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► CFA consists of spherical crystalline nanoparticles in size range of 11–25 nm.
► Alkaline unwinding assay revealed single-strandedness in CFA treated ctDNA.
► CFA nanoparticles exhibited the ability to induce ROS and oxidative DNA damage.
► Comet and CBMN assays revealed DNA and chromosomal breakage in PBMN cells.
► CFA-NPs resulted in mitochondrial membrane damage in PBMN cells.
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The nano-sized particles present in coal fly ash (CFA) were characterized through the X-ray diffraction (XRD),
transmission and scanning electron microscopy (TEM, SEM), atomic force microscopy (AFM) and Fourier
transform infrared spectroscopy (FTIR) analyses. The XRD data revealed the average crystallite size of the
CFA nanoparticles (CFA-NPs) as 14 nm. TEM and SEM imaging demonstrated predominantly spherical and
some polymorphic structures in the size range of 11 to 25 nm. The amount of heavy metal associated with
CFA particles (μg/g) were determined as Fe (34160.0±1.38), Ni (150.8±0.78), Cu (99.3±0.56) and Cr
(64.0±0.86). However, the bioavailability of heavy metals in terms of percent release was in the order as
Cr>Ni>Cu>Fe in CFA-dimethyl sulfoxide (DMSO) extract. The comet and cytokinesis blocked micronucleus
(CBMN) assays revealed substantial genomic DNA damage in peripheral blood mononuclear (PBMN) cells
treated with CFA-NPs in Aq and DMSO extracts. About 1.8 and 3.6 strand breaks per unit of DNA were esti-
mated through alkaline unwinding assay at 1:100 DNA nucleotide/CFA ppm ratios with the Aq and DMSO ex-
tracts, respectively. The DNA and mitochondrial damage was invariably greater with CFA-DMSO extract
vis-à-vis -Aq extract. Generation of superoxide anions (O2•

−) and intracellular reactive oxygen species
(ROS) through metal redox-cycling, alteration in mitochondrial potential and 8-oxodG production elucidated
CFA-NPs induced oxidative stress as a plausible mechanism for CFA-induced genotoxicity.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The world-wide consumption of coal, to meet the global primary
energy requirements, is expected to increase by 1.9% per year, with
concurrent increase in the production of fly ash. Currently, the annual
production rate of coal fly ash (CFA) in the United States and Europe
is about 67.7 million tons and 40.4 thousandmetric tons, respectively
(www.rmajko.com). In India, the thermal power plants produce an
College of Science, King Saud
el.: +966 1 4675768.
).
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estimated 100 million tons of fly ash per year (Manerikar et al.,
2008). About 80% of this fly ash is released into 65,000 acres of land
used as ash ponds (Singh and Siddiqui, 2003; Jala and Goyal, 2006;
Pandey and Singh, 2010). Such a heavy discharge of fly ash eventually
causes serious environmental pollution and health hazards, due to
the presence of surface bound hydrocarbons and toxic metals (Kalra
et al., 1998; Zhou et al., 2005; Parisar, 2007). Heavy metals such as
Cu, Pb, Cd, Cr, Zn and Ni (Bauser et al., 1978; Griffin et al., 1980;
Tiwari et al., 2008) in fly ash are reported to exert adverse effects
on aquatic and terrestrial ecosystems (Adriano et al., 1980; Wong
and Wong, 1990; Ali et al., 2004). Recently, Di Pietro et al. (2009,
2011a) demonstrated that the transition metals adsorbed to oil fly
ash (OFA) cause DNA damage, lipid peroxidation and mitochondrial
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dysfunction in cultured human epithelial alveolar (A549) cells. Main-
ly, the Fe(III) and V(IV) were found responsible for the mitochondrial
alterations in pneumocytes exposed to OFA (Di Pietro et al., 2011a).
Also, the transition metals in fine particulate matter generated by
combustion induce oxidative DNA damage and inflammation (Di
Pietro et al., 2011b).

Several toxicological studies with airborne particulate matter and
OFA have been performed on various organisms including human
pneumocytes and lymphocytes (Fujii, et al., 2001; Chen et al., 2010; Di
Pietro et al., 2009, 2011a,b,). Recently,Markad et al. (2012) demonstrat-
ed the fly ash induced DNA damage and DNA–protein crosslinks in
earthworm coelomocytes through comet assay. Also, the mutagenicity
of ultrasonically treated DMSO extract of ESP fly ash in Salmonella tester
strains TA97 and TA102, and chromosome damage in lymphocytes of
humans exposed to both ESP fly ash and Lytag have been reported
(Kleinjans et al., 1989). However, still the information is limited on
coal fly ash nanoparticles (CFA-NPs) with respect to their characteriza-
tion, surface associated transition metals and their genotoxic effects in
humans. Earlier studies have not adequately considered the fine CFA
particle characteristics and mechanistic aspect of the CFA-induced
genotoxicity, in terms of DNA strand breaks, ROS production and oxida-
tive damage in human PBMN cells. Therefore, in view of extensive pro-
duction of CFA and its wider applications, and genotoxic risk to humans,
it is considered important to investigate the average particle size of
CFA-NPs, and their toxicity evaluation at cellular and molecular level.
Since, the nano-sized particles provide larger surface area for binding
of chemicals including xenobiotics and transition metals, and can easily
enter into cells (Donaldson et al., 2003; Gwinn and Vallyathan, 2006;
Duffin et al., 2007; Saquib et al., 2012), there is a growing interest in tox-
icology of nanoparticles and their significance in relation to human
health. This has prompted us to characterize the CFA-NPs using sensi-
tive techniques like X ray diffraction (XRD), Fourier transform infra
red spectroscopy (FTIR), transmission and scanning electron microsco-
py (TEM, SEM) and atomic force microscopy (AFM). The study eluci-
dates the role of CFA-NPs induced reactive oxygen species (ROS) in
causing DNA strand breaks, oxidative lesions (8-oxodG), and chromo-
somal breaks (micronuclei formation) in cultured human peripheral
blood mononuclear (PBMN) cells.

