the
functionalization process enabled us to effectively separate
the f-CNTs according to the density of the chemical groups
attached to their surface. Although P46P-CNTs showed no
signs that indicate the presence of functional groups, wemust
remember that the techniques used are insensitive and may
not detect substances at concentrations less than 5% wt. In
contrast, for the P46S-CNTs, besides having a higher aqueous
stability, the Raman and IR spectra indicate the presence of an
increased amount of attached functional groups.

3.2. Cytotoxic Assays. Cytotoxicity of different CNTs was
assessed by MTT assays on J774 MOs cultures; results are
shown in Figure 3. As previously reported by our research
group [4], MOs exposed to 6mg/L UP-CNTs had a greater
toxic effect compared to other nanoparticles, observing an
80% decrease in cell viability. At concentrations of 0.6
and 0.06mg/L no difference in cell viability was found
compared with the control without stimulus. MOs exposed
to P-CNTs resulted in a dose-dependent decrease in cell
viability; however no significant difference with control, at
any concentration tested, was detected.
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Previous studies have demonstrated that UP-CNTs had
toxicity at high concentrations independently of their size in
different cell lines [4, 12, 21, 22]. Nevertheless, at concentra-
tions lower than 1mg/L, UP-CNTs toxicity is dependent on
size, where CNTs with lengths greater than 100 𝜇m produce
higher toxic effects compared to CNTs with lengths shorter
than 30 𝜇m in cell cultures [4, 12, 21–23]. The results found
in this study agree with the previous studies. Purification is
a process used to eliminate catalyst wastes such as Fe and
Ni deposited on the surface of UP-CNTs during its synthesis
besides conferring greater stability in aqueous solution due
to the oxidized groups attached (COOH, OH, and CO)
[13]. Our research group found less toxic effects in MOs

exposed to P-CNTs, which has already been reported [4].
However, other studies have reported a higher toxic effect
by P-CNTs compared with UP-CNTs [24, 25].This difference
most likely depends on chemical and structuralmodifications
originating from the purification procedure. P-CNTs used in
this study had a length < 1 𝜇m, as well as 98.2% purity and
7% COOH groups. P-CNTs with a smaller size and a higher
percentage of COOH groups exhibit less toxic effects due to
its high degree of dispersion in an aqueous solution [26].

Dispersion of CNTs can also be obtained by functional-
ization. Numerous studies have demonstrated that f -CNTs
have less toxic effects compared to UP-CNTs and P-CNTs
[27].

On the other hand, MOs exposed to P46P-CNTs did an
increase in cell viability by 30% at 0.06mg/L, which was
not significant when compared with control or with P-CNTs
at the same concentration. Finally, MOs exposed to P46S-
CNTs resulted in a significant decrease in cell viability by
50% compared to control. Earlier studies of cell viability in
MOs exposed to f-CNTs with a protein of 220 kDa from
Entamoeba histolytica [12] obtained results similar to those
found in this study with P46P-CNTs, in which cell prolif-
eration observed with this nanoparticle at a concentration
of 0.06mg/L was most likely due to the recognition of
the functionalized protein by the MOs; however, additional
studies are needed. Furthermore, the P46S-CNTs resulted
in contradictory behavior because, contrary to expectations,
these nanoparticles were more toxic than P46P-CNTs. Other
investigators have also observed that some f-CNTs can induce
toxicity and that the response depends on both the protein
or molecule functionalized and the amount bound to the
surface of the CNTs [6]. The results presented here suggest
that the 46 kDa protein, used for this study, could lead to
toxicity and this effect was potentiated by binding to CNTs as
this system increases biodisponibility. Therefore, the amount
of this functionalized protein may be another determinant
of cellular toxicity. This is because in the P46P-CNTs, where
functionalization did not reach 5%wt, no toxic effects were
observed compared to P46S-CNTs.

3.3. Apoptosis Assays. Cell apoptosis was determined by
measuring caspase-3 activity in lysates of MOs exposed to
the different CNTs. Caspase-3 is an enzyme that is activated
in both intrinsic and extrinsic pathways of apoptosis; thus
the increase in its activity reflects the induction of apoptosis
in cells. Caspase-3 activity in MOs exposed to different
CNTs are displayed in Figure 4; exposure of MOs to UP-
CNT induced a significant increase in Caspase-3 activity at
all concentrations tested compared to the control without
stimulus. In contrast, the exposure of MOs to P-CNTs, P46P-
CNTs, or P46S-CNTs resulted in no difference of caspase-3
activity compared with the control. These results agree with
those obtained in the viability assays where MOs exposed
to UP-CNTS had a decrease in the number of viable cells
compared to the other treatments. These results are similar
to those previously reported [4, 21]; some authors suggest
that apoptosis induction is a process mediated by oxidative
stress [28]. Moreover, MOs exposed to P46S-CNTs, which
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Figure 5: Photomicrographs of morphological changes detected inMOs exposed to CNTs. Photomicrographs ofMOs stained with eosin and
yellowish-methylene azure blue (original magnification 40x) as follows: (a) control without stimulus; (b) exposed to UP-CNTs; (c) exposed
to P-CNTs; (d) exposed to P46P-CNTs; and (e) exposed to P46S-CNTs.

resulted in a significant decrease in cell viability, did not
display an increase in caspase-3 activity. This result suggests
that the toxic effect of P46S-CNTs could be related to a
different mechanism other than cellular apoptosis. Although
there are several proteins reported in Entamoeba histolytica
corresponding to themolecular weight of 46 kDa, the identity
as well as function of the functionalized specific protein is not
known.

3.4. Morphologic Analysis. Lastly, morphology alterations
were detected. MOs were exposed to different CNTs for 24 h
and stained using a quick stain; results are shown in Figure 5.
As is depicted in Figure 5(a), control MOs without stimulus
displayed normal morphology; cells were predominantly

uninuclear and had a well-defined monolayer. MOs exposed
to P-CNTs or P46P-CNTs (Figures 5(c) and 5(d), resp.) also
displayed normal morphology, whereas MOs exposed to UP-
CNT (Figure 5(b)) had irregularities in their cytoplasm, the
nuclei presented microcytic and condensed, and a loss of
cellmonolayer confluencewas observed.These alterations are
characteristic of apoptosis and are consistent with the results
of viability and the caspase-3 activity. Similar results were
reported in previous studies in different cell lines [4, 21]. On
the other hand, MOs exposed to P46S-CNTs (Figure 5(e))
had slightly deformed cytoplasm and a slight decrease in cell
monolayer confluence; however no changes in the nucleus
were observed. These results confirm those obtained in the
caspase-3 activity assays, in which no induction of apoptosis
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was detected. Slight changes observed in the morphology
of the MOs demonstrated that apoptosis was not effectively
induced in the cells; further studies are needed to elucidate
the cytotoxic mechanism related to these nanoparticles.

4. Conclusions

The results presented in this paper permit us to conclude
that the toxicity of CNTs is affected by not only its size
and dispersion in aqueous solution but also the degree of
functionalization, which can influence the dispersion and
hence toxicity. Moreover, the nature of the molecule added
to the CNTs may influence its toxic potential, as occurs with
P46S-CNTs. Therefore, we can conclude that despite having
evidence that f-CNTsproducedno toxic effect, prior cytotoxic
studies to evaluate the performance of these new nanopar-
ticles should be required because this system increases the
biodistribution of the adhered substance.
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The plate-like graphene shells (GS) produced by an original methane pyrolysis method and their derivatives graphene oxide (GO)
and graphene oxide paper (GO-P) were evaluated with luminescent Escherichia coli biotests and additional bacterial-based assays
which together revealed the graphene-family nanomaterials’ toxicity and bioactivity mechanisms. Bioluminescence inhibition
assay, fluorescent two-component staining to evaluate cell membrane permeability, and atomic force microscopy data showed GO
expressed bioactivity in aqueous suspension, whereas GS suspensions and the GO-P surface were assessed as nontoxic materials.
Themechanismof toxicity ofGOwas shownnot to be associatedwith oxidative stress in the targeted soxS::lux and katG::lux reporter
cells; also, GO did not lead to significant mechanical disruption of treated bacteria with the release of intracellular DNA contents
into the environment. The well-coordinated time- and dose-dependent surface charge neutralization and transport and energetic
disorders in the Escherichia coli cells suggest direct membrane interaction, internalization, and perturbation (i.e., “membrane
stress”) as a clue to graphene oxide’s mechanism of toxicity.

1. Introduction

Graphene is a two-dimensional one-atom thick layer of car-
bon packed into a honeycomb-like structure [1, 2]. Extremely
thin carbon foils were predicted over more than 50 years ago
[3] and the term of “graphene” was first introduced in 1987
[4] but true graphene was only created by Novoselov et al. in
2004 [5].

Since then, the technology of graphene and its derivatives
have been developing actively [6]. The unique physical
properties of graphene, such as its exceptional mechanical
strength, thermal stability, and high electrical conductivity,
attract attention in various fields of science and technology
[7–9]. The growing interest in graphene-family nanomate-
rials (GFNs) is driving the study of their biological activity
as well. It is necessary to evaluate environmental risks of
graphene-containing technological objects to biological sys-
tems [10], as it is for other carbon-based nanomaterials [11],

in particular, fullerenes [12] and nanotubes [13]. Increasing
information about graphene toxicity shows that its number
of layers, lateral size, stiffness, hydrophobicity, surface func-
tionalization, and dose are important [1, 14–17]. However, the
toxicity and biocompatibility of GFNs are still debated [18].

Evaluating graphene’s activity against bacteria is an
important step to understanding GFNs’ bioactivity. These
model organisms are responsive and sensitive to various dam-
aging factors, and their physiological manifestations allow
understanding of toxicity mechanisms. In 2010, Akhavan and
Ghaderi [19] first described the toxic effect of GFNs against
several bacterial species and also showed that graphene
oxide was more active compared to a pristine graphene
sample. Since then, the toxicity of GFNs against bacteria
has been studied extensively (e.g., an ISI Web of Knowledge
topic search on 25/06/2014 gave 168 hits for “graphene”
and “bacteria”), but the results in dozens of publications
are contradictory. In particular, this applies to so-called
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Figure 1: High resolution scanning electron microscopy image of the graphene shells (a) and atomic force microscopy image of graphene
oxide particles (b). Scale bar: 500 nm.
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Figure 2: Examples of typical contact angles of the graphene-family nanomaterials surface: (a) graphene shells and (b) graphene oxide.

“graphene paper” [20], which showed an absence of effects
in some studies [21] while in other cases strong antibacterial
activity was reported [22, 23].

Escherichia coli biotests are very attractive for solving this
problem. These bacteria are a wide-spread model organism
in modern toxicology because well characterized physiology
and ease of genetic manipulation [24]. In particular, the
bioassays based on recombinant luminescent light-off and
light-on E. coli strains gave the possibility of obtaining the
detailed information about the biological activity of the
tested compounds in real time manner [25]. Previously, in
our studies the bioluminescence inhibition test has been
used to assess the toxicity of wide range of carbon-based
nanomaterials [26]. In turn, in a recent study by Jia et al.
[27] the inducible luminescent E. coli strains have been
used to assess the toxicity mechanisms of various carbon
nanomaterials including graphene nanosheets.

In the continuation of this research, the aim of this
study was to evaluate some graphene-family nanomaterials
using the luminescent Escherichia coli biotests and additional
bacterial-based assays which together reveal the GFNs toxic-
ity and bioactivity mechanisms.

2. Experimental

2.1. Graphene-Family Nanomaterials. The graphene-family
nanomaterials used in this work included graphene shells
(GS), graphene oxide (GO), and graphene oxide paper
(GO-P).

GS were synthesized through methane pyrolysis at 800∘C
on MgO plates with hexagonal habitus and approximate size
of hexagon edge 700 nm and average thickness of 115 nm
[28]. After MgO dissolution in diluted hydrochloric acid the
hollow hexagonal aggregates 95 nm in thickness consisting of
separate particles which contain several graphene layers were
obtained (Figure 1(a)). The specific surface area of the syn-
thesizedmaterial was 1585m2/g, corresponding to a bilayer of
graphene particles.GOwere prepared byGS anodic oxidation
in sulfuric acid and subsequent oxidation with a mixture
of sulfuric and nitric acids under heating and microwave
irradiation [29]. Atomic forcemicroscopy of the GO particles
(Figure 1(b)) showed significant fragmentation of the plate-
like shells as an indirect result of the oxidation process.

GFNs covering solid surfaces were used for quantitative
measurement of wetting by a polar liquid and work of
adhesion (𝑊

𝑎
) calculations. Briefly, a 2 𝜇L drop of deionized

water was placed on the surface of a preformed GFN at
20 ± 1

∘C and images were obtained instantaneously using a
digital camera (Figure 2). From the images the values of the
static contact angles were determined and 𝑊

𝑎
values were

calculated by the Young-Dupre equation as 𝑊
𝑎
= 𝜎 × (1 +

cos 𝜃), where 𝜎 is the surface tension of water at 20∘C, taken
as 72.86 × 0.001N/m, and 𝜃 is the average value of the static
contact angle. This integral parameter characterizing GFNs’
hydrophobicity/hydrophilicity was 74.4 ± 1.5 N/m and 137.1 ±
2.3N/m for GS and GO, respectively.

Aqueous suspensions of GS and GO (from 10−3 to
2 × 10

−5mg/L) were prepared in deionized water in vials,
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Table 1: Escherichia coli strains used in this study.

Host strain Plasmid description Type of light emission Reference
E. coli K12 TG1 lac::luxCDABE Constitutive [26]
E. coli K12 MG1655 soxS::luxCDABE Inducible, responsive to oxidative stress [30]
E. coli K12 MG1655 katG::luxCDABE Inducible, responsive to oxidative stress [30]
E. coli K12 TG1 — Nonluminescent Collection strain
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Figure 3: Dynamic light scattering profiles for aqueous graphene
shells (GS) and graphene oxide (GO) suspensions.

vigorously mixed and sonicated in an ultrasonic bath (Sapfir,
Russia) at 35 kHz and a specific power of 30W × dm−3 for
30min. The suspensions were then incubated for about 2
hours at 20∘C, thus allowing the colloidal systems to reach
equilibrium. Dynamic light scattering measurements were
performed using the Photocor Compact-Z (Russia). The
measured autocorrelation functions were analyzed and the
effective hydrodynamic radius (RH)was calculated according
to the Einstein-Stokes Relation using the software supplied
with the instrument (Figure 3).

The GS aqueous suspension was polydisperse and con-
sisted of three fractions: about 70% were large aggregates
with RH values of 67 ± 30 𝜇m, and only 10% were particles
with RH = 45 ± 27 nm. In turn, 66% of the aggregates in
the GO suspension were characterized by an RH of 80 ±
3.7 nm, whereas <10% of the aggregates were large particles.
Thus, the preliminary characterization of the GFNs showed
them to be nano- and microscale carbon compounds, where
GS is composed of hydrophobic plate-like shells which are
poorly dispersible in polar solvents, whereas GO consists
of hydrophilic fragmentized particles which form a finely
dispersed aqueous suspension.

A GO suspension was used for graphene oxide paper
production. The GO-P was made by spraying the graphene
oxide shell colloid on a white cellulose chlorine-free Sveto-
Copy paper 80 g/m2 followed by air drying.Thismethod gave
a uniformly coated, well-wetted, and nonwaterproof surface
of GFN material.

2.2. Preparation of Bacterial Strains and Cells. The experi-
ments involving bacterial cells for GFN bioactivity assess-
ments were performed using three Escherichia coliK12-based
lux-biosensors (Table 1).

The first was the commercially available E. coli K12 TG1
strain containing a recombinant plasmid with the luxCDABE
operon of Photobacterium leiognathi cloned under the lac
promoter, which shows strong constitutive light emission
under standard cultivation conditions. Inhibition of its bio-
luminescence is likely due to the toxicity associated with
reducing bacterial metabolite levels or cell death, because
light production requires active cell metabolism. Lyophilized
E. coli K12 TG1 lac::lux cells purchased from “Immunotech”
(Russia) were rehydrated with cold distilled water to a
concentration of 3.7 × 108 colony-forming units (CFU) per
1mL, exposed for 30min at 2–4∘C, and then the temperature
was raised up to 25∘C before use.

Two E. coli K12 MG1655-based strains carried recom-
binant plasmids containing a transcriptional fusion of host
soxS or katG promoters to a truncated Photorhabdus lumi-
nescens, the luxCDABE operon. These inducible biolumi-
nescent strains exhibited low basal light emission that
increases significantly during an oxidative stress response
as a consequence of simultaneous transcription of the soxS
or katG-gene and lux-genes fusions [30]. The bacteria were
grown on LB-agar (Sigma-Aldrich, USA) supplemented with
100 𝜇g/mL of ampicillin for 18–24 hours at 37∘C, after which
the cells were transferred to fresh LB-broth and harvested
at an optical density of 0.1 absorption units at 545 nm,
corresponding to a concentration of 2.5 × 107 colony-forming
units (CFU) per 1mL.

The nonluminescent E. coli K12 TG1 strain was used as a
control for fluorescence and some additional bioassays (see
the following).

2.3. Bioluminescent Assays. Light-off (bioluminescence inhi-
bition) and light-on (bioluminescence induction) assays were
used for GFN bioactivity evaluations.

To assess the GFNs’ toxicity we used a previously
described version of bioluminescent analysis for carbon-
based nanomaterials [26]. Briefly, sonicated aqueous GS and
GO suspensions were added to the wells of a “Microlite 2+”
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microplate with nontransparent side walls (Thermo, USA),
wherein they were further doubly diluted in sterile distilled
water, from 1 : 1 to 1 : 1024, up to a final volume of 50𝜇L. To
the filled wells was then added 50 𝜇L of a previously prepared
suspension of constitutively luminescent E. coli K12 TG1
lac::lux cells. The key feature of the present experiment was
a set of serial dilutions of the GFNs, so we could investigate
various ratios of nanoparticles to cells.Wells filled with sterile
distilled water and containing an appropriate amount of
bacterial biosensor were used as controls.

To assess the graphene oxide paper we used an original
variation that provided placement of an intact sterile disc
(Himedia, India) into the wells, followed by the placement
of GO-P discs as a second layer and then applying 50 𝜇L
of the constitutively luminescent bacterial suspension to the
surface. Second layers of white and black paper were used as
the controls.

Bioluminescence measurements were carried out using
an LM-01T microplate luminometer (Immunotech, Czech
Republic), which dynamically registered the luminescence
intensity of the samples for 180min, estimated in relative light
units (RLU). The data were analyzed using KILIA graphing
software. To quantify the bioluminescence inhibition index
(𝐼) due to GFN toxicity we used the algorithm 𝐼 = RLU𝑐

0
×

RLU𝑡
𝑛
/RLU𝑐

𝑛
× RLU𝑡

0
, where 𝑐 and 𝑡 are the RLU values of

the control and test samples at the 0th and 𝑛thminute ofmea-
surement. Based on these indexes, we calculated the EC50
toxicological parameters, that is, theGFN concentrations that
cause 50% inhibition of constitutive bioluminescence.

The bioluminescence induction assay was conducted as
follows: E. coli K12 MG1655 soxS::lux or E. coli K12 MG1655
katG::lux were washed from the cultivation media and then
adjusted with 0.85% NaCl in water to obtain a final optical
density at 545 nm of 0.1; a 50𝜇L aliquot of the culture was
then added to each well filled with a GO suspension as
described above. Solvent only anduntreated cells were used as
the negative control samples. Paraquat (final concentrations
12.5–0.00305mmol) and H

2
O
2
(0.00938–0.00002%) were

added to the positive control wells as standards for oxidative
stress induction in soxS::lux and katG::lux, respectively. After
15, 30, or 60min, 100𝜇L of fresh LB-broth was added to
each well and the plates were incubated at 30∘C in a LM-
01T luminometer. Bioluminescence was monitored every
3min for at least 120min without shaking. The results were
presented as induction coefficients, defined as the relative
light units (RLU) of an induced sample divided by that of the
untreated control samples.

2.4. Fluorescent Bacterial Staining. A two-component fluo-
rescent Live/Dead Baclight kit L-13152 (Molecular Probes,
USA) was used to evaluate membrane integrity in non-
luminescent E. coli K12 TG1 cells treated with GFNs.
This direct-count assay utilizes two nucleic acid staining
dyes, green-fluorescent SYTO9 (excitation/emissionmaxima
480/500 nm), which labels all bacteria, and red fluores-
cent propidium iodide, PI (490/635 nm), which penetrates
damaged membranes only, causing a reduction in SYTO 9
fluorescence when both dyes are present. Thus, bacteria with

intact membranes stain fluorescent green, whereas cells with
increased passively permeable membranes stain fluorescent
red.

Suspensions containing log-phase E. coli K12 TG1 cells
(OD
540

= 0.01) in distilled water were mixed with GS and
GO suspensions placed on the GO-P surface and incubated
for 60, 120, and 180 minutes in a moist chamber. For
dyeing, a portion of a liquid sample or paper fragments
were transferred to nonfluorescentmicroscopy glass and sub-
jected to one-step staining according to the manufacturer’s
recommendation. The bacteria’s colors were observed in a
Mikromed-3-Lum fluorescent microscope (Russia) equipped
with filter sets useful for simultaneous viewing of the SYTO
9 and PI stains; images for cell quantification were then
acquired with a digital camera.

2.5. Atomic Force Microscopy. Visualization of contacts
between GFNs and bacterial cells was performed using an
atomic force microscope SMM-2000 (Proton-MIET, Russia)
as described previously [31]. Briefly, aliquots (20𝜇L) of intact
bacterial cells, alone or mixed with GS or GO suspensions,
were applied to freshly prepared mica, and intact bacterial
cells were applied to the GO-P surface. The samples were
incubated at 93% relative humidity and 20–22∘C and scanned
in a contact mode using V-shaped silicon nitride cantilevers
(MSCT-AUNM, Veeco Instruments Inc., USA) with a spring
constant of 0.01N/m and a tip curvature of 10 nm. Quanti-
tative morphometric analysis of the images was performed
using the standard software provided with the instrument.

2.6. Efflux of Intracellular DNA Content. The plasmid-
containing E. coliK12 TG1 lac::lux strain was cultured inmid-
exponential growth phase with ampicillin and then separated
from its cultivation medium and incubated with aqueous
GO suspensions at concentrations of 1.25 × 10−4, 5 × 10−4,
and 2 × 10−3mg/L for 60min, or with solvent only (negative
control) or 0.5% SDS solution, which gives rapid 100% lysis
of all bacterial cells (positive control). After centrifugation at
14000 g for 15min (Eppendorf, Germany), the concentration
of total DNA in the supernatant was analyzed by fluores-
cence spectroscopy (Solar CM2203, Belarus) using ethidium
bromide as a fluorescent dye (excitation/emission maxima
285/605 nm). Salmon sperm DNA was used as an external
standard (0–3 𝜇g/mL).

2.7. Zeta Potential Measurement. The zeta potential (mem-
brane surface charge) of E. coli K12 TG1 cells was determined
using Photocor Compact-Z (Russia) equipment. A bacterial
suspension (3.7 × 108 CFU/mL) was mixed with serially
diluted GO aqueous suspensions to a final concentration
from 3.1 × 10−5 to 5 × 10−4mg/L. Measurements were carried
out in triplicate for two samples at 60, 120, and 180 minutes.
Zeta potentials were calculated from the electrophoretic cell
mobility data obtained from Smoluchowski’s equation.

2.8. Statistics. The results were processed statistically by the
method of variance using the software package Statistica V8
(StatSoft Inc., United States).
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Figure 4: The time course of E. coli K12 TG1 lac::lux luminescence during contact with graphene shells (a) and graphene oxide (b)
aqueous suspensions, or graphene oxide paper and control paper (c). Ordinate-luminescence level, RLU; abscissa-time measurement, min.
Designations: 1: 10−3mg/L; 2: 5 × 10−4mg/L; 3: 2.5 × 10−4mg/L; 4: 1.25 × 10−4mg/L; 5: 6.25 × 10−5mg/L; 6: 3.13 × 10−5mg/L; 7: 1.56 × 10−5mg/L;
8: 7.81 × 10−6mg/L; 9: 3.91 × 10−6mg/L; C: control; wp: white paper, bp: black paper, GO-P: graphene oxide paper.

3. Results and Discussion

3.1. Comparative Evaluation of GFNs against
Escherichia coli Cells

3.1.1. GFN Toxicity Assessment Using a Bacterial Biolumi-
nescence Inhibition Assay. Measurement of E. coli K12 TG1
lac::lux luminescence in contact with GFNs revealed rapid
light inhibition in the first second of instrument registration
(Figure 4). The GS suspension showed a less pronounced
effect, in contrast to the GO suspension, which dose-
dependently decreased the luminescence intensity. In our
experience [26], this “false” effect was determined by optical
distortion in GFNs suspensions not being associated with
carbon-based nanomaterials bioactivity.

A similar result was apparent during the contact between
E. coli K12 TG1 lac::lux and the paper samples. The lumi-
nescence intensity decreased significantly in the first second
when the biosensor was applied on GO-P or to a control
black paper, while the luminescence intensitywith the control
white paper was high due to this material’s minimal light
absorption and maximal light reflection.

Continued luminescence measurement showed different
light intensity changes due to biosensor contact with the GS
suspension and GO-P on the one hand and the GO suspen-
sion on the other. The poorly dispersible GS suspension was
evaluated as nontoxic because of the absence of significant
luminescence inhibition (Figure 4(a)). In contrast, the finely
dispersed GO suspension led to inhibition of luminescence
and in some cases to zero luminescence, depending on the
concentration and with increasing time (Figure 4(b)). This
effect was interpreted as “true” toxicity of graphene oxide
against the E. coli K12 TG1 lac::lux biosensor. In the current
system containing 3.7 × 108 CFU/mL cells, GO toxicity was
characterized by EC50 values of 1.13 ± 0.05 × 10−4, 1.04 ±

0.03 × 10−4, and 7.92 ± 0.24 × 10−5mg/L after 60, 120, and
180min of measurement, respectively. In turn, the initial
decrease in E. coli K12 TG1 lac::lux luminescence on the GO-
P surface, accompanied by a very slow further decline in light
production (Figure 4(c)), led to the evaluation of thismaterial
as nontoxic.

Thus, the bioluminescence inhibition assays showed
a GFN’s bioactivity was dependent on its hydrophilic-
ity/dispersivity (in the case of the GS versus GO comparison)
and on the type of interaction with the bacterial biosensor
(the GO suspension was toxic while the surface of the GO-P
was not).

The second step in assessing graphene oxide toxicity
against the E. coli K12 TG1 lac::lux strain examined various
GO : cell suspension ratios. This approach allowed us to
analyze the relationships between the surface areas, which
were calculated based on bacterial CFU per 1mL and DLS-
data, respectively.

The bioluminescence inhibition assay showed that GO
toxicity was dependent upon the content of bacterial cells
in the sample (Figure 5) whereby the EC50 values decreased
with decreasing the CFU number (Table 2). At the 60th min
of measurement these values varied from 1.13 ± 0.05 × 10−4
to 2.55 ± 0.10 × 10−5mg/L following twofold bacterial cell
dilutions. These data showed the need to cover the bacterial
surface with a certain number of GO particles in order for
the toxic effect to be apparent. So the calculation of GO : cell
ratios gave a stable value of 0.5 ± 0.05 𝜇m2 GO surface for
1 𝜇m2 bacterial surface as necessary for 50% bioluminescence
inhibition. Prolonging the bioluminescence measurement
to 120 and 180min revealed an ongoing toxic effect that
is evident in Table 2 by the decreasing EC50 values. This
observation shows the dose-dependency as well as time-
dependency of GO toxicity in aqueous suspension.
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Table 2: Dose-dependent and time-dependent GO aqueous suspensions toxicity in bacterial bioluminescence inhibition assay characterized
by EC50 value (mg/L content) at varying bacterial cell number in the sample.

E. coli K12 TG1 lac::lux, CFU per 1mL Time measurement
60min 120min 180min

3.70 × 108 1.13 ± 0.05 × 10−4 1.04 ± 0.03 × 10−4 7.92 ± 0.24 × 10−5

1.85 × 108 8.81 ± 0.26 × 10−5 8.20 ± 0.33 × 10−5 5.67 ± 0.17 × 10−5

9.25 × 107 5.57 ± 0.22 × 10−5 5.04 ± 0.23 × 10−5 3.88 ± 0.12 × 10−5

4.62 × 107 2.55 ± 0.10 × 10−5 2.49 ± 0.10 × 10−5 2.28 ± 0.09 × 10−5
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Figure 5: The dose-response curves described the changes in the
bioluminescence inhibition indexes (𝐼) caused by differing graphene
oxide (GO) content and varying bacterial cell number in the sample:
1–3.70 × 108 CFU per 1mL; 2–1.85 × 108 CFU per 1mL; 3–9.25 ×
107 CFU per 1mL; 4–4.62 × 107 CFU per 1mL.

3.1.2. GFN Bioactivity in a Fluorescent Cell Assay. Two-
component differential fluorescent labeling of the nonlu-
minescent E. coli K12 TG1 strain detected 99.9 ± 0.1%
green-fluorescent cells in both samples treated with GS and
GO-P (Figures 6(a) and 6(c)) indicating intact membranes,
consistent with the bioluminescent assay results. In contrast,
bacterial cells treated with GO suspensions became red-
fluorescent after 60min in a dose-dependent manner, from
48.8 ± 1.9% (at 1.25 × 10−4mg/L GO) to 93.0 ± 2.8% (at 5 ×
10−4mg/L GO) because of membrane damage that allowed
the fluorescent PI dye to penetrate (Figure 6(b)). Prolonging
the exposure to 180min increased the red-fluorescent cell
fraction to 73.9 ± 2.2%–94.7 ± 3.3%. These data suggested
GO bioactivity against the E. coli cells and showed increased
passive membrane permeability and bioluminescence inhibi-
tion as simultaneous toxicity indicators. The data from the
bioluminescent and fluorescent assays were nonidentical but
well correlated, as will be discussed below (see Section 3.2.3).

3.1.3. AFM-Evaluation of GFN and Escherichia coli Cell
Interactions. E. coli K12 TG1 cells treated with GS and GO
suspensions or applied on the surface of GO-P were trans-
ferred to mica and visualized by AFM-microscopy (Figures
6(d)–6(f)).

This study did not reveal any differences in GS-treated
cells in shape and size (1.22 𝜇m3 in volume) compared to
control intact bacteria. Cell contact with GS was also not
detected (Figure 6(d)), despite large 0.5–3.0 𝜇maggregates on
themica surface around the cells being visualized. In contrast,

E. coli K12 TG1 cells incubated with GO suspensions had
significantly altered morphology (Figure 6(e)). The bacterial
cell surface was covered with numerous 67 ± 13 nm particles
that were apparent around the cells too and corresponded
well to the GO particle sizes revealed by dynamic light
scattering (see Section 2.1). As a result, the roughness of
the GO-covered bacterial surface was more than twofold
greater in comparison with the control cells (𝑃 < 0.001).
The volume (0.81 𝜇m3, 𝑃 < 0.01) of GO-treated cells also
differed from those of control cells. Moreover, some GO-
treated cells changed their morphology more significantly
and were visualized spread-eagled on the mica surface,
characteristic of membrane permeability damage. At the
same time,E. coliK12TG1 cells lying on the surface of theGO-
Pwere indistinguishable from the control samples in terms of
volume (1.12 𝜇m3), as well as not showing any AFM-detected
lesions (Figure 6(f)).

Thus three assays, including bioluminescence, fluores-
cence, and AFM, showed the toxicity of a GO suspension
against Escherichia coli cells and established the absence
of toxicity of a GS suspension or GO-covered paper. The
obtained results were the basis for further research into the
mechanisms of graphene oxide toxicity.

3.2. Evaluation of GO Toxicity Mechanisms against
Escherichia coli Cells

3.2.1. GO Validation as a Potential Oxidative Stress Inducer
in Lux-Biotests. The E. coli K12 MG1655 soxS::lux and E. coli
K12MG1655 katG::lux strains were used in a bioluminescence
induction assay for oxidative stress as reflected in increased
light emission.

The luminescent response of these strains can be veri-
fied with model oxidants such as paraquat - 1,1-dimethyl-
4,4-bipyridinium dichloride (Sigma, USA), causing electron
transfer from bacterial respiratory chains onto molecular
oxygen with intracellular superoxide-anion production, or in
the presence of exogenous hydrogen peroxide (Figure 7). E.
coli K12 MG1655 soxS::lux cells treated with paraquat con-
centrations as low as 0.00305mmol exhibited much stronger
dose-dependent luminescence as a consequence of simul-
taneous transcription of the soxS-gene and soxS::lux genes
fusions. A peak 8.7-fold increase in bioluminescence was
detected with 0.04883mmol paraquat treatment, whereas the
highest concentrations of the inducer resulted in inhibition
of luminescence because of their extreme toxic effect. In
turn, E. coliK12MG1655 katG::luxwas activated by hydrogen



BioMed Research International 7

(a) (b) (c)

(d) (e) (f)

Figure 6: Fluorescentmicroscopy images ((a)–(c)) and atomic forcemicroscopy images ((d)–(f)) ofE. coliK12TG1 cells treatedwith graphene
shells suspension at 10−3mg/L for 180min ((a), (d)) and graphene oxide suspension at 1.25 × 10−4mg/L for 180min ((b), (e)) and placed on
the surface of graphene oxide paper for 60min ((c), (f)). Scale bar: 5 𝜇m ((a)–(c)); 1 𝜇m ((d)–(f)).
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Figure 7:The relationship between E. coliK12 TG1 cells’ zeta poten-
tial values (𝑧), red fluorescent labeling (rfl), and bioluminescence
inhibition indices (𝐼) depended on the graphene oxide (GO) content
in the suspensions.

peroxide at a concentration of 0.00002% and achieved a
maximal 17.6-fold induction at 0.00469%.

Bacterial luminescence measurement in the presence
of the GO suspension did not show significant induction
coefficients. The 1.2–1.5-fold light intensity growth only
has been recorded at subtoxic GO concentrations (1.95 ×
10−6–10−3mg/L). In the current experimental context it was
unlikely the stress response, more likely it was a recovery
of bioluminescent reaction after nutrient media supplemen-
tation than stress response. In turn, GO concentrations of

2 × 10−3mg/L or more were toxic and resulted in irreversible
bacterial luminescence inhibition in the E. coli K12 MG1655
soxS::lux and E. coli K12 MG1655 katG::lux strains, just as
was shown in the E. coli K12 TG1 lac::lux luminescence assay
(see Section 3.1.1). Thus the mechanism of GO toxicity is not
associated with oxidative stress in the targeted E. coli cells.

3.2.2. Intracellular DNA Efflux Measurement in GO-Treated
Escherichia coli Cells. The toxicity caused by cellular mem-
brane damage was further verified bymeasuring intracellular
DNA efflux by plasmid-containing E. coli K12 TG1 cells
exposed to GO. The DNA concentration in intact control
supernatants was undetectable using a fluorescence spec-
troscopy assay with ethidium bromide as a fluorescent dye. In
contrast, DNA was easy to detect in the supernatant of E. coli
treated with SDS and was quantified as 3 𝜇g/mL according to
DNA standards. In turn, DNA levels in supernatants of cells
exposed to GO at concentrations of 1.25 × 10−4–2 × 10−3mg/L
for 60–180min were similar to those of the intact control,
whereas both the luminescent and fluorescent assays showed
a toxic effect. Thus we report that GO-induced membrane
damage did not lead to cell lysis, reflected in an efflux of
biopolymers (including plasmid DNA), but their increased
passive permeability was rather limited to small molecules
(including fluorescent dyes).
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3.2.3. Effect of GO Treatment on Zeta Potential Properties
of Escherichia coli Cells. Zeta potential studies were carried
out to reveal the effect of GO on the membrane surface
charge in E. coli K12 TG1 cells. The control bacterial sample
displayed a zeta potential value of −31.31 ± 0.94mV, which
gradually decreased to −24.19 ± 0.72mV during dynamic
measurement. Upon the addition of increasing GO concen-
trations, the E. coli zeta potential values decreased slightly
upon initial contact and then the membrane surface charge
was progressively neutralized in a dose-dependent manner
from 60min (Figure 7) until 180min. Finally, the GO con-
centration required for complete zeta potential neutralization
was 2.50 × 10−4mg/L, whereas concentrations in the range of
3.13 × 10−5–1.25 × 10−4mg/L were sufficient to promote zeta
potential values from −18.49 ± 1.49mV to −9.44 ± 0.02mV.
These data show that zeta potential neutralization is an
important result of GO nanoparticles’ interaction with bac-
terial surfaces, having the negative charge originating from
outer lipopolysaccharide molecules and using this electrical
potential in a membrane-associated energetic process.

Interestingly, measurements of E. coli cells treated with
increasing GO concentrations established a correlation
between zeta potential neutralization and bioluminescence
inhibition values at 60min (𝑟 = 0.973, 𝑃 < 0.01). This
can be interpreted as GO targeting of electrical potential
across cell membranes that affected the energy metabolism
available for biochemical reactions in a bacterial cell, includ-
ing those required for energetic bioluminescent substrates,
wherein the bacterial bioluminescence inhibition assay was
the most sensitive, which allows us to recommend it to
assess a GFN’s toxicity. The two-component fluorescent data
evaluating cell membrane permeability and zeta potential
measurement also correspond well (𝑟 = 0.943, 𝑃 < 0.01),
indicating a dual violation of bacterial membrane functions.
The similar trends for these parameters (Figure 7) suggest
membrane perturbation (i.e., “membrane stress”) is a clue
to the mechanism of grapheme oxide toxicity, in which GO
adhesion and internalization processes trigger transport and
energetic disorders.

4. Conclusion

The toxicity of graphene-family nanomaterials, including
pristine grapheme, against bacteria was first described in
2010 [19], but subsequent results have been contradictory and
understanding GFNs’ mechanisms of toxicity is incomplete
[18, 32]. In this work we studied graphene shells synthesized
using an original methane pyrolysis method [28], a graphene
oxide derivative [29], and graphene oxide paper in several
Escherichia coli biotests sufficient to reveal the GFNs’ toxicity
and bioactivity mechanisms.

Combining a bioluminescence inhibition assay and two-
component fluorescence in order to evaluate cell membrane
permeability with atomic force microscopy, there was an
absence of detectable bioactivity for GS. Although the GS
sample used differed from canonical graphene and contained
several (usually two) layers, the data clearly show this type of
GFN is nontoxic. We attribute this result to GS not being well

dispersed in water or other polar solvents [33], whereas this
condition is a prerequisite for bioassays as in real biological
systems.

