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anoparticles are used in bioapplications such as therapeutics,1 antimicrobial agents,2 transfection
3
vectors, and fluorescent labels.4 Despite
the rapid progress and early acceptance of
nanobiotechnology, the potential for adverse health effects due to prolonged exposure at various concentration levels in humans and the environment has not yet
been established. However, the environmental impact of nanomaterials is expected
to increase substantially in the future. In
particular, the behavior of nanoparticles inside the cells is still an enigma, and no metabolic and immunological responses induced by these particles are understood so
far. Nanotoxicology takes up this challenge
to decipher the molecular events that regulate bioaccumulation and toxicity of nanoparticles. Silver nanoparticles (Ag-np) have
gained much popularity recently owing to
the broad spectrum of antimicrobial
activity.5⫺7 Silver impregnated catheters8
and wound dressings9 are used in therapeutic applications. In spite of the wide usage
of Ag-np in wound dressings, which can
cause easy entry into the cells, very few reports on the toxicity of silver nanoparticles
are available. Our study aims to unravel the
cellular events that occur upon exposure to
silver nanoparticles. Moreover, the mechanisms involved in the toxicity of nanoparticles to microorganisms can also be active in
humans. The larger surface area and smaller
size of the nanoparticles are expected to increase the in vivo activity. Although a few
research groups have investigated the toxicity of silver nanocomposites and nanoparticles in cell lines to estimate viability and
reactive oxygen species (ROS)
generation,10⫺13 little is known about the
www.acsnano.org
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Cytotoxicity and Genotoxicity of Silver
Nanoparticles in Human Cells

ABSTRACT Silver nanoparticles (Ag-np) are being used increasingly in wound dressings, catheters, and various

household products due to their antimicrobial activity. The toxicity of starch-coated silver nanoparticles was
studied using normal human lung fibroblast cells (IMR-90) and human glioblastoma cells (U251). The toxicity
was evaluated using changes in cell morphology, cell viability, metabolic activity, and oxidative stress. Ag-np
reduced ATP content of the cell caused damage to mitochondria and increased production of reactive oxygen
species (ROS) in a dose-dependent manner. DNA damage, as measured by single cell gel electrophoresis (SCGE)
and cytokinesis blocked micronucleus assay (CBMN), was also dose-dependent and more prominent in the cancer
cells. The nanoparticle treatment caused cell cycle arrest in G2/M phase possibly due to repair of damaged DNA.
Annexin-V propidium iodide (PI) staining showed no massive apoptosis or necrosis. The transmission electron
microscopic (TEM) analysis indicated the presence of Ag-np inside the mitochondria and nucleus, implicating their
direct involvement in the mitochondrial toxicity and DNA damage. A possible mechanism of toxicity is proposed
which involves disruption of the mitochondrial respiratory chain by Ag-np leading to production of ROS and
interruption of ATP synthesis, which in turn cause DNA damage. It is anticipated that DNA damage is augmented
by deposition, followed by interactions of Ag-np to the DNA leading to cell cycle arrest in the G2/M phase. The
higher sensitivity of U251 cells and their arrest in G2/M phase could be explored further for evaluating the potential
use of Ag-np in cancer therapy.
KEYWORDS: silver nanoparticle · cytotoxicity · genotoxicity · DNA
damage · micronucleus · cell cycle arrest

mechanisms of silver nanoparticle toxicity.
Recent reports have established involvement of mitochondria-dependent jun-N terminal kinase (JNK) pathway in Ag-np toxicity.14 In vivo experiments in rats have
established lung function changes and inflammation.15 We had reported that silver
nanoparticles stabilized with starch and BSA
induce distinct developmental defects in
zebrafish embryos.16 However, the primary
targets of Ag-np and distribution patterns
remain unexplored. Here, an effort to understand various steps in silver nanoparticle toxicity by studying the effect of starchcoated Ag-np on cell viability, ATP
production, DNA damage, chromosomal
aberrations, and cell cycle is established.

*Address correspondence to
chmsv@nus.edu.sg.
Received for review July 2, 2008
and accepted December 16, 2008.
Published online December 30, 2008.
10.1021/nn800596w CCC: $40.75
© 2009 American Chemical Society

VOL. 3 ▪ NO. 2 ▪ 279–290 ▪ 2009

279

ARTICLE

Figure 2. Optical micrographs of U251 cells without any
nanoparticle treatment (A) and cells treated with Ag-starch
(200 g/mL) (B). Dark orange patches are visible on the cell
surface of the treated cells and remained even after repeated washings.

Figure 1. Typical TEM image (A) and UVⴚvisible spectrum (B) of Agstarch nanoparticles reconstituted after lyophilization. Absorbance
maximum at 400 nm and narrow peak indicate small size of the particles. The size distribution histogram generated using image (A) captured with JEOL JSM 2010F showed nanoparticles of size between 6
and 20 nm (C). Analyses were performed from the stock solution reconstituted after lyophilization.