2. Materials and methods

2.1. Sampling of CFA

CFAwere collected at a depth of 10–15 cm from the dumping site of
Harduaganj thermal power plant, located (28°01′N 78°07′E/28.0175°N
78.13°E) around 18 kmNorth-East of Aligarh district, India. This power
plant consumes 3192 tons of bituminous coal/day and produces
650 tons/day of fly ash. Samples from ten different locations at the
same site were mixed thoroughly to obtain a composite sample, repre-
sentative of the test region and stored at 4 °C for subsequent analysis.

2.2. Preparation of CFA aqueous (Aq) and DMSO extracts

The CFA extracts were prepared by mixing 1 g of air dried CFA in
100 ml of ultrapure water and culture grade DMSO (0.5%), separately
in 250 ml flasks. Both flasks were kept on a rotary shaker at 25 °C for
24 h. The suspensions were then sonicated using an ultrasonicator
(Pro Scientific, Inc., USA) and centrifuged at 11,739×g for 30 min. The
supernatants (extracts) were carefully aspirated, and filtered through
0.22 μm syringe filter. The filtered extracts were stored at −20 °C in
2 ml aliquots and used for the toxicity studies.

2.3. Analysis of CFA samples for presence of heavy metals

The powdered CFA and its aqueous (Aq) and DMSO extracts were
analyzed for heavy metals such as chromium (Cr), copper (Cu), iron
(Fe) and nickel (Ni). In brief, 1 g air dried CFA was mixed with 5 ml of
70% HNO3 and 2 ml hydrofluoric acid and digested on a heating plate
for 1 h at 180 °C, following the method described earlier (Sushil and
Batra, 2006). The digested samples were filtered through Whatman
No. 1 filter paper and transferred to pre-labeled volumetric flasks to
make up the volume up to 100 ml with ultrapure water. The Aq and
DMSO (0.5%) extracts were sonicated prior to analysis and directly an-
alyzed for heavymetals by use of an atomic absorption spectrophotom-
eter (GBC 932 plus, Australia).

2.4. X-ray diffraction analysis of CFA

Finelypowdered sample of air driedCFAwas analyzedusingX'pert PRO
analytical diffractometer (Almelo, The Netherlands) using CuKα radiation
(λ=1.54056 Å) in the range of 20°≤2θ≤80° at 40 keV. In order to calcu-
late the particle size (D) of CFA sample, the Scherrer's equation (D=0.9λ/
βcosθ) has been used (Patterson, 1939), where λ is the wavelength of
X-ray, β is the broadening of diffraction line measured as half of its maxi-
mum intensity in radians and θ is the Bragg's diffraction angle. The average
particle size of CFA was estimated from the line width of the XRD peak.

2.5. Analysis of CFA by transmission electron microscopy (TEM) and
scanning electron microscopy (SEM)

TEM analysis of CFAwas performed on a transmission electronmicro-
scope (Hitachi, H-7500, Japan) at an accelerating voltage of 90 kV. Sam-
ples were prepared by drop-coating CFA solutions (1% CFA-DMSO
extract) onto carbon-coated gold TEM grids. Film of CFA sample on TEM
grid was allowed to stand for 2 min. The extra solution was removed
using a blotting paper and the grid was allowed to dry prior to measure-
ment. For SEM analysis, the samples were prepared by dispersing CFA
onto a conductive carbon tape. Sampleswere coatedwith gold to prevent
charging and analyzed by use of scanning electron microscope (JEOL
6400, Japan). The typical acceleration potential used was 15 kV at a
beam current of 10−9 A.

2.6. Infrared spectroscopy and atomic force microscopy (AFM) of CFA

FTIR was employed for assessment of functional groups on CFA
particles. Briefly, the air dried powder of CFA was diluted with spec-
troscopic grade KBr (mass ratio of about 1:100) and the spectrum
was recorded. FTIR measurements were carried out on Interspec
2020 FTIR (Spectrolab, U.K.) in the diffuse reflectance mode at a res-
olution of 4 cm−1 in KBr pellets.