The oxidation reaction led to graphene fragmentation as
well as increased hydrophilicity, and the highly dispersible
GOparticles interacted stronglywith the bacterial cell surface
and caused a time- and dose-dependent toxic effect. Thus
we confirm the high toxicity of graphene oxide against
bacterial cells compared to its nonreduced counterpart [14,
19], determined by significant changes in its physicochem-
ical properties. The revealed GO toxicity mechanism can
be summarized as follows: (i) substantial covering of the
bacterial surface by GO is a necessary prerequisite for the
manifestation of bioactivity; (ii)GOadhesion causes bacterial
surface charge neutralization; (iii) GO internalization by
the cell membrane leads to increased passive membrane
permeability, including PI dye; (iv) energetic processes in
GO-treated cells were violated, resulting in bioluminescence
inhibition as the most sensitive parameter for carbon-based
nanomaterial toxicity evaluation. In contrast, we did not
find significant mechanical disruption of GO-treated cells
with the release of intracellular DNA into the environment
or oxidative stress in the targeted bacterial cells [34, 35],
indicating “membrane stress” as a clue to the mechanism of
graphene oxide toxicity.

The GO-covered paper surface was nontoxic for
Escherichia coli cells, in agreement with [21, 36] but in
contradiction to [22, 23], which showed high antibacterial
activity by graphene paper. In our opinion the biological
inertness of GO-P was determined by its targeting only one-
half of the bacterial surface, whereas the intact membrane
provided a sufficient surface for vital functions. Moreover,
in contrast to pristine graphene, graphene oxide is not
electrically conductive, while charge transfer is thought to be
a leading cause of the antibacterial property of graphene film
[37]. Finally, the absence of impurities or metal nanoparticles
[38, 39] also resulted in the nontoxicity of the used GO-P
sample.

In summary, our results showed the importance of
the physicochemical properties of graphene-family nano-
materials, as well as the quality of their suspensions
or spatial surface organization for their toxicity against
Escherichia coli cells. We revealed the expressed graphene
oxide bioactivity in aqueous suspensions, whereas graphene
shells and graphene oxide paper were determined to be
nontoxic materials. The obtained result requires the reg-
ulation of GO’s presence in the environment [24, 40],
as well as confirming that the antibacterial property of
GO has the potential to be useful [19, 38]. In pursu-
ing biomedical applications, great care must be taken to
ensure the toxicity or safety of each GFN against bacte-
rial and eukaryotic cells is well characterized and under-
stood.
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The aquatic plant Lemna gibba L. was used to investigate and compare the toxicity induced by 30 nm nickel oxide nanoparticles
(NiO-NPs) and nickel(II) oxide as bulk (NiO-Bulk). Plants were exposed during 24 h to 0–1000mg/L of NiO-NPs or NiO-Bulk.
Analysis of physicochemical characteristics of nanoparticles in solution indicated agglomerations of NiO-NPs in culture medium
and a wide size distribution was observed. Both NiO-NPs and NiO-Bulk caused a strong increase in reactive oxygen species
(ROS) formation, especially at high concentration (1000mg/L).These results showed a strong evidence of a cellular oxidative stress
induction caused by the exposure to NiO. Under this condition, NiO-NPs and NiO-Bulk induced a strong inhibitory effect on
the PSII quantum yield, indicating an alteration of the photosynthetic electron transport performance. Under the experimental
conditions used, it is clear that the observed toxicity impact was mainly due to NiO particles effect. Therefore, results of this study
permitted determining the use of ROS production as an early biomarker of NiO exposure on the aquatic plant model L. gibba used
in toxicity testing.

1. Introduction

The specific properties of engineered metallic nanoparti-
cles (NPs) are directly related to their nanosize, chemical
composition, shape, and surface charge which permitted an
extensive range of application in nanotechnology industries.
However, these NPs received recently considerable attention
in order to manage their safe use and several studies con-
cerning the characterization of NPs demonstrated potential
cytotoxicity for many aquatic organisms by causing a cellular
oxidative stress effect [1–3]. Indeed, it was suggested for the
toxicity mechanism and intensity of NPs suspension to be
highly dependent on their physicochemical proprieties in
aqueous solution. Several studies showed that the toxicity of
NPs was directly related to their intrinsic properties of mate-
rial itself, such as their relative hydrodynamic size, concen-
tration, surface chemistry, shape, and the chemical character-
istics of the exposure medium (e.g., pH and ionic strength)
[4–7]. Several studies reported that the toxicity mecha-
nism was related to the release of ions from nanoparticles

and/or their direct interaction to membranes causing
inhibitory effects on cellular functions [8–10]. However,
others studies suggested that their toxic effects were directly
related to NPs penetration and oxidation into the cellular
system [11–13]. These NPs will inevitably be released into
aquatic ecosystems throughwastewater output, alteringwater
quality and representing a risk of toxicity for freshwater
organisms. Particularly, the effects of NPs on aquatic plants
have been widely discussed in recent years since they are eco-
logically at the food base of trophic chains in the ecosystem
[1, 14].Therefore, the exposition of NPs in aquatic ecosystems
represents a biological risk of toxicity which needs to be
evaluated at cellular level for aquatic plants by considering the
bioavailability and the uptake of NPs in aqueous solution.

Nickel oxide nanoparticles (NiO-NPs) possess unique
properties compared to its bulk Nickel(II) oxide (NiO-Bulk),
which can be used in industrial products promoting inno-
vative applications [15]. Recently, it has been reportedthat
NiO-NPs were able to be easily transported into biological
systems inducing both cytotoxic and genotoxic effects [16].
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However, the bioaccumulation effect of NiO-NPs on aquatic
plant system has not been extensively examined, since only
very few data are available concerning their toxicity.

In this toxicological study, we used the duckweed Lemna
gibba L. as a model organism because of its rapid growth,
small size, and floating leaves having a high capacity to uptake
contaminants. Recently, duckweeds were widely used for the
testing of substances based on growth inhibition [17], since
they were known for a long time to be widespread aquatic
macrophytes as a source of food for many aquatic organisms
of higher trophic level [18]. Therefore, the aim of this work
was to evaluate and compare the toxic effects of NiO-NPs and
NiO-bulk by using Lemna gibba as an aquatic bioindicator.
Particularly, we investigated the induction of ROS and the
change of the photosynthetic activity when plants were
exposed during 24 h to a range of concentrations between
0 and 1000mg/L. Therefore, we were able to determine the
use of the production of ROS as an early biomarker of NiO
exposure before the deterioration of photosynthesis and plant
growth. Finally, this study permitted defining the toxicity risk
of NiO-NPs suspensions and NiO-bulk on the viability of
duckweeds.

2. Material and Methods
2.1. BiologicalMaterial. Theaquatic plant Lemna gibba L. was
obtained from the Canadian Phycological Culture Centre
(formerly UTCC #310). Plants were grown in an inorganic
culture medium according to the Organisation for Economic
Cooperation and Development (OECD) guidelines (AAP
growth medium). This nutritive medium consisted of
the following salts: NaNO

3
, 510mg/L; MgCl

2
⋅6H
2
O,

240mg/L; CaCl
2
⋅2H
2
O, 90mg/L; MgSO

4
⋅7H
2
O, 290mg/L;

K
2
HPO
4
⋅3H
2
O, 30mg/L; H

3
BO
3
, 3.7mg/L; MnCl

2
⋅4H
2
O,

8.3mg/L; FeCl
3
⋅6H
2
O, 3.2mg/L; Na

2
EDTA⋅2H

2
O, 6.0mg/L;

ZnCl
2
, 66 𝜇g/L CoCl

2
⋅6H
2
O, 29 𝜇g/L; Na

2
MoO
4
⋅2H
2
O,

145 𝜇g/L; CuCl
2
⋅2H
2
O, 0.24𝜇g/L; NaHCO

3
, 300mg/L.

Before the medium was autoclaved for sterilization, its pH
was adjusted to 6.5±0.1 using 0.1MHCl. Ionic strength for L.
gibba culture medium was 4.25 10−3 and was calculated with
chemical equilibrium model software Visual MINTEQ 3.0.

Experiments were done in a growing chamber CONV-
IRON (Controlled Environments Limited, Winnipeg, MB,
Canada) having a 16/8 h light/dark photoperiod. A light irra-
diance of 100 𝜇mol of photons m−2 s−1 was provided by cool
white fluorescent lamps (Sylvania GRO-LUX F40/GS/WS).

2.2. Nickel Oxide Nanoparticles and Nickel(II) Oxide.
Nickel(II) oxide was purchased from BDH Laboratory
Supplies (UK) and it was used as NiO-Bulk. Nearly spherical
nickel nanopowder (NiO-NPs) was purchased from MTI
Corporation (Richmond, CA, USA). According to the
manufacturer, the diameter of NiO-NPs was 30 nm, purity
was 99.9%, and the specific surface area was 50–80m2/g.
In this study, NiO-NPs size distribution in L. gibba culture
medium was determined by dynamic light scattering (DLS)
with a ZetaPlus Particle Sizer (Brookhaven Instruments
Corporation, USA) using 90Plus Particles Sizing Software
Ver. 4.20. A stock suspension of 1000mg/L was prepared and

sonicated before use during 3min with an ultrasonicator
in order to homogenize the suspension of nanoparticles.
Zeta potential in the culture media was determined by
the electrophoretic mobility method with the ZetaPlus
system. Measurements were done at 24 h of exposure in
L. gibba medium under growth conditions. NiO-NPs were
suspended in L. gibba culture medium to a concentration of
1mg/mL, and absorbance spectra were measured by using
a UV-VIS spectrophotometer (Lambda 40, Perkin Elmer).
To determine the solubility of NiO-NPs, suspensions of
0–1000mg/L were prepared and incubated for 24 h in the
condition as described above for algal culture. NiO-NPs
suspensions were then centrifuged at 12,000 g for 30min.
The supernatant was removed with care and filtered through
cellulose filters (0.22𝜇m) in order to remove before analysis
any possible agglomerated nanoparticulate matter. The
quantification of soluble Ni was done by atomic absorption
spectrometry using a Varian SpectrAA 220 FS system.

2.3. Treatment Conditions. Triple-fronded L. gibba plants, in
the exponential growth phase, were used for experiments.
Five triple-fronded L. gibba plants in three replicates were
exposed during 24 h in Petri dishes containing growth
medium having initial NiO-NPs or NiO-Bulk concentrations
of 0, 1, 10, 100, and 1000mg/L under the same condition as
described above.

2.4. Reactive Oxygen Species (ROS) Formation. The ROS for-
mation was measured by using the cell permeable indicator
2,7dichlorodihydrofluorescein diacetate (H

2
DCFDA) [19].

Cellular esterases hydrolyze the probe to the nonfluorescent
2,7dichlorodihydrofluorescein (H

2
DCF), which is better

retained in the cell. In the presence of ROS and cellular
peroxidases, H

2
DCF is transformed to the highly fluorescent

2,7dichlorofluorescein (DCF). Plants were washed three
times with half-strength Hutner’s medium and treated with
5 𝜇M H

2
DCFDA for 30min at 25∘C [20]. Each treatment

and control were treated with 5 𝜇M of H
2
DCFDA in 1mL of

solution.TheDCFfluorescence signal wasmeasured using an
excitation wavelength at 485 nm and an emission wavelength
at 530 nm. The DCF fluorescence was measured directly on
intact plants and the fluorescence signal was normalized
by fresh weight. All fluorescence data were collected using
a fluorescence plate reader (SpectraMax M2e Multi-Mode
Microplate Reader).

2.5. Chl 𝑎 Fluorescence Transients. Chl 𝑎 fluorescence mea-
surements were conducted at room temperature with a
portable fluorimeter “Plant Efficiency Analyzer” (Handy-
PEA, Hansatech Instruments Ltd., King’s Lynn Norfolk, UK).
All L. gibba plants were dark adapted for at least 15min before
the measurements were started to allow all PSII reaction cen-
ters to be in open state (reoxidized) and the electron transport
chain to be fully oxidized. The measurement consisted of a
single strong 1 s light pulse of 3000𝜇mol of photons m−2 s−1
and excitation intensity sufficient to ensure closure of all PSII
reaction centers, which was provided by an array of three
ultrabright red light-emitting diodes (peak at 650 nm) in the
instrument.
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Figure 1: (a) Size distribution of NiO-NPs suspensions prepared in culture medium of L. gibba and measured at 24 h of incubation. (b)
Absorbance spectra of NiO-NPs suspensions in L. gibba culture medium (1mg/mL).

2.6. Fluorescence Parameters. Based on the fluorescence tran-
sients measured during the first second of illumination,
several biophysical expressions leading to a description of
a photosynthetic sample in a given physiological state were
evaluated. One of the parameters calculated is the maximum
yield of primary photochemistry of PSII (𝐹

𝑉
/𝐹

𝑀
). It corre-

sponds to the efficiency by which an absorbed photon will
be trapped by PSII reaction centers [21]. The absorption of
photons (ABS) per active reaction center (RC) showing the
antenna size was estimated by the ratio ABS/RC. The per-
formance index of PSII activity (PI), which consider all PSII
photochemical reactions, was one of the Chl 𝑎 fluorescence
parameters providing useful and quantitative information
about the complete state of photosynthesis and the organism
vitality. The formula expression of the performance index of
PSII activity was well explained in reference [22].

2.7. Data Analysis and Statistics. For all treatments, means
were determined for each treatment condition. Significant
differences between control and treated samples were deter-
mined by using one-way analysis of variance (ANOVA) and
multiple comparison of Tukey’s test, where 𝑃 values less than
0.05 (𝑃 < 0.05) were considered to be significantly different.

3. Results and Discussion

Since metallic nanoparticles represent hazardous aquatic
contaminants, the toxic potential of NiO-NPs needs to be
determined for the development of bioassays used in toxicity
risk assessment. In this regard, the aquatic plant L. gibba
represents a sensitive organism in toxicity testing. In this
toxicological investigation, we clearly showed the potential
source of toxicity of NiO-NPs suspensions in comparison to

NiO-Bulk. Indeed, nickel(II) oxide is known to be practically
insoluble in water limiting considerably the release of free
ionic Ni and its bioavailability to aquatic organisms. On the
other hand, the physicochemical conditions of the aqueous
solution may alter the properties of NiO-NPs, modifying
their bioavailability by changing their surface of contact,
charge, and solubility. Particle size measurements showed
that NiO-NPs formed rapidly a wide size distribution of
agglomerations when suspended in L. gibba culture medium,
which was found to be stable in the culture medium during
the entire experimental exposure (Figure 1). The median
diameter of particle size distribution for nanoparticles sus-
pension in culturemediumwas 596 nm. Such agglomerations
were formed due to physicochemical properties of the L.
gibba culture medium, such as the pH of 6.5 and the
composition of nutrients causing an ionic strength of 4.25 ×
10−3. Such conditions were affecting the interaction of NiO-
NPs with inorganic ions by changing the surface charge of
nanoparticles.Here, we noted that the charge at NiO-NPs
surface was negative in L. gibba culture medium, equalling
−26.81 (±0.5). Indeed, it has been previously reported that
nanoparticles were forming agglomerates in testing media
by changing the surface charge of nanoparticles due to
ionic strength [7, 14, 23, 24]. Moreover, the formation of
agglomerates was affecting the solubility of NiO-NPs in L.
gibba culture medium since our results indicated very low
concentrations of ionic form of nickel in the soluble fraction
in comparison to total mass of nanoparticles (Table 1). Such
low solubility of NiO-NPs was also observed when they
were suspended in other culture media [25, 26]. Indeed, the
formation of agglomerates caused their sedimentation at the
bottom of the experimental flask, decreasing their surface
contact with the medium and their solubilization. Therefore,
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Table 1: Change in dissolved free ionic nickel (in mg/L) released
from different concentrations of NiO-NPs suspensions in L. gibba
culture medium at 24 h of treatment.

[NiO-NPs] mg/L [Free ionic Ni] mg/L
1 n/a
10 0.0510 ± 0.05
100 1.10 ± 0.6
1000 5.93 ± 0.2
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Figure 2: Change in the production of reactive oxygen species
(ROS) for L. gibba plants exposed during 24 h to different concen-
trations of NiO-Bulk or NiO-NPs suspensions. Asterisks indicate
statistical significance between control and treatment (𝑃 < 0.05).

toxic effects of NiO-NPs need to be directly related to their
physicochemical characteristics such as their solubility in the
L. gibba culture medium.

For environmental protection agencies, the increase
release of nanoparticles into the aquatic environment repre-
sents a risk for the integrity of the food web through their
interactions with various microorganisms, invertebrates, and
fish. With such concern, many studies showed the evidence
of the bioaccumulation effects of metallic nanoparticles in
aquatic organisms, inwhich the cytotoxicity impact was espe-
cially indicated by the induction of oxidative stress and the
inhibition of growth [27]. In the present study, our bioassay of
toxicity focused on the production of intracellular ROS using
the plant model L. gibba. Indeed, the production of ROS was
used as an early and rapid biomarker of the presence of NiO-
NPs cytotoxicity already at 24 h of treatment. It is important
to notice that the visible spectrum of NiO-NPs (in Figure 1)
showed no specific band at 530 nm, suggesting that the ROS
formation was mainly due to the highly fluorescent com-
pound 2,7-dichlorofluorescein (DCF).Our results indicated
a significant increase in intracellular ROS concentrations
when L. gibba plants were exposed to NiO-NPs suspensions
(Figure 2). Particularly, the ROS formation increased by 90%

compared to control (𝑃 < 0.05) at the lowest concentration
of NiO-NPs. Moreover, the strongest fluorescence signal of
the ROS sensor (H

2
DCFDA) was found for L. gibba plant

exposed to 1000mg/L, indicating an increased production of
ROS by 5 times compared to control (𝑃 < 0.05). Concerning
the effect of NiO-Bulk, the production of ROS was similar
to NiO-NPs under the testing exposure concentration range
of 1–100mg/L. However, when L. gibba plant was exposed to
1000mg/L of NiO-Bulk or NiO-NPs, the production of ROS
was 2 times higher for NiO-Bulk in comparison to NiO-NPs.
These results clearly indicated that the induction of oxidative
stress toxicity was not directly related to NiO-NPs solubility.
Therefore, NiO-NPs were uptaken into L. gibba plant system
causing the production of intracellular ROS, directly through
photocatalysis or indirectly through molecular cell damages.
In an earlier study, researchers explored the bioaccumula-
tion effects of NiO-NPs on algal cells of Chlorella vulgaris
[26]. They observed that NiO-NPs formed deposits in the
cytoplasm which provoked growth inhibition and cellular
ultrastructure alterations after 72 h of exposure to 10–50mg/L
of NiO-NPs. However, our results indicated that NiO-NPs
possess a different toxicitymechanism in comparison to other
metallic nanoparticles, for which it was suggested that their
solubilization into free metal ions was the main mechanism
of toxicity [10, 28].

Moreover, the toxic effect of NiO-NPs was investigated
on the photosynthetic functions and compared to NiO-Bulk
effects. The chlorophyll fluorescence rise measured from all
leaves displayed the typical OJIP transients when plotted
on a logarithmic time scale (Figure 3). The fluorescence
transients showed two steps between O and P, the J transient
at about 2ms and the I transient at 30ms. It was previously
demonstrated that theO-J phasewas strongly light dependent
on the reduction of quinoneQA [22] and the J-P rise reflected
the reduction of the rest of the electron transport chain after
QA [29]. When L. gibba plants were exposed to 1000mg/L of
NiO-NPs or NiO-Bulk effects, it was noticed that the induc-
tion of the OJIP fluorescence transients differed significantly
in comparison to control plants (Figure 3). Under this experi-
mental condition, results demonstrated an inhibitory effect of
NiO-NPs and NiO-Bulk on the photochemical activity of the
photosystem II (PSII) which was indicated by the reduction
in the quantum yield of PSII electron transport (Figure 4).
This alteration suggested damages to the structural and
functional properties of PSII. Furthermore, the increase of
ABS/RC ratio indicated an increase in the inactivation of
PSII reaction centers which was related to a downregulation
mechanism to dissipate the excess of excitation energy from
chlorophyll molecules (Figure 4). Similarly, the reduction
of the overall process of PSII photochemistry and electron
transport activity, shown by the decrease in PI parameter
value, indicated that both NiO-NPs and NiO-Bulk were able
to alter directly the photosynthetic performance of L. gibba
plant.

Previously, an in vitro study on PSII submembrane frac-
tions isolated from spinach showed that NiCl

2
at millimolar

range of concentration had a strong inhibitory effect on
PSII reaction center functions and oxygen evolution activity
[30]. In another study, using two duckweed species, Spirodela
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Figure 4: Change in the Chl 𝑎 fluorescence parameters such as the maximum quantum yield of primary photochemistry (𝐹
𝑉
/𝐹

𝑀
) and the

ratio between light-harvesting chlorophyll antenna size and the number of active PSII reaction centers (ABS/RC) and the performance index
of PSII activity (PI) for L. gibba plants exposed during 24 h to different concentrations of NiO-Bulk or NiO-NPs suspensions (𝑛 = 5).
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polyrhiza clone SJ and Lemna minor clone St, it was shown
that NiCl

2
(the most soluble form of Ni) induced a strong

decrease in the contents of both chlorophylls 𝑎 and b and also
an inhibition of fresh weight over a 7-day test period [31].
However, our toxicological investigation indicated that over
a 24 h toxicity testing period, the toxicity impact of NiO was
not induced by the free ionic form of Ni. Nevertheless, under
a longer time of treatment such as 7 days, it is possible that the
soluble fraction containing free ionic Ni may also contribute
to the cellular toxic effects.

In this study, we clearly showed the potential source
of toxicity of NiO-NPs suspensions in comparison to NiO-
Bulk. The aquatic plant Lemna gibba demonstrated to be
a valuable bioindicator of NiO cellular toxicity, which was
indicated by the deterioration of photochemical activities of
photosynthesis and the induction of oxidative stress. Under
the experimental conditions used, it is clear that the observed
toxicity impact was mainly due to NiO particles effect.
Therefore, results of this study permitted determining the
use of ROS production as an early toxicity biomarker of NiO
exposure to L. gibba plant.
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Zerumbone- (ZER-) loaded nanostructure lipid carrier (NLC) (ZER-NLC) prepared for its antileukemia effect in vitrowas evaluated
for its toxicological effects by observing changes in the liver, kidney, spleen, lung, heart, and brain tissues, serum biochemical
parameters, total haemogram, and bone marrow stem cells.The acute toxicity study for ZER-NLC was conducted by orally treating
BALB/c mice with a single dose with either water, olive oil, ZER, NLC, or ZER-NLC for 14 days. The animals were observed for
clinical and behavioral abnormalities, toxicological symptoms, feed consumption, and gross appearance. The liver, kidney, heart,
lung, spleen, and brain tissues were assessed histologically. Total haemogramwas counted by hemocytometry andmicrohematocrit
reader. Bone marrow examination in terms of cellular morphology was done by Wright staining with bone marrow smear.
Furthermore, serum biochemical parameters were determined spectrophotometrically. Grossly all treated mice, their investigated
tissues, serum biochemical parameters, total haemogram, and bonemarrow were normal. At oral doses of 100 and 200mg/kg ZER-
NLC there was no sign of toxicity or mortality in BALB/c mice. This study suggests that the 50% lethal dose (LD

50
) of ZER-NLC is

higher than 200mg/kg, thus, safe by oral administration.

1. Introduction

Obviously, one of the most important elements of a drug
discovery program is the prediction of a new compound’s
toxicity. Conducting effective toxicology studies can help
researchers proceed with more certainty and confidence to
clinical trials, and ultimately, lead to the introduction ofmore
effective and safer therapies for patients in need.

Zerumbone (ZER) is a sesquiterpene that was first iso-
lated from the essential volatile oil of rhizome of Zingiber
zerumbet by L. Smith [1]. Other plant species also known to

contain ZER include Zingiber amaricans [2], Zingiber ottensii
Valeton [3], Zingiber cassumunar Roxb [4], Zingiber aro-
maticum [5], Curcuma amada Roxb. [6], Alpinia galanga [7],
Zingiber montanum [8], andXylopia aethiopica [9]. Biological
and therapeutic effects of ZER include anti-inflammatory
[10], anticancer [11, 12], antioxidant [13], antinociceptive
[14], antihypercholesterolemia [15], antimicrobial [4], and
immunomodulatory [16] activities.

ZER is plagued with low water solubility that com-
promises oral bioavailability and limits transportation in
circulation, which impair delivery to target organs and
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Figure 1: Steps of ZER-NLC formulation.

tissues. However, the solubility of ZER can be improved by
loading in lipid nanoparticles [17]. One of themajor concerns
with using nanoparticle drug carriers is toxicity. Generally,
lipid nanoparticle carriers are ideal, because they not only
improve deliverywith targeting potential, but also reduce tox-
icity and improve therapeutic effectiveness of loaded drugs
and compounds. However, these carriers, although very
promising drug delivery systems and broadly applicable in
medicine, suffer from serious stability problems that can lead
to aggregation, fusion, and phospholipid hydrolysis, which
can compromise shelf life and limit parenteral applications
[18, 19].

Recently, we developed ZER-NLC (Figure 1), which is
a modified formula composed of ZER, hydrogenated palm
oil (HPO), double-distilled water (ddH

2
O), olive oil, lipoid-

S 100, lecithin, thimerosal, and sorbitol [20, 21]. The ZER-
NLCwasmeant for treatment of diseases via oral application.
The oral route of drug administration is generally preferred,
because of its versatility, safety, and relative comfort for the
patient. Nanostructured lipid carrier alone is not toxic to
human peripheral blood mononuclear cells (PBMC) and
BALB/c 3T3 cells in vitro [22, 23], thus presumably safe for
oral and parenteral applications.

However, as a drug carrier in ZER-NLC, its safety, biolog-
ical fate, and potential toxicity of ZER-NLC were not known.
A rigorous toxicity evaluation of ZER-NLC would ensure the
safety of its use as a therapeutic compound and nutritional
supplement. Thus, the aim of this study was to evaluate
the potential toxicity of ZER-NLC in BALB/c mice model
through its effect on the serum biochemical parameters,
histopathology of tissues, total haemogram count, and bone
marrow smear.

2. Materials and Methods

2.1. Zerumbone-Loaded Nanostructured Lipid Carrier. Pure
colorless zerumbone crystals were prepared from essential oil
of fresh Zingiber zerumbet (L.) Smith rhizomes extracted by
steam distillation according to the method described earlier
[24]. The ZER-NLC prepared by high-pressure homoge-
nization method and characterized by zetasizer, reverse
phase high performance liquid chromatography (RP-HPLC),
transmission electron microscopy (TEM), wide angle X-
ray diffraction (WAXR), differential scanning colorimeter
(DSC), and Franz diffusion cell (FDC) system ZER-NLC
was shown to be physically stable, with particle size (PS) of
52.68 ± 0.1 nm, zeta potential (ZP) of −25.03 ± 1.24mV and
polydispersity index (PDI) of 0.29 ± 0.0041 𝜇m [21, 23].

2.2. Animal Groups. BALB/c mice aged six to eight weeks
were purchased from the Animal House of Faculty of
Medicine andHealth Sciences, Universiti PutraMalaysia.The
mice were housed in polypropylene plastic cages with wood
chips as bedding. The mice were acclimatized to the labora-
tory environment at 24 ± 1∘C under a 12-hour dark-light cycle
for at least 5 days, before commencement of the experiment.
Themicewere provided pellet andwater ad libitumduring the
period of study. This study was approved by the Institutional
Animal Care and Use Committee (IACUC), Universiti Putra
Malaysia (UPM/FPV/PS/3.2.1.551/AUP-R152).

2.3. Evaluation of Acute Toxicity. Forty-eight male and 48
female BALB/c mice (18 to 22 g) were divided randomly into
8 groups of 6 males and 6 females each. Group 1 served as
controls and received water only, group 2 received 0.2mL
olive oil, groups 3 and 4 were given 100 and 200mg/kg
ZER dissolved in 0.2mL olive oil, respectively. Groups 5 and
6 were given 100 and 200mg/kg NLC, respectively, while
groups 7 and 8 were given 100 and 200mg/kg ZER-NLC,
respectively, following the method described earlier [25].The
animals were deprived of feed 12 hours prior to treatment.
Oral intubation was done using a ball-tipped stainless steel
gavage needle attached to a syringe.

2.4. Clinical Observations and Body Weight Measurements.
The animals were observed for clinical and behavioral abnor-
malities, toxicological symptoms, feed consumption, and
gross appearance twice each day over a period of 14 days
posttreatment. Body weights of live mice were recorded
before treatment and on days 7 and 14.

2.5. Histopathological Study. Histopathology provides a rapid
method to detect effects of irritants in various organs.
Further confirmation of this finding should be supported
by histopathological analysis, to verify the toxicity of the
test compound and formula. For this purpose, liver, kidney,
spleen, heart, lung, and brain tissue samples were collected,
cut into sections of approximately 0.5 cm2 sizes, and fixed
in 10% formalin for at least 48 hours. The fixed samples
were placed in plastic cassettes and dehydrated using an
automated tissue processor (Leica ASP300, Germany). The
processed tissues were embedded in paraffin wax (Leica
EG1160, Germany) and the blocks trimmed and sectioned to
about 5 × 5 × 4 𝜇m size using a microtome (Leica RM2155).
The tissue sections were mounted on glass slides using a hot
plate (Leica HI1220, Germany) and subsequently treated in
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Table 1: Body weight of mice treated with ZER, nanostructured lipid carrier (NLC), and zerumbone-loaded NLC.

Animal groups
Female Male

Body weight (g) Body weight (g)

Day 0 Day 7 Day 14 Weight gain
(g) on day 14 Day 0 Day 7 Day 14 Weight gain

(g) on day 14
Control 19.3 ± 1.05 23.6 ± 1.0 28.2 ± 0.8∗ 8.9 ± 0.26 21.0 ± 0.8 25.6 ± 1.0 30.3 ± 0.8∗ 9.3 ± 0.65
Vehicle 20.1 ± 1.7 23.14 ± 1.5 29.11 ± 0.77∗ 9.01 ± 0.95 21.49 ± 1.4 25.7 ± 1.9 30.20 ± 0.95∗ 8.71 ± 1.45
ZER (100mg/kg) 20.5 ± 0.5 24.15 ± 0.9 28.75 ± 1.1∗ 8.25 ± 0.63 20.9 ± 1.3 24.85 ± 1.5 29.7 ± 1.6∗ 8.8 ± 1.25
ZER (200mg/kg) 20.8 ± 0.7 24.65 ± 1.4 28.9 ± 3.2∗ 8.1 ± 1.75 21.3 ± 1.5 24.4 ± 0.9 28.9 ± 1.45∗ 7.6 ± 1.8
NLC (100mg/kg) 19.6 ± 1.3 23.3 ± 2.1 27.6 ± 2.2∗ 7.9 ± 1.7 21.7 ± 0.2 26.3 ± 0.6 31.2 ± 1.1∗ 9.4 ± 1.0
NLC (200mg/kg) 20.0 ± 1.7 24.5 ± 2.2 29.9 ± 2.0∗ 9.9 ± 0.3 19.7 ± 1.6 25.1 ± 0.9 30.4 ± 1.0∗ 10.6 ± 0.7
ZER-NLC (100mg/kg) 19.6 ± 0.2 23.2 ± 1.1 26.0 ± 1.1∗ 6.4 ± 0.8 21.0 ± 0.9 24.2 ± 1.0 28.2 ± 0.8∗ 8.2 ± 1.4
ZER-NLC (200mg/kg) 19.5 ± 0.8 23.3 ± 0.5 26.8 ± 0.9∗ 7.3 ± 1.5 19.1 ± 1.0 24.4 ± 0.9 26.6 ± 0.7∗ 7.5 ± 0.7
Values are mean ± SD (𝑛 = 6) and have been analysed using post hoc comparison test one way ANOVA. Data revealed significant 𝑃 < 0.05. ∗Increasing of
body weight after 14 days in all treated groups when compared to that of untreated control group.

order with 100, 90, and 70% ethanol for two minutes each.
Finally, the sections were rinsed with tap water and stained
with Harris’s haematoxylin and eosin for light microscopy
[26].

2.6. Serum Biochemistry. Blood samples were collected from
tail veins in plain tubes and centrifuged (Hettich zent-
EBA20, Germany) at 3500 rpm for 10 minutes, the serumwas
obtained and stored at −20∘C until analyzed. The concentra-
tions of serum enzymes, proteins, bilirubin, electrolytes, and
renal function parameters were determined using standard
diagnostic kits (Roche) in an automatic biochemistry ana-
lyzer (Hitachi 902, Japan).

2.7. Haematological Study. On experimental day 15, animals
were sacrificed under anaesthesia and peripheral blood was
collected from tail veins with ethylenediaminetetraacetic
acid (EDTA) vacuumed blood collection tubes, was shaken
immediately to mix well, and was analyzed directly without
delay. The total and differential white blood cells (WBC),
total red blood cells (RBC), hemoglobin (Hb), and platelets
in each sample were measured by automatic hematology
analyzer (Cell Dyn, 3700, Abbot, USA). On the other hand,
packed cell volume (PCV) was donemanually using capillary
microhematocrit tubes.

2.8. Bone Marrow Smear. Drug toxicity often manifests in
bone marrow, causing a range of serious side effects, includ-
ing leucopenia (especially neutropenia),mitochondrial toxic-
ity, bone marrow suppression (especially myelosuppression),
or immunotoxicity.Thus, a key objective during drug discov-
ery is the assessment of the potentially toxic impact of new
compounds on bone marrow.

Near the end of the study, all mice were dissected and
bone marrow was washed with 100 𝜇L phosphate buffer solu-
tion (PBS) via the flashing method on the femur of sacrificed
mice [27]. Bone marrow toxicity in terms of cell morphology
was done by Wright’s staining with bone marrow smear and
was examined under normal light microscope (Leica, Japan).

Moreover, blood samples were taken to perform total and
differential white blood cell count, as well as platelet count
in all animal groups of either sex as mentioned in previous
section to determine bone marrow toxicity.

2.9. Statistical Analysis. The experiments were done in trip-
licate, and the results were expressed as mean ± SD and
analyzed statistically using SPSS version 20.0 (SPSS Inc.,
Chicago, USA). Post hoc comparison test one way ANOVA
was done using the Tukey’s b test. Probability values of less
than alpha 0.05 (𝑃 < 0.05) were considered statistically
significant.

3. Results

3.1. Clinical Observations and Body Weight Measurements.
In this study, extreme care was taken to ensure these fun-
damentals were strictly observed. The most notable clinical
abnormalities observed in a few mice treated with a single
high oral dose of ZER and ZER-NLC for 14 days were rough
coat and decreased activity.Themajority ofmice did not show
toxicological effect, behavioral change, or significant body
weight loss. In fact slight body weight gain was noted in these
animals during the test period (Table 1).

3.2. Histopathological Observation. Histopathological studies
were carried to confirm biochemical findings. Generally, no
alterations were observed inmost of the tested organs of both
sexes of control animals, as well as in animals treated with
various doses of ZER, NLC, and ZER-NLC. The photomi-
crographs of the vital organs of the control, and all treated
groups, both male and female, had normal morphological
architecture. In this study, histopathological observation was
done on six major organs, which are liver, kidney, heart, lung,
spleen, and brain. Under microscopic examination, the liver
in the majority of treated animals showed normal cellular
architecture and binucleation and was without any distor-
tions. There were no signs of injury, necrosis, congestion,
fatty acid accumulation, or hemorrhagic areas around the
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central vein or sinusoids of the liver. The hepatocytes were
still arranged in cords and clearly visible.The cross-section of
the liver showed no lyses in the blood cells, neutrophil, lym-
phocyte, or macrophage infiltration (Figure 2). The current
study showed that histologically there were nomorphological
changes in the kidneys of mice from all treated groups. The
glomerular architecture showed normal appearance similar
to the control groups. The cross-sections of the glomeruli,
distal, and proximal tubules in the kidney appeared to be
normal in both male and female mice. There was also
no interstitial and intraglomerular congestion or tubular
atrophies. All the nephron cells showed normal and clearly
visible nucleoli with no degeneration, bleeding, or necrosis
(Figure 3). As shown in Figure 4, all treatment groups showed
no signs of cardiac necrosis, haemorrhage, inflammatory exu-
dates, myocardial infarction, infiltration, vacuolization, fatty
changes, or other damage. Cardiac myofibrils and myocytes
were normally arranged with no morphological change.
Likewise, the lung tissues of all treated mice groups exhibited
no obvious morphological and histological differences when
compared with the control group. There was no bronchiole
or alveoli collapse, no alveolar epithelial denaturation, and
no inflammatory cell infiltration surrounding the bronchi
of the treated groups (Figure 5). From the cross-section of
the spleen, the tissue structure of the spleens was normal.
There was no hemorrhage and no pathological change in
the spleen sinus (Figure 6). Moreover, no histopathological,
degenerative, congestive, haemorrhagic, or vacuolar changes
were observed in brain tissues of both dosed and control
groups after dosing of ZER, NLC, and ZER-NLC (Figure 7).
Thus, the microscopic evaluations of the selected organs
did not reveal morphological abnormalities that could be
attributed to the oral administration of ZER-NLC to themice.

3.3. Serum Biochemistry. Several biochemical tests are used
to determine potential adverse effect of chemicals, drugs,
formulations, and synthetic materials on the renal and hep-
atic functions of test animals. Abnormalities in the liver and
kidneys can be detected by estimating serum biochemistry
associated with liver and kidney integrity and functions
[18]. In this study the serum liver enzymes, bilirubin, and
protein concentrations in the ZER-NLC treated were similar
to control mice (𝑃 > 0.05). Similarly, the concentrations of
electrolytes associated with kidney function, namely, sodium
and potassium, as well as chloride, urea, and creatinine levels,
did not differ between ZER-NLC treated and control groups
(𝑃 > 0.05). Based on the serum biochemical parameters
ZER-NLC, treatment even at the dosage level of 200mg/L
produced no abnormalities in liver or kidneys (Tables 2(a)
and 2(b)).Therefore, the study suggests that the LD

50
of ZER-

NLC value in female and male mice would have to be greater
than 200mg/kg.

3.4. Haematological Study. Although bone marrow suppres-
sion is characterized by predictable macrocytosis, raised
mean corpuscular haemoglobin concentration, thrombocy-
topenia, and sometimes pancytopenia, leucopenia is themost
common and most important haematological complication
in case of bone marrow toxicity; thus regular monitoring

of the full blood count is recommended during treatment.
In this study, the haematological results of all treated mice
exhibited normal levels of total and differential white blood
cells, red blood cells, haemoglobin, and platelet counts as well
as packed cell volume in the peripheral blood (Tables 3(a) and
3(b)). Thus, thrombocytopenia, leucopenia, pancytopenia
(indications of bone marrow suppression and toxicity), or
anaemia was not predicted in treated ZER, NLC, and ZER-
NLC mice.