RESULTS AND DISCUSSION
It is expected that the biokinetics of nanoparticles,
which is measured as the rate of nanoparticle uptake,
intracellular distribution, and exocytosis, contribute tremendously to their toxicity. The nanoparticle size, surface area, and surface functionalization are major factors that influence biokinetics and thus toxicity.17,18 The
nanoparticles employed in this study were of 6⫺20
nm in size (Figure 1A) with an absorption maximum at
400 nm (Figure 1B). The calculated size distribution histogram confirmed the size distribution of nanoparticles (Figure 1C). These nanoparticles showed good stability in water.19 Our experiments unveiled a
concentration-dependent cytotoxicity (low metabolic
activity), genotoxicity (DNA damage and chromosomal
aberrations), and cell cycle arrest in Ag-np treated cells.
The electron micrographs showed presence of endosomes with nanoparticles in the cytosol, suggesting
receptor-mediated endocytosis.
Effect on Cell Morphology. The first and most readily noticeable effect following exposure of cells to toxic materials is the alteration in cell shape or morphology in a
monolayer culture. Microscopic observations of treated
cells showed distinct morphological changes indicating unhealthy cells, whereas the control appeared normal (Figure 2A). Nanoparticle treated cells appeared to
be clustered with a few cellular extensions, and cell
spreading patterns were restricted as compared to control cells. This could be due to disturbances in cytoskeletal functions as a consequence of nanoparticle treatment. Similar results were observed by other groups in
280
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dermal fibroblast cells treated with citrate-coated gold
nanoparticles.20 Dark orange patches seen on the cell
surface may be due to the adsorption of nanoparticles
on the cell surface (Figure 2B). However, only a few
floating cells were observed under the microscope, suggesting the absence of widespread cell death due to
necrosis.
Cell Viability. Viability assays are vital steps in toxicology that explain the cellular response to a toxicant.
Also, they give information on cell death, survival, and
metabolic activities. We have exploited the high sensitivity of luminescence-based assay and fluorescentbased assay to study the activity of Ag-np. ATP assays
to assess the toxicity of silver nanoparticles (Figure 3A)
showed a concentration- and time-dependent drop in
luminescence intensity in cancer cells and normal cells,
signifying time- and dose-dependent toxicity. The ATP
content of the cells was not significantly affected at 24 h
of incubation in the presence of nanoparticles. ATP content dropped drastically after 48 h, and the same trend
was seen up to 72 h. It is noteworthy that the adverse
effects of nanoparticles were also concentrationdependent. In the case of nanoparticle agglomeration
and subsequent precipitation, uptake rate of nanoparticles will drop, which could be observed as a decrease
in ATP depletion and cytotoxicity. When starch alone
was used as control, it showed no significant cytotoxicity in both cells (Figure 3B). This observation ensures
biocompatibility of starch as capping agent in nanoparticles. Another challenge in nanoparticle toxicity studies was the purity of nanoparticles employed for the
study. The nanoparticles should be free from reactants
used in the synthetic steps. To check the presence of
any toxic materials left over from the synthesis, toxicity
studies were done using the supernatant liquid obtained after centrifugation of nanoparticle solution,
which is expected to contain excess of reagents, if any.
Our results showed no evidence of toxicity for this supernatant liquid. The cell viability in all the wells was
comparable to that of control (Figure 3C).
Microscopic observation of treated cells showed no
indication of massive cell death. Absence of large number of floating cells even after prolonged incubation period together with a low ATP levels implies a potential
for metabolic arrest. Hence metabolic activity studies
were conducted using MTS assay and cell titer blue aswww.acsnano.org

say. However, MTS assay was excluded from the test as
Ag-np solution without the cells showed high absorbance readings. Hence, we concluded that the
absorbance-based methods are not suitable for Ag-np
treatment. The results from cell titer blue assays further
confirmed metabolic arrest through the observed drop
in mitochondrial activity (Figure 3D). The observations
from cell titer blue assay led to the same inference as
from ATP assay. Structural and functional damage of
the mitochondria could result in metabolic arrest, followed by a decrease in ATP yield. A low ATP measure or
www.acsnano.org
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Figure 3. Data obtained from luminescent assay for Ag-np
treated cancer cells (U251) and fibroblasts (IMR-90). Data
represented as intracellular ATP content. The y axis represents the percent of reduction in ATP content compared to
control. The x axis represents the time of incubation for different cell lines (U251, IMR-90). The different colors of the
bars identify the concentration of Ag-np. (B) Data from
starch alone controls, which after 72 h of incubation showed
no significant cytotoxicity. (C) CellTiter blue cell viability assay shows a gradual drop in metabolically active cells. The y
axis represents the percent of metabolically active cells
present in the treated sample. The x axis represents the
time of incubation for different cell lines (U251, IMR-90).
The different colors of the bars identify the concentration
of Ag-np. The values represent the mean ⴞ standard deviation of three experiments; * denotes P < 0.05 as obtained using student’s t test, where the statistical significance between untreated and Ag-np treated samples was analyzed
for each concentration. Similar method was adopted for calculating starch treated cells, where untreated and starch
treated cells were compared.