CFA particles were examined using atomic force microscope (Veeco
Instruments, USA). Analysis was performed by running the machine in
non-contact tapping mode. Characterization of CFA was done by ob-
serving the patterns appeared on the surface topography and analyzing
the AFM data. Tapping mode imaging was implemented in ambient air
by oscillating the cantilever assembly at or near the cantilever's reso-
nant frequency using a piezoelectric crystal. The topographical images
were obtained in tapping mode at a resonance frequency of 218 kHz.

2.7. CFA-induced DNA damage

CFA-induced strand breaks in the calf thymus DNA (ctDNA) were
quantitated by alkaline unwinding assay using hydroxyapatite batch
procedure (Saquib et al., 2009). In brief, the ctDNA (100 μg) in a vol-
ume of 0.5 ml in multiple sterile tubes were treated with Aq and
DMSO extracts of CFA in range of 1:5 to 1:100 DNA nucleotide/CFA
extract ppm ratio. ctDNA treated with DMSO and EMS in the ratio of
1:10 was taken as negative and positive controls, respectively. The
treatment was carried out for 30 min at 37 °C. The tubes were imme-
diately placed on ice and subjected to alkaline unwinding by rapid ad-
dition of an equal volume of 0.06 N NaOH in 0.01 M Na2HPO4, pH
12.5, followed by brief vortexing. Alkaline unwinding was allowed
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to complete in dark for 30 min. The pH of the reactionmixturewas then
neutralized to pH 7.0 with the addition of 0.07 N HCl. Subsequently,
20 μM EDTA containing 2% SDS was added and the resultant mixture
was transferred to pre-heated stoppered glass tubes containing 0.5 M
potassium phosphate buffer, pH 7.0 and 10% formamide. The samples
were incubated at 60 °C for 2 h with intermittent vortexing. The rela-
tive amount of duplex and single stranded DNA present at the end of al-
kaline unwindingwas quantitated. Single stranded DNAwas selectively
eluted from the hydroxyapatite matrix with 0.125 M potassium phos-
phate buffer, pH 7.0 containing 20% formamide. However, duplex DNA
was removed with 0.5 M potassium phosphate buffer, pH 7.0
containing 20% formamide. CFA-induced strand breaks and number of
breaks per unit of ctDNA were determined following the algorithm de-
scribed previously (Saquib et al., 2009).

2.8. CFA-induced 8-oxo-2′-deoxyguanosine (8-oxodG) formation in ctDNA

Varying amounts of ctDNA (500, 1000 and 1500 ng) were treated
with Aq and DMSO extracts of CFA (1000 ppm concentrations) and
immobilized on a96well plate by overnight absorption at 40 °C following
the procedure of Hirayama et al. (1996). Methylene blue (100 μM) was
used as positive control. The non-specific sites were blocked with 300 μl
of blocking solution containing 3% BSA in PBS (Ca2+ and Mg2+ free).
The plates were further incubated at 37 °C for 3 h. Polyclonal goat anti
8-oxodG antibodies (Cat # AHP592; AbD Serotech, UK), 100 μl/well at di-
lutions of 1:1,000,000 in blocking solution were added and incubated at
37 °C for 2 h. The solution was discarded and the plates were washed
twice with (300 μl/well) with PBS containing 0.05% Tween-20. Subse-
quently, the secondary antibody (Donkey anti-goat IgG:HRP; Cat #
STAR88P, AbD Serotech, UK) diluted at 1:25,000 in blocking solution
(100 μl/well)wasaddedand incubated for2 hat37 °C.After thoroughwash-
ing, the 50 μl/well of 1× substrate TMB (3,3′,5,5′-Tetramethylbenzidine)
was added. The reaction was stopped by the addition of 2M H2SO4

(50 μl/well). Absorbance was read at 450 nm on a Multiskan EX
reader (Thermo Scientific, USA). The 8-oxodG was quantified
using a calibration curve prepared with the commercially available
8-oxodG standard.

2.9. CFA-induced extracellular ROS generation

Superoxide anions (O2•
−) were estimated by nitrobluetetrazolium

(NBT) reduction assay (Saquib et al., 2010). In brief, the reactionmixture
containing 100 mM Tris–HCl buffer (pH 7.2), 50 μMNBT, 100 μM EDTA,
0.06% Triton X-100 was separately mixed with varying concentrations
(100, 200, 400, 600 and 800 ppm) of Aq and DMSO extracts of CFA.
The tubes containing reaction mixture were exposed to white light
(20 W/m2) for 2 h. Parallel reactions with Aq and DMSO extracts were
run in dark and in presence of EDTA (100 μM), used as free-radical
quencher. Absorbanceof blue colorwas read at 560 nmusingUV–Visible
spectrophotometer (GBC Cintra 10e, Australia) and plotted as a function
of CFA concentrations.