3.5. Bone Marrow Smear. The blood/bone marrow system
is one of the largest organs in the body and is an impor-
tant potential target of chemical exposure, in particular,
chemotherapeutic agents. Consequently, analysis of blood
and bone marrow has become a routine procedure in the
investigation of haematological and bone marrow disorders
in chemotherapy assessments. Microscopic evaluations of
stained bone marrow smear did not manifest any morpho-
logical abnormalities of bone marrow stem cells (blast cells,
reticulocytes, or megakaryocytes) or pronounced toxicity of
bone marrow of mice in all groups of both sexes. All cells had
a normal histological appearance without deformations in
nucleus, cytoplasm, or outer membrane after treatment with
different doses of ZER, NLC, or ZER-NLC. Normal shaped
fat cells were also observed (Figure 8).

4. Discussion

Our previous studies have reported the potential of NLC
to turn the lipophilic antitumor natural compound, Zerum-
bone, as a sustained-release antileukemic drug in vitro [21,
23]. Although our in vitro cytotoxicity study of ZER-NLC
on peripheral blood mononuclear cell isolated from healthy
human subjects has proven that ZER-NLC possessed no toxi-
city against normal human cell [23], it is important to evaluate
the safety of ZER-NLC in vivo before further preclinical and
even clinical studies of ZER-NLC. Acute toxicity test using
small animal models is imperative in order to determine
safety and efficacy and to identify active components of
traditional medicine and herbal products [28]. This study
provides information on toxic doses and therapeutic indices
(LD
50
) of drugs and xenobiotics [29]. ZER is the antitumor

sesquiterpenoid that can be isolated from rhizome ofZingiber
zerumbet Smith [10]. In this study, 4 different groups of
control were evaluatedwhere group 1 is themice that received
water only, group 2 is the mice that received olive oil while
groups 5 and 6 are the mice that received 100 and 200mg/kg
of NLC. No significant difference was observed in all the
tested experiments among all these control groups. Previous
study has reported that zerumbone did not possess in vitro
and in vivo genotoxic effects [30]. Furthermore, zerumbone
was also reported not to cause any significant changes in clin-
ical condition, growth, organ weights, haematology, serum
biochemistry, and histopathological analysis after single or
repeated intraperitoneal injection in mice [31]. In this study,
similar results were obtained where oral administration of
ZER did not induce significant acute toxicity on mice.
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Figure 2: (a) Liver of female BALB/c mice treated orally with (A) water (control), (B) olive oil (vehicle), ((C) and (D)) zerumbone (ZER) at
concentrations 100 and 200mg/kg, ((E) and (F)) blank nanostructured lipid carrier (NLC) at concentrations 100 and 200mg/kg, and ((G)
and (H)) zerumbone-loaded NLC at concentrations 100 and 200mg/kg for 14 days. No sign of toxicity was observed in the liver of these mice
(400x magnification). (b) Liver of male BALB/c mice treated orally with (A) water (control), (B) olive oil (vehicle), ((C) and (D)) zerumbone
(ZER) at concentrations 100 and 200mg/kg, ((E) and (F)) blank nanostructured lipid carrier (NLC) at concentrations 100 and 200mg/kg,
and ((G) and (H)) zerumbone-loaded NLC at concentrations 100 and 200mg/kg for 14 days. No sign of toxicity was observed in the liver of
these mice (400x magnification).
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Figure 3: (a) Kidney of female BALB/c mice treated orally with (A) water (control), (B) olive oil (vehicle), ((C) and (D)) zerumbone (ZER)
at concentrations 100 and 200mg/kg, ((E) and (F)) blank nanostructured lipid carrier (NLC) at concentrations 100 and 200mg/kg, and ((G)
and (H)) zerumbone-loaded NLC at concentrations 100 and 200mg/kg for 14 days. No sign of toxicity was observed in the kidney of these
mice (400x magnification). (b) Kidney of male BALB/c mice treated orally with (A) water (control), (B) olive oil (vehicle), ((C) and (D))
zerumbone (ZER) at concentrations 100 and 200mg/kg, ((E) and (F)) blank nanostructured lipid carrier (NLC) at concentrations 100 and
200mg/kg, and ((G) and (H)) zerumbone-loaded NLC at concentrations 100 and 200mg/kg for 14 days. No sign of toxicity was observed in
the kidney of these mice (400x magnification).
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Figure 4: (a) Heart of female BALB/c mice treated orally with (A) water (control), (B) olive oil (vehicle), ((C) and (D)) zerumbone (ZER)
at concentrations 100 and 200mg/kg, ((E) and (F)) blank nanostructured lipid carrier (NLC) at concentrations 100 and 200mg/kg, and ((G)
and (H)) zerumbone-loaded NLC at concentrations 100 and 200mg/kg for 14 days. No sign of toxicity was observed in the heart of these mice
(400x magnification). (b) Heart of male BALB/c mice treated orally with (A) water (control), (B) olive oil (vehicle), ((C) and (D)) zerumbone
(ZER) at concentrations 100 and 200mg/kg, ((E) and (F)) blank nanostructured lipid carrier (NLC) at concentrations 100 and 200mg/kg,
and ((G) and (H)) zerumbone-loaded NLC at concentrations 100 and 200mg/kg for 14 days. No sign of toxicity was observed in the heart of
these mice (400x magnification).
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Figure 5: (a) Lung of female BALB/c mice treated orally with (A) water (control), (B) olive oil (vehicle), ((C) and (D)) zerumbone (ZER) at
concentrations 100 and 200mg/kg, ((E) and (F)) blank nanostructured lipid carrier (NLC) at concentrations 100 and 200mg/kg, and ((G)
and (H)) zerumbone-loaded NLC at concentrations 100 and 200mg/kg for 14 days. No sign of toxicity was observed in the lung of these mice
(400x magnification). (b) Lung of male BALB/c mice treated orally with (A) water (control), (B) olive oil (vehicle), ((C) and (D)) zerumbone
(ZER) at concentrations 100 and 200mg/kg, ((E) and (F)) blank nanostructured lipid carrier (NLC) at concentrations 100 and 200mg/kg,
and ((G) and (H)) zerumbone-loaded NLC at concentrations 100 and 200mg/kg for 14 days. No sign of toxicity was observed in the lung of
these mice (400x magnification).
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Figure 6: (a) Spleen of female BALB/c mice treated orally with (A) water (control), (B) olive oil (vehicle), ((C) and (D)) zerumbone (ZER) at
concentrations 100 and 200mg/kg, ((E) and (F)) blank nanostructured lipid carrier (NLC) at concentrations 100 and 200mg/kg, and ((G) and
(H)) zerumbone-loaded NLC at concentrations 100 and 200mg/kg for 14 days. No sign of toxicity was observed in the spleen of these mice
(400xmagnification). (b) Spleen of male BALB/cmice treated orally with (A) water (control), (B) olive oil (vehicle), ((C) and (D)) zerumbone
(ZER) at concentrations 100 and 200mg/kg, ((E) and (F)) blank nanostructured lipid carrier (NLC) at concentrations 100 and 200mg/kg,
and ((G) and (H)) zerumbone-loaded NLC at concentrations 100 and 200mg/kg for 14 days. No sign of toxicity was observed in the spleen
of these mice (400x magnification).
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Figure 7: (a) Brain of female BALB/c mice treated orally with (A) water (control), (B) olive oil (vehicle), ((C) and (D)) zerumbone (ZER)
at concentrations 100 and 200mg/kg, ((E) and (F)) blank nanostructured lipid carrier (NLC) at concentrations 100 and 200mg/kg, and ((G)
and (H)) zerumbone-loaded NLC at concentrations 100 and 200mg/kg for 14 days. No sign of toxicity was observed in the brain of these mice
(400x magnification). (b) Brain of male BALB/c mice treated orally with (A) water (control), (B) olive oil (vehicle), ((C) and (D)) zerumbone
(ZER) at concentrations 100 and 200mg/kg, ((E) and (F)) blank nanostructured lipid carrier (NLC) at concentrations 100 and 200mg/kg,
and ((G) and (H)) zerumbone-loaded NLC at concentrations 100 and 200mg/kg for 14 days. No sign of toxicity was observed in the brain of
these mice (400x magnification).
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Table 2: (a) Serum liver function parameters of mice treated with ZER, nanostructured lipid carrier (NLC), and zerumbone-loaded NLC.
(b) Serum renal function parameters of mice treated with ZER, nanostructured lipid carrier (NLC), and zerumbone-loaded NLC.

(a)

(𝑛 = 6) TP (g/L) Albumin
(g/L)

Globulin
(g/L)

TB
(𝜇mol/L)

CB
(𝜇mol/L) ALP (U/L) ALT

(U/L) AST (U/L) GGT
(U/L)

Control
Female 57.5 ± 0.5 29.5 ± 0.5 27.9 ± 0.5 2.3 ± 0.1 <0.1 112.3 ± 2.5 61.3 ± 1.4 143.2 ± 1.1 4.1 ± 0.17
Male 66.9 ± 2.0 27.2 ± 2.1 37.6 ± 1.9 2.1 ± 1.7 <0.1 122 ± 1.8 43.9 ± 2.0 81.2 ± 1.7 4.4 ± 2.7

Vehicle
Female 58.9 ± 0.4 30.7 ± 0.5 28.2 ± 0.8 1.7 ± 0.5 <0.1 119.6 ± 1.0 52.6 ± 1.3 91.7 ± 1.9 4.3 ± 0.3
Male 66.3 ± 1.2 27.1 ± 1.8 35.4 ± 3.2 1.9 ± 1.1 <0.1 121.2 ± 2.1 48.9 ± 3.5 87.1 ± 1.5 4.2 ± 2.5

ZER
(100mg/kg)

Female 57.7 ± 0.4 27.7 ± 0.5 28.6 ± 1.7 2.01 ± 0.2 <0.1 121.4 ± 1.7 54.1 ± 1.0 93.9 ± 1.6 4.35 ± 0.2
Male 68.9 ± 1.9 28.7 ± 1.5 35.4 ± 1.0 2.4 ± 3.0 <0.1 124.6 ± 2.2 49.1 ± 1.9 90.3 ± 2.3 4.8 ± 0.6

ZER
(200mg/kg)

Female 60.5 ± 0.4 30.9 ± 0.5 29.1 ± 0.4 2.1 ± 0.1 <0.1 121.6 ± 0.4 56.7 ± 1.2 95.4 ± 1.4 4.5 ± 0.5
Male 67.2 ± 2.3 28.3 ± 3.4 38.8 ± 0.9 2.9 ± 2.4 <0.1 125.9 ± 3.4 50.2 ± 0.9 91.6 ± 2.7 5.1 ± 2.8

NLC
(100mg/kg)

Female 57.9 ± 1.6 29.4 ± 1.01 25.1 ± 5.4 2.4 ± 0.2 <0.1 111.2 ± 1.1 56.6 ± 3.5 142 ± 3.6 4.4 ± 0.9
Male 67.3 ± 0.6 26.2 ± 0.6 38.5 ± 2.7 1.7 ± 0.6 <0.1 119.3 ± 1.5 42.6 ± 2.0 83 ± 1.7 4.3 ± 0.5

NLC
(200mg/kg)

Female 57.3 ± 2.2 30.4 ± 0.9 26.8 ± 1.3 2.6 ± 0.1 <0.1 113.4 ± 1.6 56.8 ± 4.4 131.1 ± 8.8 4.5 ± 0.4
Male 67.8 ± 0.4 27.5 ± 1.9 36.9 ± 0.8 2.1 ± 0.32 <0.1 121.3 ± 1.1 46.1 ± 2.0 75.7 ± 2.8 3.6 ± 0.51

ZER-NLC
(100mg/kg)

Female 57.0 ± 2.4 27.7 ± 0.3 29.2 ± 2.6 2.2 ± 0.1 <0.1 105.4 ± 4.5 53.3 ± 7.3 109.4 ± 2.3 4.1 ± 0.2
Male 66.6 ± 0.5 26.5 ± 0.4 37.7 ± 1.9 2.0 ± 0.1 <0.1 121.3 ± 1.5 46.4 ± 1.6 82.5 ± 2.5 3.9 ± 0.8

ZER-NLC
(200mg/kg)

Female 57.7 ± 0.4 29.5 ± 1.06 28.22 ± 0.9 2.4 ± 0.2 <0.1 109.8 ± 5.2 2.34 ± 2.8 138.4 ± 3.1 4.0 ± 0.14
Male 65.0 ± 4.4 26.0 ± 1.1 34.2 ± 0.9 3.2 ± 0.7 <0.1 131.0 ± 4.4 42.2 ± 3.8 82.3 ± 2.5 4.0 ± 0.8

Treatment was performed for 14 days. Values are mean ± SD (𝑛 = 6) and have been analyzed using post hoc comparison test one way ANOVA. Data revealed
nonsignificant (𝑃 > 0.05) difference in liver function test after 14 days in all treated groups when compared to that of untreated control group. TP: total protein;
TB: total bilirubin; CB: conjugated bilirubin; ALP: alkaline phosphatase; ALT: alanine aminotransferase; AST: aspartate aminotransferase; GGT: 𝛾-glutamyl
transferase.

(b)

(𝑛 = 6) Sodium
(mmol/L)

Potassium
(mmol/L)

Chloride
(mmol/L)

Urea
(mmol/L)

Creatinine
(𝜇mol/L)

Control Female 148.6 ± 0.4 39.6 ± 1.6 106.4 ± 2.3 7.9 ± 0.1 31.8 ± 0.6
Male 142.5 ± 1.5 54.8 ± 2.2 111.7 ± 2.1 7.2 ± 1.0 32 ± 2.9

Vehicle Female 143.2 ± 1.2 39.8 ± 0.8 109.4 ± 1.6 7.2 ± 1.2 32.8 ± 1.1
Male 145.2 ± 1.7 59.8 ± 2.02 115.7 ± 1.6 7.7 ± 1.1 33.2 ± 1.8

ZER (100mg/kg) Female 151.5 ± 0.5 41.7 ± 0.3 108.2 ± 0.7 8.4 ± 1.0 35.6 ± 0.8
Male 144.7 ± 2.1 57.3 ± 1.9 112.1 ± 2.7 7.3 ± 2.3 35.8 ± 3.1

ZER (200mg/kg) Female 153.2 ± 0.3 44.4 ± 1.6 111.06 ± 2.1 8.8 ± 2.2 37.2 ± 3.2
Male 145.8 ± 1.9 56.4 ± 3.3 117.05 ± 3.1 7.9 ± 3.5 35.6 ± 2.7

NLC (100mg/kg) Female 152 ± 0.9 43.7 ± 0.5 107.7 ± 0.6 7.35 ± 0.1 33.53 ± 0.8
Male 142.6 ± 3.0 56.2 ± 3.3 107.8 ± 0.3 6.3 ± 1.7 31.3 ± 1.5

NLC (200mg/kg) Female 145.4 ± 0.6 43.2 ± 0.4 106.7 ± 0.6 6.4 ± 0.4 34.6 ± 1.5
Male 141.1 ± 1.0 550.4 ± 1.4 108.5 ± 1.3 6.3 ± 1.1 36.7 ± 2.5

ZER-NLC (100mg/kg) Female 146.4 ± 0.8 44.5 ± 0.4 106 ± 0.2 6.6 ± 0.3 33.8 ± 0.1
Male 140.2 ± 3.0 55.2 ± 2.5 107.4 ± 3.1 6.9 ± 0.4 34.6 ± 2.5

ZER-NLC (200mg/kg) Female 146.9 ± 0.7 47 ± 0.2 107.8 ± 0.3 6.5 ± 0.3 36 ± 0.2
Male 141.9 ± 2.1 56.8 ± 3.8 112.3 ± 2.5 7.8 ± 1.2 29.7 ± 2.6

Treatment was performed for 14 days. Values are mean ± SD (𝑛 = 6) and have been analyzed using post hoc comparison test one way ANOVA. Data revealed
nonsignificant (𝑃 > 0.05) difference in liver function test after 14 days in all treated groups when compared to that of untreated control group.
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Figure 8: (a) Bone marrow smear of female BALB/c mice treated orally with (A) water (control), (B) olive oil (vehicle), ((C) and (D))
zerumbone (ZER) at concentrations 100 and 200mg/kg, ((E) and (F)) blank nanostructured lipid carrier (NLC) at concentrations 100 and
200mg/kg, and ((G) and (H)) zerumbone-loaded NLC at concentrations 100 and 200mg/kg for 14 days. No sign of toxicity was observed
in the bone marrow smear of these mice (400x magnification). (b) Bone marrow smear of male BALB/c mice treated orally with (A) water
(control), (B) olive oil (vehicle), ((C) and (D)) zerumbone (ZER) at concentrations 100 and 200mg/kg, ((E) and (F)) blank nanostructured
lipid carrier (NLC) at concentrations 100 and 200mg/kg, and ((G) and (H)) zerumbone-loaded NLC at concentrations 100 and 200mg/kg
for 14 days. No sign of toxicity was observed in the bone marrow smear of these mice (400x magnification).
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Table 3: (a) Total RBC, Hb, PCV, and platelets count in mice treated with ZER, nanostructured lipid carrier (NLC), and zerumbone-loaded
NLC. (b) Total and differential white blood cell count in mice treated with ZER, nanostructured lipid carrier (NLC), and zerumbone-loaded
NLC.

(a)

Animal groups
Female Platelets

(×105/𝜇L)

Male Platelets
(×105/𝜇L)Total RBC

(×1012/L) Hb (g/L) PCV (L/L) Total RBC
(×1012/L) Hb (g/L) PCV (L/L)

Control 8.49 ± 0.7 138.3 ± 1.1 0.37 ± 0.05 6.3 ± 0.35 8.9 ± 0.17 140.3 ± 2.1 0.38 ± 0.75 6.5 ± 0.37
Vehicle 8.51 ± 0.11 140.0 ± 1.2 0.38 ± 0.04 6.6 ± 0.1 8.75 ± 0.15 141.0 ± 5.2 0.36 ± 0.35 6.55 ± 0.15
ZER
(100mg/kg) 8.34 ± 0.21 137.2 ± 2.3 0.35 ± 1.1 6.6 ± 0.11 8.35 ± 0.25 139.2 ± 0.9 0.36 ± 1.9 6.75 ± 0.21

ZER
(200mg/kg) 7.79 ± 0.32 138.4 ± 2.1 0.37 ± 2.2 6.4 ± 0.25 7.99 ± 0.35 139.5 ± 1.1 0.37 ± 2.5 6.46 ± 0.29

NLC
(100mg/kg) 8.10 ± 0.4 135.05 ± 1.7 0.37 ± 1.7 6.7 ± 0.31 8.5 ± 0.41 136.15 ± 1.5 0.38 ± 0.7 6.87 ± 0.55

NLC
(200mg/kg) 8.01 ± 0.34 136.6 ± 0.9 0.36 ± 0.5 6.1 ± 0.5 8.35 ± 0.33 135.1 ±

0.95 0.35 ± 0.9 6.95 ± 0.45

ZER-NLC
(100mg/kg) 8.22 ± 0.55 137.5 ± 1.5 0.35 ± 0.09 6.0 ± 0.07 8.29 ± 0.5 138.5 ± 1.01 0.36 ± 0.4 6.3 ± 0.09

ZER-NLC
(200mg/kg) 7.98 ± 0.06 138.44 ±

1.3 0.31 ± 0.31 6.25 ± 0.19 8.85 ± 0.75 139.02 ± 1.7 0.35 ± 0.11 6.45 ± 0.4

Values are mean ± SD (𝑛 = 6) and have been analysed using post hoc comparison test one way ANOVA. Data revealed nonsignificant (𝑃 > 0.05) difference
in all hematological parameters after 14 days in all treated groups when compared to that of untreated control group.

(b)

(𝑛 = 6) TWBC (×103/𝜇L) Neutrophil (%) Basophil (%) Eosinophil (%) Lymphocyte (%) Monocyte (%)

Control Female 2.75 ± 0.9 15 ± 0.15 0.00 ± 0.00 5 ± 0.5 70 ± 0.11 10 ± 0.75
Male 2.66 ± 0.15 16 ± 0.22 0.00 ± 0.00 3 ± 0.65 69 ± 0.17 12 ± 0.56

Vehicle Female 2.55 ± 0.42 14 ± 0.7 0.00 ± 0.00 4 ± 0.13 70 ± 0.15 12 ± 0.5
Male 2.8 ± 0.5 15 ± 0.65 0.00 ± 0.00 3 ± 0.17 69 ± 0.7 13 ± 1.0

ZER
(100mg/kg)

Female 2.79 ± 0.13 14 ± 0.5 0.00 ± 0.00 5 ± 0.75 71 ± 0.91 10 ± 1.1
Male 2.8 ± 0.17 13 ± 0.23 0.00 ± 0.00 3 ± 0.45 73 ± 0.55 11 ± 1.1

ZER
(200mg/kg)

Female 2.79 ± 0.3 14 ± 0.43 0.00 ± 0.00 3 ± 0.15 75 ± 0.45 9 ± 0.45
Male 2.85 ± 0.32 12 ± 0.55 0.00 ± 0.00 5 ± 0.25 72 ± 0.67 11 ± 0.2

NLC
(100mg/kg)

Female 2.81 ± 1.4 15 ± 1.0 0.00 ± 0.00 4 ± 0.2 73 ± 0.95 8 ± 0.7
Male 2.83 ± 1.1 15 ± 0.67 0.00 ± 0.00 2 ± 0.3 72 ± 1.0 11 ± 0.9

NLC
(200mg/kg)

Female 2.9 ± 0.9 14 ± 0.45 0.00 ± 0.00 4 ± 0.9 71 ± 0.45 11 ± 1.0
Male 2.72 ± 0.81 15 ± 0.89 0.00 ± 0.00 3 ± 0.89 70 ± 0.25 12 ± 0.55

ZER-NLC
(100mg/kg)

Female 2.65 ± 0.55 16 ± 0.9 0.00 ± 0.00 3 ± 0.5 69 ± 0.6 12 ± 0.64
Male 2.89 ± 0.45 15 ± 1.2 0.00 ± 0.00 5 ± 0.75 69 ± 0.11 11 ± 0.79

ZER-NLC
(200mg/kg)

Female 2.63 ± 0.35 13 ± 0.5 0.00 ± 0.00 5 ± 0.61 70 ± 0.2 12 ± 0.85
Male 2.77 ± 0.85 15 ± 0.7 0.00 ± 0.00 4 ± 0.2 69 ± 0.35 12 ± 1.2

Treatment was performed for 14 days. Values are mean ± SD (𝑛 = 6) and have been analyzed using post hoc comparison test one way ANOVA. Data revealed
nonsignificant (𝑃 > 0.05) difference in total and differential leucocyte count after 14 days in all treated groups when compared to that of untreated control
group.

Furthermore, no significant changes on behaviour, growth,
serum biochemical profile, and histopathology (liver, heart,
spleen, kidney, brain, and lung) were observed in ZER and
control mice. Furthermore, similar to the previous study on
rat [30], administration of ZER did not cause abnormality
to bone marrow. Thus, this study was aimed to evaluate
and compare the acute toxicity of ZER-NLC with ZER.
Besides ZER, acute toxicity of ZER-NLC was first evaluated

in this study. Similar to ZER, ZER-NLC also did not possess
acute toxicity on mice as shown by the above results. All
of the tested parameters on the ZER-NLC treated mice
were also similar to the control (group 1, group 2, and
groups 5 and group 6). These results suggested that both
ZER and ZER-NLC were nontoxic but ZER-NLC carries
the potential advantages as a sustainable release antitumor
drug.
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5. Conclusion

In conclusion, overall results of this study clearly demonstrate
that oral administration of both ZER and ZER-NLC at acute
doses induced no behavioral alterations, toxicological signs,
or any other adverse effects on the experimental animals
during the fourteen-day test period, indicating that ZER-
NLC offers significant potential as a novel sustainable release
antitumor drug for cancer treatment without acute toxic side
effect. Further in vivo antitumor studies of the ZER-NLC
should be carried out to further confirm its antitumor effect
especially on its antileukemic effect.
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The effects of oxidized multiwalled carbon nanotubes (oMWCNTs) on the behavior and hepatotoxicity of Cd2+ in accumulated
cadmium-metallothionein mice were investigated. The results indicated that, after exposure of oMWCNTs to normal mice,
oMWCNTs could not induce the liver to produce metallothionein (MT). When exposing Cd-MT mouse to different doses of
oMWCNTs oMWCNTs could cause Cd2+ release from the accumulated Cd-MT; subsequently, one part of the free Cd2+ was
eliminated with blood circulation; the other part adsorbed by oMWCNTs would remain in the tissues together with oMWCNTs.
The results of the activities changes of alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (TB), and
blood urea nitrogen (BUN) in plasma showed that the hepatotoxicity of coexposure was lower than that of single exposure, and the
hepatotoxicity and accumulation of oMWCNTs in livers depended strongly on the exposure dosage of oMWCNTs. The histology
of liver and kidney tissue also confirmed the previous results. Therefore, the author inferred that MT could be connected with
oMWCNTs to reduce their hepatotoxicity, but the detailed mechanism needs to be further studied.

1. Introduction

Cadmium (Cd) is an environmental and industrial pollutant
that poses a serious health risk to humans and animals.
Cd2+ has multiple cytotoxic and metabolic effects, such as
interfering with the normal actions of essential metals [1],
including oxidative stress and altering the activities of various
enzymes [2–4]. When Cd is exposed to animals, Cd is
distributed mainly to the liver and kidney and accumulated
with metallothionein (MT). MT is a small metal-binding
protein that is characterized by its high thiol content; 20 of its
61 amino acids are cysteine, all of which are in the reduced
state and are involved in its metal-binding properties. At
the same time, it was also reported that there were two
major isoforms of MT in mammals, designated MT-I and
MT-II, which were coordinately regulated in the mouse and
the proteins were thought to be functionally equivalent. MT
can sequester Cd2+ from molecular targets by binding to
Cd2+ with high affinity and, thus, making it less available
for excretion; some researches indicate that MT appears to

accumulate Cd in a less toxic form until reaching the critical
level after exposure to Cd at nonacute toxic doses [5–9].
Therefore, MT can restrain effectively the toxicity of Cd in
vivo.

However, the physiological environment is a very com-
plex system. Under certain conditions, Cd2+ can be released
from its bond withMT in some tissues such as liver, in which
toxicity may appear again [10]. As well known, nanomaterials
and nanotechnology are developing rapidly in recent years
and are paid close attention to in medicine, pharmacy,
genetic engineering, and so on, and also there are a lot of
researches on the environmental toxicity about them [11–14].
Through oral, intraperitoneal, intravenous, and intragastric
exposure ways, researchers study fully the biodistribution,
excretion, and toxicity of carbon nanotubes in vivo by using
isotope tracer technique or fluorescence imaging and find
that carbonnanotubes aremainly in the liver, spleen, and lung
tissues with a long retention [15–20]; at the same time, due to
the unique scale effect and large specific surface area, carbon
nanotubes show strong adsorption capacities for metal ions
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in water system [21]. Therefore, Cd2+ should be easy into the
living things with nanomaterials in real environment, and
that may aggravate toxicity of single carbon nanotubes or
Cd2+; meanwhile nanomaterials may change the toxicity and
metabolic behavior of heavymetal ions in vivo; thereby, it was
important for human health to study the cotoxicity of carbon
nanotubes and heavy metal ions in the organism.

In the present work, the effects of oxidation multiwalled
carbon nanotubes (oMWCNTs) on the behavior and hepa-
totoxicity of cadmium (Cd) were investigated. Because the
hormone levels (such as ALT, AST, BUN, and TB) in blood
would change when there was some damage in liver or
kidney tissues [22–24], the levels of ALT, AST, BUN, and
TB in serum/or plasma were also measured to determine the
toxicity of Cd2+ or oMWCNTs in livers or kidneys.

2. Materials and Methods

2.1. Preparation of Oxidized MWCNTs. Multiwalled car-
bon nanotubes (MWCNTs) were purchased from Shenzhen
Nanotech Port Co. Ltd., Guangdong, China, and prepared
using chemical vaporization deposition method. According
to the product specification, as-received MWCNTs were
determined with transmission electron microscopy (TEM)
to be 1 to 2 𝜇m in length, with a diameter of 10 to 30 nm.
Purity was >96% (wt. %), containing <3% amorphous carbon
and <0.2% ash.The as-grownMWCNTs (named as untreated
MWCNTs) were added into the solution of 3mol/L HNO

3

to remove the metal hemispherical caps on the nanotubes
(such as Fe, Ni) that was a byproduct of the synthetic
procedure.Themixture of 3 gMWCNTs and 400-mL 3mol/L
HNO

3
was ultrasonically stirred for 24 h. The suspension

was filtrated and rinsed with deionized water until the pH
of the suspension reached about 6 and then dried at 80∘C.
The treated MWCNTs (named oMWCNTs) were calcined at
450∘C for 24 h to remove the amorphous carbon [25]. And
then oMWCNTsweremade FT-IRs and Raman spectroscopy
characterization; the results are shown in Figures 1 and 2,
respectively.Other chemical reagents, such asHNO

3
, alcohol,

and chloroform (ultrapure grade), were purchased from
Tianjin Fuyu Chemical Co., Ltd., China; TRIS (ultrapure
grade), from Sigma; Sephadex G-75 medium, from Pharma-
cia 17-0050-02; AST/ALT/BUN/TB (ELISA), from Shanghai
Hengdailao Trade Co., Ltd., China.

2.2. Animals and Animal Model. Kunming mice (female :
male = 1 : 1) initially weighing 15 to 18 g were provided by
Laboratory Center for Medical Science, Lanzhou University,
Gansu, China. All animals were housed in individual cages
in a temperature (21∘C to 22∘C) and light (from 08:00 to
20:00 hours) controlled environment and were fed food
and tap water ad libitum. All animal protocols were in
accordance with the European Communities Council Direc-
tive of November 24, 1986 (86/609/EEC), and approved by
Institutional Animal Care and Use Committees of Gansu
Province Medical Animal Center and Lanzhou University
Animal Committees Guideline. Mice were pretreated with
CdCl
2
(1mg Cd/kg once daily subcutaneously for 6 days) to
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Figure 1:The FT-IRs of oxidizedMWCNTs and pristineMWCNTs.
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Figure 2: The Raman spectroscopy of oMWCNTs. The D and G
band ofMWCNT still existed after oxidation, indicating that carbon
nanotube structure was not changed.

accumulate Cd-MT and those mice were referred to as Cd-
MT accumulated mice.

2.3. The Effects of oMWCNTs on Inducing of Cd-MT. The
livers were harvested at 4 h after intravenous exposure of
oMWCNTs (about 500 𝜇g/mouse) to Cd-MTmodel (4 mice)
and normal mice (4 mice), respectively. And the content
changes curve of Cd-MT and Cd2+ in liver was measured,
according to the following steps to extract Cd-MT [26].
4 g of liver tissue was cut into pieces, which were then
put into 5mL of precooling mixed liquid (Volume (Tris-
HCl, pH8.2): Volume (CH

3
CH
2
OH): Volume (CH

3
Cl) =

1 : 1.03 : 0.08), homogenate. After adding 20mL of the mixed
liquid into the liver homogenate and mixing them, the liver
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Figure 3: The eluent curves of processing liquid from liver tissues
homogenate (ABS is the abbreviation of absorbance, absorption
wavelength is 255 nm for ABS-Cd and ABS-Mix, and 260 nm for
ABS-CNTs and ABS-Normal; 𝑛 = 4mice).

homogenate was centrifuged for 20min at 4000×g in 4∘C;
the supernatant was heated at 80∘C for 5min, after cooling
in cold water, and centrifuged for 20min at 4000×g in 4∘C;
and the supernatant was diluted to 4 times volume with
−20∘Cprecooled ethanol, stayed overnight at−20∘C, and then
centrifuged for 30min at 4000×g in 4∘C; the precipitation
was dissolved fully in 0.01mol/L Tris-HCl buffer solution
and then centrifuged for 20min at 4000×g in 4∘C. The
supernatant was applied to a Sephadex G-75 column (2 cm
× 80 cm) equilibrated with 0.01mol/L Tris-HCl (pH8.2);
the column was eluted with the same buffer solution, and
4mL fractions were collected to measure the absorbance
by Ultraviolet Absorption Spectrophotometry (Lambda 35,
PerkinElmer) and theCd content of fractionswas determined
through Atomic Absorption Spectrophotometry (A Analyst
700, PerkinElmer).

2.4. The Effect of oMWCNTs on Hepatotoxicity of Cd. Three
groups of Cd-MT model mice and normal mice (6 mice/
group) were exposed to oMWCNTs about 100 𝜇g/mouse,
500𝜇g/mouse, and 750 𝜇g/mouse, respectively. After 4 h or
24 h, the blood (1mL), liver, and kidney were harvested
and the blood with anticoagulant was used to measure
the activities of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total bilirubin (TB), and blood urea
nitrogen (BUN) by ELISA testing. The liver, kidney, and
blood were digested with the mixture of perchloric acid and
30% of hydrogen peroxide (3 : 1, volume) [27], and then the
content of Cd was determined through Atomic Absorption
Spectrophotometry. At the same time, the kidney and liver of
all groups were obtained and fixed in 10% buffered formalin
and processed for routine histology with hematoxylin and
eosin stain by the Center for Medical Science, Lanzhou
University (Lanzhou, China). Microscopic observation of
tissues was carried out with an Olympus Microphot-CX41
microscope coupled with a digital camera.

2.5. Statistical Analysis. Data were analyzed for significance
using Student’s t-test and a two-tailed analysis of variance
(ANOVA). Differences were considered significant at 𝑃 <
0.05.

3. Results

3.1. FT-IRs and Raman Spectrum of oMWCNTs. From
Figure 1 it could be seen that the surface of carbon nanotubes
was combined with a number of –COOH and –OH after
oxidization; Figure 2 indicated that the structure of carbon
nanotubes was not changed after oxidation.

3.2. The Effects of oMWCNTs on Inducing Cd-MT. It was
reported that the UV adsorption peak of Cd-MT was about
250 nm [28], the maximum absorption was 255 nm for eluent
of accumulated Cd-MT mice liver in this work, and two
peaks in the curve of ABS-fractions could be observed, which
was similar to the results of exposure group to oMWCNTs
(Figure 3), but the second peak was lower than the first
elution peak and the detailed reasons would be discussed in
the following section.

However, the maximum absorption in elution was
260 nm for normal and single exposure groups (Figure 3) and
there was only one peak in ABS-fractions curve.The changes
of Cd content in elution of Cd-MT model and coexposure
groups were consistent with Cd-MT elution curve (Figure 4).
The results indicated that Cd could induce MT synthesis
and accumulate in liver in the form of Cd-MT, but single
oMWCNTs exposure could not induce MT synthesis. In
addition, after exposure of oMWCNTs to Cd-MT model
mice, oMWCNTs could affect the synthesis of Cd-MT.

3.3. The Effects of oMWCNTs on Cd Hepatotoxicity. The
results of Figure 5 showed the distribution of Cd content in
liver, kidney, and blood after exposure of different doses of
oMWCNTs to Cd-MT model mice. Compared with the Cd-
MT model group, the Cd contents were significantly lower
in liver, kidney, and blood of exposure groups (Figure 5(a),
∗
𝑃 < 0.05), indicating that oMWCNTs could release Cd
from Cd-MT in tissues; the Cd content of exposure group
to 100 𝜇g/mouse oMWCNTs was less than that of 500 and
750𝜇g/mouse for liver tissue, but higher than that for kidney
and blood, which showed that the low-dosage of oMWCNTs
had a stronger influence on Cd-MT in vivo. Because free Cd
was absorbed onto oMWCNTs and agglomerated in organ-
ism together with oMWCNTs, the influence of exposure
group to 750𝜇g/mouse oMWCNTs was obviously higher
than that to 500𝜇g/mouse.

The ALT content in blood plasma decreased after expos-
ing different doses of oMWCNTs to Cd-MT model mice
(Figure 6(a)), but the decreased tendency was weakening
with the increasing of oMWCNTs dose. For the exposure
group with 750𝜇g/mouse oMWCNTs, the ALT content
showed no difference with the Cd-MT model group. Com-
pared to the single oMWCNTs exposure group, the ALT
content of the coexposure group was significantly lower
(Figure 6(a)). For the 750 𝜇g/mouse exposure groups, the
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Figure 5: Release of Cd2+ from Cd-MT after exposure of different dosages of oMWCNTs to Cd-MT model mice. ((a) For Cd from liver, (b)
for Cd from kidney, and (c) for Cd from blood; ∗𝑃 < 0.05, groups versus MT group; $𝑃 < 0.05, groups versus normal group; &𝑃 < 0.05,
groups versus K-100𝜇g. 𝑛 = 6mice).
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Figure 6:The effects of oMWCNTs on Cd hepatotoxicity and renal toxicity. ((a) For the changing of alanine aminotransferase (ALT) and (b)
for the changing of aspartate aminotransferase (AST); ∗𝑃 < 0.05 for Normal-CNTs versus MT-CNTs at the same CNTs dose; &𝑃 < 0.05 for
groups versus MT-0𝜇g CNTs group; $𝑃 < 0.05 for groups versus Normal-0 𝜇g CNTs Groups; 𝑛 = 6mice).

ALT levels of single exposure group were lower than that of
coexposure group. As shown in Figure 6(b), when the expo-
sure concentration reached 500 𝜇g/mouse or 750 𝜇g/mouse
for Cd-MT model mice, the AST levels in blood plasma
began to decrease. However, compared with the single
exposure groups, the AST content of the coexposure groups
showed no significant difference, indicating that the impact
of oMWCNTs on the secretion of AST was poor for Cd-
MT model mice. As the histology of kidney and liver of all
groups shown (Figure 7), compared with the control group,
the histology indicated that the kidney tissue of MT group
and the liver tissue of single oMWCNTs exposure group
were minimal lesion disease, but the kidney of coexposure
group showed serious pathological changes, including tissue
edema, bleeding, and the karyotheca dissolved. And the
further investigation also showed that the TB content of
coexposure group to 100 𝜇g/mice or 500 𝜇g/mice oMWCNTs
was lower than that of single exposure to Cd or oMWCNTs
(Figure 8(a)); and after single exposure to normal mice with
different oMWCNTs doses, the BUN content in plasma
would be less than that in MT mice, which might reflect
the disorder of kidney, but the BUN level was almost close to
normal level (Figure 8(b)). And those results were according
to the result of histology.