mitochondrial activity does not always represent cell
death, but could lead to metabolic inhibition in cells.
In order to study the effect of starch in Ag-np, toxicity
starch alone controls were also tested. However, starch
did not result in any toxicity, which further confirmed
that the observed toxicity is due to Ag-np alone. In summary, the viability assays were pointing at metabolic arrest rather than cell death. Hence, it is necessary to analyze the cell cycle to interpret the viability data fully.
Cytotoxicity of nanoparticles has been a robust research area in recent years. Many medically relevant
nanoparticles such as gold and silver were investigated
for their cytotoxicity aspect. Gold nanoparticles and
nanorods showed no significant toxicity in HeLa
cells,21,22 while significant size-dependent toxicity was
observed in fibroblast, epithelial cells, and melanoma
cells.23 Ag-np showed different degrees of in vitro
cytotoxicity.14,24 The cytotoxicity studies were limited
by the fact that in most cases the dependence of time
of exposure and surface functionalization remained unexplored. Despite the wide acceptance of starch as a
suitable biocompatible capping agent, no study was reported on the toxicity of starch-capped nanoparticles.
In this study, we have employed a time- and dosedependent approach to evaluate the toxicity of starchcapped Ag-np. The biocompatibility data on starch indicated no cytotoxicity. We have used the most reliable
and sensitive parameter, such as ATP content, to study
the toxicity. The Ag-np used in this study have been purified extensively through repeated washing and centrifugation to remove traces of contaminants that may
interfere with the assay. Unlike other nanoparticles, the
Ag-np employed in our study exhibited a prominent
metabolic arrest than cell death.
Role of Ag-np in Oxidative Stress. Earlier reports have emphasized the role played by oxidative stress in nanoparticle toxicity.25 As discussed earlier, oxidative stress has
specific effects in the cells, including oxidative damage
to protein and DNA. To establish the role of oxidative
stress as a decisive factor in starch-capped Ag-np toxicity, DCF-DA and DHE staining methods were performed.
In the presence of reactive oxygen species (ROS), fluorescent intensity of the cells stained with dyes increased, which led to a right shift of the emission maximum. Untreated cells were used as standards to calculate the extent of ROS production by measuring the
percentage of cells with increased fluorescence intensity. The analysis showed significant increase in hydrogen peroxide (Figure 4A) and superoxide production
(Figure 4B) in cells treated with 25 and 50 g/mL of Agnp. The percent of gated cells from DCF-DA (Figure
4C) staining and HE staining (Figure 4D) was used for assessing the extent of ROS production. No significant increase was observed beyond 100 g/mL. This effect
may be due to exchange interactions between the unpaired electrons of the free radicals and the conduction
band electrons of the metal nanoparticles. Such effect
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tion, indicating influence of nanoparticles
on respiratory chain.12 Majority of nanomaterials such as zinc oxide, carbon nanotubes, and silicon dioxide exert their toxic
effects through oxidative stress,28 similar to
titanium dioxide nanoparticles reported
earlier.29 ROS was generated in the presence of Ag-np, which could explain the
metabolic disturbances as well as other
toxicological outcomes.
Mitochondria are the major sites of
ROS production in the cell. During the oxidative phosphorylation, oxygen is reduced
to water by addition of electrons in a controlled manner through the respiratory
chain. Some of these electrons occasionally escape from the chain and are accepted by molecular oxygen to form the
extremely reactive superoxide anion radical (O2⫺●), which gets further converted to
hydrogen peroxide (H2O2) and in turn may
be fully reduced to water or partially reduced to hydroxyl radical (OH●), one of the
strongest oxidants in nature.30 Toxic agents
increase the rate of superoxide anion production, either by blocking the electron
Figure 4. Histogram represents data from DCF-DA staining for detecting hydrogen
transport or by accepting an electron from
peroxide production in the Ag-np treated fibroblasts (25 g/mL) (A). Shift was indepen- a respiratory carrier and transferring it to
dent of the time of incubation starting from 2 to 5 h of incubations. DHE staining (B)
molecular oxygen without inhibiting the
of the cells suggests superoxide production and increased ROS generation. The x axis
represents the fluorescence intensity, and the y axis represents the number of cells col- respiratory chain.31 Inhibition of respiratory
lected (10000 cells). The graph represents the percent of gated cells for DCF-DA stainchain is expected to cause decrease in
ing (C) and DHE staining (D) as obtained from the statistics generated by WinMDI 2.8
ATP synthesis. Deposition of Ag-np in mitosoftware. For DCF-DA staining along with untreated control, H2O2 treated cells were
used as positive control. DDC was used as positive control for detecting superoxide pro- chondria can alter normal functioning of
duction; * represents P < 0.05.
mitochondria by disrupting the electron
26
transport chain, ultimately resulting in ROS
has been reported for gold nanoparticles. It is posand
low
ATP
yield. ROS are highly reactive and result
sible that activation of a cellular antioxidant network
in
oxidative
damage
to proteins and DNA. Hence it is inhad counterbalanced the effect of ROS.
dispensable
to
investigate
genome stability in cells
Mitochondrial Respiratory Chain, Synthesis of ATP, and ROS
with
significantly
higher
ROS
production.
Production. The decreased cellular ATP content could be
It is possible that surface oxidation of Ag-np, upon
an effect of damage caused to the mitochondrial respicontact with cell culture medium or proteins in the cyratory chain. The mitochondrial damage is also inditoplasm, liberates Ag⫹ ions that could amplify the toxcated by the reduced dehydrogenase activity as meaicity. Reactions between H2O2 and Ag-np are presumed
sured by the reduction of resazurin to resofurin by
to
be one of the factors causing Ag⫹ ions to release in
CellTiter Blue viability assay. The root of mitochondrial
dysfunction in toxicology is ROS production and subse- vivo. Similar activity in cobalt and nickel nanoparticles
has been reported. They release the corresponding ions
quent oxidative stress. Oxidative stress is a common
that enhance toxicity.32
mechanism for the cell damage induced by nano- and
A possible chemical reaction involves
ultrafine particles is well-documented.25 Mechanical injury caused by nanoparticle depositions in mitochondria may be the reason for mitochondrial damage.
Nanoparticles of various sizes and chemical compositions are shown to preferentially localize in mitochondria,27 induce major structural damage, and contribute
to oxidative stress.25 Treatment of rat liver cell line with
silver nanoparticles resulted in membrane damage, reduced glutathione levels, and increase in ROS produc-
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2Ag + H2O2 + 2H+ f 2Ag+ + 2H2O E0 ) 0.17 V
Half-reaction:
H2O2(aq) + 2H+ + 2e- f 2H2O(1) E0 ) + 1.77 V
+
+
2Ag(s)
f 2Ag(aq)
+ 2e- E0 ) 2(-0.8) V
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H⫹ ions are present in abundance inside the mitochondria where H⫹ efflux is the main event (proton motive force) in ATP synthesis.
Toxicity of silver ions on Escherichai coli and other
microbial cells has been studied33 extensively, and the
results can be extrapolated to mammalian cells due to
the similarity in the respiratory chain. Various mechanisms have been suggested for the action of Ag⫹ ion in
the respiratory chain. Ag⫹ ions have been shown to inhibit phosphate uptake and exchange in E. coli, which
causes efflux of accumulated phosphate.34 This effect is
reversed by thiols, which could be due to the reversal
of binding of Ag⫹ to thiol containing proteins in the respiratory chain. Ag⫹ ions were also shown to cause a
leakage of protons through the membranes of Vibrio
cholerae, thus causing the collapse of proton motive
force, presumably by binding to membrane proteins.35
NADH:ubiquinone reductase complex (Complex I) in E.
coli contains two types of NADH dehydrogenases, both
containing cysteine residues with high affinity for
silver.36,37 Both hydrogenases appear as possible sites
for Ag⫹ ion recognition.36,38 Binding of Ag⫹ to these low
potential enzymes of the bacterial respiratory chain
will result in an inefficient passage of electrons to oxygen at the terminal oxidase, causing production of large
quantities of ROS and thus explaining the toxicity of
ions to E. coli at submicromolar concentrations.39 A consequence of interaction of Ag⫹ ions with enzymes of
the respiratory chain is sudden stimulation of respiration followed by cell death, due to uncoupling of respiratory control from ATP synthesis. Yet, prokaryotic cells
and eukaryotic cells have entirely different physiological functions which determine sensitivity and survival
rate upon exposure to nanoparticles. Eukaryotic cells
have a prominent nucleus, a complex DNA repair mechanism, and cell cycle pathway to control cell death and
survival, which are absent in prokaryotic cells.
Yamanaka et al.40 studied the effect of Ag⫹ ions on
expression of various proteins in E. coli by proteomic
analysis. Silver ions were assumed to penetrate through
ion channels in the cell without causing damage to
the membrane. Proteomic analysis of cells treated with
Ag⫹ ions showed a reduction in expression of ribosomal
subunit S2, succinyl coenzyme (CoA) synthetase, and
maltose transporter. The reduction in expression of ribosomal subunit S2 impairs the synthesis of other proteins, whereas reduction in synthesis of succinyl CoA
synthetase and maltose transporter causes suppression
of intracellular production of ATP, resulting in death of
the cell. Hence, we believe that nanoparticle toxicity is
multifactorial, where size, shape, surface functionalization and potential to release the corresponding metal
ions could play pivotal roles.
Effect of Ag-np on Cell Cycle. Oxidative stress in Ag-np
treated cells indicated the possibility of DNA damage
where the early effect will be evidenced in cell cycle
progression. Cells with damaged DNA will accumulate