2.10. CFA-induced intracellular ROS generation and effect on mitochon-
drial activity in human PBMN cells

Intracellular ROS productionwas detected by use of fluorescent probe
DCFH-DA, according to themethod of Saquib et al. (2009). Human PBMN
cells (2×106) were exposed to varying concentrations (600, 1200 and
2400 ppm) of Aq and DMSO extracts of CFA in complete RPMI 1640 me-
dium. Comparatively higher concentrations were chosen in this experi-
ment to pick up the fluorescence signal of ROS production, as it was too
small at lesser concentrations. Cells were cultured for 24 h at 37 °C in
the presence of 5% CO2 in air in a humidified atmosphere chamber of
CO2 incubator (Thermo Scientific, USA). After two washes with cold
PBS, the cells were incubated with DCFH-DA (5 μM) for 60 min at 37 °C
in dark. Cells were immediately washed twice with PBS and again
suspended in 3 ml of PBS. Fluorescence measurements were carried out
at ambient temperature on a Shimadzu spectrofluorophotometer
(RF5301PC, Japan) equipped with RF 530XPC instrument control soft-
ware using a quartz cell of 1 cm path length. The fluorescence intensity
was recorded at an excitationwavelength of 485 nm and emissionwave-
length of 525 nm.

Mitochondrial activity was monitored by observing the changes in
the fluorescence intensity of mitochondria specific dye rhodamine
(Rh123) in human PBMN cells following the method of Saquib et al.
(2010). The mitochondrial membrane potential (ΔΨm) was deter-
mined by the mean fluorescence intensity (FL1-H) at 488 nm of
10,000 cells by use of a flow cytometer (FACSCalibur, Becton Dickinson,
USA).
2.11. Alkaline single cell gel electrophoresis (comet assay) of CFA treated
human PBMN cells

Comet assay was performed with human PBMN cells following the
standard procedure (Singh et al., 1988; Saquib et al., 2009). The cells
were treated with varying concentrations (3, 300, 600, 1200, 1800 and
2400 ppm) of both Aq and DMSO extracts of CFA for 3 h at 37 °C. Both
untreated and CFA treated cells were suspended in 100 μl PBS and
mixedwith 100 μl of 1% lowmelting agarose (LMA). The cell suspension
(80 μl) was then layered on one-third frosted slides, pre-coated with 1%
normalmelting agarose (NMA) and kept at 4 °C for 10 min. After gelling,
a layer of 90 μl of LMA (0.5%) was added. The cells were lysed in a lysing
solution overnight. After washing with ultrapure water, the slides were
subjected to DNA denaturation in cold electrophoresis buffer at 4 °C for
20 min. Electrophoresis was performed at 0.7 V cm−1 for 30 min
(300 mA, 24 V) at 4 °C. The slides were then washed three times with
neutralization buffer. The slides were stained with ethidium bromide
for 5 min and analyzed at 40×magnification using afluorescencemicro-
scope (Nikon ECLIPSE E80i, Japan) coupled with a charge coupled device
(CCD) camera. Images from 50 cells (25 from each replicate slide) were
randomly selected and subjected to image analysis using software
Comet Assay IV (Perceptive Instruments, UK).
2.12. Cytokinesis blocked micronucleus (CBMN) assay of CFA treated hu-
man PBMN cells

The CBMN assay was preformed following the methods of Kalantzi
et al. (2004) and Saquib et al. (2009). Heparinized blood was
obtained by venipuncture from the volunteer. Blood (0.5 ml) was
added to 4.5 ml of complete RPMI 1640 medium supplemented
with 20% heat-inactivated FBS, 7.5 μg/ml of phytohemagglutinin-M
and varying concentrations (600, 1200 and 2400 ppm) of CFA-Aq
and -DMSO extracts. The cells were incubated at 37 °C in presence
of 5% CO2 for 24 h. Cells were then pelleted and resuspended in com-
plete medium without CFA. Cytokinesis was blocked by adding cyto-
chalasin B (6 μg/ml) to the cultures after 44 h of phytohemagglutinin
stimulation. Cells after harvest were treated with a hypotonic solu-
tion (0.56% KCl) and fixed with methanol–glacial acetic acid (3:1).
Air-dried slides were stained with 6% giemsa stain and propiodium
iodide (6 μg/ml). One thousand binucleated cells were counted, fol-
lowing the scoring criteria adopted by the Human Micronucleus Pro-
ject (Bonassi et al., 2001).
2.13. Statistical analysis

Statistical analyses were performed by one-way analysis of variance
(ANOVA) followed by Dunnett's multiple comparisons test (Sigma Plot
11.0, USA). The level of statistical significance chosenwas pb0.05, unless
otherwise stated.