4. Discussion

The present work studied preliminarily the behavior and
hepatotoxicity of heavy metal ions (Cd2+) in presence of
oMWCNTs in mice. It was proposed that the maximum
absorption peak appeared around 250 nm for Cd-MT [28]
and the results of the experiment illustrated that oMWCNTs
could not induce the liver of mice synthesis MT, and Cd2+
induced successfully Cd-MT synthesis in liver tissue in mice
(Figures 3 and 4). Yanjiao et al. reported that MT folded

into two separate domains (𝛼 and 𝛽) exhibiting different
structures and functions independently, and Cd preferred to
bindwith𝛼 domains compared to𝛽 domains. In addition, the
absorption peak for 𝛽 domains at 254 nm was less significant
than that for 𝛼 domains [29]. This may be the reasons that
the elution curve shows two different strength peaks for the
Cd-MT model and coexposure groups (Figure 4(b)).

Our previous works indicated that oMWCNTs accu-
mulated mainly in liver, lung, spleen, and kidney in mice
after injection intravenously [15]; and Cd2+ accumulated
in liver and kidney in the form of Cd-MT in vivo [10].
The authors chose the changes of Cd2+ content in blood,
liver, and kidney to investigate the influence of oMWCNTs
on Cd-MT in mice. After oMWCNTs exposure to Cd-MT
model mice, oMWCNTs interacted with the accumulated
Cd-MT in liver and kidney and then released Cd2+ from
Cd-MT into blood circulatory system (Figure 5). Most of
free Cd2+ would be eliminated through circulatory system,
leading to the decrease of Cd2+ in blood, liver, and kidney
and increase of toxicity of Cd2+ in kidney, which could
be seen from the histology of the kidney and liver tissue
(Figure 7) and the level of BUN and TB; but another part
of Cd2+ adsorbed onto oMWCNTs continued to accumulate
in tissues together with oMWCNTs. Because the content of
oMWCNTs in liver increased with the increase of injection
dosage of oMWCNTs, more free Cd2+ ions retained together
with oMWCNTs in the liver, resulting in the decrease of Cd2+
content in the kidney (Figure 5). However, when the Cd-
MT model mice were exposed to 750𝜇g/mouse oMWCNTs,
oMWCNTs were intercepted in lungs for the aggregation of
high concentrations of oMWCNTs [30], and less oMWCNTs
entered into liver and kidney; thus the effect on Cd-MT was
reduced (Figure 5).

It was reported that oMWCNTs would be retained for
long time in liver, lung, spleen, and other tissues after
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Figure 8: The effects of oMWCNTs on Cd renal toxicity. ((a) For the changing of total bilirubin (TB) and (b) for the changing of blood urea
nitrogen (BUN); ∗𝑃 < 0.05 for Normal-CNTs versus MT-CNTs at the same CNTs dose; &𝑃 < 0.05 for groups versus Normal-0 𝜇g CNTs
group; $𝑃 < 0.05 for groups versus MT-0𝜇g CNTs groups; 𝑛 = 6mice).

entering into body and damaged the tissues through inducing
inflammation, granuloma, cell apoptosis and DNA damage,
and so on [18, 20]. Cd2+ stimulated the liver and kidney to
produceMT after exposure and was accumulated in the form
of Cd-MT in tissues. After oMWCNTs exposure to Cd-MT
model mice, oMWCNTs could release Cd2+ from Cd-MT in
liver into circulation system, and then Cd2+ was eliminated
out from body to decrease its accumulation in liver. The
Cd2+ hepatotoxicity was decreased for liver (Figures 5 and
6), but the released Cd2+ ions could enter into kidney and
increase their damage to kidney (Figures 7 and 8). Some
researchers also found that some proteins would combine
with oMWCNTs in vivo, which could improve the biological
compatibility and metabolic capacity of oMWCNTs and the
biological toxicity of oMWCNTs was reduced [31].Therefore,
authors thought that MT as a kind of protein released
from Cd-MT could bind with oMWCNTs to decrease the
hepatotoxicity of oMWCNTs, leading to the fact that the
content of ALT/AST/TB in plasma of Cd-MT model mice
group was lower than that of single exposure to normal mice
group with different oMWCNTs doses (Figures 6 and 8(a)).
The detailed mechanism needs to be further investigated.
Because the Cd2+ could be released from Cd-MT and the
MT combined with oMWCNTs, the coexposure of Cd2+
and oMWCNTs to mice could decrease the hepatotoxicity
significantly compared to single exposure. However, when
the coexposure dosage of oMWCNTs was 750𝜇g/mouse,
most parts of oMWCNTs were retained in the lung tissue,
which could reduce their damage to liver, and so their
negative effects were less than those of low doses (100𝜇g/mice
or 500𝜇g/mice) exposure groups.

5. Conclusion

The model mice with Cd-MT were made via injection with
Cd2+ and then they were exposed to different dosages of

oMWCNTs. The results showed that oMWCNTs could cause
Cd2+ releasing from the accumulated Cd-MT. After the
oMWCNTs and Cd2+ were injected together or respectively,
the content changes of ALT, AST, TB, and BUN in plasma
and the histology of liver and kidney both indicated that the
hepatotoxicity of coexposure was lower than that of single
exposure. It can be deduced thatMT could be connected with
oMWCNTs to reduce their hepatotoxicity, but the detailed
mechanisms needed further study.
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Nanotechnology has emerged as one of the leading fields of the science having tremendous application in diverse disciplines. As
nanomaterials are increasingly becoming part of everyday consumer products, it is imperative to assess their impact on living
organisms and on the environment. Physicochemical characteristics of nanoparticles and engineered nanomaterials including
size, shape, chemical composition, physiochemical stability, crystal structure, surface area, surface energy, and surface roughness
generally influence the toxic manifestations of these nanomaterials.This compels the research fraternity to evaluate the role of these
properties in determining associated toxicity issues. Reckoning with this fact, in this paper, issues pertaining to the physicochemical
properties of nanomaterials as it relates to the toxicity of the nanomaterials are discussed.

1. Introduction

Nanotechnology is being considered as the next step logical
in integrating technology based science with other sister dis-
ciplines including biology, chemistry, and physics [1]. Royal
Society and Royal Academy of Engineering have defined
“nanoscience” as the study of phenomena and manipulation
of materials at atomic, molecular, and macromolecular scales
while nanotechnology has been defined as the design, charac-
terization, production, and application of structures, devices
and systems by controlling shape and size at nanometre
scale [2]. Current nanotechnology is the building device of
microscopic or even molecular size, which will potentially
be benefiting medicine, environmental protection, energy,
and space exploration [3–6]. In the last few years, the
term “nanotechnology” has been inflated and has almost
become synonymous for objects that are innovative and
highly promising [5, 7–9]. A more generalized description
of nanotechnology could be manipulation of matter with at
least one dimension of size from 1 to 100 nanometres, namely,

nanomaterials. Intriguingly, these nanomaterials embody
distinctive physicochemical and biological properties com-
pared to their conventional counter parts which endow them
their beneficial characteristics.

In the recent scenario, researches engrossing different
nanoparticles are evolving at a tremendous pace owing to
which engineered nanomaterials (ENMs) are increasingly
becoming part of daily life in the form of cosmetics, food
packaging, drug delivery, therapeutics, biosensors, and so
forth and, with these, unprecedented avenues for exposure
of nanoparticles (NPs) to environment and living beings are
increasing [10]. The increasing exposure of nanomaterials
makes it imperative to assess the toxic effect of nanoparticle
based materials; moreover, as the physical and chemical
characteristics of nanomaterials influence the properties
of nanoparticles, it is also more imperative to evaluate
the physicochemical properties of nanomaterials including
size, surface area, solubility, chemical composition, shape,
agglomeration state, crystal structure, surface energy, surface
charge, surfacemorphology, and surface coating and also role
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of individual characteristic property in imparting toxic man-
ifestations. Reckoning with these facts, in this review, an
attempt has been made to analyse the corelation of these
physicochemical properties with the toxicity of engineered
nanomaterials.

It is in general consensus that nanoparticles exhibit toxic
manifestations through diversemechanisms and can result in
allergy, fibrosis, organ failure, nephrotoxicities, haematologi-
cal toxicities, neurotoxicities, hepatological toxicities, splenic
toxicities, and pulmonary toxicities, among others [11–14].

2. Physicochemical Properties of
Nanoparticles and Their Effect on Toxicity

As a matter of fact, nanomaterials have unique properties
relative to bulk counterpart which impart them beneficial
characteristics; ironically, they may also bestow them with
unique mechanisms of toxicity. In general, toxicity has been
thought to originate from nanomaterials’ size and surface
area, composition, shapes, and so forth as reviewed in the
following sections.

2.1. Size and Surface Area of the Particles. Particle size and
surface area play a major role in interaction of materials
with biological system. Seemingly, decreasing the size of the
materials leads to an exponential increase in surface area
relative to volume, thereby making the nanomaterial surface
more reactive on itself and to its contiguous milieu. Of
note, particle size and surface area dictate how the system
responds to, distributes, and eliminates the materials [15].
It has been established that various biological mechanisms
including endocytosis, cellular uptake, and efficiency of parti-
cle processing in the endocytic pathway are dependent on size
of the material [12, 16]. Various researchers have evaluated in
vitro cytotoxicity of NPs of different size employing various
cell types, culture conditions, and exposure times [17, 18];
however, their in vivo evaluation is difficult owing to their
more complex nature in the biological systems and requires
more comprehensive understanding of the particles [19],
though various authors have evaluated their toxicity issues
in biological systems employing various in vivo models. In
general, the size dependent toxicity of nanoparticles can be
attributed to its ability to enter into the biological systems [20]
and then modify the structure of various macromolecules
[21], thereby interfering with critical biological functions.

One of the major mechanisms for in vivo toxicity of the
ENMs is through the generation of oxidative responses by
formation of free radicals, in which size has a decisive role
to play as highlighted by many authors that the smaller the
size the more able it is towards formation of ROS. These free
radicals have been known to impart hazards to biological
systems mainly through DNA damage, through oxidation of
lipids, and by ensuing of inflammatory responses.

Furthermore, several studies employing diverse class
of nanoparticles showed that surface area is also critical
factor in displaying toxic manifestations (lung and other
epithelial-induced inflammatory responses) in rodents [22].

With decrement in size of nanoparticles, surface area
increases which causes a dose dependent increment in oxi-
dation and DNA damaging abilities of these nanomaterials
[23] much higher than larger particles with the same mass
dose [24].

Nanoparticle size also dictates their pharmacological
behaviours. It has been observed that NPs smaller than
50 nm (administrated by intravenous injection) transverse
quickly to nearly all tissues and impart potentially toxic
manifestations in various tissues; on the other hand, NPs
greater than 50 nm (in particular 100–200 nm positively
charged particles) are readily taken up by RES which refrain
their path to other tissues [25]. Although the clearance by
reticuloendothelial system (RES) safeguard other tissues, it
makes RES organs such as the liver and spleen asmain targets
of oxidative stress.

Several toxicological studies have demonstrated that
smaller nanoparticles of dimensions <100 nm cause adverse
respiratory health effects compared to larger particles of
the same material [24, 26]. Inhaled particles of different
sizes exhibit different fractional depositions within human
respiratory tract. It has been observed that ultrafine particles
with diameters <100 nm deposits in all regions, whereas
particles <10 nm deposits in the tracheobronchial region,
while particles between 10 and 20 nm deposits in the alveolar
region [27]. As a result, the translocation or distribution of
NPs has been found to be size dependent, which in turn
decide their toxicities issues.

Kreyling et al. [28] showed that instillation of Ir192-
particles of 80 nm resulted in accumulation in the rat liver
with an extent of 0.1% of total amount, while particles of
15 nm size displayed increased accumulation to an extent of
0.3–0.5%. Moreover, it has been observed that when smaller
particles are retained in the respiratory tract for longer
duration it leads to increased translocation to the pulmonary
interstitium with impairment of alveolar macrophages func-
tion. Redistribution of NPs from their site of deposition [29]
or deposition into renal tissues and escape from normal
phagocytic defences [30] may also lead to toxicity.

Moreover, size of nanoparticles also influences their oral
toxicity. In general, the oral toxicity increases with decreasing
size. In one of the studies, it was observed that oral toxicity
of copper nanoparticles increased with decreasing size. More
importantly, larger particles were nontoxic even at higher
doses, whereas smaller particles were moderately toxic [31].

Furthermore, employing zebrafish as a model to evaluate
the in vivo toxicity of different gold and silver nanoparticles
in the size range of 3, 10, 50, and 100 nm, the researchers
reported that AgNPs produce size dependent mortality,
whereas, interestingly but not surprisingly, the behaviour of
Au NPs was independent of size [31]. Moreover, in concor-
dance with this study, a similar correlation was observed for
the large-sized cyanoacrylate nanoparticles, in which toxicity
was dependent on the chemical properties and molecular
chain length and was independent of particle size [32];
however vice-versa was true in case of small-sized poly-
acrylate nanoparticles, wherein toxic manifestations were
independent of chemical chemistries.
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It implies that although size and surface area are impor-
tant factors in determining toxicity of nanoparticles other
factors such as chemical nature of the constituents may also
contribute to the intrinsic toxicity of the nanoparticles.

2.2. Effect of Particle Shape and Aspect Ratio. There has
been flurry of major advancement in the understanding of
interplay between particle size and shape for development
of more efficacious nanomaterial based targeted delivery
system; nevertheless, this also reenforces that their untoward
effects should also be examined. As well depicted in Figure 1,
nanomaterials come in varied shapes including fibres, rings,
tubes, spheres, and planes.

Shape dependent toxicity has been reported for myr-
iads of nanoparticles including carbon nanotubes, silica,
allotropies, nickel, gold, and titanium nanomaterials [33–
36]. Basically, shape dependent nanotoxicity influences the
membrane wrapping processes in vivo during endocytosis or
phagocytosis [37]. It has been observed that endocytosis of
spherical nanoparticles is easier and faster as compared to rod
shaped or fibre like nanoparticles [38] and more importantly
spherical nanoparticles are relatively less toxic irrespective of
whether they are homogenous or heterogeneous [39]. Non-
spherical nanomaterials are more disposed to flow through
capillaries causing other biological consequences [40]. Stud-
ies have shown that rod shaped SWCNT can block K+ ion
channels two to three times more efficiently than spherical
carbon fullerenes [41]. Of note, theshape dependent toxicity
of silica allotropies is evident by fact that amorphous silica is
used as food additive while as crystalline silica is suspected
human carcinogen [33]. Similarly, it has been shown that
uptake of gold nanorods is slower than spherical nanospheres
[35] and uptake of nanorods reaches maximum when aspect
ratio approaches unity [42]. It has been observed that TiO

2

fibres are more cytotoxic than spherical entities [43].
Moreover, it has also been observed that the higher the

aspect ratio, the more the toxicity of particle [44]. In case
of asbestos induced toxicity, it was observed that asbestos
fibres longer than 10 microns caused lung carcinoma while
fibres>5microns causedmesothelioma andfibres>2microns
caused asbestosis [45] as longer fibre will not be effectively
cleared from the respiratory tract due to the inability of
macrophages to phagocytise them. Hamilton et al. [36]
showed that TiO

2
fibers with a length of 15mm are highly

toxic compared to fibers with a length of 5mm and initiate
an inflammatory response by alveolar macrophages in mice.
The toxicity of fibres with long aspect is closely related to
their plasma shelf life. The fibres that are sufficiently soluble
in lung fluid can disappear in a matter of months, while
the insoluble fibers are likely to remain in the lungs indef-
initely. It was also observed that long-aspect ratio particles
(SWCNTs) produce significant pulmonary toxicity compared
to spherical particles [46]. Further, long MWCNTs cause
inflammation of the abdominal wall after inta-abdominal
instillation, while no inflammatory responses were observed
in case of short MWCNT [47]. Accordingly, as the intricacies
of these phenomena increasingly unravel, they would cer-
tainly help towards implementation of safer nanotechnology
based systems.

2.3. Effect of Surface Charge. Surface charge also plays an
important role in toxicity of nanoparticles as it largely defines
their interactions with the biological systems. Various aspects
of nanomaterials such as selective adsorption of nanoparticles
[48], colloidal behaviour, plasma protein binding [49], blood-
brain barrier integrity, and transmembrane permeability are
primarily regulated by surface charge of nanoparticles [50].
Of note, positively charged nanoparticles show significant
cellular uptake compared to negatively charged and neutral
nanoparticles, owing to their enhanced opsonization by the
plasma proteins. Moreover, they have also been shown to
induce hemolysis and platelet aggregation [51] owing to
which causes severe toxicity to the system.

As surface charge is a major determinant of colloidal
behaviour, it specifically influences the organism response
upon exposure to nanoparticles by changing their shape and
size through aggregate or agglomerate formation [48]. For
example the toxicity of dendrimers is influenced by surface
charge and it has been observed that positively charged
PAMAM dendrimers (G4) exhibit time-dependent toxicity
toward zebrafish and mice embryos while anionic PAMAM
dendrimers display no toxic manifestations [52]. Similarly
positively charged Si nanoparticles (Si–NP–NH

2
) have been

shown to be more cytotoxic compared to neutral and neg-
atively charged Si nanoparticles which display minimal to
no cytotoxicity issues [53]. Pietroiusti et al. found that acid
functionalized SWCNTs exhibits marked embryo toxic effect
compared to pristine SWCNTs in pregnantmicemodels [49].

It has also been observed that surface charge of nanopar-
ticles alters blood-brain barrier integrity and transmembrane
permeability. In this regard, it was found that the negatively
charged NPs in the size range of 50 to 500 nm permeate skin
after dermal administration, whereas no such effects were
seen for positively charged and neutral particles irrespective
of their sizes. Basically, NPs of 50 nmpermeate the skin due to
the small size and large specific surface area, whereas 500 nm
particles permeate the skin because the high number and
density of charged groups lead to a high charge concentration
that overcomes the skin barrier [54].

As the interactions of NPs with the biological systems
are largely influenced by their surface charge, the research
fraternities have employed various amendments to shield or
modulate their surface characteristics so as to reduce their
toxic manifestations, a glimpse of which has been provided
in the later part of the paper.

2.4. Effect of Composition andCrystalline Structure. Although
it has been emphasized that particle size plays significant
role in deciding toxicity of nanoparticles, we cannot simply
ignore studies exemplifying comparable toxicities for diverse
nanoparticles chemistries having the same dimensions.These
studies highlight that the composition and crystalline struc-
ture of nanoparticles also influence their toxicity issues. In a
study byGriffitt et al. [55] using zebrafish, daphnids, and algal
species as models of various trophic levels it was observed
that nanosilver and nanocopper with their soluble forms
caused toxicity in all tested organisms, whereas TiO

2
of

the same dimensions did not cause any toxicity issues [55],
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thus emphasizing role of compositions in determining the
toxicities of NPs.

Crystal structure also influences the toxicity of nanopar-
ticles and it has been observed that rutile TiO

2
nanopar-

ticles induce oxidative DNA damage, lipid peroxidation,
and micronuclei formation in the absence of light, whereas
anatase nanoparticles of the same size and chemical compo-
sition did not [26]. Besides, nanoparticles can change crystal
structure after interaction with water or other dispersion
medium. It has been reported that ZnS nanoparticles become
more ordered in the presence of water by rearranging their
crystal structure and become more close to the structure
of a bulk piece of solid ZnS [56], thereby embarking that
the solvent also has a role in the manifestations of toxicities
displayed by the nanoparticulate systems as detailed later in
the text.

2.5. Effect of Aggregation and Concentration. The aggrega-
tion states of nanoparticles also influence their toxicities.
Basically, the aggregation states of NPs depend on size,
surface charge, and composition among others. It has been
observed that carbon nanotubes are mainly accumulated in
liver, spleen, and lungs withoutmanifesting any acute toxicity
but induce cytotoxic effects mostly because of accumulation
of aggregates for longer periods [57]. Agglomerated carbon
nanotubes have more adverse effects than well-dispersed
carbon nanotubes and enhance the pulmonary interstitial
fibrosis [58]. Moreover, generally, it has been observed that
with increase in the concentration of nanoparticles, the
toxicity decreases at higher concentration.

2.6. Effect of Surface Coating and Surface Roughness. The
surface properties of particles have significant role on toxicity
of nanoparticles as they play a critical role in determining
the outcome of their interaction with the cells and other
biological entities. Surface coating can affect the cytotoxic
properties of nanoparticles by changing their physicochem-
ical properties such as magnetic, electric, and optical prop-
erties and chemical reactivity [17, 59] and can alter the
pharmacokinetics, distribution, accumulation, and toxicity
of nanoparticles. It has been known that the presence of
oxygen, ozone, oxygen radicals and transition metals on
nanoparticle surfaces leads to the generation of ROS and the
induction of inflammation by these systems [23, 24, 60]; these
certainly influence their associated toxicities issues. To this
end, more specifically, Fubini et al. [61] have shown that the
specific cytotoxicity of silica is strongly associated with the
occurrence of surface radicals and reactive oxygen species on
their surfaces.

However, on the other side of coin, surface coating could
also be employed to reduce the toxicity issues of the nanopar-
ticles. In general, surface coating canmitigate or eliminate the
adverse effects of nanoparticles. In particular, proper surface
coating can lead to stabilization of nanoparticles as well as
elude release of toxic ions from nanomaterials [62].

To this end, surface modifications of NPs employing
hydrophilic and flexible polyethylene glycol (e.g., pegyla-
tion) and other surfactant copolymers (e.g., poloxamers and
polyethylene) have been considerably used by the research
fraternity off late in this advancing field of nanotechnology
to stabilize nanoparticulate systems in biological milieu.
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Although PEG imparts long circulatory time to the nanopar-
ticulate systems mainly by stabilising them in biological
system, they could not be indiscriminately used and, more
importantly, they have to be chosen with caution, as studies
have shown that particles coatedwith lowermolecular weight
PEGwere quickly eliminated from circulation after injection,
whereas QDs coated with highmolecular weight remained in
the blood circulation for longer time [63].

Surface coatings are important for QDs to render them
nontoxic as metallic core of QDs is hydrophobic and is
composed of heavy toxic metals like cadmium. In general,
secondary coating is needed to increase the QD core’s dura-
bility, prevent ion leaching, and increase water dispersibility
[64]. However, care should be takento choose appropriate
coating agents, as weaker surface coatings are prone to
oxidative or photolytic degradation leading to exposure of
the metalloid core, which may be toxic or can pave the way
for unforeseen reactions inside the body [65]. Intriguingly,
Chen and Gerion [66] developed silanized QDs (QDs coated
with silica) embodying attributes of lack of genotoxicity issues
owing to their least interaction with proteins and DNA.
Moreover, various biocompatible polymers have also been
widely used as coating materials for SPIONs to avoid their
toxicity issues [67].

Furthermore, in selecting the appropriate coating mate-
rial, charge of the coating agent should also be considered.
As already discussed that the charge of nanoparticles plays
important role in influencing their toxic behaviours, on this
line, it has been observed that QDs coated with negatively
charged serum protein albumin show a higher liver uptake
and faster blood clearance relative to the QDs without albu-
min [68, 69]. Coatings and functionalization can also reduce
the in vivo toxicity of carbon nanotubes [70]. Moreover, it
has also been demonstrated that spherical gold nanoparticles
with various surface coatings have been found to be nontoxic
to human cells [71, 72].

Furthermore, as the attributes of nanoparticles such as
surface roughness, hydrophobicity, and charge of nanoparti-
cles influence the phenomena of cellular uptake of nanopar-
ticles [73], they indeed influence the toxicity associated with
nanoparticles. Surface coarseness dictates the strength of
nanoparticle-cell interactions and promotes cell adhesion.
Pore structure is critical in cell-nanoparticle interactions. It
has been demonstrated that size dependent hemolysis effect
of mesoporous silica nanoparticles is only observed when
the nanoparticles have long range ordered porous structure
[74, 75]. De Angelis et al. [75] showed that nanoporous
silicon NPs with a pore size of about 2 nm do not have
any toxicity in mouse-models with no histological evidence
of tissue pathology. Similarly Park et al. [76] observed that
luminescent porous silicon nanoparticles did not show any
toxicity in animal models.

2.7. Effect of Solvents/Media. Medium/solvent conditions
have been known to affect particle dispersion and agglom-
eration state of nanoparticles, which in turn have effect on
their particle size, thereby influencing the toxicity associated
with nanoparticles. It has been observed that particles of

TiO
2
, ZnO, or carbon black have significantly greater size in

PBS than in water; moreover, it is also in general consensus
that NPs display different diameters in biological milieu
[77, 78]. Accordingly, the toxic effects of nanoparticles show
variation depending upon themedium composition in which
the nanoparticles are suspended; in another way round,
the same nanoparticles exhibit different toxic manifestations
when dissolved in different mediums [79, 80]. Although,
the dispersing agent may improve the physicochemical and
solution properties of nanomaterials formulations, they may
also adversely affect the toxicity of nanomaterials.

3. Conclusion

Nanotechnology is being envisaged as burgeoning field with
many potential human health benefits andwith rapid upsurge
in the field; it becomes increasingly imperative to evaluate
the toxicities issues associated with these nanomaterial based
products.

While the toxicity of bulk materials is affected mainly by
their composition, however, in case of nanomaterials, addi-
tional physicochemical properties such as size, surface area,
surface chemistry, surface roughness, dispersion medium,
and ability to agglomerate play vital role in determining their
toxicity. With newer nanomaterials based products being
introduced in the market on daily bases, there is urgent
need to reduce the knowledge gap between the physico-
chemical properties and their influence on the manifestation
of toxicities issues. This will certainly pave ways towards
maneuvering these physicochemical properties for their safer
implementation in diverse fields.
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Single-walled carbon nanotubes (SWCNTs) and various modified SWCNTs have drawn a lot of attention due to their potential
applications in biomedical field. Before further moving on to real clinical applications, hydrophobicity and toxicity of SWCNTs
should be investigated thoroughly. In this paper, 2-methacryloyloxy ethyl phosphorylcholine (MPC) was adopted to modify
SWCNTs and phosphoryl choline was grafted onto SWCNTs as small molecule moieties and polymeric chains, which made
SWCNTs dispersed stably both in water and in cell culture medium for a long time. Cytotoxicity of pristine and modified SWCNTs
were assayed upon successful preparation of the designedmodified SWCNT. Furthermore, the internalization of SWCNTs by three
cells was investigated using a live cell station under normal culture temperature (37∘C) and low temperature (4∘C). The results
showed that the internalization of modified SWCNTs was related to both the active transport and the passive transport. Although
the modification with phosphoryl choline remarkably reduced the cytotoxicity of SWCNTs, the results were probably due to other
reasons such as the decrease in the ratio of cells which internalized modified SWCNTs since the cells without SWCNTs occupation
still exhibited normal states.

1. Introduction

Since the discovery of carbon nanotubes (CNTs) by Iijima
in 1991 [1], both multiwalled CNTs and single-walled CNTs
(SWCNTs) have drawn a lot of attention in different
areas, among which biomedical engineering is one of the
most prominent CNTs [2–7]. However, CNTs are not sol-
uble or even dispersible in water due to their inclination
of aggregation which resulted from their hydrophobicity.
This phenomenon is especially troublesome to SWNTs by
severely impeding their potential improvements for biomed-
ical devices. Moreover, the concerns on the toxicity of
nanomaterials including CNTs [8–12] are another problem
that needs to be solved before real clinical application of
CNTs as biosensor, drug delivery, and biomedicines. In order
to deal with these problems, various physical and chemical
modifications [13] onCNTs have been carried out for the pur-
pose of improving their solubility in water, which will in turn
partially resolve toxicity issue. For example, hydroxyl group

[14], carboxyl group [15], polyethylene glycol [16–22], amino
group [23], poly(allylamine) [24], DNA or RNA [25, 26],
and many others [13, 27] have been used to functionalize
CNTs.Meanwhile, the studies on the toxicities, bioeffects, and
environment health risks about CNTs have also made great
progresses in the past few years; the studies themselves have
moved from in vitro model and statistical assay to in vivo
animal studies and mechanisms investigations [11, 28–31].

Many researchers have been focusing on the cytotoxicity
of CNTs and quite a few papers have been published, but con-
troversies have been seen in their studies. For example, some
studies showed that CNTs decrease cell viability [9, 32–34]
and upregulate genes associated with inflammation and
apoptosis [34–37], while others have shown minimal or no
decrease in cell viability [38, 39]. As a result, it is exceptionally
difficult to evaluate CNTs toxicity based on current existing
data. To make the case even more complicated, the designs
of toxicity studies, such as the physicochemical characteri-
zations [40], cytotoxicity assays [41], and the definition of
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toxicity itself [42], have aroused controversies. Unfortunately,
despite the complexity and expense of evaluating toxicity
of various CNTs modifications, it is essential to establish
a general relationship between cytotoxicity and physico-
chemical properties of nanotubes as a method to lower
the risk of commercializing CNTs biomedical devices. The
establishment of cytotoxicity-physicochemical property rela-
tionship requires simultaneous material characterization and
standardized toxicity evaluations. Deliberately documented
and well-defined studies will also induce helpful mechanistic
understanding of nanomaterial toxicity [43].

In our previous studies [44–46], phosphoryl cholinemoi-
eties were grafted ontoMWCNTs and then cytotoxicity of the
modified CNTs was evaluated in cell and mice. It was found
that the functionalization on MWCNTs with phosphoryl
choline significantly reduced the toxicity of CNTs.Our results
indicated that phosphoryl choline moiety was a valuable
modifier forCNTs regarding their biomedical applications. In
this paper, the similar modification was applied on SWCNTs;
not only the basic cytotoxicity evaluation, but also the cell
internalization mechanism was discussed.

2. Experimental

2.1. Materials. SWCNTs were purchased from Shenzhen
Nano-Technologies Port Co., Ltd. (Shenzhen, China) which
were prepared via chemical vapor deposition (CVD) with
La–Ni catalyst and the purity is no less than 97% with
about 3% amorphous carbon. 2-Methacryloyloxy ethyl phos-
phorylcholine (MPC) without inhibitor was supplied by
Joy-Nature Institute of Technology (Nanjing, China) with
purity at 96% and used as received. The other chemicals,
including sulfuric acid (H

2
SO
4
), nitric acid (HNO

3
), thionyl

chloride (SOCl
2
), ethanolamine (HOCH

2
CH
2
NH
2
), ethane-

diamine (NH
2
CH
2
CH
2
NH
2
), 2-bromoisobutyryl bromide

((CH
3
)
2
CBrCOBr), triethylamine (TEA, (C

2
H
5
)
3
N), tetrahy-

drofuran (THF), cuprous bromide (CuBr), and dimethylsul-
foxide (DMSO), were purchased from Sinopharm Chemi-
cal Reagent Co. (Shanghai, China) and purified according
to references [47] if necessary. Fluorescein isothiocyanate
(FITC) was purchased from Aladdin Industrial Corporation
(Shanghai, China).

Human umbilical vein endothelial cells (HUVEC) were
obtained from Lifeline Cell Technology Co. (distributed
by Beijing Qingyuanhao Biologics, Beijing, China). While
cell lines of murine macrophage RAW264.7 and murine
fibroblast L929 were obtained from the ATCC (distributed
by Beijing Zhongyuan Limited, Beijing, China), Dulbcco’s
Modified Eagle’s medium (DMEM, with 4500mg/L-glucose
and L-glutamine) and VEGF LS-1020 culture medium were
purchased from Thermo Fisher Scientific China Branch
(Shanghai, China). Fetal bovine serum (FBS) was purchased
from Hangzhou Sijiqing Biological Engineering Materials
Co., Ltd. (Hangzhou, China), which was heat inactivated for
30min at 56∘C and then stored at −20∘C before use. 0.25%
trypsin-EDTA (1X) with phenol red, penicillin/streptomycin
(100X), was purchased from Life Technologies Co., Shanghai
Branch (Shanghai, China). Cell Counting Kit-8 (CCK-8)

was purchased from Dojindo Molecular Technologies, Inc.
(Shanghai, China).

2.2. Instruments and Methods. The X-ray photoelectron
spectra (XPS) of SWCNT-PC were recorded on a VG Sci-
entific ESCALab MK-II spectrometer (West Sussex, Eng-
land) equipped with a monochromatic Mg-K𝛼 X-ray source.
Raman spectra were recorded on a JY HR800 laser Raman
spectroscopy (Jobin Yvon Ltd., France). Thermogravimetric
analysis (TGA) was done with a PE Pyris 1 thermogravimetor
(PerkinElmer Life and Analytical Sciences, Inc., MA, USA)
in a N

2
atmosphere at heating a rate of 20∘C/min from

room temperature to 600∘C. The content of metal and
other impurity elements were recorded on ARL-9800 X-
ray fluorescence spectrometer (ARL Ltd. Switzerland). The
micromorphology images were taken on a JEM-2100 (JEOL
Ltd., Tokyo, Japan) transmission electronmicroscope (TEM).
The cells used in cytotoxicity evaluations were cultivated in
a CO

2
incubator (Heracell model 150i; Thermo Scientific,

MA, USA) and the evaluations were carried out with a RT-
6000 microplate reader (Rayto Ltd., Shenzhen, China) at a
wavelength of 450 nm. The photographs were taken on an
Axio Scope A1microscope (Zeiss Ltd. Germany) with a water
immersion/dipping lens (Zeiss W Plan-Apochromat 40x/1.0
DIC VIS-IR objective).

2.3. Preparation of Samples. Two kinds of phosphoryl choline
moieties modified SWCNTs were prepared according to
the synthesis routes shown in Scheme 1. SWCNT-PC was
synthesized following the steps including carboxylation,
chloroacetylation, and amidation of SWCNTs; the brief reac-
tion condition was presented in Scheme 1(a) and the details
were described in reference [45]. For the step of Michael
addition of MPC, ethanediamine grafted SWCNTs (100mg)
were reacted with MPC (1 g) in anhydrous ethanol (100mL)
for 48 hours at room temperature and then precipitated,
centrifuged, and washed with acetone for three times to
eliminate the unreacted reagents. In the final products,
the phosphoryl choline moiety was grafted onto SWCNTs
as a small molecule structure. As for SWCNT-PCn, the
phosphoryl choline moiety was grafted onto SWCNTs as a
polymeric chain on the grafting point of SWCNTs following
the atom transfer radical polymerization (ATRP) of MPC as
described by Narain et al. [48] and Zhu et al. [49] and briefly
presented in Scheme 1(b).

In order to investigate the cell uptake of modified SWC-
NTs, FITC was connected to the modified SWCNTs utilizing
the residual second amine groups. In the label process,
SWCNT-PCn was dispersed in deionized water at concentra-
tion of 20mg/mL and the dispersion was modulated to pH
9; freshly prepared FITC/DMSO (1mg/mL) was added and
kept stirring for 24 hours in dark at 4∘C. The reactants were
dialyzed with deionized water for a week and then vacuum
dried and marked as SWCNT-PCn-FITC.

2.4. Cell Cultivation. RAW264.7 and L929 cells were inoc-
ulated into DMEM culture medium containing 10% FBS
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Scheme 1: Synthesis routes of SWCNT-PC and SWCNT-PCn.

and 1% penicillin/streptomycin in 25 cm2 cell culture flasks
and incubated at 37∘C with 5% CO

2
. In the culture of

HUVEC, the cells were suspended in VEGF LS-1020 culture
medium. When the cells adhered to and overspread on the
plate, the culture medium was removed and 0.25% trypsin-
EDTA solution was added. After 2-3min the digestion was
terminated by adding DMEM culture solution containing
10% FBS; the solution was bubbled to form a single-cell
suspension and then diluted and counted. The viable cells
were planted at a density of 5 × 103/mL and cultivated for
24 hours before the cells in exponential phase of growth
and were exposed to pristine SWCNTs, SWCNT-PC, and
SWCNT-PCn.

2.5. Assessment of Cytotoxicity. Pristine SWCNTs, SWCNT-
PC, and SWCNT-PCn were dispersed in water by ultra-
sonication at a concentration of 10mg/mL. To overcome
the poor dispersibility of SWCNTs in water, the surfactant
SDS was added at a concentration of 0.1mg/mL, while no
surfactant was added to the SWCNT-PC and SWCNT-PCn
dispersion. Then five dilutions, 5, 10, 20, 40 and 80𝜇g/mL, of
the pristine SWCNTs, SWCNT-PC, and SWCNT-PCn were
vortex-mixed, respectively, and each sample was added to
each well of multiwell plates (200 𝜇L/well in 96 multi-well
plates) and cultured for 24 h at 37∘C. The supernatants were
removed, and 0.01mol/L PBS was used to clean the SWCNT
residue. Then 20𝜇L of 5mg/mL CCK-8 in culture medium
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Table 1: Physicochemical characterization of the SWCNTs and modified SWCNTs.

Pristine SWCNTs SWCNT-PC SWCNT-PCn
Diameter (nm) 3–5 3–5 3–5
Length (𝜇m) 5–15 5–15 5–15
Purity (%) 97.52 98.76 98.94
Zeta potential in H2O (mV) −36.7 −12.4 −10.5
Metal impurities (ppm) Fe 152, Ni 89 Fe 110, Ni 56 Fe 106, Ni 54, Cu 87

was added to each well and incubated for another 1 h at 37∘C.
The absorbance of the solution at 450 nm was recorded with
a Rayto RT-6000 microplate reader. Every experiment was
performed in sextuplicate.

2.6. Fluorescent Microscopy Investigation. The viable cells
were planted at density of 5 × 103/mL in 6 cm cell culture
dishes (5mL/dish) and cultivated for 5 h; then 10𝜇L SWCNT-
PCn-FITC dispersions (10 𝜇g/mL) were added to each dish
and continued being cultured at 37∘C or 4∘C. At 4th hour and
20th hour, the cells were investigated under microscopy with
a live cell station which could control the temperature and
CO
2
concentration, and the photographs were taken with a

water immersion/dipping objective lens.

3. Results and Discussion

3.1. Sample Preparation and Characterizations. The samples
used in this study were firstly characterized for their size,
purity, Zeta potential, and metal impurities. The results were
summarized in Table 1.