Figure 5. Ag-np treated U251 cells (A) showed a gradual increase in the S/G2 population, and IMR-90 cells (B) showed a
concentration-dependent G2/M arrest. The statistical data
are plotted as generated by WinMDI 2.8 software. Markers
were set at regions of interest (subG0, G1, S, and G2M), and
the percent of cells (events) under each area was generated
using the software; * represents P < 0.05. Histograms are included in the Supporting Information.

in gap1 (G1), DNA synthesis (S), or in gap2/mitosis (G2/M)
phase. Cells with irreversible damage will undergo apoptosis, giving rise to accumulation of cells in subG1
phase.41 Thus toxicity studies were further extended to
cell cycle analysis to detect parameters such as apoptosis, cell cycle arrest, and evidence of DNA damage.
The influence of nanoparticles on the cell cycle was
analyzed by subjecting the nanoparticle treated cells
to flow cytometry. Statistical data from raw histograms
(Supporting Information) were extracted using WinMDI
software, and the percent of cells in each phase of the
cell cycle was compared with that of controls. Both cell
types showed a concentration-dependent G2 arrest
(U251, Figure 5A, and IMR-90, Figure 5B) which was observed as an increase in cell population in G2/M phase
compared to control. The lowest concentration of nanoparticles tested (25 g/mL) marked the onset of G2/M
arrest. As the concentration of Ag-np was increased to
400 g, there was a massive increase (approximately
30%) in G2 population. In controls, major cell population was observed in G1 phase, whereas in Ag-np
treated cells, a decrease in G1 population accompanied
by an increase in G2/M population was detected. The
proportion of cells in S phase was less affected as compared to the G2/M population. No significant apoptosis
was observed, as indicated by the absence of cell population in subG1.
Apoptosis and Necrosis. To assess the extent and mode
of cell death, annexin-V staining was carried out. Statistical data were extracted from the dot plots (Supporting Information Figure S4B) using WinMDI software,
based on the percentages of unstained cells (viable
VOL. 3 ▪ NO. 2 ▪ 279–290 ▪ 2009
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Figure 6. Annexin-V staining of normal fibroblasts to detect the
mode of cell death indicated that a small percentage of cells are
undergoing cell death, and a major population is viable. The statistical data are plotted as generated by WinMDI 2.8 software. The
percent of cells stained with PI alone is represented as necrotic
cells, whereas percent of cells stained with FITC alone represents
early apoptosis. Cells at final stages of apoptosis take up both
stains. The details of the experiments with cancer cells are included in Figure S4 in the Supporting Information; * represents P
< 0.05.

cells), and those with red fluorescent labels (necrotic
cells), green labels (apoptotic cells), and dual stained
cells (late apoptosis) were analyzed. The data from the
annexin-V staining experiment indicated that only a
small percentage of cells was undergoing apoptosis
and necrosis at higher concentrations of Ag-starch
nanoparticles (Figure 6). There was an increase (5⫺9%
with respect to control) in the apoptotic cell population from 25 to 100 g/mL for fibroblasts, which could
be attributed to the observed ROS production, while
16% (⫾5) of cell death observed was due to late apoptosis and necrosis. Induction of apoptosis specifically in
low doses of nanoparticles accompanied by proliferation arrest at high concentrations suggests differential
sensitivity of nanoparticle concentrations. It could also
be interpreted as a situation where cells sustain DNA
damage and gain resistance to cell death. A
concentration-dependent increase in DNA damage
and G2/M arrest establishes that DNA damage is increasing with concentration. Recent reports have identified apoptosis as a major mechanism of cell death in
exposure to nanomaterials.14,23 However, conflicting results support involvement of additional parameters in
nanoparticle-mediated cell death, which requires detailed study.22,24 Future experiments will be designed to
identify the molecular mechanisms underlying
nanoparticle-mediated cell death. DNA fragmentation
analysis was carried out to study DNA fragmentation
characteristic of late apoptosis. No laddering patterns
were observed in the gel, which confirmed the absence
of late apoptosis where nuclear fragmentation occurs
(Figure S3, Supporting Information). Absence of massive apoptosis and necrosis at higher concentrations of
Ag-np accompanied by G2/M arrest indicated a retarded
cell proliferation. This inference is supported by the
cell cycle and genotoxicity data.
284
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Figure 7. Comet analysis: untreated (A) and Ag-np treated
(B) cancer cells stained by SYBR green (conc. 400 g/mL). (C)
Represents the tail moments of DNA (m). Fibroblasts exhibited a concentration-dependent increase in DNA damage
up to 100 g, above which the values remained constant,
whereas cancer cells showed a steady increase; * represents
P < 0.05.

Genotoxicity of Ag-np. DNA damage by Ag-np was further studied using comet assay and cytokinesis-blocked
micronucleus assay. Chromosome abnormalities are a
direct consequence of DNA damage such as doublestrand breaks and misrepair of strand breaks in DNA, resulting in chromosome rearrangement. Micronuclei
(MN) were formed in dividing cells from chromosome
fragments or whole chromosomes that were unable to
engage with the mitotic spindle during mitosis.42
Extensive and dose-dependent damage to DNA was
observed after treatment of the cells with Ag-np. Comet
assay of Ag-np treated cells showed a concentrationdependent increase in tail momentum (Figure 7B) as
compared to control cells (Figure 7A), which gave the
extent of DNA damage (Figure 7C). A comet-like tail implies presence of a damaged DNA strand that lags behind when electrophoreses was done with an intact
nucleus. The length of the tail increases with the extent of DNA damage. Tail momentum of control DNA
was compared with nanoparticle treated cells, and extent of damage was assessed. An increase in DNA damage with increase in nanoparticle concentration was observed in cancer cells, whereas the fibroblasts showed
no further increase in DNA damage beyond a nanoparticle concentration of 100 g/mL.
In addition, the cytokinesis-blocked micronucleus
assay results further corroborated the chromosomal
breaks in Ag-np treated cells (Figure 8B) as compared
to the untreated cells (Figure 8A). Extent of DNA damage was much higher in cancer cells as compared to fibroblasts, and significant numbers of micronuclei were
formed in cancer cells than fibroblasts (Figure 8C).
Few apoptotic or necrotic cells were observed during the CBMN analysis, and annexin-V staining showed
only a few apoptotic and necrotic cells. As described
www.acsnano.org