Fig. 1. X-ray powder diffraction (XRD) analysis for phase identification of CFA-NPs.
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3. Results and discussion

The composition and properties of CFA particles changes with the
quality of coal, combustion process, and precipitation technique
(Celik et al., 2007). Analysis of CFA used in this study revealed the
presence of various toxic heavy metals on CFA particles, and their re-
lease in ultrapure water (Aq) and DMSO media on incubation for
24 h. The data in Table 1 show the concentrations of heavy metals
such as Fe, Ni, Cu and Cr as 34,160.0±1.38, 150.8±0.78, 99.3±0.56
and 64.0±0.86 μg/g CFA, respectively. These metals were released
from CFA in the order Cr>Ni>Cu>Fe in CFA-DMSO extract. The
amounts of Fe recovered in CFA-DMSO and -Aq extracts were found
to be 210±3.4 μg/g and 88.6±17.9 μg/g, which is equivalent to
0.6% and 0.25%, respectively of the total Fe present on CFA. Most like-
ly, the higher extraction efficiency of Fe in DMSO as compared to
water is due to higher solubility of ferric salts in DMSO (90 g/100 ml)
(http://www.gaylordchemical.com) as compared to 60 g/100 ml in
water, due to the aprotic nature of the solvent. The ability of CFA to re-
lease bioavailable metals has evoked much interest in understanding
the CFA-induced oxidative stress, due to the generation of oxidants
through redox-cycling (Ball et al., 2000; Chen et al., 2005a). The abso-
lute amounts of Ni, Cu and Cr in CFA-DMSO extract were found to be
much lesser than the total amount of Fe present on CFA particles. How-
ever, the greater release of 67% Cr (43.30±9.24 μg/g) and 3.3% Ni
(5.99±1.23 μg/g) in DMSO extract as compared to 0.6% iron, suggested
the role of Cr andNi in causing genotoxic effects. Linak et al. (2007) have
also suggested the presence of Cr in the ultrafine ash particles through
X-ray absorption fine structure (XAFS) spectroscopy. Earlier studies
have demonstrated that the cells treated with Cr(VI) exhibit different
types of DNA damage including basemodification, single-strand breaks,
double-strand breaks, Cr–DNA adducts, DNA–Cr–DNA adducts, and
protein–Cr–DNA adducts (Wise et al., 2008). Moreover, Andersen
(1983) suggested the Cr(III) ion as an ultimate carcinogenic form of
chromium. The heavymetals associatedwith sub-micron (b1 μm) frac-
tions of CFA and residual oil fly ash (ROFA) andOFA have been implicat-
ed in ROS production, expression and synthesis of the inflammatory
cytokine interleukin-8 (IL-8), and lung cancer (Lay et al., 1999; Smith
et al., 2000; Grimsrud et al., 2002; Di Pietro et al., 2011b). In most of
the studies, the ultrafine particles of fly ash were uncharacterized and
particulate size unspecified under the treatment conditions. Since, the
toxicity of nanoparticles varies with size, shape and state of dispersion
(Powers et al., 2007), we have characterized the CFA-NPs by use of
the state-of-the-art sensitive techniques including XRD, TEM, SEM,
AFM and FTIR, and assessed their genotoxic potential in Aq- and
DMSO-extracts using sensitive in vitro assays.

TheXRDanalysis of CFApowder revealed the presence of quartz crys-
tallite (26.62°), mullite (16.422° and 40.851°), iron oxide (33.197°) and
amorphous glassy materials (36.53°) at 2θ value (Fig. 1). The average
size of crystalline CFA-NPs was determined to be 14 nm, as calculated
based on FWHM, using Scherrer's equation. The peaks in Fig. 1 corre-
spondwith the XRD diffractogram of ball-milled fly ash, as reported pre-
viously (Paul et al., 2007). The SEM analysis of powdered CFA in Fig. 2A,
validated the presence of spherical shaped CFA particles. The TEM image
provided the size range of CFA-NPs as 11–25 nm (results not shown).
Table 1
Heavy metal analysis of CFA and its Aq and DMSO extracts.

Heavy Metals Concentration (μg/g)

CFA CFA
DMSO extract

CFA
Aq extract

Copper 99.3±0.56 1.9±0.89 (1.91%) N.D
Chromium 64.0±0.86 43.3±9.24 (67%) 40±9.24 (62.5%)
Iron 34160.0±1.38 210±3.45 (0.6%) 88.6±17.9 (0.25%)
Nickel 150.8±0.78 5.99±1.23 (3.3%) N.D

The data represent the mean±S.D of three independent analyses for each metal.
N.D: not detectable. Values in parenthesis indicate the % release of metals from CFA.
Spherical shape is normally indicative of particulates formed due to
high temperature combustion through the process of nucleation, coagu-
lation, and condensation of vaporized materials (Heasman and Watt,
1989). Such particles, generated as a result of thermal treatments are
very small (0.001–10 μm) (Kimbrough, 1998). Silva et al. (2009) have
also reported the nanometric-sized crystalline particles in fly ash in the
size range of 10 to 100, consisting of iron-rich oxide (hematite),
Fe-sulfate and Fe-aluminum silicate glass using energy-dispersive
X-ray spectrometer (EDS) and high-resolution transmission electron
Fig. 2. Representative SEM image of CFA (panel A) at 1000× magnifications. Panel B
depicts a 3D topography of CFA-NPs in an AFM perspective view. Scan size is
5×5 μm. The intensity of color in side bar reflects the height of the particles. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

http://www.gaylordchemical.com


Fig. 3. Fourier Transformed Infra Red (FTIR) spectrum of CFA-NPs.