3.1.1. XPS Analysis of SWCNTs and Modified SWCNTs. The
XPS of pristine SWCNTs, SWCNT-PC, and SWCNT-PCn
was recorded to confirm the linkage between different ele-
ments. Figure 1 shows the survey scans and the region scans of
SWCNT, SWCNT-PC, and SWCNT-PCnwhich confirms the
existence of carbon, oxygen, nitrogen, and phosphorus ele-
ments in modified SWCNTs. But for pristine SWCNTs, only
carbon and very seldom oxygen due to the structure defect
could be observed. It indicated the successful introduction
of phosphoryl choline moieties in SWCNT-PC and SWCNT-
PCn samples. For both phosphoryl cholinemoietiesmodified
samples, the O1s XPS spectrum showed a peak at the binding
energy of 532.0 eV that belonged to the single bonds of C–O
and/or P–O bonds and the humps at the binding energy of
530 eV which was the contribution of double bonds of C=O
and/or P=O bonds [50]. Moreover, the higher ratio of double
bonds to single bonds in SWCNT-PCn demonstrated that
there are more phosphoryl choline structures, which in turn
confirmed the existence of polymerized PC chain structure.
Similar to O1s spectrum, the binding energy hump at 402 eV
on the N1s XPS spectrum corresponded to N–H bonds in
SWCNT-PC and SWCNT-PCn, while the binding energy
peak at 399 eV corresponded to C–N bonds. A distinct peak
for phosphorus 2p at 132.5 eV confirms the presence of the
phosphorus containing bonds in both samples. The higher

peak in SWCNT-PCn also proved the repeated structure of
PC moieties.

3.1.2. Raman Spectrum Inspection. The existence of covalent
functionalization can be inspected by Raman spectra [17]. As
shown in Figure 2(a), the Raman spectrum of the SWCNTs
exhibits a tangential mode (G band) at 1590 cm−1 and a
relative weak disorder mode at 1300 cm−1 (D band) that was
probably caused by defects formed during either the synthesis
or the purification of the nanotubes. After modification,
the relative intensity of the G band at 1590 cm−1 decreased,
corresponding to the covalent attachment of the functional
groups. If D/G ratio was defined as the ratio of the integrated
peak area of D bands divided by the integrated peak area of G
bands, it could be found that the largerD/G ratio for SWCNT-
PCn and SWCNT-PC (from 3.38 of SWCNT-PCn to 1.07 of
SWCNT-PC and to 0.78 of SWCNT) implies that the reaction
with phosphoryl choline moieties leads to a higher level of
functionalization.

3.1.3. Thermogravimetric Analysis. The TGA curves of raw
SWCNTs and modified SWCNTs were recorded and shown
in Figure 2(b). In the total heating process, the weight of
pristine SWCNTs lost about 9% owning to the amorphous
carbon residue. For the curves of modified SWCNTs, the
hydrophilicity of samples increased after the grafting process.
The weight losses of SWCNT-PC and SWCNT-PCn before
150∘C were about 7.8% and 7.6%, respectively, which was
mainly due to the saturated water absorption. At higher
temperatures, the weight loss should be due to the thermal
decomposition of the side groups. Up to 600∘C, the value was
28% and 38%. It may be concluded that weight loss increases
with increased amount and size of the side groups grafted
onto SWCNTs.

3.2. Dispersibility and Micromorphology of SWCNTs,
SWCNT-PC, and SWCNT-PCn. After modification with
phosphoryl choline moieties, the insoluble pristine SWCNTs
could easily disperse homogenously in water and DMEM, a
cell culture medium. As shown in Figure 3(a), the pristine
SWCNTs at concentrations of 5mg/mL aggregated on
standing 1 h after being dispersed by ultrasonication.
However, dispersions of SWCNT-PC and SWCNT-PCn
at the same concentrations were stable 7 days after being
dispersed. In fact, the samples were still stable even two
months later with just a sign of precipitation. Additionally,
we also investigated the dispersion under centrifugation. It
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Figure 1: XPS spectra of SWCNT, SWCNT-PC, and SWCNT-PCn.
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TEM images of SWCNT (A), SWCNT-PC (B), SWCNT-PCn (C), and magnified SWCNT-PCn (D).

was found that SWCNTaggregated soon after ultrasonication
and precipitated completely when centrifuged at 2500×g
for 5 minutes. However, dispersion of SWCNT-PC and
SWCNT-PCn at concentration of 5mg/mL was stable after
centrifugation and when left at least 10 days.

The stable dispersion of SWCNT-PC and SWCNT-PCn
can be attributed to the hydrophilic properties of the phos-
phoryl choline moieties. The side groups extend into the
solution because of the strong solvation of water on the PC
moiety making the modified SWCNTs dispersion stable.

Actually, modification of SWCNTs with grafting water-
soluble substance is one of the most effective methods
among many ways to help SWCNTs dispersing in water. The
reason for our choice of phosphoryl choline moieties as the
modifier to accomplish the mission is phosphoryl choline’s
well-known biocompatible and zwitterionic properties. Zhao
et al. [51] reported the synthesis of water-soluble SWC-
NTs with zwitterionic poly(m-aminobenzene sulfonic acid)
graft copolymer and then found that its water solubility is
about 5mg/mL [18]. Similarly zwitterionic group, phosphoryl
choline moieties, provides SWCNTs with similar solubility.
Moreover, the biocompatibility of PC moiety is expected to
improve the biocompatibility of SWCNT itself; thus by using
three different kinds of cell lines, the cytotoxicity of SWCNTs
and modified SWCNTs were investigated.

Figure 3(b) shows the TEM images of SWCNTs and
modified SWCNTs. The dispersibility and morphology of
modified SWCNTs are similar but the pristine SWCNTs are
slightly entangled. Although many recent studies show that
SWCNTs toxicity is highly associated with morphological

signatures, we do not think morphology in this experiment
which had a major impact on toxicological effects.

3.3. Cytotoxicity of SWCNTs and Modified SWCNTs: CCK-
8 Assay. Three different cell lines, HUVEC, RAW264.7, and
L929 cells, were chosen as our model cell lines to evaluate
the cytotoxicity of SWCNTs as well as modified SWCNTs.
In the in vivo toxicity evaluation of a hazardous materials,
intravenous injection method is one of the most commonly
used methods. In this method, endothelial cells were the first
to contact the hazardous materials except for the blood com-
ponents such as proteins, platelets, and red cells; therefore
HUVEC was chosen by us to investigate the cytotoxicity for
the purpose of evaluating their response to SWCNTs and
modified SWCNTs. RAW264.7 and L929 are widely used
in studies of cytotoxicity, endocytosis, metabolism, prolif-
eration, and RNA expressions; we chose them to provide
comparable results with the previous studies.

The cytotoxicity induced by pristine SWCNTs and the
modified SWCNTs were determined by the CCK-8 assay,
which is based onmitochondrial dehydrogenases activity. For
a living cell, the succinate dehydrogenase in mitochondria
may reduce exogenous CCK-8 and formwater soluble orange
formazan, while a dead cell, by definition, does not have
such activity. The quantity of formazan formed is directly
proportional to the quantity of living cells, which can be
determined by directly measuring the absorbance at 450 nm.

Figure 4 shows the results of the CCK-8 assay, the
amounts of living cells exposed to SWCNTs, and modified
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Figure 4: Cell viability after incubation of HUVEC, RAW264.7, and L929 cell lines with SWCNTs, SWCNT-PC, and SWCNT-PCn in variable
dose for 24 h.

SWCNTs for 24 h which were normalized according to the
blank control group and the results were statistically analyzed
with Student’s t-test method. Due to the poor dispersion
properties of SWCTS, surfactant, sodium dodecyl sulfate
(SDS) at the concentration of 0.1mg/mL was used to disperse
the pristine SWCNTs, and no obvious cytotoxicity was found
in the SDS group in all three cell lines.

Upon addition of pristine SWCNTs, the cell livability of
three cell lines decreased remarkably and kept decreasing as
the dosages of pristine SWCNTs increased. This observation
indicated that pristine SWCNTs do shows dose-dependent
cytotoxicity on the three cell lines tested. However, when
SWCNTs were modified with grafting phosphoryl choline

moieties, either PC or PCn cytotoxicity reduced: the cell
livability of three cell lines increased compared to pristine
SWCNTs at the same dosage. Moreover, the PCn moieties
with chain structure attached to SWCNT showed much
stronger effects on reducing the cytotoxicity than that of
PC moieties with small molecule structure. Two possible
explanations for these observations were made. The first
possibility is that as more repeating phosphoryl choline
units were introduced, the proportion of the hydrophilic
groups in the modified moieties increased, which in turn
led to higher hydrophilization of the SWCNTs’ surface and
weakened the interactions between carbon nanotube and
cells. The other explanation is that, for the SWCNT-PCn
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sample, the hydrophobic polyacrylate carbon chains of PCn
moieties tend to wrap the surface of SWCNT while the
hydrophilic phosphoryl choline groups tend to detach the
surface and be exposed to the environment, forming a cell
mimetic membrane structure and reducing the transplant
reaction of cell line cells to PCnmoieties connected SWCNTs
and ultimately improving cell compatibility of SWCNT-PCn.
Moreover, the polyelectrolyte properties of PCn chains also
changed the covalent-bond surface of SWCNTs, converting
the covalent-bond surface to an electrolyte surface, wherein
the compatibility of nanotubes with the cell membranewould
be improved. Apparently, this conversion would certainly
afford improvements in the cell compatibility and reduction
in cytotoxicity.

Although themodification on SWCNTswith PC and PCn
moieties reduced the cytotoxicity of SWCNTs, it should be
noted that the modified SWCNTs still presented cytotoxicity
at some level when higher exposure dosages were applied.
For HUVEC and RAW264.7 cell lines, the phenomenon was
investigated in repeated experiments. The results indicated
that the modifications on SWCNTs were not able to com-
pletely remove the cytotoxicity of SWCNTs. We speculated
that the cytotoxicity of modified SWCNTs at a high dosage
was associated with their extremely high aspect ratio. The
SWCNTs and modified SWCNTs can probably be embedded
into cell membrane and influence its integrity and further
disturb cell proliferation. This assumption has been proved
in the following experiments to investigate the interaction of
cells with carbon nanotubes using fluorescence microscope
on a live cell station.

Using the same SWCNTs and modified SWCNTs with
same dosage as we used in our experiments described above
and under the same incubation conditions, the obtained cyto-
toxicity showed significant difference for different cell lines.
In general, SWCNTs and modified SWCNTs showed the
severest cytotoxicity againstHUVEC, followed byRAW264.7,
while L929 performed the best tolerance for the nanotubes.
The difference is certainly related to the different characters of
cell lines. HUVEC is a primary cell line coming from human
beings, which presented a weak tolerance against hazardous
materials such as carbon nanotubes. RAW264.7 and L929
are both murine tumor-cells which have been subcultured
for several times, thereby exhibiting higher tolerance to
hazardous materials. Moreover, as a macrophage, RAW264.7
tends to uptake while L929 tends to exclude foreign matters;
therefore the former one is more susceptible to the effects
of hazardous materials. Additionally, the differences of the
cell membrane structures, protein expressions, and so forth
would inevitably affect the cell proliferation, thereby impact-
ing the cytotoxicity results. More works should be carried out
to study the effects of hazardous materials on gene mutation,
growth factors, cell receptors, transcription factors, cellular
signaling pathways, and so on.The observation that different
cell lines show different cytotoxicity results under the same
conditions suggests that different conclusions, and sometimes
even the opposite opinions, might be drawn based on which
cell lines were chosen for nanotoxicological studies. Also, our
results indicate that more careful studies on the bioeffects on
these nanomaterials are necessary.

3.4. Fluorescent Microscopy Investigation at 37∘C. In order to
further investigate the mechanism that causes cytotoxicity of
the modified SWCNTs, fluorescent microscopy investigation
was used. A fluorophores, FITC, was connected to SWCNT-
PCn. Subsequently, a Carl Zeiss Axio Scope A1 fluores-
cent microscopy equipped with a water immersion/dipping
objective lens was utilized to observe the interaction of
the various cells and the fluorescently-labeled SWCNT-PCn
(SWCNT-PCn-FITC) in a live cell station. Figure 5 shows the
photographs taken 24 hours after incubating the cells with
SWCNT-PCn-FITC at 37∘C with a dosage of 20𝜇g/mL.

As shown in Figure 5, it was obvious that SWCNT-
PCn-FITC was internalized by cells in RAW264.7, L929,
and HUVEC. As macrophage which is highly specialized
in removing of dying cells, dead cells and cellular debris,
RAW264.7 was also well known for its phagocytosis of
ingesting foreign materials [52]. Carbon nanotubes, both
pristine CNTs and modified ones, were subjected to uptake
by RAW264.7 [28]. Our data of phosphoryl choline modified
SWCNTs was in accordance with that phenomenon. How-
ever, in HUVEC and L929 cells without phagocytosis, the
fluorescence was still strong enough to be regarded as that of
SWCNT-PCn-FITC was taken up by the cells. Based on this
observation, we assume that the internalization of SWCNT-
PCn-FITC was not only related to the phagocytosis but also
involved in passive transport. Besides our results of L929 and
HUVEC, the passive transport was also documented by other
researchers in various cells [33, 53].

Besides the images shown in Figure 5,more data acquired
during our observation of the living cells under microscope
in live cell station showed that not all cells took up SWCNT-
PCn-FITC.Those cells which internalizedmodified SWCNTs
were abnormal cells showing irregularmorphology, apoptotic
and necrotic, and cell death, while the cells which were not
occupied by modified SWCNT appeared to be normal. This
difference suggested that the phosphoryl choline modified
SWCNT still showed a certain degree of cytotoxicity just
as concluded in the CCK-8 assay. In other words, the
modification on SWCNTs by phosphoryl choline moieties
can significantly reduce the cytotoxicity of SWCNTs but
cannot eliminate it completely.

More remarkably, in CCK-8 assay with a dosage of
20𝜇g/mL, SWCNT-PCn showed severest cytotoxicity against
RAW264.7, which is followed by HUVEC, while cell viability
of L929was not significantly different from the control group.
The same trend has also been seen in investigation under live
cell station: under microscope, RAW264.7 group showed the
largest number of cells which took up SWCNT-PCn-FITC.
All these findings suggest that the use of only statistical CCK-
8 cell viability assay is not enough for evaluating cytotoxicity
of SWCNTs-like nanomaterials. Statistical CCK-8 cell via-
bility assay probably only reflected the cell that internalized
hazardous materials rather than the overall destructiveness
on cells. This thought leads to another explanation of the
mechanismof how cytotoxicitywas attenuated by phosphoryl
choline modifications on SWCNTs: the phosphoryl choline
moieties grafted on SWCNTs rendered SWCNTshydrophility
and reduced the ratio of cells which internalized SWCNTs,
resulting in a significant decrease in cytotoxicity. Based on



BioMed Research International 9

Dark field Bright field

L9
29

RA
W
26
4
.7

H
U

V
EC

50𝜇m50𝜇m

400𝜇m400𝜇m

100𝜇m100𝜇m

Figure 5: The fluorescence microscopy images of HUVEC, RAW264.7, and L929 incubated with SWCNT-PCn-FITC for 24 h at 37∘C with
dose of 20𝜇g/mL.

that, more deliberate examinations of interactions of nano-
materials with cells, especially with subcellular organelles,
should be carried out; since only in this way comprehensive
and reliable results of cytotoxicity of thesematerials would be
obtained.

3.5. Fluorescent Microscopy Investigation at 4∘C. When
SWCNT-PCn-FITC was incubated with cells under normal
incubation temperature, the internalization by cells could be
seen clearly from the above sections. It is well known [54]
that the internalization of nanoparticles can be subdivided
into two categories: namely, receptor-mediated endocytosis
and macropinocytosis. The former is fast and dependent
on energy (active transport), while the latter shows no
temperature dependence (passive transport). Thus, by incu-
bating cells along with materials at different temperature
and investigating the endocytosis of materials in cells, we

can understand the subdivided pathway and the cytotoxicity
caused by modified SWCNT nanoparticles.

The cells were incubated with SWCNT-PCn-FITC under
lower temperature at 4∘C. Unlike active transport, passive
transport does not require an input of energy. The rate of
passive transport depends on the permeability of the cell
membrane, which, in turn, depends on the organization and
characteristics of the membrane lipids and proteins [55].
If cells were incubated under low temperature, the active
transport would be inhibited while passive transport would
remain the same. Figure 6 shows the fluorescencemicroscopy
images of HUVEC, RAW264.7, and L929 incubating with
SWCNT-PCn-FITC for 4 h at 4∘C with a 20𝜇g/mL dose.
The fluorescence was still strong enough for the confirma-
tion that SWCNT-PCn-FITC has been taken by all three
kinds of cells. This fact illustrated that passive transport
contributes to the internalization of modified SWCNT by
cells. Furthermore, as shown in the image of RAW264.7,
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Figure 6:The fluorescence microscopy images of HUVEC, RAW264.7, and L929 incubated with SWCNT-PCn-FITC for 4 h at 4∘Cwith dose
of 20 𝜇g/mL.

the fluorescence in the cells decreased significantly, implying
that the phagocytosis of the cell was inhibited by low-
temperature incubation, which in turn led to decrease in
cell vitality followed by decreased chemical energy input
and ultimately suppression of the active transport process.
However, the strong fluorescence on cell membranes as well
as the vesicular structures attached on cells still suggested
the existence of SWCNT-PCn-FITC, which probably mainly
resulted from passive transport. Continuing the observation
at 4∘C, we found that the cells which contained modified
SWCNTs were also in their abnormal states just as what
we found under higher temperature, revealing the impacts
of nanomaterials on cells and the cytotoxicity nanomaterial
would cause.

By comparing the images taken at 37∘C and 4∘C, we
proposed that the internalization of modified SWCNTs in
cells was caused by both active and passive transport and also
depended on cell line itself. At lower temperature, the passive

transport dominated the internalization process and could
still cause the damage on cells.

4. Conclusions

In conclusion, two kinds of modified SWCNTs were pre-
pared by grafting small molecule phosphoryl choline moiety
and polymeric phosphoryl choline chains, respectively. The
modified products showed great extent of hydrophilization.
Moreover, the modified SWCNTs were found to be able
to disperse stably in water and cell culture medium even
a long time after incubation, which provided us with an
opportunity to evaluate the cytotoxicity of SWCNTs with
CCK-8 assay.The results indicated that themodification with
biocompatible phosphoryl choline moieties greatly reduced
but cannot completely eliminate the cytotoxicity of SWCNTs.
Furthermore, the investigation under fluorescence micro-
scope in a live cell station suggested that the internalization
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of modified SWCNTs was caused by both active transport,
phagocytosis, and passive transport. The cell-internalized
modified SWCNTs were found to be in their abnormal states,
which were probably caused by the impacts of SWCNTs on
cell membrane. But the percentage of cells which internal-
ized modified SWCNTs decreased significantly due to the
hydrophilization of SWCNTs, which is the observation that
explained the improvements in cytotoxicity results in CCK-8
assay. Based on this discovery, we proposed that more delib-
erately designed experiments to investigate the interactions of
nanomaterials with cells, especially to subcellular organelles,
need to be carried out, since, only in this way, comprehensive
and reliable results of cytotoxicity of these nanomaterials can
be obtained.
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In the present study the graphene zinc oxide nanocomposite (GZNC) was synthesized, characterized, and evaluated for its toxic
potential on third instar larvae of transgenic Drosophila melanogaster (hsp70-lacZ)Bg9. The synthesized GZNC was characterized
by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), scanning electron
microscopy (SEM), and transmission electron microscopy (TEM).The GZNC in 0.1% dimethyl sulphoxide (DMSO) was sonicated
for 10 minutes and the final concentrations 0.033, 0.099, 0.199, and 3.996𝜇g/𝜇L of diet were established.The third instar larvae were
allowed to feed on it separately for 24 and 48 hr.The hsp70 expressionwasmeasured by o-nitrophenyl-𝛽-D-galactopyranoside assay,
tissue damage was measured by trypan blue exclusion test, and 𝛽-galactosidase activity was monitored by in situ histochemical
𝛽-galactosidase staining. Oxidative stress was monitored by performing lipid peroxidation assay and total protein estimation.
Ethidium bromide/acridine orange staining was performed onmidgut cells for apoptotic index and the comet assay was performed
for the DNA damage. The results of the present study showed that the exposure of 0.199 and 3.996𝜇g/𝜇L of GZNC was toxic for
both 24 hr and 48 hr of exposure. The doses of 0.033𝜇g/𝜇L and 0.099 of GZNC showed no toxic effects on its exposure to the third
instar larvae for 24 hr as well as 48 hr of duration.

1. Introduction

Nanoparticles (NPs) have novel properties, large specific
surface, and high reaction activity [1, 2]. Due to the rapid
development of nanotechnology, nanomaterials with various
shapes and diameters have been prepared for the use in some
industrial products and commodities [3]. Besides having
applications in drug delivery, cell imaging, and cancer ther-
apy, metal oxide nanoparticles have been manufactured for
both industrial and household applications [3]. It has been
reported that zinc oxide nanoparticles have negative impacts
on the survival and growth of organisms [4]. The physical
parameters of nanoparticles can affect their nonspecific
uptake in cells, with potential to induce cellular responses

[5]. Graphene is an allotrope of carbon and is being used in
nanocomposites due to its intrinsic properties [6]. It is
typically free of impurities as compared to carbon nanotubes,
having an advantage of being used in the construction of reli-
able sensors as well as storage devices [6, 7]. Due to the wide
range of potential applications and novel properties, graphitic
nanomaterials such as carbon nanotubes, fullerenes, and
more recently graphene have gained a great deal of interest in
the scientific community [8]. The biological applications and
potential adverse effects of graphene still remain to be clear
and need a detailed study that would provide information
in this regard. However, till date the reports on the toxic eval-
uation of its nanocomposites are warranted. In the present
study the graphene zinc oxide nanocomposite (GZNC) was

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 382124, 10 pages
http://dx.doi.org/10.1155/2014/382124

http://dx.doi.org/10.1155/2014/382124


2 BioMed Research International

synthesized, characterized, and evaluated for its toxic
potential on third instar larvae of transgenic Drosophila
melanogaster (hsp70-lacZ)Bg9 as a model.

2. Materials and Methods

2.1. Synthesis of Graphene Zinc Oxide Nanocomposites.
Graphene oxide (GO) was synthesized from 2 g of natural
graphite powder by using amodifiedHummer andOffeman’s
method [9].The synthesized GOwas centrifuged andwashed
successively with 4% HCl until it reached neutral pH value.
The obtained GO was dried in vacuum oven at 70∘C for
overnight and used for the synthesis of GZNC. For the syn-
thesis of GZNC, 1 g of GO was dissolved in 100mL of MilliQ
water using ultrasonicator. The zinc nitrate hexahydrate
(25mM)was added into the dissolvedGO solution under vig-
orous stirring and pH was increased to 11 using NaOH solu-
tion.The reaction mixture was stirred for 1 hour at 150∘C and
obtainedGZNCwas centrifuged.The synthesizedGZNCwas
washed several times with water and ethanol thoroughly.The
synthesized GZNC was dried and stored for further study.

2.2. Characterizations of GZNC. TheX-ray diffraction (XRD)
pattern of powder sample of GZNC was recorded on Mini-
Flex II benchtop XRD system (Rigaku Corporation, Tokyo,
Japan) operating at 30 kV and a current of 15mA with
Cu K𝛼 radiation (𝜆 = 1.54 Å). The diffracted X-rays were
recorded from 20∘ to 80∘ at 2𝜃 angles. For the FTIR spec-
troscopic measurement of GZNC powder was mixed with
spectroscopic grade potassium bromide (KBr) in the ratio of
1 : 100 and spectra were recorded in the range of 400–4000
wavenumber (cm−1) on Perkin Elmer FTIR Spectrum BX
(PerkinElmer Life and Analytical Sciences, CT, USA) in
the diffuse reflectance mode at a resolution of 4 cm−1 in
KBr pellets. The synthesis of GZNC in ethanol solution was
monitored bymeasuring the absorbance (A) usingUV-visible
spectrophotometer (Perkin Elmer Life and Analytical Sci-
ences, CT, USA) in the wavelength range of 200–800 nm.
The thermal stability of the GZNC was investigated by ther-
mogravimetric analysis (TGA) at a heating rate of 10∘C/min
under nitrogen atmosphere. The microstructure and mor-
phology analyses of samplewere done using a JEOL transmis-
sion electron microscope (TEM) (JEM-2010) and scanning
electron microscope (SEM) (JSM-6510LV) equipped with an
energy dispersive spectrometer (EDS).

2.3. Fly Strain. A transgenicDrosophila melanogaster (hsp70-
lacZ)Bg9 line that expresses bacterial 𝛽-galactosidase as a
response to stress was used in the present study [10].The flies
and larvae were cultured on standard Drosophila food con-
taining agar, corn meal, sugar, and yeast at 24 ± 1∘C [11, 12].

2.4. Experimental Design. GZNC in 0.1% DMSO was son-
icated for 10min and the final concentrations 0.033, 0.099,
0.199, and 3.996 𝜇g/𝜇L of diet were established. The larvae
were allowed to feed on diet separately for 24 and 48 hr.
Untreated and negative control (0.1% DMSO) were also run
simultaneously.

2.5. Soluble o-Nitrophenyl-𝛽-D-Galactopyranoside Assay.
The expression of hsp70 provides a measurement of
cytotoxicity [13, 14].Themethod described by Nazir et al. [11]
was used in this study. After washing in phosphate buffer,
larvae were placed in a microcentrifuge tube (20 larvae/tube;
five replicates/group), permeabilized for 10min by acetone,
and incubated overnight at 37∘C in 600𝜇L of ONPG staining
buffer. Following incubation, the reaction was stopped by
adding 300 𝜇L of Na

2
CO
3
. The extent of the reaction was

quantified by measuring absorbance at 420 nm.

2.6. Trypan Blue Exclusion Test. The extent of tissue damage
in larvae caused by the exposure to different concentrations
of GZNC was assayed by a dye exclusion test [11, 15]. Briefly,
the internal tissues of larvae were explanted in a drop of Pole’s
salt solution (PSS), washed in phosphate buffer saline (PBS),
stained in trypan blue (0.2mg/mL in PBS) for 30min, washed
thoroughly in PBS, and scored immediately for dark blue
staining. About 50 larvae per treatment (10 larvae per dose; 5
replicates per group) were scored for the trypan blue staining
on an average composite index per larvae: no color = 0; any
blue = 1; darkly stained = 2; large patches of darkly stained
cells = 3; or complete staining of most cells in the tissue = 4
[15].

2.7. In SituHistochemical 𝛽-Galactosidase Activity. The larvae
(10 larvae/treatment; 5 replicates/group)were dissected out in
PSS and X-gal staining was performed using the method as
described by Chowdhuri et al. [13]. The tissue explants were
fixed in 2.5% glutaraldehyde, washed in 50mM sodium
phosphate buffer (pH 8.0), and stained overnight in X-gal
staining solution at 37∘C in the dark.

2.8. Preparation of Larval Homogenate for Lipid Peroxida-
tion Assay and Total Protein Content. The larvae (10 lar-
vae/experiment; 5 replicates/group) were homogenized in
1mL of cold homogenizing buffer (0.1M phosphate buffer
containing 0.15MKCl; pH 7.4). The supernatant after cen-
trifugation at 9000 g was used for estimating lipid peroxida-
tion and total protein content.

2.9. Lipid Peroxidation Assay. Lipid peroxidation assay was
performed using 1,1,3,3-tetramethoxypropane as a standard
according to the method described by Siddique et al. [16, 17].

2.10. Protein Estimation. Estimation of protein level in all the
treated groups aswell as control groupswas done according to
the method of Bradford [18], using bovine serum albumin
(BSA) as a standard.

2.11. Assay to Detect Apoptosis. The apoptotic cells were ana-
lyzed by stainingwith an ethidiumbromide (EB) and acridine
orange (AO) staining according to the procedure described in
our earlier published work [17]. About 100 cells were scored
per treatment (5 replicates/group) for estimating the apop-
totic index and expressed in percentages [19].

2.12. Analysis of DNA Damage by Comet Assay. The comet
assay was performed according to Mukhopadhyay et al. [20].
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The midguts from 20 larvae were explanted in PSS. PSS in
microcentrifuge tube was replaced by 300 𝜇L of collagenase
(0.5mg/mL in PBS, pH 7.4) and kept for 15min at 25∘C. The
cell suspension was prepared by washing three times in PBS
and finally the cells were suspended in 80 𝜇L of PBS. The cell
viability was checked by performing trypan blue assay before
beginning the experiment and the assay was performed
according to the procedure described in our earlier published
work [17, 21]. Each experiment was performed in triplicate
and the slides were prepared in duplicate. Twenty-five cells
per slide were randomly captured at a constant depth of the
gel, and mean tail length was calculated to measure DNA
damage by using Comet Score 1.5 Software (Comet Score v1.5
Software, TriTek Corporation, Sumerduck).

2.13. Statistical Analysis. Student’s 𝑡-test and regression anal-
ysis were performed by using commercial software Statistica
from Stat-Soft Inc.

3. Results

3.1. X-Ray Diffraction (XRD). X-ray diffraction (XRD) mea-
surementwas employed to investigate the phase and structure
of the synthesized GZNC sample. The XRD pattern of
the GZNC is shown in Figure 1(a); there were eleven main
diffraction peaks located at 2𝜃 = 31.33∘, 34.0∘, 35.34∘, 46.43∘,
55.68∘, 61.91∘, 65.46∘, 67.18∘, 68.14∘, 71.67∘, and 76.36∘ which
correspond to the crystal planes (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004), and (202) of the
hexagonal wurtzite structure of ZnO reported in JCDDS
card (number 36–1451, 𝑎 = 3.249 Å, and 𝑐 = 5.206 Å),
respectively.TheXRD data of GZNC indicated the absence of
any other impurities, which reflected its high quality. The
average crystallite size (𝐷) of ZnO nanoparticles was calcu-
lated using the Debye-Scherrer formula:

𝐷 =
𝑘𝜆

𝛽 cos 𝜃
, (1)

where 𝑘 = 0.9 is the shape factor, 𝜆 is the X-ray wavelength of
Cu K𝛼 radiation (1.54 Å), 𝜃 is the Bragg diffraction angle, and
𝛽 is the full width at half maximum height (FWHM) of the
(111) plane diffraction peak.The calculated average crystallite
size was found to be ∼9 nm. Further the main characteristic
diffraction peak was observed in the synthesized GZNC at
35∘, which corresponds to (101) reflection plane of graphene
with basal spacing of 𝑑

022
= 3.62 Å. The XRD data clearly

indicates the successful synthesis of GZNC in this study.
Figure 1(b) shows the FTIR spectrum of synthesized GZNC.
The absence of the characteristic peaks of carboxyl group at
1710 cm−1, hydroxide group at 1361 cm−1, and C–O (alkoxy)
groups at 1090 cm−1 indicates that most oxygen-containing
functional groups in the GO were removed. The spectrum of
the GZNC shows an absorption band at 1603 cm−1, C=C
stretching, indicating the restoration of the graphene network
on reduction. The presence of the absorption band at
480 cm−1 in GZNC is identified as ZnO nanoparticles
(NPs).

3.2. Optical Characteristics. The UV-visible spectra of GO
and GZNC are shown in Figure 1(c). The GO sample showed
the absorption peak at ∼220 nm and a shoulder at ∼280 nm.
The peak at 220 nm is assigned to the pi to anti-pi (𝜋 → 𝜋∗)
transition of the aromatic C–C bonds and the shoulder at
278 nm is assigned to the 𝑛 to anti-pi (𝑛 → 𝜋∗) transitions of
the C=O bonds. The UV spectrum of GZNC showed two
distinct peaks at ∼270 and ∼370 nmwhich corresponds to the
excitation of the 𝜋-plasmon of the graphitic structure and
ZnO NPs characteristics, respectively. The graphene absorp-
tion peak is entirely different fromGOpeak and red shifted to
270 nmwhich indicates the fully reduced graphene fromGO.
The absorption data confirmed again the successful synthesis
of GZNC in this study.

3.3. Thermal Characteristics. The TGA curve of GZNC is
shown in Figure 1(d). The weight loss of 6.11% occurring at
about 63∘C is associated with adsorbed water. Pyrolysis of the
labile oxygen-containing functional groups at about 200∘C
accounts for 14.07% of weight loss. The thermal decompo-
sition observed in the temperature range 200–500∘C with
59.03% of weight loss is attributed to the pyrolysis of the
carbon skeleton. These results illustrate that GZNC has a
remarkable thermal stability (Figure 1(d)).

Figure 1(e) shows the SEM image of GZNC. It can be
seen that most of the graphene nanosheets are curled and
entangled together. The results reveal that the presence of
graphene sheet is uniformly distributed in the sample. More-
over ZnO NPs were also clearly shown in the low dimension
and well dispersed all over the sample. The EDS spectrum
demonstrates that ZnOcontents are uniformly doped into the
graphene matrix. An oxygen peak at about 0.52 keV, Zn sig-
nals at about 1 keV and 8.6 keV, and presence of the graphene
(i.e., carbon) at 0.25 keV were observed in the EDS spectrum
as displayed in Figure 1(f). These results were consistent with
the analysis of the XRD data.

Transmission electron microscopy (TEM) analysis was
performed on GZNC sample to determine its features in
nanometer domain as shown in Figure 1(g). It can be clearly
seen that the graphene nanosheets were well decorated by
ZnO nanoparticles, which densely and evenly deposited on
both sides of these sheets to form a sandwich-like composite
structure. Moreover, almost no ZnO nanoparticles were
found outside of the graphene nanosheets.This indicates that
the combination between ZnO nanoparticles and graphene
nanosheets was almost perfect.The observed sheets were few
layers and entangled with each other. Meanwhile, the Zn
nanoparticles were identified in the range of ∼9 nm and
attached on both sides of graphene sheets with a nonuniform
distribution on the sheet. The exposure of third instar larvae
of transgenic Drosophila melanogaster (hsp70-lacZ)Bg9 to
0.033 and 0.099 𝜇g/𝜇L of GZNC for 24 and 48 hr did not
showany significant increase in the activity of𝛽-galactosidase
(Figure 2). However the larvae exposed to 0.199 and
3.996 𝜇g/𝜇L of GZNC showed a dose and time dependent
significant increase in the expression of 𝛽-galactosidase
(Figure 2).

Figures 3(a), 3(b), and 3(c) show the trypan blue staining
for the third instar larvae exposed to 0.199 and 3.996 𝜇g/𝜇L of
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Figure 2: 𝛽-Galactosidase activity measured in transgenicDrosoph-
ila melanogaster (hsp70-lacZ)Bg9 third instar larvae exposed to
different doses of graphene zinc nanocomposite (GZNC) for 24
and 48 hr. ∗Significant at 𝑃 < 0.05 with respect to untreated lar-
vae (GZNC: graphene zinc nanocomposite; NC: negative control;
DMSO: dimethyl sulphoxide; OD: optical density; SE: standard
error).

GZNC for 48 hr of exposure. About 95% of untreated larvae
were negative to trypan blue staining (Figure 3(a)). A dose
dependent tissue damage was observed at both doses (i.e.,
0.199 and 3.99 𝜇g/𝜇L) in brain ganglia, salivary glands,
midgut, hindgut, and malpighian tubules. (Figures 3(b) and
3(c)). As compared to midgut the damage was more in the
hindgut.The same resultswere obtained for 24 hr of exposure,
but the staining intensity was less as compared to 48 hr of
exposure (figures not shown). Figures 3(d), 3(e), and 3(f)
show tissue with 𝛽-galactosidase staining in untreated larvae
and the larvae exposed to 0.199 𝜇g/𝜇L and 3.991 𝜇g/𝜇L of
GZNC for 48 hr. Dose dependent moderate to dark blue
staining was observed for the exposure for 24 hr to 48 hr.The
dark blue staining was prominent in the foregut and midgut
region (Figures 3(e) and 3(f)).

The results obtained for the estimation of lipid peroxi-
dation are shown in Figure 4. No significant increase in the
mean absorbance value for the exposure of third instar larvae
to 0.033 and 0.099𝜇g/𝜇L of GZNC was observed for 24 hr
and 48 hr of exposure (Figure 4). The exposure of 0.199 and
3.996 𝜇g/𝜇L of GZNC for 24 hr was associated with the mean
absorbance values of 0.096 ± 0.0005 and 0.108 ± 0.0029,
respectively (Figure 4). The exposure of 0.199 and
3.996 𝜇g/𝜇L of GZNC for 48 hr was associated with the mean
absorbance values of 0.113 ± 0.009 and 0.120 ± 0.0003,
respectively

A significant decrease in the total protein content as
compared to untreated larvae was observed in the larvae
exposed to 0.199 and 3.996 𝜇g/𝜇L of GZNC for 24 hr and
48 hr of exposure (Figure 5). The exposure of 0.199 and
3.996 𝜇g/𝜇L of GZNC for 24 hr was associated with the total
protein content (𝜇g/𝜇L) of 63.31 ± 0.270 and 52.61 ± 0.397,
respectively (Figure 5).

The normal and apoptotic midgut cells of the third larvae
are shown in Figures 6(a) and 6(b).The exposure of 0.033 and
0.099 𝜇g/𝜇L of GZNC for 24 hr and 48 hr did not show any
significant increase in the mean value for the apoptotic index
as compared to untreated larvae (Figure 6(c)). The exposure
of the third instar larvae for 24 hr and 48 hr at 0.199 and
3.996 𝜇g/𝜇L of GZNC showed a significant increase in the
number of apoptotic cells in the midgut (Figure 6(c)). The
exposure of 0.199 and 3.996 𝜇g/𝜇L of GZNC for 24 hr was
associated with the mean value of 18.20 ± 0.860 and 22.60 ±
0.927 for apoptotic index, respectively (Figure 6(c)).

Comet assay performed on the midgut cell of the third
instar larvae of transgenic D. melanogaster (hsp70-lacZ)Bg9
is shown in Figure 7(a). The results obtained for the comet
assay performed on the midgut cells of the larvae exposed to
various doses of GZNC are shown in Figure 7(b). The
exposure of 0.033 and 0.099 𝜇g/𝜇L of GZNC to the third
instar larvae of transgenic Drosophila melanogaster (hsp70-
lacZ)Bg9 for 24 hr and 48 hr of duration did not show any
significant increase in the mean tail length. The exposure of
0.199 𝜇g/𝜇L of GZNC for 24 hr and 48 hr was associated with
the mean value of 16 ± 0.374 and 19 ± 0.374, respectively
(Figure 7(b)). The exposure of 3.996 𝜇g/𝜇L of GZNC for 24
hr and 48 hr of duration was associated with the mean value
of 20 ± 0.707 and 21 ± 0.678, respectively (Figure 7(b)).