earlier, presence of Ag-np caused the formation of
ROS and reduction in ATP content. ROS are considered
to be the major source of spontaneous damage to DNA.
Oxidative attack on the DNA results in mutagenic structures such as 8-hydroxyadenine and 8-hydroxyguanine,
which induces instability of repetitive sequences. The
chemical reactions that bring about such mutations are
based on the formation of highly reactive and shortlived hydroxyl radical (OH●) in close proximity to DNA.43
ROS-mediated genotoxicity has been previously observed for metal oxide nanoparticles.28 This is the first
study that provides quantitative measurements of DNA
damage and chromosomal aberrations in Ag-np treated
cells.
Further damage may occur through single- and
double-strand breaks, inter- and intrastrand crosslinking etc. On the other hand, silver ions have been
shown to interact with DNA and RNA under in vitro conditions.44 Ag⫹ ions form a type I complex by binding
to N7 of guanine or adenine, and in a type II complex,
it forms interstrand AT and GC adducts without causing
much change in the conformation of DNA. Hossain
and Huq45 proposed stabilization of DNA by Ag⫹ ions
by studying the binding of Ag⫹ ions to plasmid and
chromosomal DNA in in vitro condition. However, they
found that, in the presence of ascorbate, Ag⫹ ions
caused significantly more damage to DNA than the
ascorbate alone. It is expected that Ag⫹ ion catalyzed
oxidation of ascorbate anion by molecular oxygen
causes the formation of free radicals, which could damage DNA.
www.acsnano.org
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Figure 8. Micronucleus analysis of untreated (A) and Ag-np
(100 g/mL) treated (B) fibroblasts showing binucleated cell.
White arrow (B) indicates the micronucleus formed among
the binucleated cells. Data from MNA (C) show chromosomal
aberrations. The data represent 1000 binucleated cells for
U251 and 700 binucleated cells for fibroblasts; * represents
P < 0.05.

DNA Damage, Cellular ATP Content, and Cell Cycle Arrest. In
eukaryotic cells, DNA damage caused the arrests of cell
cycle progression at the G2/M boundary, allowing cells
extra time to repair damage prior to segregation of
chromosomes. The DNA repair machinery must access
the nucleosome in order to carry out the repair. Two
classes of enzymes are involved in regulating the accessibility to chromatin, one modifying the core group histone amino acids and the other consisting of large multisubunit complexes known as chromatin remodelers
which use the energy from ATP hydrolysis to weaken
the interactions between histones and the surrounding DNA. The reduction in ATP content (Figure 3) after
Ag-np treatment could affect the DNA repair, as ATP is
required for a cascade of events requiring phosphorylation of several proteins taking part in repair of DNA
damage.46
The role of ATP in cell cycle arrest was studied by
Sweet et al.47 through specifically inhibiting the mitochondrial production of ATP. It was shown that a small
reduction in the cellular level of ATP induced a significant increase in the G1 cell population, while further decrease (up to 35%) elicited a G2/M accumulation followed by the onset of cytotoxicity. This suggests that
the checkpoints regulating passage through cell cycle
events are sensitive to alteration in the ATP status of the
cell.
The extensive damage of DNA measured by comet
assay and CBMN assay was reflected into the arrest of
the IMR-90 and U251 cells in the S and G2/M phases. The
number of cells in the G2/M phase increased with increasing dose of the silver nanoparticles. Cell cycle arrest provides enough time for the cells to repair the
damaged DNA. Similar results were reported for
carbon-black nanoparticles.48 The cells treated with
carbon-black nanoparticles suffered DNA damage
which led to cell cycle arrest. To date, no such studies
were conducted for silver nanoparticles, and here we attempt to unveil the effect of Ag-np on the cell cycle.
The DNA damage caused by Ag-np to the U251 cells
was much more extensive than that to the IMR-90 cells
and correlated well with the steeper increase in the
number of cells in the G2/M phase with concentration
of Ag-np. The increased sensitivity of U251 cells to DNA
damage could be due to the impaired repair pathways. In fact, current cancer therapy relies heavily on
DNA damaging agents to induce programmed cell
death in cancer cells.
Transmission Electron Microscopy (TEM) of Cell Sections. In order to study the biodistribution of the Ag-np, TEM
analyses of the cancer cells treated with 100 g/mL of
nanoparticles were performed. Untreated cells showed
no abnormalities (Figure 9A), whereas Ag-np treated
cells showed endosomes near the cell membrane with
a large number of nanoparticles inside (Figure 9B). The
nanoparticles were found to distribute throughout the
cytoplasm, inside lysosomes and nucleus (Figure 9C).
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Figure 9. TEM images of ultrathin sections of cells. Untreated cells
showed no abnormalities (A), whereas cells treated with Ag-np
showed large endosomes near the cell membrane with many nanoparticles inside (B). Electron micrographs showing lysosomes with nanoparticles inside (thick arrows) and scattered in cytoplasm (open arrow).
Diamond arrow shows the presence of the nanoparticle in the nucleus
(C). Magnified images of nanogroups showed that the cluster is composed of individual nanoparticles rather than clumps (D). Image shows
endosomes in cytosol that are lodged in the nuclear membrane invaginations (E) and the presence of nanoparticles in mitochondria and
on the nuclear membrane (F).