335S. Dwivedi et al. / Science of the Total Environment 437 (2012) 331–338
microscopy (HR-TEM) images. Also, the complexmicromineralogy of the
airborne combustion-derived nanomaterials demonstrated the presence
of aluminosilicate (Al–Si) glassy spheres, iron oxide nanocrystals (mainly
hematite and magnetite) mixed with silicate glass particles containing
potentially bioreactive transition metal (Cr, Ni) (Silva and da Boit,
2011). The AFM analysis (Fig. 2B) revealed the amorphous structures
with embedded quartz crystallites of average CFA-NP size and
roughness of 21 and 24 nm, respectively. This size range is in
agreement with the earlier findings (Heasman and Watt, 1989; Chen et
al., 2005b). Size is a key factor in determining the potential toxicity of
CFA particles. Indeed, the smaller the particle, the greater is its surface
area to volume ratio, and the higher its chemical reactivity and biological
activity. The greater chemical reactivity of nanomaterialsmay result in in-
creased production of reactive oxygen species (ROS), including free radi-
cals (Nel et al., 2006). ROS production is one of the primary mechanisms
of nanoparticle toxicity; it may result in oxidative stress, inflammation,
and consequent damage to proteins, membranes and DNA (Nel et al.,
2006). Indeed, the combustion-derived nanoparticles have been identi-
fied as an important component of particulatematter in inducing adverse
effects on humanhealth (Laden et al., 2000;Wichmann and Peters, 2000;
Ibald-Mulli et al., 2002). Several epidemiological studies have suggested
adverse reproductive effects (Lewtas, 2007), promutagenic lesions
(Binkova et al., 2007), and a variety of chronic diseases (Brunekreef and
Holgate, 2002; Chen et al., 2008), such as chronic obstructive pulmonary
diseases (COPD) (Ling and van Eeden, 2009), lung cancer (Pope et al.,
2002; Lewtas, 2007), and cardiovascular diseases (Franchini and
Mannucci, 2009) upon exposure to air borne particulate matter. The
most toxic component of airborne particulate is the nano-sized particles,
which have unhindered access to the cells of the airway and other intra-
cellular compartments (Donaldson et al., 2003; Gwinn and Vallyathan,
2006; Duffin et al., 2007). These nanoparticles have a potential to translo-
cate from the site of deposition in the lungs to the blood and other target
organs (Donaldson et al., 2004). The deposition of 20 nm particles is 2.7
times greater than 100 nm particles and 4.3 times greater than 200 nm
particles in the lungs of healthy individuals (Stahlhofen et al., 1989).
Higher deposition efficiencies occur in patients with asthma or chronic
obstructive pulmonary disease than in healthy subjects, possibly due to
decreased clearance ability (Anderson et al., 1990; Duffin et al., 2007).
Kreyling et al. (2006) reported less than 25% clearance of 50 and
100 nmparticles during the first 24 h after inhalation. The level of persis-
tence of the inhaled particles is an important characteristic determining
the degree of inflammation and tissue injury (Donaldson et al., 2004;
Bonner, 2007). Furthermore, the release of surface adsorbed transition
metals and organics on CFA particles can undergo chemical reactions in
the milieu of the lungs leading to the production of free radicals such as
superoxide anion or hydroxyl radical, as a primary pro-inflammatory
mechanism (Rice et al., 2001; Squadrito et al., 2001; Baulig et al., 2003).

The FTIR data validated the presence of Si\O\Si groups of quartz in
CFA. The spectrum in Fig. 3 shows typical FTIR bands at 1084.50, 783.43
and 456.85 cm−1. The bands at 1084.50 and 783.43 cm−1 are attributed
to the asymmetrical stretching vibration and symmetrical stretching vi-
bration of the Si\O\Si groups (Thongsang and Sombatsompop, 2006).
The quartz crystals are frequently found on the surface of CFA (Bai et
al., 2010). Quartz has been classified as a carcinogen by IARC/WHO
(1997) and has been shown to cause lung cancer (Taeger et al., 2008).
Recently, Chen et al. (2010) reported that workers at the fly ash treat-
ment plant in Taiwan had significantly higher DNA damage than those
at the bottom ash recovery plant. The fine particles have been suggested
to be responsible for the DNA damage in workers inhaling the metal into
the human body. The particles with an aerodynamic diameter of
0.1–2 μm have good penetrability through cotton or active carbon
masks and the personal protective equipments are not so effective for
protecting workers against occupational hazards (Wang et al., 2006).
The reported health hazards associated with the fly ash and detection
of nanosized CFA particles has led us to explore the mechanistic aspects
of CFA induced oxidative DNA damage in human PBMN cells. Our results
explicitly demonstrated that the generation of CFA-NPs induced ROS
both extracellularly and intracellularly in PBMN cells. The absolute
amounts of O2•

− anions produced by CFA in DMSO extract upon expo-
sure to white light in the presence of NBT were estimated to be 19.2,
21.7, 25.1, 26.5 and 36.6 μM at 100, 200, 400, 600 and 800 ppm, respec-
tively. The amount of O2•

− generated by CFA in the Aq-extract was rela-
tively lesser as compared with the CFA-DMSO extract at a similar
concentration range (Supplementary Fig. S1). Qualitative analysis of in-
tracellular ROS generation revealed a concentration dependent increase
in the fluorescence intensity of DCF in CFA-NPs treated cells as compared
to the untreated control cells (Fig. 4A). Considering the fluorescence in-
tensity of untreated control cells as 100%, the CFA-DMSO extract treated
cells at 600, 1200 and 2400 ppm exhibited 27%, 29% and 32% higher fluo-
rescence intensity of DCF (pb0.05), respectively. Cells treated separately
with H2O2 (100 μM) and DMSO (0.5%) were taken as positive and sol-
vent controls. Most likely, the Fe(III) associatedwith CFA-NPs play an im-
portant role in ROS generation and oxidative stress (Di Pietro et al.,
2011a).