4. Discussion

The results of the present study reveal that the doses of
GZNC, that is, 0.199 and 3.996 𝜇g/𝜇L, are toxic to the third
instar larvae of transgenic Drosophila melanogaster (hsp70-
lacZ)Bg9 for 24 hr and 48 hr of duration of exposure. Humans
have exploited nanoparticles in small scale applications for
centuries. Engineered nanoparticles have been found treme-
ndously useful in a diverse array of industrial products, com-
prising personal hygiene, clothing, food industry products,
paints, cosmetics, pharmaceuticals, electronics, and many
more [22]. Pristine graphene was found to accumulate on the
cell membrane causing high oxidative stress leading to
apoptosis [23]. The interaction of nanoparticles with the
biological systems is mostly unknown and this has led to the
assessment of the toxicity of nanomaterials both in vivo and
in vitro [24]. Graphene has attracted tremendous interest in
different areas in recent years including biomedicine. The
behaviour and toxicity of graphene have been extensively
reviewed and the physicochemical properties such as surface
functional groups, charges, coatings, sizes, and structural
defects of graphene may affect in vitro/in vivo behaviour as
well as its toxicity in biological systems [25]. A 10 𝜇g/kg body
weight of graphene oxide was found to be toxic in mice after
intravenous administration [26].

Zinc oxide nanoparticles have been reported to be cyto-
toxic even at very low concentration and exhibited strong
protein adsorption abilities [27]. Cells of all organisms
respond at the cellular level to all types of adverse changes in
the environment such as temperature change, heavy metals,
mutagens, and carcinogens by a protective mechanism called
stress response or heat shock response [28]. Among the
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Figure 3: Trypan blue (a–c) and 𝛽-galactosidase (d–f) staining in the tissues of third instar larvae of transgenic Drosophila melanogaster
(hsp70-lacZ)Bg9 for untreated larvae (a, d) and the larvae exposed to different doses of graphene zinc nanocomposite (GZNC) for 48 hr of
duration (0.199 𝜇g/𝜇L (b, e) and 3.996 𝜇g/𝜇L (c, f)) (BG: brain ganglia, SG: salivary gland, PV: proventriculus, FG: foregut, MG: midgut, HG:
hindgut, MT: malpighian tubule, and GC: gastric caeca).

various families of stress gene, hsp70 and its products are
considered to be highly conserved and are extensively studied
[29].

A hybrid gene that consists of the Drosophila heat shock
gene, hsp70, fused to the E. coli beta-galactosidase gene
has been introduced into the Drosophila germ line by the
P-element microinjection method [10]. The 𝛽-galactosidase
expression was found to be significantly higher at 0.199 and
3.996 𝜇g/𝜇L of GZNC for 24 hr and 48 hr of duration of
exposure. Trypan blue staining showed the tissue damage at
higher doses, that is, 0.199 and 3.996 𝜇g/𝜇L of GZNC for
both 24 and 48 hr of duration of exposure.The concentration
above 15 ppm of zinc oxide nanoparticles has been reported

toxic to all human and rodent cells [30]. In earlier studies the
exposure of zinc oxide nanoparticles to mice resulted in the
damage of heart, lung, liver, and kidney [31]. A time and
concentration dependent increase in the LPO product indi-
cates the oxidative stress evoked by the 0.199 and 3.996 𝜇g/𝜇L
of GZNC. LPO represents a reliable marker of free-radical
generation and indicates the membrane damage [32]. Oxida-
tive stress has been reported to damage membrane of lipid,
protein, and DNA [33]. A significant time and concentration
dependent decrease in the total protein content in the present
study at 0.199 and 3.996 𝜇g/𝜇L of GZNC clearly demonstrates
the damage of the protein, which can be correlated to the
increase in LPO product. The present method used for the



BioMed Research International 7

Table 1: Regression analysis for hsp70 induction, lipid peroxidation, protein level, apoptosis, and comet tail length in the third instar larvae
of transgenic Drosophila melanogaster (hsp70-lacZ)Bg9.

S. number Groups 24 hr 48 hr
Regression equation 𝑟 𝑃 𝐹 Regression equation 𝑟 𝑃 𝐹

1 𝛽gal versus L 𝑌L = −0.0547 + 1.1112𝑋gal 0.99965 <0.0007 2840.376 𝑌L = −0.0739 + 1.2863𝑋gal 0.99998 <0.000 47791.92
2 𝛽gal versus Ap 𝑌Ap = −6.705 + 193.01𝑋gal 0.98517 <0.0659 65.95374 𝑌AP = −14.84 + 270.58Xgal 0.98381 <0.0227 60.27102
3 𝛽gal versus CTL 𝑌CTL = 14.202 − 11.96𝑋gal −0.5084 <0.2514 0.697138 𝑌CTL = −21.28 + 278.95𝑋gal 0.99991 <0.0000 10878.49
4 𝛽gal versus P 𝑌P = 330.13 − 1927𝑋gal −0.9983 <0.0002 596.5014 𝑌P = 307.64 − 1753𝑋gal −0.9976 <0.0003 415.9580
5 L versus Ap 𝑌AP = 2.7587 + 174.09𝑋L 0.98779 <0.3076 80.38286 𝑌AP = 0.71960 + 210.10𝑋L 0.98265 <0.9604 56.14397
6 L versus CTL 𝑌CTL = −7.405 + 249.55𝑋L 0.99883 <0.0035 851.3046 𝑌CTL = −5.250 + 216.83𝑋L 0.99980 <0.0015 4985.103
7 L versus P 𝑌P = 235.19 − 1732𝑋L −0.9975 <0.0007 397.5076 𝑌P = 206.95 − 1365𝑋L −0.9976 <0.0007 415.7933
8 Ap versus P 𝑌P = 257.31 − 9.602𝑋AP −0.9743 <0.0057 37.48653 𝑌P = 207.65 − 6.252𝑋AP −0.9786 <0.0064 45.20531
9 Ap versus CTL 𝑌CTL = −10.98 + 1.4084𝑋AP 0.99351 <0.0086 152.6177 𝑌CTL = −5.454 + 1.000𝑋AP 0.98611 <0.0736 70.47836
10 P versus CTL 𝑌CTL = 26.344 − 0.1429𝑋P −0.9934 <0.0016 149.0998 𝑌CTL = 27.605 − 0.1584𝑋P −0.9975 <0.0007 393.9279
𝛽gal: 𝛽-galactosidase, L: lipid peroxidation, Ap: apoptosis, P: protein, and CTL: comet tail length.
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Figure 4: Lipid peroxidation in the third instar larvae of trans-
genic Drosophila melanogaster (hsp70-lacZ)Bg9 exposed to different
doses of graphene zinc nanocomposite (GZNC) for 24 and 48 hr.
∗Significant at 𝑃 < 0.05 with respect to untreated larvae (GZNC:
graphene zinc nanocomposite; NC: negative control; DMSO:
dimethyl sulphoxide; OD: optical density; SE: standard error).

estimation of lipid peroxidation is based on the reaction of
malondialdehyde (MDA) with 1-methyl-2-phenylindole at
45∘C. Two molecules of 1-methyl-2-phenylindole react with
one molecule of MDA to form a stable chromophore having
maximal absorbance at 586 nm [34]. The major reactive
aldehyde resulting from the peroxidation of biological mem-
branes is malondialdehyde (MDA) [35].

A dose dependent decrease in the total protein content is
clearly correlated with the increase in lipid peroxidation (𝑟 =
−0.9975 (24 hr),𝑃 < 0.0007; 𝑟 = −0.9976,𝑃 < 0.0007 (48 hr))
and apoptotic index (𝑟 = −0.9743 (24 hr), 𝑃 < 0.0057;
𝑟 = −0.98611,𝑃 < 0.0736 (48 hr)) (Table 1). Zinc oxide nano-
particles have been reported to induce cytotoxicity by
increasing oxidative stress (increased levels of hydrogen per-
oxide and hydroxyl radicals and decreased levels ofmolecular
oxygen and glutathione) in the human colon cancer cell
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Figure 5: Protein content in the third instar larvae of trans-
genic Drosophila melanogaster (hsp70-lacZ)Bg9 exposed to different
doses of graphene zinc nanocomposite (GZNC) for 24 and 48 hr.
∗Significant at 𝑃 < 0.05 with respect to untreated larvae (GZNC:
graphene zinc nanocomposite; NC: negative control; DMSO:
dimethyl sulphoxide; SE: standard error).

lines [36]. The midgut cells were selected for the analysis of
apoptosis and DNA damage by comet assay as these cells
have been reported to be rich in cytochrome P-450 species
and high microsomal oxidase activity [37]. A time and
concentration dependent significant increase in the apoptotic
cells and comet tail length at 0.199 and 3.996𝜇g/𝜇L of GZNC
clearly demonstrates the toxic effects of GZNC for 24 and
48 hr of exposure to the third instar larvae of transgenic
Drosophila melanogaster (hsp70-lacZ)Bg9. A positive corre-
lation was observed in DNA damage and apoptotic index
(𝑟 = 0.9935 (24 hr), 𝑃 < 0.0086; 𝑟 = 0.9861 (48 hr), 𝑃 <
0.0736). A negative correlation observed between the 𝛽-
galactosidase expression and protein content (𝑟 = −0.998
(24 hr), 𝑃 < 0.0002; 𝑟 = −0.9976 (48 hr), 𝑃 < 0.003) clearly
demonstrates the proteotoxicity in the larvae exposed to
higher doses of GZNC (Table 1). In our earlier study with
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Figure 6: Midgut cells of third instar larvae of transgenic Drosophila melanogaster (hsp70-lacZ)Bg9. (a) Normal cell; (b) apoptotic cell. (c)
Apoptotic index measured in the midgut cells of the third instar larvae of transgenic Drosophila melanogaster (hsp70-lacZ)Bg9 exposed to
different doses of graphene zinc nanocomposite (GZNC) for 24 and 48 hr. ∗Significant at 𝑃 < 0.05 with respect to untreated larvae (GZNC:
graphene zinc nanocomposite; NC: negative control; DMSO: dimethyl sulphoxide; SE: standard error).
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Figure 7: Comet assay performed on themidgut cells of the third instar larvae of transgenicDrosophilamelanogaster (hsp70-lacZ)Bg9 exposed
to different doses of graphene zinc nanocomposite (GZNC) for 24 and 48 hr. ∗Significant at𝑃 < 0.05with respect to untreated larvae (GZNC:
graphene zinc nanocomposite; NC: negative control; DMSO: dimethyl sulphoxide; SE: standard error). (c) Comet assay performed in gut cell
exposed to 3.996 𝜇g/𝜇L of GZNC for 48 hr of duration.
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graphene copper nanocomposite in the third instar larvae of
transgenic Drosophila melanogaster (hsp70-lacZ)Bg9, GCNC
showed toxic effects at 0.199 and 3.996𝜇g/𝜇L for 24 hr of
exposure and at 0.099, 0.199, and 3.996 𝜇g/𝜇L for 48 hr of
exposure [17]. In our present study with GZNC the same
doses were selected, but 0.099𝜇g/𝜇L was found to be non-
toxic for both 24 and 48 hr of exposure.

For the zinc oxide nanoparticles the main factors for
the toxicity are sizes, surface, characteristics, dissolution, and
exposure routes [3].Theuse of nanomaterial into thematrices
of polymer to make nanocomposites for wide variety of
applications such as thin films for biosensors and biomedical
devices [38], fibres for wound dressing [39], membrane for
water purification [40], dispersing with antimicrobial prop-
erties [41], andmany others is increasing in today’s world due
to low life cycle cost, design, flexibility, and applicability for a
large scale fabrication [42]. It is the intrinsic property of the
graphene such as tensile strength that has led it to be used in
nanocomposites [6]. It has been reported that, due to its shape
and structure, graphene and its oxides may show toxicity [2].

5. Conclusions

We have synthesized GZNC and a range of doses were
studied on the third instar larvae of transgenic Drosophila
melanogaster (hsp70-lacZ)Bg9. It shows cytotoxicity as evi-
denced by (hsp70 expression) as well as genotoxic damage (as
evidenced by comet assay) in the midgut cells of the larvae.
The toxicity of GZNC was observed only at 0.199 and
3.999 𝜇g/𝜇L for 24 and 48 hr of duration of exposure. Hence
the full implementation of such nanomaterials in biological
applications needs to be investigated more.
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Cerium oxide nanoparticles (CeO
2
NPs) have promising industrial and biomedical applications. In spite of their applications, the

toxicity of these NPs in biological/physiological environment is a major concern. Present study aimed to understand the molecular
mechanism underlying the toxicity of CeO

2
NPs on lung adenocarcinoma (A549) cells. After internalization, CeO

2
NPs caused

significant cytotoxicity and morphological changes in A549 cells. Further, the cell death was found to be apoptotic as shown by
loss in mitochondrial membrane potential and increase in annexin-V positive cells and confirmed by immunoblot analysis of BAX,
BCl-2, Cyt C, AIF, caspase-3, and caspase-9. A significant increase in oxidative DNA damage was found which was confirmed
by phosphorylation of p53 gene and presence of cleaved poly ADP ribose polymerase (PARP). This damage could be attributed
to increased production of reactive oxygen species (ROS) with concomitant decrease in antioxidant “glutathione (GSH)” level.
DNA damage and cell death were attenuated by the application of ROS and apoptosis inhibitors N-acetyl-L- cysteine (NAC) and
Z-DEVD-fmk, respectively. Our study concludes that ROS mediated DNA damage and cell cycle arrest play a major role in CeO

2

NPs induced apoptotic cell death in A549 cells. Apart from beneficial applications, these NPs also impart potential harmful effects
which should be properly evaluated prior to their use.

1. Introduction

Over the past few years, there has been rapid increase in the
use of different nanomaterials owing to their unique physic-
ochemical and bioreactive properties. Different metal oxide
nanoparticles (NPs) have potentially been used in industries
including sunscreens, food, paints, textile, electronics, sports,
and biomedical application and imaging [1, 2]. It is estimated
that the value of engineered nanoparticles (ENPs) market
would increase up to 20–30 billion dollars by 2015 [3]. This
has raised concerns over the unforeseen adverse harmful
health effects caused due to interactions with the living
systems.

Amongst rare earth elements, cerium oxide (CeO
2
) NPs

are widely used in a variety of applications such as glass/
ceramic polishing agent, television tubes, solar cells, fuel cells,
ultraviolet absorbents, and gas sensors [4–7]. Besides these
industrial applications, various biomedical applications of

CeO
2
NPs such as protection against radiation induced dam-

age and retinal neurodegeneration and anti-inflammatory
and antioxidant activity have also been explored [8–11].
Recently the use of CeO

2
NPs as a diesel fuel additive, to

reduce the ignition temperature of carbonaceous diesel
exhaust particle (DEP) and subsequently to reduce the emis-
sion of particulate matter from diesel engines, has been
explored [12]. Although this addition enhances the ability of
diesel engines, it leads to direct emission of CeO

2
NPs in the

environment. Health Effect Institute (HEI) has also reported
that the CeO

2
NPs emission will reach up to 22 million

pounds annually in European Union after this addition [12].
Thus, commercially used CeO

2
NPs are released into the

environment and their evaluation in the living system is
worthwhile and relevant for society and human welfare [13].
Human exposure to the nanoparticles is possible both from
workplace (occupational) and environmental release through
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inhalation and ingestion as major routes. Since CeO
2
NPs

are poorly absorbed by the intestine, inhalation appears to
be the major route of exposure. It should also be noted that
complete respiratory system acts as repository for deposition
of different sizes of NPs. Although several studies have
been performed to evaluate the adverse effect of CeO

2
NPs

on environment and human health, they are not providing
proper conclusion.CeO

2
NPshave been reported to act as cel-

lular antioxidants with colocalizations inside mitochondria,
lysosomes, endoplasmic reticulum, nucleus, and cytoplasm
using keratinocytemodel systems [14, 15]. However, the study
lacked genotoxicity assessment of these particles. Contrary to
this, previous studies have reported that CeO

2
NPs generate

oxidative stress and may induce apoptosis in human lung
epithelial cells [16, 17]. Therefore, CeO

2
NPs may portend

cytotoxic and genotoxic effects upon cellular internalization.
It has been reported that the CeO

2
NPs of various sizes

showed significant toxic effects on E. coli and human cells,
respectively, due to adsorption of NPs and oxidative stress
[18, 19]. Along this, reports have also been postulated that
CeO
2
NPs of smaller sizes do not cause any adverse effect

but can protect cells from harmful effects of radiation and
oxidative stress, although this protectionwas cell type specific
[20, 21]. In vivo studies have resulted that CeO

2
NPs exposure

via inhalation and intratracheal instillation route can induce
acute pulmonary and systemic toxicity in rat and mice due
to proinflammatory responses [22, 23]. Besides these, CeO

2

NPs have been shown to protect cells from reactive oxygen
species due to their inherent antioxidant properties [15, 24];
this protective effect was thought to be due to the presence
of dual oxidation state of CeO

2
NPs or the pH value of cell

compartment where the nanoparticles internalize.With these
contrasting results, the toxicity of CeO

2
NPs remains elusive

and specific toxicity endpoints relevant to human health
needs to be addressed. It was therefore prudent to conduct a
systematic study to understand the comprehensivemolecular
mechanism of toxicity of CeO

2
NPs as well as to see the role

of DNA damage and halt of cell cycle in cell death.
Characterization ofNPs is an essential step before toxicity

assessment as properties of NPs vary significantly with shape
and size. It is also essential to characterize their agglomera-
tion/aggregation tendency in the culture media for accurate
toxicity assessment. In vitro cell based assays are rapid and
allow reliable toxicity fingerprints for NPs. In the present
study, an attempt was made to (1) characterize CeO

2
NPs to

assess their behavior in culture medium, (2) evaluate cyto-
toxic and oxidative stress potential, (3) estimate their DNA
damaging potential and subsequent cell cycle arrest, and (4)
evaluate apoptotic index.

2. Materials and Methods

2.1. Chemicals. Cerium (IV) oxide nanopowder (purity
99.95%, <25 nm particle size; BET), propidium iodide, 2,7-
dichlorofluorescein diacetate (DCFDA) dye, 5,5, 6,6-tetra-
chloro-1,133-tetraethylbenzimidazolecarbocyanine iodide
(JC-1) dye, low melting point agarose (LMA), ethidium
bromide (EtBr), Triton X-100, and ethyl methanesulfonate
(EMS) were purchased from Sigma Chemical Co. Ltd. (St.
Louis, MO, USA). Normal melting agarose (NMA) and

ethylenediaminetetraacetic acid (EDTA) disodium salt were
purchased from Himedia Pvt. Ltd. (Mumbai, India). For-
mamidopyrimidine DNA glycosylase (Fpg) enzyme was
obtained from Trevigen, Inc. (USA). Hydrogen peroxide
(H
2
O
2
) was purchased from Ranbaxy Fine Chemical Ltd.

(New Delhi, India). Phosphate buffered saline (Ca+2, Mg+2
free; PBS), Dulbecco’s modified eagle medium : nutrient mix-
ture F-12 (Ham) (1 : 1) powder (DMEM F-12), trypsin-EDTA,
foetal bovine serum (FBS), trypan blue, and antibiotic and
antimycotic solution (10,000U/mL penicillin, 10mg/mL
streptomycin, 25𝜇g/mL amphotericin-B) were purchased
from Life Technologies Pvt. Ltd. (New Delhi, India). All
other chemicals were obtained locally and were of analytical
reagent grade. Cell culture plastic wares were obtained from
Thermo Scientific Nunc (Rochester, New York).

2.2. Characterization of CeO
2
NPs. CeO

2
NPs were charac-

terized using transmission electron microscopy (TEM) and
dynamic light scattering (DLS) technique.

2.2.1. Transmission Electron Microscopy (TEM). TEM anal-
ysis was carried out for the assessment of primary particle
size and morphology of CeO

2
NPs. Samples were prepared

by suspending NPs in Milli-Q water at a concentration of
50 𝜇g/mL. A drop of suspension was added to the formvar-
coated copper grid and allowed to air dry prior to measure-
ment. TEMmeasurements were performed at an accelerating
voltage of 80 kV on a Tecnai G2 spirit (FEI, Netherlands)
instrument.

2.2.2. Dynamic Light Scattering (DLS). CeO
2
NPs were

suspended in Milli-Q water and culture medium (supple-
mented with 10% FBS) separately at a final concentration of
150 𝜇g/mL and subjected to probe sonication for 10min at 30
watt for 2min pulse on and 1min pulse off cycles. Size and
zeta potential of CeO

2
NPs (100 𝜇g/mL) were analyzed using

dynamic light scattering and phase analysis light scattering
technique in a Zetasizer Nano-ZS equipped with 4.0mW,
633 nm laser (model ZEN 3600; Malvern Instruments Ltd.,
Malvern, UK).

2.3. Cell Based Assays. Thehuman lung alveolar basal epithe-
lial cell line (A549) was obtained from National Centre
for Cell Science (NCCS), Pune, India, and maintained in
DMEM/F-12 medium (1 : 1) supplemented with 10% foetal
bovine serum, 1% antibiotic-antimycotic solution at 37∘C in
a humidified environment of 5% CO

2
. Cells were cultured in

96-well, 12-well, and 6-well culture plates and 75 cm2 culture
flask for different experiments. Cells at a confluency of 80%
were used for all the experiments.

Stock suspension (150 𝜇g/mL) of CeO
2
NPs was prepared

and diluted to varying concentrations (1𝜇g/mL–100𝜇g/mL)
as described above. Cells were exposed to these concentra-
tions for a specified time schedule (3 h, 6 h, 24 h, and 48 h) as
per each experimental design.

2.3.1. Internalization of CeO
2
NPs. Flow cytometric analysis

was performed for the assessment of CeO
2
NPs internaliza-

tion in A549 cells according to the method of Suzuki et al.
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[25] using light scattering principles.The analysis is based on
the principle that increase in the intensity of side scattered
(SSC) light with constant intensity of forward scattered (FSC)
light in cells reveals increased granularity of cells correlated
to cellular uptake of NPs. In brief, 1 × 105 cells/mL/well were
seeded in 12-well culture plate and allowed to attach the
surface for 22 h. Cells were exposed to varying concentra-
tions of CeO

2
NPs (1 𝜇g/mL–100𝜇g/mL) for 24 h and 48 h.

Treatment was removed and cells were harvested using 0.25%
trypsin-EDTA and resuspended in 500𝜇L of 1x PBS. Analysis
was made using flow cytometer equipped with 488 nm laser
(FACS Canto II and FACS Diva software (version 6.1.2) BD
Biosciences, San Jose, CA, USA).

2.3.2. Cytotoxicity Assessment. Cytotoxicity potential of
CeO
2
NPs was assessed using propidium iodide (PI) staining

and trypan blue dye exclusion assay for quantification of
dead cells.

Propidium Iodide (PI) Staining Assay. Live-dead assessment
of A549 cells exposed to CeO

2
NPs was carried out by flow

cytometry based propidium iodide (PI) dye uptake assay.
Cells (1 × 105 cells/mL/well) were seeded in 12-well cul-

ture plate and after 22 h exposed to varying concentrations
(1 𝜇g/mL–100 𝜇g/mL) of CeO

2
NPs for 24 h and 48 h. After

completion, treated cells were harvested and resuspended
in 100 𝜇L PBS and incubated with propidium iodide dye
(stock: 5mg/mL; working: 2 𝜇L/100 𝜇L) for 10min at room
temperature. This suspension was diluted by adding 400 𝜇L
PBS and red fluorescence emitted fromPI was collected using
BD FACS Canto II flow cytometer (BD Biosciences, San Jose,
CA, USA) coupled with 650 ± 13 nm band pass filter. The
proportions of live or dead cells were analyzed using FACS
Diva software (version 6.1.2) (BD Biosciences, San Jose, CA,
USA).

Trypan Blue Dye Exclusion Assay. Viability of A549 cells
exposed to CeO

2
NPs was determined by trypan blue dye

exclusion assay. Briefly, 5 × 104 cells/mL/well were seeded and
exposed to different concentrations (1𝜇g/mL–100𝜇g/mL) for
24 h and 48 h. Exposed cells were harvested, washed with
PBS, and mixed with equal volume (10𝜇L cells + 10 𝜇L dye)
of 0.25% trypan blue dye solution for 5min. Ten microlitres
from this solution were used to count the viable cells by using
a Countess automated cell counter (Invitrogen, UK). Loss in
viability was expressed as percent dead cells.

2.4. Measurement of Oxidative Stress Markers

2.4.1. Determination of Intracellular Reactive Oxygen Species
(ROS) Generation. Generation of intracellular reactive oxy-
gen species in A549 cells exposed to CeO

2
NPs was mea-

sured using 2,7-dichlorofluorescein diacetate (DCFDA) dye
according to the method of Wang and Joseph [26]. Briefly, 1
× 104 cells/100 𝜇L/well were seeded in 96-well black bottom
plate and incubated for 22 h before the exposure. Cells were
exposed to increasing concentrations (1𝜇g/mL–100 𝜇g/mL)
of CeO

2
NPs for 3, 6, and 24 h in the presence and absence

of N-acetyl-L-cysteine (NAC) at a concentration of 10mM.

Following the exposure, cells werewashedwith PBS and incu-
bated with DCFDA dye (20𝜇M in PBS) for 30min at 37∘C.
Further the dye solution was replaced by 200 𝜇L of PBS
and fluorescence was read at 485 nm excitation and 528 nm
emission wavelength in multiwell plate reader (SYNERGY-
HT, Biotek, USA) using KC-4 software. The results were
expressed as % ROS generation compared to control. To
detect the auto fluorescence and interference of NPs with
DCFDA dye, a cell free experiment in presence and absence
of CeO

2
NPs was also conducted in parallel to the treatment

experiment.

2.4.2. Measurement of Glutathione (GSH) Level. A549 cells
treated with CeO

2
NPs were collected and assessed for the

changes in the level of cellular GSH according to the method
of Ellman [27].

Briefly, cells were cultured in 75 cm2 flask and exposed
to 1 𝜇g/mL–100𝜇g/mL concentrations of NPs for 3 h and 6 h.
After the treatment, cells from control and treated groups
were lysed in cell lysis buffer (20mM Tris-HCl (pH 7.5),
150mM sodium chloride (NaCl), 1mM Na

2
EDTA, 1% Tri-

ton X-100, and 2.5mM sodium pyrophosphate). Following
centrifugation the cell extract was maintained on ice until
assayed for the cellular GSH. A mixture of 0.1mL cell extract
and 0.9mL of 5% tri-chloro acetic acid (TCA) was cen-
trifuged (2300×g for 15min at 4∘C). Further, 0.5mL of the
supernatant was added to 1.5mL of 0.01% 5,5-dithiobis(2-
nitrobenzoic acid) (DTNB) and the reaction was monitored
at 412 nm. The amount of GSH was expressed in terms of
umol/mg protein.

2.5. Determination of Mitochondrial Membrane Potential
and Apoptosis. Determination of mitochondrial membrane
potential (MMP)was done using lipophilic cationic 5,5, 6,6-
tetrachloro-1, 133-tetraethylbenzimidazolecarbocyanine
iodide (JC-1) dye. This dye has dual fluorescence nature and
mitochondrial membrane permeability. This dye passively
enters the mitochondria and forms aggregate which gives
the red fluorescence. When the potential of mitochondria
collapse, this dye can no longer accumulate in the mitochon-
dria and remains in cytoplasm in form of monomer which
gives the green fluorescence.

For the MMP analysis, 1 × 105 cells/mL/well cultured in
12-well plate and exposed to 1 𝜇g/mL–100𝜇g/mLofCeO

2
NPs

for 24 h were harvested and washed with PBS and incubated
with 10 𝜇M JC-1 dye in culture medium for 15min at 37∘C.
Cells were again washed with PBS and resuspended in 400 𝜇L
of PBS.The cells were analyzed for red and green fluorescence
in a BD FACS Canto II flow cytometer (BD Biosciences, San
Jose, CA, USA) coupled with 485 nm excitation and 590 nm
emission filters.

Apoptosis analysis in CeO
2
NPs exposed A549 cells was

carried out using the Annexin V-FITC apoptosis detection
kit (BD Biosciences, San Jose, CA, USA) according to the
manufacturer’s protocol. Briefly, cells (1 × 105 cells/mL/well)
exposed to different concentrations (1𝜇g/mL–100𝜇g/mL) of
CeO
2
NPs in presence and absence of Z-DEVD-fmk (a

Caspase-3 inhibitor) at a concentration of 60 𝜇M for 24 h
were harvested, washed with PBS, resuspended in 100 𝜇L of
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binding buffer containing 5 𝜇L of annexin V and propidium
iodide (PI), and incubated for 10min at room temperature
in dark. After incubation, samples were diluted by adding
400 𝜇L of binding buffer and analyzed using BD FACS
Canto II flow cytometer equipped with FACS Diva software,
version 6.1.2 (BDBiosciences, San Jose, CA,USA).The results
were expressed as Annexin V-FITC+ and PI− cells identified
as apoptotic cells, Annexin V-FITC+ and PI+ cells as late
apoptotic cells, Annexin V-FITC− and PI+ cells as necrotic
cells, and Annexin V-FITC− and PI− as healthy cells.

Along this, acridine orange staining of A549 cells
treated with different concentrations of CeO

2
NPs was also

carried out for the assessment of apoptosis. Briefly, 1 ×
105 cells/mL/well were seeded in 12-well plate, exposed to
1 𝜇g/mL–100 𝜇g/mL concentrations of NPs for 24 h, har-
vested, and cytocentrifuged at 1000 rpm for 10min. Cells
were air dried, fixed in 90% chilled methanol for 10min, and
stained with 10 𝜇g/mL solution of acridine orange dye for
5min.The visualization of cells and scoring of the slides were
done at 400x magnification using fluorescent microscope
(DMLB, Leica, Germany) coupled with CCD camera.

2.6. Assessment of DNA Damage Induction by CeO
2
NPs.

The DNA damaging potential of CeO
2
NPs was determined

by standard alkaline Comet assay and fpg-modified Comet
assay.

2.6.1. Standard Alkaline Comet Assay. The induction of DNA
damage by CeO

2
NPs was assessed by using alkaline Comet

assay according to the method of Singh et al. [28]. In brief,
1 × 105 cells/mL/well in 12-well culture plate was exposed
to increasing concentrations (1𝜇g/mL–100𝜇g/mL) of CeO

2

NPs for 6 h. Following the exposure, cells were harvested
and resuspended in 100 𝜇L PBS. Comet slides were prepared
according to the method of Bajpayee et al. [29] and kept
in lysis solution at 4∘C overnight. Duplicate slides for each
concentration were prepared. The slides were subjected to
DNAunwinding, electrophoresis, and neutralization process.
Slides were stained with 20 𝜇g/mL of ethidium bromide
solution and kept in a humidified slide chamber until scoring.
The scoring of the slides was done at 400x magnifica-
tion using fluorescent microscope (DMLB, Leica, Germany)
coupled with CCD camera. The analysis was done using
image analysis software (KOMET 5.0, Kinetic Imaging, U.K.)
attached with microscope. Images from 50 Comet cells (25
cells from each replicate slide) were analyzed and the Comet
parameters, that is, % Tail DNA and Olive tail moment, were
measured in cells according to the defined protocol [30].

2.6.2. Fpg-Modified Comet Assay. Fpg-modified Comet assay
was done according to the method of Collins [31] to identify
the oxidative stress mediated DNA damage involving the
induction of oxidized bases. Briefly, up to the lysing, the pro-
cess was performed the same as with standard alkaline Comet
assay. After lysing, slides were washed with enzyme buffer
(40mMHEPES, 0.1M KCl, 0.5mM EDTA, pH 8; 0.2mg/mL
bovine serum albumin, BSA) for three times and subse-
quently incubated with 30 𝜇L of fpg enzyme (1 : 3000 dilution
in enzyme buffer) for 30min at 37∘C. Further the slides

were subjected to unwinding, electrophoresis, staining, and
imaging the same as with standard alkaline Comet assay.

2.7. Cell Cycle Analysis. It is well known that presence of cells
in subG1 phase of cell cycle correlates theDNA fragmentation
with apoptosis [32]. Effect of CeO

2
NPs on cell cycle progres-

sion of A549 cells was assessed using Flow cytometry. Briefly,
2 × 105 cells/mL/well in 6-well culture plates were exposed
to different concentrations (1𝜇g/mL–100 𝜇g/mL) of NPs for
24 h. After exposure, cells were harvested, washed with PBS,
and fixed with 70% ice cold ethanol overnight at −20∘C. Cells
were centrifuged, lysed for 30min at 4∘C (using 0.2% Triton
X 100), and treated with 10mg/mL RNase for 30min at 37∘C.
Samples were stained with 1mg/mL solution of propidium
iodide dye for 30min at 4∘C and analyzed using BD FACS
Canto II flow cytometer equipped with FACS Diva software,
version 6.1.2 (BD Biosciences, San Jose, CA, USA). Results
were expressed as percentage of cells in each phase of cell
cycle.

2.8. Western Blotting. For analysis of different proteins
involved in CeO

2
NPs induced toxicity, 2 × 105 cells/mL/well

grown in 6-well culture plate were exposed with NPs concen-
trations (1 𝜇g/mL–100𝜇g/mL) for 24 h. After completion of
exposure, cells were washed three times with PBS and protein
was extracted from cells for electrophoresis. The amount
of protein was estimated using Bradford method [33] and
resolved by SDS-PAGE and transferred to polyvinylidene
fluoride (PVDF)membrane. For the detection of specific pro-
teins, PVDF membrane was incubated with anti-BAX, anti-
BCl-2, anti-caspase-3, anti-caspase-9, anti-cytochrome C,
anti-PARP, anti-p53, and anti-𝛽-actin after blocking in 3%
BSA solution. Detection of protein bands was carried out
using chemiluminiscence and densitometric analysis was
done using Quantity One Quantitation Software version 4.3.1
(Bio-Rad, USA).

2.9. Statistical Analysis. All the assays were repeated at least
three times and the data are presented as mean ± standard
error. In all experiments, CeO

2
NPs treated samples were

compared with their respective controls and the mean dif-
ference was calculated using one way analysis of variance
(ANOVA). Along this, mean difference between two groups
was assessed using the two-tailed Student’s 𝑡-test and𝑃 < 0.05
was considered as statistically significant in all the experi-
ments.

3. Results

3.1. Characterization of Cerium Oxide Nanoparticles. TEM
analysis was done for the assessment of primary particle size
and morphology. CeO

2
NPs were cuboidal in shape and size

observed from TEM was approximately in the range from
8 nm to 20 nmalthough some agglomerationwas also present
(Figure 1).

CeO
2
NPs were also characterized using dynamic light

scattering technique in Milli-Q water as well as DMEM F-
12 culture medium. In Milli-Q water they tend to form
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Table 1: Characterization of CeO2 NPs by dynamic light scattering.

S. number Medium Hydrodynamic size (d.nm) Polydispersity index (PDI) Zeta potential (mV)
1 Milli-Q water 576.8 0.862 −11.9
2 Culture medium (DMEM F-12 with 10% FBS) 177.4 0.248 −13.7

Figure 1: Characterization of CeO
2
NPs by TEM. TEM analysis

revealed that CeO
2
NPs were cuboidal in shape with size range from

∼8 nm to 20 nm with some agglomeration.

agglomerate with average diameter 576.8 ± 0.45 nm. In
DMEM F-12 medium the average size and zeta potential of
CeO
2
NPs was shown to be 177.4 ± 0.23 nm and −13.7 ±

0.25mV, respectively, with polydispersity index (PDI) 0.248
(Table 1).

3.2. Cellular Internalization of Cerium Oxide Nanoparticles.
There was a statistically significant (𝑃 < 0.05) concentration
and time dependent internalization of nanoparticles as evi-
dent by increase in the SSC intensity of treated cells. Result
showed that 3.72%, 8.38%, and 15.33% increase in intensity
of SSC at 25𝜇g/mL, 50 𝜇g/mL, and 100 𝜇g/mL, respectively,
after 24 h was found which increased to 4.32%, 10.34%, and
19.43% after 48 h (Figure 2).

3.3. Morphological Analysis. Morphological analysis of A549
cells after NPs exposure exhibited that there was an obvious
change in cell morphology after 24 h exposure (Figure 3).
Cells lost their morphology and started to become round in
shape at 25𝜇g/mL concentration. These changes markedly
increased with increasing concentrations and at 100 𝜇g/mL
many of the cells detached and formed clumps with irregular
shape. Cell density was also reduced at higher dose.

3.4. Cytotoxicity Assessment. To determine the cytotoxic-
ity, A549 cells were incubated with varying concentrations
(1 𝜇g/mL–100 𝜇g/mL) of CeO

2
NPs for 24 h and 48 h. Pro-

pidium iodide (PI) uptake method was utilized to assess the
viability in terms of cell death. Cell death was increased in
a concentration and time dependent manner following the
exposure of nanoparticles (Figure 4(a)).
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Figure 2: Internalization of CeO
2
NPs in A549 cells after 24 h

and 48 h exposure. Cells were harvested and analyzed using flow
cytometry. Increase in SSC intensity which correlates the increased
granularity of cells was used as a marker for uptake of NPs. Values
represent mean ± SEM of three independent experiments (∗𝑃 <
0.05, ∗∗𝑃 < 0.01, compared with control).

There was a statistically significant (𝑃 < 0.01) increase
in cell death (7.25%, 9.37%, 12.35%, and 14.07% in 10 𝜇g/mL,
25 g/mL, 50 𝜇g/mL, and 100 𝜇g/mL exposed cells, resp.) after
24 h exposure which increased to 9.62%, 11.69%, 15.34%, and
18.98%, respectively, after 48 h exposure. Similar results were
also obtained by trypan blue assay in which viability of cells
was decreased with increasing concentrations of NPs (Figure
4(b)).

3.5. Determination of ROS and GSH Amount. CeO
2
NPs

showed a significant (𝑃 < 0.01) concentration and time
dependent increase in production of ROS in terms of increase
in DCF fluorescence intensity (Figure 5(a)). DCF fluores-
cence intensity increased to 171%, 200%, and 259% after 3 h
and 240%, 266%, and 286% after 6 h exposure of 25 𝜇g/mL,
50 𝜇g/mL, and 100 𝜇g/mL, respectively, as compared to con-
trol. However, ROS generation decreased (115%, 118%, and
109% at 25 𝜇g/mL, 50 𝜇g/mL, and 100 𝜇g/mL) after 24 h
exposure. This ROS was completely reduced in the presence
of N-acetyl-L-cysteine (NAC) as shown in Figure 5(b).