Clumps of nanoparticles found inside endosomes and
in cytoplasm were similar to nanoaggregates. However,
magnified images showed the presence of individual
nanoparticles within the clump (Figure 9D).We also observed large endosomes with nanoparticles in the cytoplasm of the cells and near the cell and nuclear membrane, which suggested that nanoparticles were
entering the cells through endocytosis rather than diffusion. The cytoplasm of the cells showed multiple endosomes with engulfed nanoparticles, and such endosomes were also observed near the nuclear membrane
(Figure 9E). The nanoparticles were also seen deposited
inside other organelles such as mitochondria (Figure
9F).
Nanoparticle deposition was observed in the
nucleus and nucleolus. The nuclear envelope has multiple pores (nuclear pore complexes) with an effective
diameter of 9⫺10 nm, through which transport of pro-

Figure 10. (A) STEM images of nanoparticle treated cell sections. (B) Superimposed image of nanoparticle treated cells
with elemental mapping. Red spots indicate presence of silver.
Images of the cell and mapping of the same cell were captured
using a field emission scanning electron microscope. The images were merged using Image Merger version 1.0.20. Scale bar
ⴝ 2 m.
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teins takes place. Owing to their small size, Ag-np could
be readily diffused into the nucleus through the pores.
The Ag-np or some of the Ag⫹ ions inside the cell
nucleus may bind to the DNA and augment the DNA
damage caused by the ROS. Small vesicles carrying
nanoparticles were observed to be in contact with invaginations of nuclear membrane (Figure 9E). The cytoplasm of the cells showed heavy deposition of nanoparticles, outside the vesicles. A possible reason could be
the damage to the heavy nanoparticle loaded endosomes, resulting in deposition of the particles in cytoplasm. The cells with a small number of nanoparticles
are believed to survive longer. Recent reports have established a similar mechanism, whereby gold nanoparticles were taken up by the cells through clathrin and
caveoli mediated endocytosis.49 The report established
the influence of surface chemistry where different surface functionalization resulted in distinct uptake pathways. Similar properties can be expected for silver
nanoparticles. However, no nuclear deposition was observed in unmodified gold nanoparticles, and here we
illustrate the intracellular distribution of Ag-np. The tendency of the nanoparticles to accumulate in the nuclei
of the cells is assumed to be associated with the small
size which allows them to diffuse freely through an
uclear pore complex as reported for gold and silica
nanoparticles.50 However, detailed investigation must
be done to study if small vesicles carrying nanoparticles
lodged in the nuclear invaginations play a role in transferring nanoparticles to the nucleus. Also, the mechanism of deposition of nanoparticles in mitochondria remains unknown. The current evidence from electron
micrographs sheds light on the endocytic pathway of
nanoparticle uptake. There are different types of active
endocytic pathways such as receptor mediated endocytosis (clathrin or caveoli mediated) and macropinocytosis.51 A detailed study will be conducted to unravel the
mechanism involved in Ag-np uptake. Elemental mapping of cell sections using STEM confirmed the distribution of Ag-np within the cell (Figure 10A). The embedded Ag-np were located and represented as red color
dots (Figure 10B). Scanning transmission electron micrographs and elemental mapping of the cell sections
further confirmed the TEM observations.
Ag-np were found to be toxic to both human lung fibroblast (e.g., IMR-90) and the human glioma (e.g.,
U251) cell lines used in the study. A change in morphology of the cells was observed upon Ag-np treatment
as the first indication of toxicity. Electron micrographs
confirmed a significant number of nanoparticles in vital organs such as mitochondria and nucleus. Significant decrease in cell viability was observed, probably
as a result of reduction in ATP production, generation
of reactive oxygen species (ROS), and damage to the
mitochondrial respiratory chain. The ROS production is
believed to be the trigger for DNA damage, followed by
cell cycle arrest at G2/M. The cells arresting at G2/M are
www.acsnano.org

CONCLUSION
Here a genotoxic and cytotoxic approach was employed to elucidate the activity of Ag-np. The results
from our research indicated mitochondrial dysfunction,
induction of ROS by Ag-np which in turn set off DNA
damage and chromosomal aberrations (comet assay
and CBMN analysis). DNA damage and chromosomal
aberrations are believed to be the prime factors resulting in cell cycle arrest. The fate of the cells arrested at
G2/M interface was analyzed by annexin-V PI assay
which showed no massive cell death, suggesting in-

MATERIALS AND METHODS
The particle synthesis was carried out using the standard procedure through reduction of silver nitrate. All experiments were
done in a clean atmosphere to eliminate the chances of endotoxin contamination52 that may interfere with the toxicity profile
of the nanoparticle. All chemicals used for nanoparticle synthesis
were purchased from Sigma-Aldrich.
Preparation of Starch-Capped Ag-np. Starch-coated silver nanoparticles were synthesized by a method reported by Raveendran et
al.19 The choice of capping agent was done based on the stability of nanoparticles in cell culture medium. Starch-capped nanoparticles showed lesser degree of agglomeration even at high
concentrations compared to the silver nanoparticles capped
with polyvinyl alcohol and proteins. Furthermore, the choice of
capping agent is important since the properties of nanoparticles
can be significantly altered through surface modification. The
distribution of nanoparticles in the body is strongly influenced
by its surface characteristics. The hydrophilic nature of starch as
compared to organic polymers could enhance the water dispersion and hence stability in cell culture medium. Moreover, using
starch as the capping agent removed the need of other organic
solvents, or capping agents, which are toxic to the cells. Additionally, our experiments showed that starch controls were not
cytotoxic to the cells under study. Briefly, soluble starch from potatoes (0.28 g) was dissolved in 10 mL of boiling ultrapure water and filtered using a 0.2 m syringe filter (Sartorius, Goettingen, Germany). Silver nanoparticles were synthesized by
reducing silver nitrate solution (1 mM), using sodium borohydride (0.03 g) followed by the addition of the filtered starch solution, under constant stirring at 70 °C. The color of the solution
changed to dark brown with time, indicating nanoparticle formation, and stirring was continued for an additional 2 h. The nanoparticle suspension was centrifuged at 18 000 rpm for 1 h to pellet nanoparticles. The pellets were further washed in ultrapure
water to remove traces of unbound starch. The dry pellet obtained after the lyophilization of the centrifuged nanoparticles
was dissolved in ultrapure water using sonication. The size of the
nanoparticles was determined by TEM (Figure 1A) analysis and
ultraviolet (UV) absorption spectrum (Figure 1B), using pure
nanoparticle suspensions reconstituted from the lyophilized
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volvement of an active DNA repair pathway. The cells
which successfully repair the damage will re-enter the
cell cycle, and those with massive damage will not be
able to repair the DNA effectively and undergo apoptosis at a later stage. We conclude that even a small dose
of Ag-np has the potential to cause toxicity as analyzed
by an array of cyto- and genotoxicity parameters. The
DNA damage, chromosomal aberrations, and cell cycle
arrest raise the concern about the safety associated
with applications of the Ag-np. The present study concludes that Ag-np are cytotoxic, genotoxic, and antiproliferative. As a general rule, the DNA damaging agents
have the potential to cause genome instability, which is
a predisposing factor in carcinogenesis. The outcome
of the nuclear deposition of Ag-np is unknown at this
point, however, it is likely to have adverse effects. Future application of Ag-np as an antiproliferative agent
could be limited by the fact that it is equally toxic to
normal cells. Hence it is imperative that the biological
applications employing Ag-np should be given special
attention besides embracing the antimicrobial potential. Further studies must be conducted in this field to
achieve the deeper understanding of Ag-np toxicity.
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not undergoing massive apoptosis or necrosis, and no
fragmented nuclei or necrotic cells were observed in
CBMN analysis. The comet and CBMN assays demonstrated extensive DNA damage to both cell lines, the
U251 cells being much more vulnerable than the
IMR-90 cells. Hence we speculate that the accumulation of cells at the G2/M interface is associated with DNA
repair which could lead to cell death or survival at a
later stage. All the data taken together suggest that silver nanoparticles at the range of concentrations used
resulted in G2/M arrest in the cells, which might lead to
cell death if repair pathways were unsuccessful.