Furthermore, the flowdata demonstrated a CFA concentration depen-
dent reduction in the mitochondrial fluorescent intensity by 73.7%, 78.6%
and 83.4% at 600, 1200 and 2400 ppm, respectively (Fig. 4B), which
suggests a significant change in the mitochondrial potential (ΔΨm).
Upadhyay et al. (2003) have demonstrated that particulate matter (PM)
caused dose-dependent reductions inΔΨm, caspase 9 activation, and ap-
optosis by mechanisms that involve the mitochondria-regulated death
pathway and the generation of iron derived free radicals. In addition,
the relationship between the exogenous oxidative insult induced by
metals and the endogenous oxidative stress, elicited by electron leakage
from the respiratory chain, located in the innermitochondrial membrane
(Trifunovic and Larsson, 2008), also results in abnormal concentrations of
free superoxide anion (O2•

−), and H2O2 (Seo et al., 2008; Porcell et al.,
2009). H2O2 ismore stable thanO2•

− and, therefore, is able to diffuse free-
ly through mitochondrial membranes, causing oxidative damage in the
cytosol, as shown by an increase of ROS levels in CFA-NP treated PBMN
cells.

The ct-DNA treated with CFA-Aq and -DMSO extracts exhibited a
concentration dependent decrease in the fraction of duplex DNA with
a concomitant increase in the degree of single strandedness in the treat-
ed ctDNA (Fig. 5). The number of breaks per unit DNA increased as 1.21,
2.07, 2.54, 2.96 and 3.6 at DNA nucleotide/CFA DMSO extract (ppm)
ratio of 1:20,1:40,1:60, 1:80 and 1:100, respectively. Almost a similar
dose dependent trend with lesser DNA damage was noticed with
Aq-extract. At the highest DNA nucleotide/CFA ppm ratio of 1:100,
about 1.8 and 3.6 strand breaks per unit of DNA were produced with
CFA-Aq and -DMSO extracts, respectively (Table 2). A parallel control
does not show any reduction in the amount of duplex DNA. The CFA
dose-dependent DNA damage was further validated by comet assay
in PBMN cells. The digitized images of representative comets clearly



Fig. 4. CFA-NPs induced intracellular ROS production (panel A) and changes in mitochondrial membrane potential (ΔΨm) (panel B) in PBMN cells. The data represent the mean±
S.D of three independent experiments (*pb0.05 relative to control). Ct1: DMSO (0.5%) as solvent control; Ct2 : H2O2 (100 μM) as positive control.
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demonstrate the extent of broken DNA released from the heads of the
comets during electrophoresis at increasing CFA doses (Supplementary
Fig. S2). A concentration dependent increase in DNA damage in terms
of Olive tail moment (OTM) was observed in the range of 600 ppm to
2400 ppm of DMSO extracts, whereas, no change in OTM values ob-
served even at the highest concentration of CFA-Aq extract. The quantita-
tive data from a set of 150 cells at 2400 ppm of CFA-DMSO revealed
6-fold higher OTM as compared to DMSO control (Fig. 6, panel A). The
heterogeneity in the distribution of DNA damage among cells is shown
in Fig. 6 (panel B). The histogram shows that 100% of EMS treated cells
(positive control) have tail lengths >200 μm, as compared to 100% cells
of untreated controls with the tail lengths between 20 and 60 μm. At
2400 ppm, around 90% cells of CFA-DMSO treated cells exhibited tail
lengths between 180 and 200 μm. However, the CFA-Aq treated cells
have not shown any increase in tail length values. The data suggested a
moderately higher DNA damage in CFA-DMSO extract as compared to
CFA-Aq extract. The data revealed that almost 50 to 70% of cells up to
300 ppm exhibited 40–70 μm migrations of DNA. Recently, Markad et
al. (2012) reported the genotoxicity of fly ash in the earthworm
Dichogaster curgensis by comet assay. CFA-induced DNA damage in the
coelomocytes was measured after 1, 7 and 14 days of oral exposure in
the range of 2.5 to 40% w/w mixed with cattle manure, which is a
much higher concentration range than the concentrations used in this
study. Our results indicated that at CFA-DMSO extract concentrations of
1800 and 2400 ppm about 75–80% cells exhibited>200 μmof DNA frag-
mentmobility, whichwas comparable to >200 μMDNAmigration in the
Fig. 5. CFA-Aq and -DMSO extracts induced strand breaks in ctDNA by alkaline un-
winding assay. The data are mean±SD of two independent experiments done in
duplicate.
case of EMS treated cells. However, CFA-Aq extract at any concentrations
did not induce significant DNA strand breaks (Fig. 6B) and the cells
maintained the nuclear contents with no change in distribution pattern,
as evident in Supplementary Figure S2 (panel II).