With the increase in ROS production cellular GSH
significantly (𝑃 < 0.05) depleted after 3 h and 6 h at 25 𝜇g/mL,
50 𝜇g/mL, and 100 𝜇g/mL exposure as compared to control
(Figure 5(c)).

3.6. Mitochondrial Membrane Potential (MMP) Analysis and
Apoptosis. Cells treated with CeO

2
NPs showed a significant

(𝑃 < 0.05) concentration dependent decrease in mitochon-
drial membrane polarization as evident by JC-1 dye (Figure
6(a)). There was 7.27%, 16.76%, and 18.51% decrease in
MMP at 25 𝜇g/mL, 50𝜇g/mL, and 100 𝜇g/mL exposure,
respectively, as compared to control.
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(a) (b)

(c) (d)

(e) (f)

Figure 3: Morphological changes in A549 cells exposed to CeO
2
NPs for 24 h. Cells were exposed, washed, and examined under phase

contrast microscope: (a) control cells, (b) 1 𝜇g/mL, (c) 10𝜇g/mL, (d) 25 𝜇g/mL, (e) 50 𝜇g/mL, and (f) 100 𝜇g/mL concentration exposed cells
(magnification ×20).

Both the decrease in MMP and accumulation of ROS
are hallmarks of mitochondria mediated apoptosis [34]. As
evident in Figure 6(b), the amount of apoptotic cells also
increased in concentration dependent manner. There was
increase in apoptotic cells from 2.79% (control) to 6.79%
(25 𝜇g/mL), 7.37% (50 𝜇g/mL), and 8.92% (100 𝜇g/mL). How-
ever, in the presence of Z-DEVD-fmk, this death was com-
pletely attenuated which clearly indicated that the death was
caspase dependent.

3.7. Acridine Orange Staining. Determination of apoptosis
induction in A549 cells by CeO

2
NPs was also assessed by

acridine orange staining. Cells with chromatin condensation,

nuclear fragmentation, and apoptotic bodies were found in
the cells exposed to CeO

2
NPs as compared to control (Figure

7).

3.8. DNA Damage by CeO
2
NPs. Cells exposed to 25 𝜇g/mL,

50 𝜇g/mL, and 100 𝜇g/mL concentration of CeO
2
NPs for 6 h

exhibited a significant (𝑃 < 0.05) induction in DNA damage
compared to control cells as evident by Comet parameters,
Olive tail moment, and % Tail DNA in standard alkaline
Comet assay (Table 2). Moreover, the values for % Tail DNA
and Olive tail moment in fpg-modified Comet assay were
significantly (𝑃 < 0.05) higher than the standard alkaline
Comet assay.This result suggests the involvement of oxidative
stress towards the DNA damage.
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Figure 4: Cytotoxicity assessment of CeO
2
NPs in A549 cells by (a) propidium iodide (PI) uptake method and (b) trypan blue dye exclusion

assay after 24 h and 48 h exposure. Cells were stainedwith PI and subjected to flow cytometer, whereas in trypan blue assay cells were subjected
to automatic cell counter. The results were expressed as mean ± SEM of three independent experiments (∗𝑃 < 0.05, ∗∗𝑃 < 0.01, compared
with control).
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Figure 5: Effect of CeO
2
NPs on (a, b) ROS production and (c) cellular level of glutathione (GSH) in A549 cells. (a, b) Cells were exposed

and incubated with H
2
DCFDA. (c) After exposure cells were collected, lysed, and incubated with reaction mixture (TCA, DTNB). Both

measurements were done usingmicroplate reader and data represents mean ± SEM of three independent experiments (∗𝑃 < 0.05, ∗∗𝑃 < 0.01
compared to control).
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Table 2: DNA damage induction by CeO2 NPs as evident by alkaline and fpg modified Comet assay in A549 cells after 6 h exposure.

Groups OTM (arbitrary unit) Tail DNA (%)
Fpg (−) Fpg (+) Fpg (−) Fpg (+)

Control 0.89 ± 0.06 1.13 ± 0.09 6.32 ± 0.23 6.96 ± 0.12

CeO2 NPs (1 𝜇g/mL) 1.19 ± 0.12
∗

1.68 ± 0.14
∗#

7.76 ± 0.38 10.81 ± 0.28
∗∗#

CeO2 NPs (10𝜇g/mL) 1.55 ± 0.07
∗∗

1.94 ± 0.15
∗∗#

9.01 ± 0.22
∗

11.82 ± 0.24
∗∗#

CeO2 NPs (25𝜇g/mL) 1.73 ± 0.08
∗∗

2.28 ± 0.15
∗∗#

10.30 ± 0.67
∗∗

13.45 ± 0.18
∗∗#

CeO2 NPs (50𝜇g/mL) 1.89 ± 0.07
∗∗

2.70 ± 0.14
∗∗#

13.15 ± 0.61
∗∗

15.63 ± 0.26
∗∗#

CeO2 NPs (100𝜇g/mL) 2.13 ± 0.07
∗∗

3.76 ± 0.16
∗∗#

16.39 ± 0.65
∗∗

18.04 ± 0.27
∗∗#

Positive control-H2O2 (25 𝜇M) 4.39 ± 0.11
∗∗

6.33 ± 0.14
∗∗#

23.67 ± 1.58
∗∗

29.28 ± 0.36
∗∗#

Comet slides were prepared according to defined protocol and 50 Comet cells were scored using fluorescence microscope. Results from three independent
experiments in form of mean ± SEM were reported (∗𝑃 < 0.05, ∗∗𝑃 < 0.01 compared to respective control; #𝑃 < 0.05 when compared with respective values
in standard Comet assay).
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Figure 6: Mitochondrial membrane potential alteration and apoptosis induction by CeO
2
NPs in A549 cells after 24 h exposure. Cells were

exposed to 1 𝜇g/mL–100 𝜇g/mL concentration of NPs, harvested, and stainedwith JC-1 dye forMMP (Figure 6(a)) and annexinV-FITC/PI for
apoptosis (Figure 6(b)). Cells were subjected to flow cytometry and values from three independent experiments (mean ± SEM) were reported
(∗𝑃 < 0.05, ∗∗𝑃 < 0.01 compared to control).

3.9. Cell Cycle Analysis. The effect of NPs on A549 Cell cycle
progression was assessed by flow cytometry. In response to
DNA damage, relevant checkpoints can arrest the cell cycle at
a certain stage. Data showed that there was a significant (𝑃 <
0.05) dose dependent increase in cells present in subG1 phase
of cell cycle in comparison to control while the percentage
of cells in G2 phase of cell cycle declined progressively.
The amount of cells in Sub G1 phase increased from 0.7%
(control) to 2.95%, 3.45%, and 5.1% at 25 𝜇g/mL, 50𝜇g/mL,
and 100 𝜇g/mL concentration, respectively (Figure 8).

3.10. Western Blot Analysis. Western blot analysis data exhib-
ited that there was a significant (𝑃 < 0.05) increase in expres-
sion of proapoptotic protein Bax (4.1 fold, 4.5 fold, 5.1 fold),
tumor suppressor protein p53 (1.8-fold, 2.4-fold, and 2.7-
fold), and PARP (2.5-fold, 3.1-fold, and 3.3-fold) with
decreased expression level of Bcl-2 (0.66-fold, 0.49-fold, and
0.23-fold) as compared to control at 25 𝜇g/mL, 50𝜇g/mL,
and 100 𝜇g/mL concentrations, respectively. Furthermore,
significant (𝑃 < 0.05) increase in expression level of cyto-
chrome C (3.3-fold, 3.6-fold, and 4.1-fold), Apaf-1 (2.0-fold,
2.6-fold, and 2.9-fold), caspase-3 (2.2-fold, 2.7-fold, 2.9-fold),

and caspase-9 (1.4-fold, 1.9-fold, and 2-fold) were also found
which confirms the mitochondrial mediated apoptotic cell
death induction by CeO

2
NPs in A549 cell (Figure 9).

4. Discussion

Due to the conflicting information of cerium oxide nanopar-
ticles effects over human and environment, the present study
was carried out to precisely define their final fate in a cell.
Moreover, the major regulator behind the CeO

2
NPs induced

cell death, if any, was also explored. Our study systematically
concludes that CeO

2
NPs get internalized in cells in a sig-

nificant manner and lead to mitochondria mediated cas-
pase dependent cell death. We also showed that CeO

2
NPs

produced increased amount of ROS which contributed to
extensive DNA damage and perturbation in cell cycle with
increasing apoptotic cells in subG1 phase. Further, in the
presence of specific inhibitor for ROS and apoptosis, both
processes were completely attenuated, proving that the cause
of CeO

2
toxicity is ROS mediated DNA damage leading to

apoptosis.
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(a) (b)

(c) (d)

(e) (f)
Figure 7: Determination of apoptotic cells by acridine orange staining of A549 cells exposed to CeO

2
NPs for 24 h exposure. Cells were

exposed, washed, and stained with acridine orange dye. (a) Control cells, (b, c) treated cells showing nuclear fragmentation, (d, e) chromatin
condensation, and (f) apoptotic bodies.
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Figure 8: Cell cycle analysis of A549 cells exposed to CeO
2
NPs for

24 h exposure. Cells were exposed, fixed, and stained with propid-
ium iodide dye before subjecting to flow cytometric analysis. Values
from three independent experiments (mean ± SEM) were reported
where ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared to control.

The characterization of NPs is essential for the toxicity
studies as it has been shown that the size, shape, surface reac-
tivity, solubility, and degree of aggregation impart for their
differential response in biological system [35].Hence, the par-
ticle morphology, average size, and agglomeration status of
CeO
2
were examined by TEM.We observed that the particles

were in the range of 8 nm to 20 nm in size and cuboidal in
shape, although there was some agglomeration also present
which range in the size of ∼40 nm. Also, to mimic the real
exposure scenario the CeO

2
NPs were characterized in the

Milli-Q water as well as in culture medium by DLS. We
observed that the average hydrodynamic size of the particle in
Milli-Qwaterwas 576.8 nm± 0.45 nmand in culturemedium
177.4 nm ± 0.23 nm. The difference in the average hydrody-
namic size of NPs observed in different solvent could be
attributed to their aggregation state. In the culturemedia NPs
were more stable andmonodispersed due to the formation of
protein nanoparticles corona (Table 1).
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Figure 9: Dose dependent expression level analysis (A, B, and C) of various apoptotic proteins in A549 cells after 24 h exposure of CeO
2

NPs. Cells exposed to indicated concentration, protein lysate, were collected and assayed by western blotting. 𝛽-actin was used as an internal
control. All blots (A, B, and C) and respective Bar graph (Aa, Bb, and Cc) values (mean ± SEM) are representative of three independent
experiments (∗𝑃 < 0.05, ∗∗𝑃 < 0.01 compared to respective control).
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For toxicity studies of the NPs, it is important to assess
NPs uptake and correlate it with the cellular response. In the
present study the internalization of the CeO

2
NPs in A549

cells were determined by the flow cytometry using the pro-
tocol described by our earlier studies [36, 37]. We observed
a concentration and time dependent significant (𝑃 < 0.05)
increase in the side scattered intensity of the treated A549
cells as compared to control (Figure 2). Additionally, phase
contrast images of A549 cells treated with CeO

2
NPs showed

their accumulation in cytoplasm. The uptake potential of
CeO
2
NPs in various human cell lines as well as in mouse

macrophage cells has also been reported previously [38, 39]
which correlates with our findings. Also, we observed some
morphological changes in the CeO

2
NPs treated cells such as

at concentration 25𝜇g/mL few cells become spherical while
at concentration 100 𝜇g/mL the number of the spherical cells
increased and many of them were detached from the surface
of culture plate (Figure 3). Earlier studies have also shown
the internalization of CeO

2
NPs in human keratinocytes

cells, human bronchial epithelial cells, cardiac progenitor
cells, human monocytes, and so forth, using TEM and flow
cytometry [40–42].

Various metal oxide nanoparticles have shown to induce
cell death after internalization [37, 43, 44]. We assessed the
cytotoxicity potential of CeO

2
NPs using propidium iodide

(PI) uptake method and trypan blue dye exclusion assay. PI
dye selectively enters the cells with compromised membrane
integrity and binds to the DNA which causes increase in
the fluorescence intensity of PI dye, whereas in trypan blue
dye exclusion assay live cell excludes the dye and dead cells
stained with blue color. Our data suggested that following
the exposure of CeO

2
NPs there was a significant (𝑃 <

0.05) concentration and time dependent cytotoxicity in A549
cells at 25 𝜇g/mL, 50 𝜇g/mL, and 100 𝜇g/mL concentrations
at 24 h and 48 h in both the assays. These results were in
accordance with the earlier studies which have reported the
toxic behavior of CeO

2
NPs in various cell lines [17, 41]. Cell

death induction by various metal oxide NPs are due to their
dissolution in culture medium which causes release of ions.
These ions contributed to the cell death [43, 45, 46]. But CeO

2

NPs did not dissolve in medium [47] so that their toxicity
is due to NPs and not by ceric ions, although data are also
available which show that CeO

2
NPs exposure did not induce

cell death in lung cells and phagocytic cells [46].
NPs mediated cell death is supposed to be due to the

production of ROS leading to oxidative stress caused by
nanoparticles’ small size and large surface area to volume
ratio [48, 49]. Our result showed that CeO

2
NPs are capable

to produce ROS in a concentration and time dependent
manner up to 6 h (Figure 5(a)). But level of ROS was found
to be decreased at 24 h. The possible reasons may be either
due to the increase in amount of cell death or generation
of ROS stabilized after a certain time period. However, the
amount of ROS was also decreased in the presence of NAC,
a ROS inhibitor, as shown in Figure 5(b). Further with the
increase in amount of ROS, level of GSH was decreased in
present study. It is well known that excess production of ROS
leads to decreased level of antioxidant in cultured cells. Thus,
combined data showed that CeO

2
NPs are capable to produce

ROS which is due to decrease in level of cellular antioxidants
which are correlated with previous studies [16]. CeO

2
NPs

have also been reported to show antioxidant behavior [15]
which has been attributed to the presence of mixed valence
states of CeO

2
NPs on their surface [9, 50]. However, the

exact mechanism of oxidant/antioxidant behavior of CeO
2

NPs remains elusive.
Any imbalance between ROS level and antioxidant level

may lead to genomic instability. So we assessed the effect of
CeO
2
NPs induced ROS on genomic DNA by alkaline Comet

assay and fpg modified Comet assay. It was found that the
amount of DNA damage was increased in concentration and
time dependent manner as suggested by Comet assay param-
eters, namely, Olive tail moment and Tail DNA (Table 2).The
amount of DNA damage was higher in fpg modified Comet
assay in comparison to alkaline Comet assay proving the
oxidative stress inducedDNAdamage. In earlier studies it has
been reported that CeO

2
NPs did not induce damage to DNA

and chromatin in human cells [51] and have antioxidative
effect over trichloroethane (TCEtn) exposure [52] which are
in contrary to our results. But in these studies cell lineswere of
different origins and in the earlier study [52] effect of cerium
oxide alone has not been shown.

Excess production of ROS with concomitant decrease in
GSH level also leads to mitochondrial membrane permeabil-
ity and induction of apoptotic cell death in cultured cells [53–
55]. MMP is important to maintain the potential difference
across the mitochondrial membrane. Loss in MMP is an
early event during apoptosis in cultured cells which results in
accumulation of ROS and redistribution of apoptotic factors
across the mitochondria [56]. In present study we assessed
the MMP loss by the use of JC-1 dye which has dual color
properties. In healthy cells, this dye enters the mitochondria
and forms aggregate which gives red color but when the
potentials of mitochondria collapse, this dye remains in cyto-
plasm and gives green color. Thus, increase in red to green
fluorescence ratio was used as a marker of MMP loss. Our
results showed that there was a significant (𝑃 < 0.05) con-
centration dependent decrease in mitochondrial membrane
potential. Increased production of ROS with progressive
decrease inMMPhas been proposed asmain event during the
apoptosis [34]. Here we assessed the apoptosis induction by
CeO
2
NPs using annexinV-FITC/PI.We found that therewas

a concentration dependent increase in apoptotic cells which
were reversed in the presence of Z-DEVD-fmk. However,
necrotic and late apoptotic cells were not found. Moreover,
in cell cycle analysis, we found the significant increase in
amount of cell present in sub G1 phase as compared to
control.

Further, to understand the molecular mechanism behind
the apoptotic cell death induced by CeO

2
NPs in A549 cells

Western blot analysis was carried out after 24 h exposure.
Our results showed that there was a concentration dependent
increase in p53 level of treated cells as compared to control
cells (Figure 9(C)). Expression of p53 proteins in mammals
is tightly regulated and serves to protect the organism from
DNA-damaging stimuli. In case of extensive DNA damage,
p53 activates and leads to cell cycle arrest or apoptosis
[57]. It has also been shown that activation of p53 leads to
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upregulation of proapoptotic member of Bcl-2 family such
as Bax and Bak which translocates to mitochondria and
suppresses the activity of antiapoptotic member of Bcl-2
family [58]. This modulation in Bax/Bcl-2 ratio leads to
permeabilization of mitochondria and release of apoptotic
proteins such as cytochromeCwhich binds to cytosolic Apaf-
1 [59]. This binding results in oligomerization of Apaf-1 and
this complex further binds to caspase-9 to form apoptosome
which cleaves and activates the downstream caspases (3, 6,
and 7) to initiate mitochondrial mediated apoptosis [60].
In addition to this our data also exhibited that there was
a concentration dependent increase in Bax, cytochrome C,
caspase-9, and Apaf-1 with progressive decrease in Bcl-2
protein expression which suggest the induction of apoptotic
cell death pathway in A549 cells exposed to CeO

2
NPs

(Figures 9(A) and 9(B)). Consequently there was an increase
in expression level of caspase-3 along with PARP, a down-
stream substrate of activated caspase-3, which confirms the
involvement of mitochondria in apoptotic cell death.

5. Conclusion

Present study showed that cerium oxide NPs get internalized
in A549 cells which cause morphological alterations and tox-
icity in a concentration and time dependent manner. These
NPs increase the production of ROS which leads to decrease
in antioxidant level of cells and apoptotic cell death. Along
with this, ROS production also causes damage to DNA and
halts cell cycle progression which contributed to increased
amount of cell death. Immunoblot analysis exhibited that the
apoptotic death was mediated through mitochondria which
involves the activation of Bcl-2 family mediator including
activation of PARP. Thus, extensive DNA damage mediated
molecular perturbations leads to apoptotic cell death in CeO

2

NPs exposed A549 cells.
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Iron oxide-silica nanoparticles (IOSi-NPs) were prepared from a mixture of ferrous chloride tetrahydrate and ferric chloride
hexahydrate dropped into a silica xerogel composite. The structure and morphology of the synthesized maghemite nanoparticles
into the silica xerogel were analysed by X-ray diffraction measurements, scanning electron microscopy equipped with an energy
dispersive X-ray spectrometer, and transmission electronmicroscopy.The results of the EDAXanalysis indicated that the embedded
particles were iron oxide nanoparticles. The particle size of IOSi-NPs calculated from the XRD analysis was estimated at around
12.5 nm.The average size deduced from the particle size distribution is 13.7± 0.6 nm,which is in good agreement with XRD analysis.
The biocompatibility of IOSi-NPs was assessed by cell viability and cytoskeleton analysis. Histopathology analysis was performed
after 24 hours and 7 days, respectively, from the intratracheal instillation of a solution containing 0.5, 2.5, or 5mg/kg IOSi-NPs.The
pathologicalmicrographs of lungs derived from rats collected after the intratracheal instillationwith a solution containing 0.5mg/kg
and 2.5mg/kg IOSi-NPs show that the lung has preserved the architecture of the control specimen with no significant differences.
However, even at concentrations of 5mg/kg, the effect of IOSi-NPS on the lungs was markedly reduced at 7 days posttreatment.

1. Introduction

In recent years, an increasing interest has been registered for
developing the field of nanotechnology. Due to the outstand-
ing physicochemical properties that nanoparticles exhibit,
the number of applications involving these nanomaterials is
increasing continuously. Nowadays, nanoparticles can be
found in toothpastes, sunscreens, or food products [1, 2].The
unique chemical, physical, optical [3, 4], electronic [3, 5], and
magnetic [3, 6] properties show that nanoparticles could be
used in biotechnology and biomedicine. The size of these
nanoparticles facilitates their use in engineering of surfaces
and in creating functional nanostructures [3]. Among the
many types of nanoparticles, superparamagnetic iron oxide
nanoparticles (SPIONs) have been already used for several in
vivo applications, showing promising results. They were used

as contrast enhancement in magnetic resonance imaging [7–
9], for tissue repair [7, 10, 11], for drug delivery in tumour
therapy [7, 12, 13], for stem cell tracking [7, 14], or as heat
mediators in hyperthermia treatments [15]. In order to be
used for these types of applications, the nanoparticles bio-
compatibility could be increased by adding a silica shell. Due
to the biocompatible properties, silica is less likely to degrade
in a biological environment [16, 17].

Cancer is a major health problem worldwide, being res-
ponsible for one in four deaths in the United States, accord-
ing to the American Cancer Society [18]. In this context,
researchers have tried to find new innovative ways of admin-
istering the treatment more efficiently. One of the major pro-
blems that arise during the targeted administration of drugs,
most commonly used for cancer treatments, is the nonspeci-
ficity of the drug towards the pathological site [3]. Thus, a
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large dose of medicine is required in order for the treatment
to be effective and the required local concentration to be
achieved.The result consisted of the fact that besides the dam-
aged cells, surrounding healthy cells could be also affected.
Therefore, to overcome this impediment, researchers have
focused their attention on developing techniques of magnetic
targeting using superparamagnetic nanoparticles.They could
be used as drug carriers, being guided by an external mag-
netic field, thus insuring an effective treatment [3, 19]. Wang
et al. showed that the iron oxide nanoparticles coated with
silica can be targeted to a specific objective via the antibody-
antigen recognition by conjugation of antibodies to the outer
silica surface [20]. Coating the iron oxide nanoparticles with
various polymers such as silica, dextran, PEG, and HSA can
prevent their uptake by organs. According to previous studies
[21], the silica layer on the surface of iron oxide nanoparticles
increases biocompatibility and stability against chemical
degradation and can thus be used in applications such as
bioseparation, genomic DNA isolation, or to control the
drug release for several hours to days or months.

Another area that has attracted the interest of researchers
and doctors alike is the field of stem cell treatment. Many
efforts aremade in order to personalize treatments by admin-
istering stem cells or geneticallymodified cells.Therefore, it is
of great importance to trace the transplanted or injected cells
and to assess their engrafting efficiency and functional ability.
For this purpose, SPIONs are being considered as potential
candidates [3, 22].

Although the biocompatibility of iron oxide nanoparti-
cles has been demonstrated, previous studies showing that
once the nanoparticles come in contact with a biological
medium, their surface becomes covered with different types
of proteins [7, 23], some SPIONs with core sizes between 3
and 6 nm, coated with dextran, being approved for MRI in
patients [3, 24, 25], their biological activity can increase,
causing potential toxic interactions [26]. It has been estab-
lished that exposure to nanoparticles by people working in
automobile, aerospace, or paint industries [27–32] can lead to
major health problems, including neurotoxicity [7]. In this
context, further studies are needed in order to establish the
effects on the human body by inhaled nanoparticles.

The goal of this study was to prepare iron oxide-silica
nanoparticles from amixture of ferrous chloride tetrahydrate
and ferric chloride hexahydrate dropped into a silica xerogel
composite. The structure and morphology of the synthesized
maghemite nanoparticles into the silica xerogel were analysed
by X-ray diffraction (XRD)measurements, scanning electron
microscopy (SEM) equipped with an energy dispersive X-ray
(EDAX) spectrometer, and transmission electronmicroscopy
(TEM). The biocompatibility of iron oxide nanoparticles
embedded in a silica matrix was assessed by cell viability and
cytoskeleton analysis. The biocompatibility of the iron oxide
nanoparticles was evaluated using in vitro and in vivo assays,
consisting in the quantification of HepG2 cells viability. On
the other hand, histological evaluation of the effect caused by
the obtained nanoparticles on the lungs of male Brown Nor-
way rats after a single intratracheal instillation of a solution
containing various concentrations of IOSi-NPs was per-
formed in order to clarify the controversial toxicity of these
nanoparticles.

2. Materials and Methods

2.1. Materials. Ferrous chloride tetrahydrate (FeCl
2
⋅4H
2
O),

ferric chloride hexahydrate (FeCl
3
⋅6H
2
O), chlorhidric acid

(HCl), ethanol, and tetraethylorthosilicate (TEOS) with
99.999% purity were purchased from Sigma-Aldrich and lead
nitrate [Pb(NO

3
)
2
] with 99.5% purity was purchased from

Merck.

2.2. Synthesis of Iron Oxide Nanoparticles in Silica Matrix.
Themixture of ferrous chloride tetrahydrate (FeCl

2
⋅4H
2
O) in

2M HCl and ferric chloride hexahydrate (FeCl
3
⋅6H
2
O) with

the ratio Fe2+/Fe3+ = 1/2 was dropped into a silica xerogel
composite under vigorous stirring for about 1 hour.The start-
ing solution of silica xerogel composite was prepared by mix-
ing tetraethylorthosilicate, water, and ethanol [33]. The water
to TEOS and ethanol to TEOS mole ratios were 11.67 : 1 and
4 : 1.The gel was formed at room temperature under vigorous
stirring. The formed gel based on iron oxide and silica was
dried at room temperature. The final product was ground to
form a fine powder.The obtained nanocomposite powderwas
then heat treated at 400∘C in an oven, for 24 hours (iron oxide
silica nanoparticles, IOSi-NPs).

2.3. Characterization. The X-ray diffraction measurements
were recorded using a Bruker D8 Advance diffractometer,
with nickel filtered CuK

𝛼
(𝜆= 1.5418 Å) radiation and a high

efficiency one-dimensional detector (LynxEye type) operated
in integration mode. The diffraction patterns were collected
in the 2𝜃 range 20∘–70∘, with a step of 0.02∘ and 34 s
measuring time per step.

Transmission electron microscopy (TEM) studies were
carried out using a FEI Tecnai 12 equipped with a low dose
digital camera from Gatan. The specimen for TEM imaging
was prepared by ultramicrotomy in order to obtain thin
sections of about 60 nm. The powder was embedded in an
epoxy resin (polaron 612) before microtomy.The particle size
was measured by the SZ-100 Nanoparticle Analyzer (Horiba)
using dynamic light scattering (DLS). The signal obtained
from the scattered light is fed into a multichannel correlator
that generates a function used to determine the translational
diffusion coefficient of the particles analysed. The Stokes-
Einstein equation is then used to calculate the particle size.
Scanning electron microscopy (SEM) study was performed
with a FEI Quanta Inspect F scanning electron microscope
equipped with an energy dispersive X-ray attachment. The
magnetic properties of the samples were measured using a
superconducting quantum interference device (MPMS mag-
netometer) at room temperature.

2.4. Cell Cultures and Conditions. The hFOB 1.19 osteoblasts
cells line and theHepG2 cells were purchased fromAmerican
Type Culture Collection (ATCC CCL-121, Rockville, MD,
USA). The cells were routinely maintained in Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich) supplemented
with 10% fetal bovine serum (Sigma-Aldrich) and 1% antibi-
otic antimycotic solution (including 10,000 units penicillin,
10mg streptomycin, and 25 𝜇g amphotericin B per mL,
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Sigma-Aldrich) at 37∘C in a humidified atmosphere of 5%
CO
2
. The cultured cells were loaded on iron oxide-silica

nanocomposite discs at a seeding density of 5 × 104 cells/cm2
in 24-well plates. Cells cultured in 24-well plates at the same
seeding density were used as control.

2.5. In Vitro Cytotoxicity Assay. The viability of the cells was
determined by the tetrazolium salt test [32]. The medium
from each well was removed by aspiration, the cells were
washed with 200𝜇L phosphate buffer solution (PBS)/well,
and then 50 𝜇L (1mg/mL) of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) solution was added
on each well. After 2 hours of incubation, the MTT solution
from each well was removed by aspiration. A volume of 50 𝜇L
isopropanol was added and the plate was shaken to dissolve
the formazan crystals. The optical density at 595 nm, for each
well, was then determined using a Tecan multiplate reader
(Tecan GENios, Grödic, Germany).The absorbance from the
wells of cells cultured in the absence of ceramic discs was used
as the 100% viability value.

2.6. Analysis of the Actin Cytoskeleton. The HepG2 cells
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum and
100U/100 𝜇g/mL penicillin/streptomycin [34] (purchased
from Invitrogen Co. (Carlsbad, CA)). After 24 hours of treat-
ment, the medium was removed and the cells were fixed in
4% paraformaldehyde for 20 minutes at a temperature of 4∘C
andpermeabilizedwith 0.5%TritonX-100 for 1 hour.The cells
were washed with PBS five times. After being washed, the
cells were incubated for 45min in PBS containing FITC-
phalloidin (20 𝜇g/mL, Sigma-Aldrich, St. Louis, MO). The
nuclei of cells were counterstained with DAPI-4-6-diamino-
2-phenylindole (2𝜇g/mL) for 3min and rinsed with PBS.
Mounted slides were visualized and photographed using a
fluorescence microscope (Olympus BX51).

2.7. Animals. Male Brown Norway rats (weighing ∼300±
10 g) were purchased from the National Institute of Research
and Development for Microbiology and Immunology “Can-
tacuzino,” Bucharest.The rats were housed in an environment
controlled for temperature (22± 2∘C), light (12 h light/dark
cycles), and humidity (60± 10%). The animals were main-
tained under specific pathogen-free conditions in accordance
with NIH Guide for the Care and Use of laboratory Animals.

2.8. Intratracheal Instillation. After acclimatization for one
week, the rats were randomly divided into four groups (𝑛 = 4
per group) to receive vehicle control (saline, 0.9% NaCl,
0.3mL) or instillation of a solution containing 0.5, 2.5, or
5mg/kg IOSi-NPs. The rats were anesthetized with sodium
methohexital (35mg/kg, intraperitoneally) and placed on
an inclined restraint board before instillation with saline
suspension or IOSi-NPs. The IOSi-NPs were suspended in
physiological saline solution. Before intratracheal instillation,
the IOSi-NPs suspension was ultrasonicated for 30min. The
instillation was performed using a nonsurgical intratracheal
instillation method [35] adapted from Hatch et al. [36]. The

rats were anesthetized by ether. According to Bai et al. [35],
a ball tripped needle was maneuvered through the epiglottis,
afterwhich contactwith the tracheal rings provides confirma-
tion that the needle is, in fact, within the trachea. Afterwards,
an injector with 100 𝜇L physiological saline or IOSi-NPs
suspension was inserted into the ball tripped needle. To allow
the fluid to drain into the respiratory tree, after the physio-
logical saline or IOSi-NPs suspension gently instilled into the
trachea, the animal wasmaintained in an upright position for
5min. The rats were euthanized and sacrificed after 24 h and
one week from the instillation, according to the Guide for
the Care and Use of Laboratory Animals. All animals were
humanely treated and were monitored for any potential
suffering.

2.9. Histological Examination. Histopathology analysis was
performed in Floreasca Emergency Hospital, Bucharest,
Romania.The lungs derived from the rats in the control group
and the treated groups were fixed with 10% neutral buffered
formalin and processed using routine histological techniques.
After paraffin embedding, 3 𝜇m sections were cut and stained
with hematoxylin and eosin (H and E) for histopathologic
evaluation.The morphological changes were observed under
the microscope [37].

3. Results and Discussions

The IOSi-NPs have been widely used for environmental, bio-
logical, andmedical applications but their potential toxicity at
nanometric scale provides a growing concern about the risk
factor for human health. In order to assess the risks of IOSi-
NPs, the objective of this study was to evaluate and compare
the pulmonary responses induced in rats after intratracheal
instillation of suspensions containing various concentrations
of IOSi-NPs.

Before carrying out the study on evaluating and compar-
ing pulmonary responses induced in rats after intratracheal
instillation of suspensions containing various concentrations
of IOSi-NPs, characterization of the synthesized ultrafine
IOSi-NPs particles was performed using XRD analysis,
EDAX analysis, scanning electronmicroscopy, and transmis-
sion electron microscopy.

Good pattern fit has been achieved by the Rietveld
method using MAUD (material analysis using diffraction)
[38]. The XRD analysis of iron oxide-silica nanocomposite
Rietveld refinement of X-ray diffraction patterns revealed a
phasemixture of maghemite and amorphous silica.The com-
parison between the experimental and calculated data
obtained with the joint Rietveld refinement of the sample is
presented in Figure 1.

The experimental data in blue and the calculated data are
represented by a grey line. Vertical lines represent the posi-
tions of diffraction lines of maghemite and amorphous silica.
The line below the grey plot is the difference profile. It resulted
in that each sample is constituted of spherical nanocrystal-
lites. The diffraction peak at about 2𝜃 = 23 is related to
amorphous silica. Another diffraction peak corresponding to
the Miller indices value (hkl) of (220), (311), (400), (422),
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Figure 1: Experimental (blue), calculated (solid line gray), and
difference plot (lover line) of 𝛾-Fe

2
O
3
and silica.

(511), and (440) agrees with the cubic structure of maghemite
in Fd3m space group (ICSD-PDF no. 79196) with a lattice
parameter of 8.35 Å. The XRD showed a slight broadening
of the diffraction lines which can be interpreted in terms of
small sized crystallites [39]. The calculated particle size of
maghemite silica nanocomposites was estimated at around
12.5 nm. Based on the XRD data refinement, the formation
of single-phase spinel cubic structure belonging to the Fd3m
space group has been confirmed.The progress of the Rietveld
refinement for the sample is monitored by a number of
agreement parameterssuch as the weighted profile 𝑅wp index
and the “goodness of fit” (𝜒) index which is the ratio of 𝑅wp
over the statistically expected 𝑅exp.

On the other hand, in theRietveldmethod,𝑅Bragg is useful
because it depends on the fit of the structural parameters and
not on the profile parameters. The final 𝑅 factors [40]
obtained from the analysis of the iron oxide-silica nanocom-
posites were given by 𝑅wp = 1.0058 (%) and 𝑅exp = 0.9530
(%). The resulting Bragg 𝑅-factor and chi squared (𝜒2) were
0.58 and 1.1138, respectively. Theoretical values of the 𝑅
factors obtained for maghemite-silica nanocomposites are in
good agreement with the theory of Toby [41].

Information about the size and typical shape of the IOSi-
NPs obtained after heat treatment at 400∘C of the obtained
initial nanocomposites powder based iron oxide and silica
was provided from SEM analysis. SEM image of maghemite-
silica nanocomposites showed very small particle sizes and
uniform spherical shapes (Figure 2(a)). EDAX spectrum
and elemental maps (Figure 2(b)) of Fe, O, and Si for the
maghemite-silica nanocomposites are also presented. The
uniform distributions of Fe, O, and Si could be observed.

The morphological investigation of iron oxide-silica
nanoparticles was performed using transmission electron
microscopy (TEM). Figure 3 shows the TEM image of IOSi-
NPs, the selected area electron diffraction (SAED), and
size distribution of the particles. Details observed at high
magnification (180000x) show monodisperse IOSi-NPs with
spherical shape and a monomodal particle size distribution.
The average size deduced from the particle size distribution is
13.7 ± 0.6 nm,which is in good agreementwithXRDanalysis.

Dynamic light scattering known as Quasi-Elastic Light
Scattering was used to determine the size distribution profile

of small maghemite-silica particles in suspension. The mag-
hemite-silica nanoparticles observed by DLS are monodis-
perse in water (Figure 4).The size of IOSi-NPs deduced from
TEM images is consistent with the DLS size profiles (14 nm).

Magneticmeasurements of the iron oxide-silica nanopar-
ticles were carried out using vibrating sample magnetometer
(VSM). Magnetization curves (M-H loop) for the IOSi-NPs
obtained after heat treatment at 400∘C measured at room
temperature are presented in Figure 5.

According to Dormann et al. [42], iron oxide-silica
nanoparticles keep the superparamagnetic characteristic of
the iron oxide nanoparticles. From hysteresis measurements,
the zero coercivity fields of IOSi-NPs can be considered equal
to 0Oe at 300K. The very little value of coercivity fields
observed in Figure 5(b) can be attributed to the fact that iron
oxide nanoparticles in silica matrix do not have the ability to
rotate freely. In agreement with Im et al. [43], the magnetic
domain sizes of iron oxide nanoparticles in silica matrix can
be easily over the limit of superparamagnetism. According
to previous studies [43, 44], the silica colloids at room
temperature exhibit a very small coercivity. On the other
hand, the value of saturation magnetizations, Ms, was about
22.29 emu/g. In previous studies, Pareta et al. [45] have
attributed the low saturation magnetization of iron oxide in
silica matrix to the diamagnetic contribution of the SiO

2

shells covering the iron oxide nanoparticles, thus weakening
the magnetic moment for iron oxide/SiO

2
nanoparticles due

to the occurrence of thicker shells.
In order to quantitatively evaluate the hFOB 1.19

osteoblast cell viability, we performed MTT assay (Figure 6).
The cell viability of hFOB 1.19 osteoblasts cells in the presence
of various concentrations of IOSi-NPs (concentrations from
25 to 100 𝜇g/mL) after 24 h indicated that osteoblast viability
was similar in the presence of IOSi-NPs compared to the
control, as shown in Figure 6(a). After exposure to increasing
concentrations from 25 to 100 𝜇g/mL of IOSi-NPs for 48 h,
the cell viability of hFOB 1.19 osteoblasts cells is not influ-
enced by the presence of IOSi-NPs (Figure 6(b)).

In the present study, after 24 h and 48 h from exposure
with IOSi-NPs, there could not be observed higher values
of cell viability in the presence of IOSi-NPs (concentrations
from 25 to 100 𝜇g/mL) compared to the control. It was thus
proved that the IOSi-NPs remain dispersed in cell cul-
ture, keeping bioactivity for all concentrations from 25 to
100 𝜇g/mL [45]. The cytotoxicity test by MTT assay, using
hFOB 1.19 osteoblasts cells, has indicated that the studied
IOSi-NPs were nontoxic to the cells.