powder. A size distribution histogram was extracted from Figure 1A using Gatan digital micrograph software (Gatan Inc., CA).
Electron micrographs of Ag-np are included in the Figure S1 in
the Supporting Information.
Cell Culture and Nanoparticle Treatment. Cell lines were purchased
from commercial sources, IMR-90: Coriell Cell Repositories, USA;
U251 cells: Dr. Masao Suzuki, National Institute of Radiological
Sciences, Chiba, Japan. Human glioblastoma cells (U251) were
maintained in Dulbecco’s modified eagles medium (DMEM,
Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum (FBS, GIBCO, Invitrogen, Grand Island, NY) and 1%
penicillin streptomycin (Gibco, Invitrogen, Grand Island, NY). Normal human fibroblasts (IMR-90, at passage 20 ⫾ 3) were maintained in modified eagles medium with glutamine (MEM, Gibco,
Invitrogen, Grand Island, NY) supplemented with 15% FBS, 1%
each of penicillin streptomycin, nonessential amino acids, vitamins, and 2% essential amino acids (Gibco, Invitrogen, Grand Island, NY). Cells were maintained in a 5% CO2 incubator at 37 °C.
Stock solutions of nanoparticles (5 mg/mL) were prepared
in sterile distilled water and diluted to the required concentrations using the cell culture medium. Appropriate concentrations
of Ag-np stock solution were added to the cultures to obtain respective concentration of Ag-np and incubated for 48 h. Following Ag-np treatment, the plates were observed under a light
microscope (Olympus CK 40) to detect morphological changes
and photographed using an Olympus C7070WZ camera.
Transmission Electron Microscopy (TEM) of Ag-np Treated Cells. Ultrathin sections of the cells were analyzed using TEM to reveal
the distribution of nanoparticles. Briefly, the cells (1.5 ⫻ 106 cells)
were treated with Ag-starch nanoparticles (net concentration of
100 g/mL) for 48 h. At the end of the incubation period, culture
flasks were washed many times with phosphate buffer to get
rid of excess unbound nanoparticles. Cells were trypsinized and
washed 4⫺5 times in phosphate buffer and fixed in 2.5% glutaraldehyde for 2 h. Fixed cells were washed 3 times with phosphate buffer. Post-fixation staining was done using 1% osmium
tetroxide for 1 h at room temperature. Cells were washed well
and dehydrated in alcohol (40, 50, 70, 80, 90, 95, and 100% ethanol) and treated twice with propylene oxide for 30 min each,
followed by treatment with propylene oxide, spurr’s low viscos-
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ity resin (1:1), for 18 h. Cells were further treated with pure resin
for 24 h and embedded in beem capsules containing pure resin.
Resin blocks were hardened at 70 °C for 2 days. Ultrathin sections (70 nm) were cut using Reichert Jung Ultracut. The sections were stained with 1% lead citrate and 0.5% uranyl acetate
and analyzed under JEOL JEM 2010F. The presence of nanoparticles was confirmed by the electron dispersive X-ray analysis
(EDX, Figure S2 in the Supporting Information).
Scanning Transmission Electron Microscopy (STEM). Scanning transmission electron microscopy (STEM) and the elemental mapping of cell sections were done to elucidate the distribution pattern of nanoparticles. The sections prepared for the TEM analysis
were employed for STEM study. The instrument performed elemental mapping by labeling silver as red dots in the image captured. The analysis was done using JEOL JSM 6701F at an accelerating voltage of 25 kV.
Cell Viability Assay. The viability of Ag-np treated cells was measured using Cell-Titer glow luminescent cell viability assay
(Promega, Madison, WI) following manufacturer’s instructions.
This assay is a homogeneous method for determining the number of viable, metabolically active cells in a culture based on
quantification of the ATP concentration. The procedure involves
addition of an equal volume of reagent to the medium in test
wells, which in a single step generates a luminescent signal proportional to the concentration of ATP present in cells. The reagent contains detergents to break the cell membrane, causing
ATP release in the medium and ATPase inhibitors to stabilize the
released ATP. The assay is based on the conversion of beetle luciferin to oxyluciferin by a recombinant luciferase in the presence
of ATP. The observed luminescence is proportional to the quantity of ATP in cells. The experiments were performed in white
opaque walled 96-well plates (Corning, Costar, NY). Additional
controls were included in the test to rule out autoluminescence
and quenching by silver nanoparticles. For the ATP assay, 1 ⫻ 104
cells per well were plated and treated with different concentrations of nanoparticles (25, 50, 100, 200, and 400 g/mL) for 24,
48, and 72 h. The dependence of toxicity on purity of nanoparticles was studied using the supernatants from the last centrifugation step. The supernatant (50 mL) obtained after removing the
nanoparticle pellet was concentrated by lyophilization and reconstituted in 1 mL of sterile water. Different volumes of the
stock solution (0, 5, 10, 15, 20, and 25 L) were dispensed in to
100 L of medium in 96-well plates and incubated for 48 h.
Mitochondrial Function Cell Titer Blue Cell Viability Assay. Cell titer
blue cell viability assay (Promega, Madison, WI) is a fluorimetric
measurement of the metabolically active cells in a culture. The
mitochondrial and microsomal enzymes reduce resazurin in the
reagent to resorufin, which are highly fluorescent. Cells were
seeded at a density of 1 ⫻ 104 cells per well, in black opaque
walled 96-well plates (Corning, Costar, NY) and treated with
Ag-np as described for ATP assay. A time-dependent study was
conducted employing different incubation period (24, 48, and
72 h) after nanoparticle addition. The experiments were carried
out as per supplier’s instructions.