On the other hand, we tested the cell viability of HepG2
cells in the presence of various concentrations of IOSi-NPs
and the expression of F-actin in HepG2 cells adhered on
IOSi-NPs nanoparticles. After exposure to increasing con-
centrations from 25 to 100 𝜇g/mL of IOSi-NPs for 24 h and
48 h, the cell viability of HepG2 cells was measured using
MTT assay (Figure 7). In order to investigate the cell viability,
it is relevant to note that in all the studies, the cells are not
influenced by the presence of IOSi-NPs, preserving a good
morphology adhesion. When the concentration of IOSi-
Nps increased, the cell variability decreased from 100%
(25 𝜇g/mL) to 90% (100 𝜇g/mL) after 24 h. After 48 h, the cell
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Figure 2: SEM micrographs (a) and elemental maps of maghemite-silica nanocomposite.
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Figure 3: TEMmicrograph (high magnification at 180000x) showing the spherical IOSi-NPs, selected area electron diffraction (SAED), and
size distribution.
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Figure 4: DLS showing mean average size of maghemite-silica nanoparticles.
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Figure 5: M-H curves of IOSi-NPs at room temperature in full scale (a) and in extended scale (b).
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Figure 6: Cell viability data assessed by a MTT assay for hFOB 1.19 osteoblast cells incubated for 24 h (a) and 48 h (b) with the IOSi-NPs at
various concentrations (25, 50, 75, and 100𝜇g/mL).

variability decreased to 92% when the IOSi-NPs concentra-
tion is equal to 100𝜇g/mL [46]. Furthermore, after 48 hours
of exposure with IOSi-NPs, we observed a tendency of linear
increase of viability and proliferation (Figure 7).

This effect might be due to cells adaptation at interaction
with IOSi-NPs nanocomposites. According to Weichsel et al.
[47], the modeling and spatial organization of the actin cyto-
skeleton is a very active and increasingly sophisticated
research.

The functions of the actin cytoskeleton are to mediate a
variety of essential biological functions in all eukaryotic cells,
including intra- and extracellular movement and structural
support. In order to perform these functions, the organiza-
tion of the actin cytoskeleton must be tightly regulated both
temporally and spatially [48]. According to previous studies
on the size effect on cell uptake in well-suspended, uniform
mesoporous silica nanoparticles [49], facile synthesis of
monodispersed mesoporous silica nanoparticles with ultra
large pores and their application in gene delivery [50] and

silica-based complex nanorattles as multifunctional carrier
for anticancer drug [51] showed that for intracellular drug
delivery and efficient therapy, an efficient cellular internaliza-
tion of nanoparticles is necessary.

For detection of F-actin, the major constituent of micro-
filaments (green), the cells were fixed and stained with
FITC phalloidin (Figure 8). The cells were stained with 4,6-
diamidino-2-phenylindole dihydrochloride (DAPI) in order
to visualize cell nuclei.

After cells treatment with the IOSi-NPs, there could not
be found any morphological changes with observable frag-
mented nuclei. Moreover, staining of F-actin and nuclear
staining have shown that the assimilation of the nanoparticles
did not have any effect on nuclear morphology nor on the
cytoskeleton of transfected cells.

According to previous studies [52, 53], at this stage, little is
known about the possible interactions of nanomaterials with
biological systems. Development of new nanomaterials may
lead to major health problems induced by frequent exposure
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Figure 7: Cell viability data assessed by a MTT assay for HepG2 cells incubated for 24 h (a) and 48 h (b) with the IOSi-NPs at various
concentrations (25, 50, 75, and 100𝜇g/mL).
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(a) (b)

(c) (d)

Figure 9: Light optical image of the lung at 24 h after intratracheal instillation of IOSi-NPs in rats at various concentrations. The reference
sample is also presented (a). Lung after 24 hours: control (a), 0.5mg/kg (b), 2.5mg/kg (c), and 5mg/kg (d).

to these airborne nanoparticles. From this point of view, the
potential toxic effects of IOSi-NPs by intratracheal instillation
are discussed. Although it has been shown that the iron
oxide and silica nanoparticles have an excellent potential for
biomedical applications, there is not an understanding of
their potential systemic toxicity. According to the previous
studies of Drobne [54] and Seaton [55], the particular
nanoscale properties are likely to affect not only the chemistry
and physics but also their behaviour in biological systems.
The toxicity evaluation after 24 h and 7 days from intratra-
cheal instillation of various concentrations of IOSi-NPs in
rats was performed by histopathological analysis (Figures 9–
12). All animals survived the administration of IOSi-NPs on
all the tested concentrations and did not show any sign of
discomfort (lethargy, nausea, vomiting, or diarrhea) during
the whole duration of the experiment. The histopathological
assessment of the selected tissues such as lung and liver was
conducted.

The toxicity evaluation of the lung after 24 h from
intratracheal instillation of various concentrations of IOSi-
NPs in rats was observed by histopathological investiga-
tions (Figure 9). After 24 h from intratracheal instillation,

the rats showed particle-induced modifications that were
dependent on the concentrations used. After 24 h from the
intratracheal instillationwith 0.5mg/kg of IOSi-NPs, the lung
parenchyma of the rats showed preserved alveolar architec-
turewith raremacrophages in the alveolar septa.We could see
that the pathological micrographs of lung in rats after the
intratracheal instillation with 0.5mg/kg dose of IOSi-NPs
(Figure 9(b)) show that the lung has preserved the architec-
ture of the control specimen (Figure 9(a)), with no significant
differences. After the intratracheal instillation of the rats
with a 2.5mg/kg (Figure 9(c)) dose of IOSi-NPs, the lung
parenchyma of the rats showed preserved alveolar architec-
ture with rare macrophages in the alveolar septa, discreet
anisokaryosis, and anisochromia of type II pneumocytes
with rare nucleoli. Lung parenchyma of the specimen after
intratracheal instillation of IOSi-NPs in rats at concentration
of 5mg/kg (Figure 9(d)) showed preserved alveolar archi-
tecture with macrophages in the alveolar septa, discreet
anisokaryosis, and anisochromia of type II pneumocytes,
with chromocenters and nucleoli. In the lung parenchyma,
focal ectatic capillaries were also observed in the alveolar
septa.
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Figure 10: Light optical image of the lung at 7 days after intratracheal instillation of IOSi-NPs in rats at various concentrations.The reference
sample is also presented (a). Lung after 7 days: control (a), 0.5mg/kg (b), 2.5mg/kg (c), and 5mg/kg (d).

However, the effect of IOSi-NPS on lungs, even for
concentration of 5mg/kg, was markedly reduced after 7 days
of treatment. After 7 days from intratracheal instillation of the
rats with 5mg/kg IOSi-NPs (Figure 10(d)), we observed that
the lung parenchyma show preserved alveolar architecture
with rare macrophages, discreet anisokaryosis, and anisoch-
romia of type II pneumocytes, with rare chromocenters and
nucleoli (Figure 10(d)). On the other hand, the pathological
micrographs of lungs in rats after the intratracheal instillation
with 0.5mg/kg and 2.5mg/kg dose of IOSi-NPs (Figures
10(b)-10(c)) show that the lung has preserved the architecture
of the control specimen (Figure 10(a)) with no significant
differences.

According to the literature [56], the liver is the first
organ exposed to nanoparticles that are capable to enter into
the circulation after intratracheal instillation because it is
the major organ for biotransformation of toxins. The liver
examination after intratracheal instillation of the rats with
various concentrations of IOSi-NPs (Figure 11) indicates that
the liver has preserved the architecture of the control spec-
imen (Figure 11(a)) with no significant differences even for
values of 5mg/kg.

After microscopic examination of the liver and spleen
24 h from intratracheal instillation of IOSi-NPs in rats, we can
see that none of the organs other than the lung revealed any
related toxic response, in good agreement with previous
studies [57].

Previous studies [58, 59] suggested that smaller sized
nanoparticles could initiate lung injury such as the inflam-
mation in lung, which induced endothelial-epithelial damage
and subsequent infiltrated leukocytes that allowed large
amounts of smaller nanoparticles to pass easily into circula-
tion.Moreover, in the lung injury, the size and concentrations
of nanoparticles play a major role.

Iron oxide nanoparticles were developed rapidly and
because of their superparamagnetic characteristics, they are
of considerable interest for potential applications in biology
and medicine, magnetic target drug delivering, and environ-
mental catalysis. According to previous studies of Wu et al.
[60], the surface functionalizedmagnetic iron oxide nanopar-
ticles are a kind of novel functional material, which has been
widely used in the biotechnology and catalysis. The present
studies enrol to investigate the interaction of these nanopar-
ticles with biological systems. The aim of this study was to
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Figure 11: Light optical image of the liver at 24 h after intratracheal instillation of IOSi-NPs in rats at various concentrations. The reference
sample is also presented (a). Liver after 24 hours: control (a), 0.5mg/kg (b), 2.5mg/kg (c), and 5mg/kg (d).

evaluate the potentially toxic effects of IOSi-NPs on the lungs,
spleen, and liver of rats after being exposed for 24 h and
7 days, respectively, to a single intratracheal instillation of
solutions containing concentrations of 0.5, 2.5, or 5mg/kg.

Consistent with other reports examining various materi-
als like CeO

2
[61, 62], titanium dioxide [63], silica [64], and

copper [65] nanoparticles, our data suggest that IOSi-NPs are
not capable of translocating from the lungs to the liver via the
circulatory system at all the tested concentrations. The his-
topathological appearance of the liver after intratracheal
instillation of IOSi-NPs in rats shows that the different
pathological alterations such as enlargement of hepatocytes,
hydropic degeneration of hepatocytes, nuclear enlargement,
and dilatation of the sinusoids were not observed at concen-
trations of 0.5, 2.5, and 5mg/kg.

4. Conclusions

The purpose of our research focuses on the development of
various strategies of synthesis and control of the structure
and magnetic properties of surface functionalized iron oxide

nanoparticles and their corresponding applications. Iron
oxide nanoparticles were encapsulated in a silica matrix.
Silica coated magnetic nanoparticles have been previously
synthesized by adding into a silica xerogel composite themix-
ture of ferrous chloride tetrahydrate and ferric chloride hex-
ahydrate. A systematic study of the formation of iron oxide
coated with silica was made. The IOSi-NPs characterized by
various techniques were found to have a narrow size distribu-
tion with an average size deduced from TEM measurements
of around 13.7± 0.6 nm in good agreement with the size
deduced from the XRD analysis that was estimated at around
12.5 nm.

In terms of the viability, it can be noted that in all the
studies, the cell viability was not influenced by the presence
of IOSi-NPs, preserving a good morphology adhesion.

After microscopic examination of the lungs, liver, and
spleen after 24 h from intratracheal instillation with doses of
0.5mg/kg, 2.5mg/kg, and 5mg/kg IOSi-NPs in rats, we could
see that none of the organs other than the lung revealed any
toxic response. On the other hand, the effect of IOSi-NPS on
lung, even for a concentration of 5mg/kg, was markedly
reduced after 7 days of treatment.
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Figure 12: Light optical image of the spleen at 24 h after intratracheal instillation of IOSi-NPs in rats at various concentrations.The reference
sample is also presented (a). Spleen after 24 hours: control (a), 0.5mg/kg (b), 2.5mg/kg (c), and 5mg/kg (d).

In conclusion, we demonstrated that intratracheal expo-
surewith doses containing 0.5mg/kg, 2.5mg/kg, and 5mg/kg
IOSi-NPs did not initiate acute lung injury and that the
synthesized nanoparticles with sizes around 12.5 nm are not
able to enter into the circulatory system.

In this study we tried to answer some questions of the
currently pressing problems regarding the toxicity of nano-
particles and their behaviour in vitro and in vivo. For a better
understanding of the behaviour of these nanoparticles on
healthmore complex studies will have to be carried out in the
future on toxicity induced after intratracheal instillation of
fine and ultrafine particles.
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tural properties of precipitates formed by hydrolysis of Fe

3+
ions

in Fe
2
(SO
4
)
3
solutions,” Journal of Materials Science, vol. 29, no.

8, pp. 1991–1998, 1994.
[40] F. Izumi, A. Yamamoto, N. R. Khasanova, S. Kumazawa, W.-Z.

Hu, and T. Kamiyama, “Novel techniques of neutron powder
diffraction and their applications to superconducting oxides,”
Physica C, vol. 335, no. 1, pp. 239–244, 2000.

[41] B. H. Toby, “R factors in Rietveld analysis: how good is good
enough?” Powder Diffraction, vol. 21, no. 1, pp. 67–70, 2006.

[42] J. L. Dormann, L. Bessias, and D. Fiorani, “A dynamic study of
small interacting particles: superparamagnetic model and spin-
glass laws,” Journal of Physics C: Solid State Physics, vol. 21, pp.
2015–2034, 1988.

[43] S. H. Im, T. Herricks, Y. T. Lee, and Y. Xia, “Synthesis and
characterization of monodisperse silica colloids loaded with
superparamagnetic iron oxide nanoparticles,” Chemical Physics
Letters, vol. 401, no. 1–3, pp. 19–23, 2005.

[44] J. Guo, W. Yang, C. Wang, J. He, and J. Chen, “Poly(N-isopr-
opylacrylamide)-coated luminescent/magnetic silica micro-
spheres: preparation, characterization, and biomedical applica-
tions,” Chemistry of Materials, vol. 18, no. 23, pp. 5554–5562,
2006.

[45] R. A. Pareta, E. Taylor, and T. J. Webster, “Increased osteoblast
density in the presence of novel calcium phosphate coatedmag-
netic nanoparticles,” Nanotechnology, vol. 19, no. 26, Article ID
265101, 2008.

[46] S. J. Soenen, B. Manshian, S. H. Doak, S. C. De Smedt, and K.
Braeckmans, “Fluorescent non-porous silica nanoparticles for
long-term cell monitoring: cytotoxicity and particle functional-
ity,” Acta Biomaterialia, vol. 9, pp. 9183–9193, 2013.

[47] J. Weichsel, N. Herold, M. J. Lehmann, H.-G. Kräusslich, and
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We examined the effects of iron oxide nanoparticles (IONPs) on mitochondrial respiratory chain complexes activities and
mitochondrial coupling in young (3 months) and middle-aged (18 months) rat liver, organ largely involved in body iron
detoxification. Isolated liver mitochondria were extracted using differential centrifugations. Maximal oxidative capacities (𝑉max,
complexes I, III, and IV activities), 𝑉succ (complexes II, III, and IV activities), and 𝑉tmpd, (complex IV activity), together with
mitochondrial coupling (𝑉max/𝑉0) were determined in controls conditions and after exposure to 250, 300, and 350𝜇g/ml Fe

3
O
4

in young and middle-aged rats. In young liver mitochondria, exposure to IONPs did not alter mitochondrial function. In contrast,
IONPs dose-dependently impaired all complexes of the mitochondrial respiratory chain in middle-aged rat liver: 𝑉max (from 30 ±
1.6 to 17.9 ± 1.5; 𝑃 < 0.001),𝑉succ (from 33.9 ± 1.7 to 24.3 ± 1.0; 𝑃 < 0.01),𝑉tmpd (from 43.0 ± 1.6 to 26.3 ± 2.2 𝜇mol O

2
/min/g protein;

𝑃 < 0.001) using Fe
3
O
4
350 𝜇g/ml. Mitochondrial coupling also decreased. Interestingly, 350 𝜇g/ml Fe

3
O
4
in the form of Fe3+

solution did not impair liver mitochondrial function in middle-aged rats. Thus, IONPs showed a specific toxicity in middle-aged
rats suggesting caution when using it in old age.

1. Introduction

Because of their unique properties, some nanoparticles have
been approved for clinical use like iron oxide nanoparticles
(IONPs). IONPs hold immense potential in a vast variety of
biomedical applications such as magnetic resonance imaging
(MRI), targeted delivery of drugs or genes, tissue engineering,
targeted destruction of tumor tissue through hyperthermia,
magnetic transfections, iron detection, chelation therapy, and

tissue engineering [1–4]. Reports demonstrate that IONPs
have the ability to assess focal hepatic lesions [5] and to label
human hepatocytes [6].

However, nanoparticles pose a high health risk because of
their ability to reach every part of the organs and tissues and
their interaction with cellular functions.

Concerning NP clearance, it is known that they are
primarily phagocytozed by macrophages in the liver (Kupffer
cells) [7]. Thus, the largest detoxification organ of human
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beings, the liver, is reached by the highest amount of
nanoparticles, over all the other tissues [8, 9]. Furthermore,
mitochondria are considered a major cell compartment
relevant to possible nanoparticle toxicity [10]. Impairment of
mitochondria might be a key problem since mitochondrial
dysfunction may result in reduced cellular ATP delivery,
increased reactive oxygen species production, and triggering
of apoptosis pathways. Accordingly, mitochondrial dysfunc-
tions occur early in many acute or chronic diseases such as
peripheral arterial or pulmonary diseases [11, 12].

Mitochondrial involvement in IONPs toxicity remains
controversial and either no deleterious effects [13, 14] or
mitochondrial impairments have been observed [15–17].

Concerning Fe
3
O
4
nanoparticles, we recently reported a

lack of IONPs toxicity in liver mitochondria in young rats
[18]. Nevertheless, age-related accumulation of iron increases
the potential for free redox-active iron, which can pro-
mote oxidative stress and mitochondrial damage [19]. More
recently, [20] reported that age-dependent accumulation of
mitochondrial iron may increase mitochondrial dysfunction
and oxidative damage, thereby enhancing the susceptibility
to apoptosis. Therefore, age might modify the susceptibility
of mitochondria to iron nanoparticles (NPs).

Since, to date, no study investigated the potential effects of
iron oxide nanoparticles on middle-aged mitochondria and
since the liver is a key organ in iron and NPs detoxification,
we investigated and compared for the first time the effects
of three different concentrations of Fe

3
O
4
nanoparticles

(250, 300, and 350 𝜇g/mL) on young and middle-aged liver
mitochondrial respiratory chain complexes activities and on
mitochondrial coupling of phosphorylation to oxidation.

2. Materials and Methods

2.1. Materials and Reagents. Iron oxide nanoparticles were
acquired fromUnit of Research UR11ES30, Faculty of science
of Bizerte, Tunisia. They were prepared by the polyol pro-
cess starting from iron (II) acetate as metal precursor and
diethylene glycol (DEG) as solvent purchased from ACROS
Organics. All chemicals were used as receivedwithout further
purification. Deionized water was used in these preparations.
For the synthesis of the magnetite (Fe

3
O
4
) nanoparticles, an

appropriate amount of iron (II) acetate precursor was added
to a given volume (125mL) of DEG to reach nominal iron
cations concentration of 0.2M.Themixturewas then refluxed
at a rate of +6∘Cmin−1undermechanical stirring up to boiling
point and then maintained at this temperature for about 2 h.
The powders were washed several times with ethanol and
then with acetone under ultrasonication with intermittent
centrifugation and then dried in air at 50∘C [18].

2.2. Nanoparticle Characterization Using Transmission Elec-
tron Microscopy (TEM). The size and shape of prepared
particles were analyzed on a JEOL-100-CX II transmission
electron microscope (TEM) operating at 100 kV equipped
with an energy dispersive spectrometer (EDX) [21].

TEM imaging of Fe
3
O
4
nanoparticles showed that the

powders are constituted by roughly spherical almost nonag-
glomerated particles. In addition, about 250 particles have
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Figure 1: TEM image (a) and size histogram (b) of the Fe
3
O
4

nanoparticles.

been counted for the average particle size and histogram
determinations. The calculated average diameter was 9 nm
with a SD of 1.6 nm (Figure 1).

2.3. Animals. Young (𝑛 = 6, age 3 months) and middle-
aged (𝑛 = 6, age 18 months) Wistar male rats were housed
in a thermoneutral environment (22 ± 2∘C), on a 12 : 12 h
photoperiod, and were provided food and water ad libitum.
This investigation was carried out in accordance with the
Guide for theCare andUse of Laboratory published by theUS
National Institute of Health and approved by the institutional
animal care committee (NIH publication number 85-23,
revised 1996).

Rats were submitted to general anesthesia with 3% iso-
flurane and oxygen (1 L/min) in an induction chamber
(Minerve, Esternay, France). Anesthesia wasmaintainedwith
1.5% isoflurane and 1 L/min oxygen at under spontaneous
ventilation. A midline laparotomy was performed and the
liver was excised, cleaned, and then immediately used for the
study of respiratory parameters.

Similarly, three additional Wistar rats aged 18 months
were studied, in order to investigate the potential effect of iron
oxide per se.

2.4. Extraction of Mitochondria. All operations were carried
on ice. A piece of tissue was placed into buffer A containing
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50mM tris, 1mM EGTA, 70mM sucrose, 210mM mannitol,
and pH 7.40 at +4∘C. Tissue was finely minced with scissors,
placed in buffer A, and homogenized with a Potter-Elvehjem.
Then, the homogenate was centrifuged at 1300×g for 3min
and 4∘C. The supernatant was centrifuged at 10,000×g
for 10min and 4∘C to sediment mitochondria. Finally, the
mitochondrial pellet was washed twice and then suspended
in 50mM tris, 70mM sucrose, 210mM mannitol, and pH
7.4 at +4∘C. Protein content was routinely quantified with a
Bradford assay using bovine serum albumin as a standard
[22]. Mitochondria were kept on ice and used within 4 h.

2.5. Exposure of Mitochondria to Nanoparticles or to Iron
Oxide. The iron oxide nanoparticles were mixed with a
solution of NaCl 9%.Themixture was then stirred vigorously
and sonicated for 60min to break up aggregates. Particle
suspensions were vortexed immediately before each use.
Before measurement, 3mL of solutionM containing 100mM
KCL, 50mM mops, 1mM EGTA, 5mM Kpi, and 1mg/mL
bovine serum albumin (BSA) was added to the oxygraph
chambers for 10min.Then, 0.50mg of mitochondrial protein
was placed in the oxygraph chambers with 10mM gluta-
mate and 2.50mM malate as substrates. The temperature
was maintained at +25∘C. Isolated liver mitochondria were
incubated with different concentrations of Fe

3
O
4
(0, 250, 300,

and 350 𝜇g/mL) during 30min at +25∘C.
To discriminate if the results obtained might be due to

the size or to a general response pattern in front of iron oxide
exposure, we submitted middle-aged liver mitochondria to
a Fe3+ solution with concentration of 350 𝜇g/mL Fe

3
O
4
. To

obtain free Fe3+ ions a precise mass of Fe
3
O
4
nanoparticles

was dissolved in a small volume of concentrated HCl under
gentle heating [23]. Two experiments were conducted per
animal, and thus number of data was six.

2.6. Measurement of the Mitochondrial Respiratory Chain
Complexes Activities and Mitochondrial Coupling. Maximal
oxidative capacity (𝑉max) was measured by adding adenosine
diphosphate (ADP). When 𝑉max was recorded, electron flow
went through complexes I, III, and IV. Then complex I was
blocked with amytal (0.02mM) and complex II was stimu-
lated with succinate (25mM). Mitochondrial respiration in
these conditions allowed determining complexes II, III, and
IV activities (𝑉succ). After that, N, N, N, N-tetramethyl-
p-phenylenediaminedihydrochloride (TMPD, 0.50mM) and
ascorbate (0.50mM) were added as artificial electron donors
to cytochrome c. In these conditions, the activity of
cytochrome c oxidase (complex IV) was determined as an
isolated step of the respiratory chain (𝑉tmpd) [24].

Mitochondrial coupling (coupling of phosphorylation to
oxidation) was determined by calculating the acceptor con-
trol ratio (ACR), ratio between ADP-stimulated respiration
(𝑉max) over basal respiration (without ADP) with glutamate
and malate as substrate (𝑉

0
), as previously reported by

Mansour et al. 2012 [25].

2.7. Statistical Analysis. Results are expressed asmean± SEM.
Statistical analyses were performed using one-way ANOVA
followed by a Tukey posttest. The unpaired 𝑡-test was used to

Table 1: Baseline liver mitochondrial respiratory chain complexes
activities and mitochondrial coupling.

Control Young
(3 months)

Middle-aged
(18 months)

𝑉max (𝜇mol O2/min/g protein) 29.8 ± 5.6 30.0 ± 1.6
𝑉succ (𝜇mol O2/min/g protein) 35.0 ± 3.7 33.9 ± 1.7
𝑉tmpd (𝜇mol O2/min/g protein) 50.0 ± 6.2 43.0 ± 1.6
ACR 9.7 ± 2.6 10.5 ± 1.3
Data are means ± SEM.
ACR: acceptor control ratio (𝑉max/𝑉0).

compare young and old rats. Statistical significance required a
𝑃 < 0.05. Statistical analyseswere performedusingGraphPad
Prism 5 (GraphPad Software, Inc., San Diego, CA, USA).

3. Results

3.1. Effects of Age onMitochondrial RespiratoryChain Function
and on Mitochondrial Coupling. As shown in Table 1, there
was no difference in mitochondrial oxygen consumptions
between young (3 months) and middle-aged (18 months)
control rats liver. Thus, the maximal oxidative capacity was
similar in young versus middle-aged rats (29.8 ± 5.6 and
30.0 ± 1.6 𝜇mol O

2
/min/g protein, respectively). This holded

true for 𝑉succ (young: 35.0 ± 3.7 versus 33.9 ± 1.7 𝜇mol
O
2
/min/g protein) and for 𝑉tmpd (young: 50.0 ± 6.2 versus

43.0 ± 1.6 𝜇mol O
2
/min/g protein).

Finally, mitochondrial coupling was similar in both
young and middle-aged rats (9.7 ± 2.6 versus 10.5 ± 1.3; 𝑃 =
NS).

3.2. Effects of IONPs on Young LiverMitochondrial Respiratory
Chain Complexes Activities

Complexes I, III, and IV Activities. The 𝑉max in the group
treated with increasing doses of IONPs (250, 300, and
350 𝜇g/mL) was not modified as compared to the control
group (27.2 ± 4.5; 29.7 ± 4.1; 29.0 ± 3.1 versus 29.8 ± 5.6 𝜇mol
O
2
/min/g protein) (Figure 2(a)).

Complexes II, III, and IVActivities.𝑉succ was unchangedwhat-
ever the dose of IONPs (27.5± 4.2, 30.9± 4.2, and 30.1± 3.3 for
Fe
3
O
4
250, 300, and 350, respectively, as compared to control

values 35.0 ± 3.7 𝜇mol O
2
/min/g protein) (Figure 2(b)).

Complex IVActivity.𝑉tmpd, reflecting complex IV activity, was
notmodified after IONPs treatment as comparedwith control
group (46.3 ± 4.5, 49.7 ± 4.9, and 50.0 ± 3.8 for Fe

3
O
4
250,

300, and 350, respectively, versus 50.0 ± 6.2 𝜇mol O
2
/min/g

protein) (Figure 2(c)).
Taken together, these data support that Fe

3
O
4
nanopar-

ticles, whatever the doses used, failed to alter any of the
liver mitochondrial respiratory chain complexes activities in
young rats.
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Figure 2: Effects of iron oxide nanoparticles (Fe
3
O
4
) on young liver mitochondrial respiratory chain complexes activities. (a) 𝑉max reflects

complexes I, III, and IV activities and is measured using glutamate and malate. (b) 𝑉succ reflects complexes II, III, and IV activities and is
measured using succinate. (c) 𝑉tmpd reflects complex IV activity and is measured using TMPD and ascorbate as mitochondrial substrates.
Data are means ± SEM

3.3. Effects of IONPs on Middle-Aged Liver Mitochondrial
Respiratory Chain Complexes Activities. When the middle-
aged liver rats were exposed to different concentrations of
IONPs, the 𝑉max, 𝑉succ, and 𝑉tmpd decreased significantly.

Complexes I, III, and IV Activities. The maximal oxidative
capacities,𝑉max, reflecting I, III, and IV activities significantly
decreased whatever the dose of IONPs. At 250 𝜇g/mL, 𝑉max
was decreased as compared to the control group (24.4 ± 1.4
versus 30 ± 1.6 𝜇molO

2
/min/g protein;𝑃 < 0.05).𝑉max at 300

and 350 𝜇g/mL were also decreased as compared to control
values (23.8 ± 1.0 and 17.9 ± 1.5 for Fe

3
O
4
300 and Fe

3
O
4

350 𝜇g/mL, respectively, versusCON: 30± 1.6 𝜇molO
2
/min/g

protein; 𝑃 < 0.001).

The 𝑉max decrease was greater when using higher IONPs
concentration. Thus 𝑉max was significantly lower after Fe3O4
350 𝜇g/mL as compared to 300 and 250 𝜇g/mL (Figure 3(a)).

Complexes II, III, and IV Activities. At 250𝜇g/mL, 𝑉succ,
reflecting complexes II, III, and IV activities, tended to
decrease as compared to the control group (27.0 ± 2.3 versus
33.9 ± 1.7 𝜇mol O

2
/min/g protein).The statistical significance

was reached at 300 𝜇g/mL and 350 𝜇g/mL (Fe
3
O
4
300 𝜇g/mL:

25.8± 1.0 versus CON: 33.9 ± 1.7 𝜇mol O
2
/min/g protein;

𝑃 < 0.05) and Fe
3
O
4
350 𝜇g/mL (24.3 ± 1.0 versus 33.9 ±

1.7 𝜇mol O
2
/min/g protein; 𝑃 < 0.01) (Figure 3(b)).

Complex IV Activity. 𝑉tmpd, reflecting complex IV activity,
decreased significantly after exposure to Fe

3
O
4
250𝜇g/mL
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Figure 3: Effects of iron oxide nanoparticles (Fe
3
O
4
) on middle-aged liver mitochondrial respiratory chain complexes activities. (a) 𝑉max

reflects complexes I, III, and IV activities and is measured using glutamate andmalate. (b)𝑉succ reflects complexes II, III, and IV activities and
is measured using succinate. (c) 𝑉tmpd reflects complex IV activity and is measured using TMPD and ascorbate as mitochondrial substrates.
Data aremeans± SEM (one-way ANOVA followed by Tukey). ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001 compared to control. #𝑃 < 0.05 350 𝜇g/mL
compared to 300 𝜇g/mL. §

𝑃 < 0.05 350 𝜇g/mL compared to 250 𝜇g/mL.

as compared to the control group (33.0 ± 2.9 versus 43.0 ±
1.6 𝜇mol O

2
/min/g protein; 𝑃 < 0.05). Similarly, 𝑉tmpd,

decreased when exposed to 300𝜇g/mL of Fe
3
O
4
(32.9 ± 1.9

versus 43.0 ± 1.6 𝜇mol O
2
/min/g protein; 𝑃 < 0.05) and

to 350 𝜇g/mL (26.3 ± 2.2 versus 43.0 ± 1.6 𝜇mol O
2
/min/g

protein; 𝑃 < 0.001) (Figure 3(c)).

3.4. Effects of IONPs on LiverMitochondrial Coupling in Young
and Middle-Aged Rats. In young liver, the acceptor control
ratio (𝑉max/𝑉0), representing the degree of coupling between
oxidation and phosphorylation, was not changed after IONPs

treatment (8.4 ± 1.8, 9.1 ± 1.7, and 8.0 ± 1.2 after, respectively,
Fe
3
O
4
250, 300, and 350 𝜇g/mL, as compared to control 9.7 ±

2.6).
On the other hand, interestingly, IONPs decreased sig-

nificantly mitochondrial coupling in middle-aged liver, as
compared to controls. Thus, the ACR was lower when mito-
chondria were exposed to 250𝜇g/mL Fe

3
O
4,
as compared to

control (6.4 ± 1.2 versus 10.5 ± 1.3; 𝑃 < 0.05). Moreover, ACR
was also decreased at 300 𝜇g/mL (5.0 ± 0.4 versus 10.5 ± 1.3;
𝑃 < 0.01) and at 350 𝜇g/mL (Fe

3
O
4
350 𝜇g/mL: 3.9 ± 0.4

versus CON: 10.5 ± 1.3; 𝑃 < 0.001) (Figure 4).
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Figure 4: Effects of iron oxide nanoparticles (Fe
3
O
4
) on (a) young and (b) middle-aged liver mitochondrial coupling. Data are means ± SEM

(one-way ANOVA followed by Tukey). ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001 compared to control.

3.5. Effects of Iron Oxide Not in Its Particulate form on
Middle-Aged Liver Mitochondrial Respiratory Chain Com-
plexes Activities and Coupling. When the middle-aged liver
rats were exposed to 350 𝜇g/mL Fe

3
O
4
, 𝑉max (41.90 ± 3.93

versus 38.08 ± 3.77 𝜇mol O
2
/min/g protein), 𝑉succ (44.23 ±

3.443 versus 41.42 ± 3.303 𝜇mol O
2
/min/g protein), 𝑉tmpd

(84.90 ± 5.75 versus 70.08 ± 4.71 𝜇mol O
2
/min/g protein),

and ACR (7.70 ± 1.15 versus 8.72 ± 1.06) were not significantly
modified (Figure 5).

4. Discussion

The main results of this study are to demonstrate that,
unlike young animals, middle-aged rats are sensitive to iron
oxide nanoparticles (IONPs). Indeed, liver mitochondrial
respiration chain complexes I, II, III, and IV activities are
altered whatever the concentration of Fe

3
O
4
used. Further,

250, 300, and 350 𝜇g/mL of Fe
3
O
4
specifically impair liver

mitochondrial coupling in middle-aged rats. Such impair-
ment is not observed when using 350 𝜇g/mL of Fe

3
O
4
but not

in its particulate form.

Young and Middle-Aged Rats Present with Similar Baseline
Mitochondrial Respiratory Chain Complexes Activities in the
Liver. Several studies indicate that mitochondria are one of
the major sources of reactive oxygen species (ROS) and,
in turn, are the most adversely affected organelles during
aging [26]. In fact, mitochondria from aged tissue use oxygen
inefficiently, which impairs ATP synthesis and results in
increased oxidant production [27]. Oxidative damage mainly
concerns the activities of electron transport complexes of the
inner mitochondrial membrane [28], which are specifically
modified during aging [29, 30].

Accordingly, in rat liver, previous reports have found
aging-related decrease in electron transfer activity in complex

I or complexes I and IV in young (4 months) versus old (30
months) rats [31–34]. On the other hand, some studies found
no change in the respiratory chain activity with age. Thus,
Bakala et al. [35] observed no significant difference in the
respiratory chain activity with age between 10-month-old and
27-month-old rats, whatever the substrate used.

This is consistent with our results andmight be explained
by differences in age range or animals being only middle-
aged.

Iron Oxide Nanoparticles Impair Liver Mitochondrial Respi-
ratory Chain Complexes Activities in Middle-Aged but Not in
Young Rats. Concerning young rats, iron oxide nanoparticles
failed to impair any of the liver mitochondrial respiratory
chain complexes activities. Thus, mitochondrial oxygen con-
sumption in young liver was not altered by IONPs and,
similarly, mitochondrial coupling remained in the normal
range after Fe

3
O
4
exposure. This is in agreement with our

previous findings [18].
To the best of our knowledge, no data are available

concerning potential related effects of high levels of iron oxide
nanoparticles and age on mitochondria. This is particularly
interesting since the liver is a major iron storage organ
[36, 37]. Very interestingly, the data were different when
middle-aged liver rats were exposed to the same IONPs con-
centrations than the young ones. In middle-aged liver rats,
IONPs at 250, 300, and 350 𝜇g/mL significantly decreased
𝑉max, 𝑉succ, and 𝑉tmpd corresponding together to complexes
I, II, III, and IV activities of the mitochondrial respiratory
chain. IONPs exposure also decreased mitochondrial cou-
pling.

Several mechanisms might explain these results like
increased fragility of older mitochondria and iron accumu-
lation.
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Figure 5: Effects of 350𝜇g/mL of Fe
3
O
4
but not in its particulate form on middle-aged liver mitochondrial respiration and coupling.

(a) 𝑉max reflects complexes I, III, and IV activities and is measured using glutamate and malate. (b) 𝑉succ reflects complexes II, III, and
IV activities and is measured using succinate. (c) 𝑉tmpd reflects complex IV activity and is measured using N, N, N, N-tetramethyl-p-
phenylenediaminedihydrochloride (TMPD) and ascorbate as mitochondrial substrates. (d) Acceptor control ratio reflects the mitochondrial
coupling. Data are means ± SEM.

First, the fragility of mitochondria seems to increase in
function of age. Thus, studies reported that mitochondria
isolated from the organs of aged animals are also aged
in terms of cytosolic and mitochondrial oxidative stress
and losses of enzymatic activities [32]. Accordingly, studies
demonstrated that aging induces the loss of mitochondrial
function in liver of rodents and monkeys [38–40].

Similarly studies investigated the effects of iron accu-
mulation on mitochondrial integrity and function with age
[20, 41, 42]. Investigating the pharmacokinetics of IONPs in
rats, Schnorr et al. [43] demonstrated that the half-life and the
resulting signal changes in blood and liver vary significantly
with age. Thus, iron accumulation which is considered a
feature of the aging process [44–46] might be associated with
amitochondrial iron increase. In particular under conditions
of cellular stress, this may be a potential causative factor
of age-related mitochondrial dysfunction [20, 42, 47, 48].
Mitochondrial damage by excessive cellular iron appears as
an intrinsic factor contributing to the permeability pore tran-
sition and bioenergetics function decline of mitochondria,
which can potentially lead to cellular senescence and tissue
degeneration [49–51].

Particularly, in accordance with our data of a NPs-
related impairment of complex IV, [52] demonstrated that
the interaction of bare Fe

3
O
4
NPs with cytochrome c

leads to the reduction of the protein. Moreover, [53] using
human hepatoma cells showed a dose-dependent decrease in
mitochondrial membrane potential after exposure to Fe

3
O
4

NPs and at high concentration (1mg/mL) the cytochrome c
protein expression decreased dramatically. Accordingly, [54]
observed that Fe

3
O
4
NPs caused the highest toxic effects on

green alga, as compared to other types of NPs.
Taken together, these data confirm that age likely mod-

ulates Fe
3
O
4
nanoparticles liver toxicity and one might pro-

pose that a threshold of toxicity might play a key role. Indeed,
as reported by Bakala et al. [35] and possibly explaining
our results, the accumulation of deleterious oxidized and
carboxymethylated proteins in the matrix concomitant with
loss of the IONPs protease activity may affect the ability
of aging mitochondria to respond to additional stress. We
could therefore speculate that the increase in glycoxidative
and oxidative alteration is relevant only if the damage is severe
enough to have an impact on mitochondrial function.
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However, whether the observed effects are specific of iron
oxide in its particulate form or is independent of its size is
not known. We therefore submitted old liver mitochondria
to iron oxide but not in its particulate form and, interestingly,
no deleterious effect was observed. Thus, it is likely that age
specifically modulates Fe

3
O
4
nanoparticles liver toxicity.

5. Conclusion

In summary, we demonstrate for the first time that old
rats are more susceptible to IONPs nanoparticle exposure
in terms of liver mitochondrial respiration and coupling.
These age-related changes in liver mitochondrial respiratory
chain activity should perhaps be taken into consideration in
preclinical and clinical studies of particulate contrast agents.
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