Cell Cycle Analysis. Cell cycle analysis was carried out by staining the DNA with propidium iodide (PI) followed by flow cytometric measurement of the fluorescence. Approximately 4 ⫻ 105
U251 cells and 8 ⫻ 105 IMR 90 cells were placed in 100 mm tissue culture dish (Falcon, Franklin Lakes, NJ, USA). Following the
Ag-np treatments for 48 h (concentrations employed were similar as in viability studies), the medium was removed and stored.
Cells were washed in 1X phosphate buffered saline (PBS, 1st
Base, Singapore) trypsinized, harvested in the stored medium,
and centrifuged. The pellet was washed in PBS, fixed in ice-cold
ethanol (70%), and stored at ⫺20 °C. Before flow cytometry
analysis, cells were washed in PBS and stained with propidium iodide (PI) in RNase (40 g/mL PI and 100 g/mL RNase A) and incubated at 37 °C for 30 min, followed by incubation at 4 °C until analysis. Flow cytometry analysis was performed using Epics
Altra (Beckman and Coulter) at an excitation wavelength of 488
nm and emission wavelength of 610 nm. Data collected for 2 ⫻
104 cells was analyzed using WinMDI 2.8 software.53
Annexin-V Staining. Annexin-V staining was performed to differentiate apoptosis from necrotic cell death induced by Ag-np.
Annexin-V has a high affinity for phosphotidyl serine, which is
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translocated from the inner to the outer leaflet of the plasma
membrane at an early stage of apoptosis. Its conjugation with
the fluorescent probe FITC facilitates measurement by flow cytometric analysis. Use of propidium iodide (PI) staining helps distinguish between apoptosis and necrosis due to difference in
permeability of PI through the cell membranes of live and damaged cells. Cell number, concentrations, and culture conditions
were similar to cell cycle analysis. Treated cells were harvested
and washed twice in PBS. The staining was carried out as per
manufacturer’s instruction (annexin-V FITC apoptosis detection
kit, Sigma-Aldrich, St. Louis, MO). Data analyses were done using
WinMDI software.
Detection of Reactive Oxygen Species (ROS) Production. The generation of hydrogen peroxide and superoxide radical was monitored by employing 2=,7=- dichlorodihydrofluorescein diacetate
(DCF-DA, Invitrogen, Grand Island, NY) staining54 and dihydroethidium (DHE, Sigma-Aldrich, St. Louis, MO) staining,55 respectively. DCF-DA is nonfluorescent unless oxidized by the intracellular ROS. Dihydroethidium is blue fluorescent in the reduced
form, which upon oxidation by superoxide radical emits red fluorescence. Dose- and time-dependent measurements of the generation of reactive oxygen species were done by incubating
one million cells with Ag-np (25, 50, 100, and 200 g) for 2 and
5 h, followed by staining with 2 M DHE and 10 M DCF-DA for
15 min at 37 °C. Hydrogen peroxide treated cells (0.09% H2O2)
were used as positive control for DCF-DA analysis, whereas diethyldithiocarbamic acid (DDC) at a concentration of 100 M (2 h
at 37 °C) was used as positive control for DHE staining. DDC is a
strong inhibitor of superoxide dismutase activity in cells. Cells
were then washed twice in serum-free medium and analyzed using Epics Altra flow cytometer (Beckman & Coulter) at an excitation wavelength of 488 nm and emission wavelengths of 530
and 610 nm for DCF-DA and HE, respectively. The concentrations were chosen based on the viability data. For each sample,
1 ⫻ 104 cells were collected (Epics Altra, Beckman Coulter), and
data were analyzed using WinMDI 2.8 software.
Cytokinesis-Blocked Micronucleus Assay (CBMN). Cytokinesis-blocked
micronucleus assay (CBMN) measures the chromosomal breakage that occurs due to exposure to toxic agents.42 Cell density
was similar to cell cycle analysis. The cells were treated with two
different concentrations of Ag-np (100 and 200 g) for 48 h followed by further incubation for 22 h with cytochalasin B (SigmaAldrich, St. Louis, MO, 5 g/mL). The analysis was performed according to a reported procedure.56 Cells were harvested and
treated with ice cold KCl and centrifuged immediately. The pellet was fixed in Carnoy’s fixative (3:1 methanol/acetic acid), and a
few drops of formaldehyde were added to preserve the cytoplasm. The cells were aged for at least 4 days at 4 °C, streaked
on clean glass slides, and dried. The slides were then stained with
acridine orange (30 g/mL), which differentially stains the
nucleus and cytoplasm.57 One thousand binucleated cells were
scored, and the number of micronuclei was recorded. The IMR 90
cells had approximately 700 binucleated cells.
Alkaline Single-Cell Gel Electrophoresis (Comet Assay). Alkaline singlecell gel electrophoresis (Comet assay) detects DNA damage
through electrophoresis58 and subsequent staining in SYBR
green dye. Treated cells were harvested and washed twice in
PBS before resuspending in Hank’s balance salt solution (HBSS,
Sigma-Aldrich, St. Louis, MO) with 10% dimethyl sulfoxide
(DMSO, AppliChem GmbH, Ottoweg, Darmstadt, Germany) and
EDTA (1st Base, Singapore). The cells were embedded in 0.8%
low melting agarose (Pronadisa, Spain) on comet slides (Trevigen, Gaithersburg, MD) and lysed in prechilled lysis solution (2.5
M NaCl, 0.1 M EDTA, 10 mM Tris base, pH 10) with 1% Triton X
(Trevigen, Gaithersburg, MD) for 1 h at 4 °C. Cells were then subjected to denaturation in alkaline buffer (0.3 M NaCl, 1 mM EDTA)
for 40 min in the dark at room temperature. Electrophoresis
was performed at 25 V and 300 mA for 20 min. The slides were
immersed in neutralization buffer (0.5 M Tris-HCl, pH 7.5) for 15
min followed by dehydration in 70% ethanol. The slides were airdried and stained with SYBR green dye. The tail moments of
the nuclei were measured as a function of DNA damage. Analysis was done using comet imager v1.2 software (Metasystems
GmbH, Altlussheim, Germany), and 50 comets were analyzed per
concentration.
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