CFA induced DNA damage has been further substantiated through the
formation of micronuclei in a dose-dependent manner, which is indica-
tive of chromosomal breakage. Perhaps, this is the first report demon-
strating the concentration dependent increase in the total number of
BNMN in human PBMN cells upon exposure to CFA. Treatment of cells
with CFA-Aq and -DMSO extracts for 24 h resulted in a significant in-
crease (pb0.05) in the mean BNMN/1000 cells as validated by one-way
ANOVA (Table 3). The mean BNMN with 1200 and 2400 ppm of
CFA-DMSO extract were determined to be 19.0±3.48 and 36.0±5.65,
respectively, which is about 3.8 and 6.0-fold greater than the mean
BNMN cells observed with CFA-Aq extract. In addition to the formation
of single micronucleus in lymphocytes, the formation of bi and multiple
micronuclei were also observed in CFA-DMSO extract treated cells (Sup-
plementary Fig. S3). This can be attributed to the direct interaction of
heavy metals and the nano-sized CFA with cellular DNA, resulting in
promutagenic adduct formation, which could lead to the DNA fragmen-
tation, as a consequence of oxidative insult. Most likely, the heavy metals
and organics present within and on the surface of CFA particles, may con-
tribute substantially in free radicals generation in vicinity of DNA, which
could lead to DNA damage and cellular inflammation due to oxidative
stress (Saquib et al., 2012).

The data in Fig. 7 exhibited a concentration dependent increase in
the levels of 8-oxodG formation in CFA-Aq and -DMSO treated ctDNA.
About 3.0- and 1.97-fold increases in the levels of 8-oxodG were ob-
served at 1000 ppm of CFA-DMSO and -Aq extracts, respectively, as
compared to control. In an ex vivo study, Di Pietro et al. (2011b) also
demonstrated the formation of 8-oxodG in human lymphocyte DNA
Table 2
Assessment of CFA-induced DNA strand breaks in ct-DNA by alkaline unwinding assay.

DNA/CFA ratio (v/v) Number of breaks per unit DNA
(n)

Aq DMSO

Control DMSO treated DNA N.D N.D
Treated DNA (EMS, 1:10) 7.0 9.40
1:5 N.D 0.24
1:10 N.D 0.85
1:15 N.D 0.89
1:20 N.D 1.21
1:40 0.39 2.07
1:60 0.82 2.54
1:80 1.14 2.96
1:100 1.82 3.60

N.D: not detected.



Fig. 7. ELISA based quantitative analysis of 8-oxodG DNA adduct formation in CFA
treated ctDNA.

Fig. 6. DNA damage induced by CFA-Aq and -DMSO extracts in PBMN cells. Panel A
shows the concentration dependent DNA damage in CFA treated PBMN cells, measured
as Olive tail moment (arbitrary unit). (Panel B) Percent distribution of PBMN cells
based on the extent of DNA damage. Ct1: negative control; Ct2: DMSO (0.1%) solvent
control; EMS (2 mM): positive control. Each OTM histogram represents the mean±
SD value of three independent experiments done in duplicate. *p≤0.05 vs control
(Ct2) based on one-way analysis of variance (ANOVA).
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upon exposurewith aqueous solution of OFA and observed about 7-fold
inter-individual variations in the range of 8-oxodG. Also, the level of ox-
idative DNA damage has been reported to be significantly higher in coal
miners (Schins et al., 1995).Moreover, different types of CFA containing
both quartz and iron have been reported to cause cellular generation of
hydroxyl radicals, oxidative DNA damage and cytotoxicity in rat lung
epithelial cells (VanMaanen et al., 1999). Thus, there is a serious health
hazard for workers engaged in coal-fired power plants in view of the
reported association between the exposure to nano-sized coal combus-
tion products and genetic and physiological instability leading to disor-
ders such as lung function impairment, respiratory symptoms,
mesothelioma, lung and pleural cancers (Oxman et al., 1993).

4. Conclusions

In conclusion, the assessment of the effect of CFA-NPs on ctDNA and
PBMNcells provided the evidence for genotoxic potential, ascribedmain-
ly to the bioavailable heavymetals such as Cr, Ni, and Cu inDMSOextract.
The nano-sized CFA particles with surface adsorbed toxic heavy metals
Table 3
Effect of CFA-Aq and -DMSO extracts on micronucleus formation in human PBMN cells.

Variables Concentration (ppm) BNMN/1000 cells

Aq Extract DMSO Extract

Control 0 4.0±1.41 –

DMSO (%) 1.5 6.0±1.38 –

MMS (μM) 100 16.0±2.82⁎ –

CFA 600 3.0±0.31 13.0±3.53
1200 5.0±0.82 19.0±3.48⁎

2400 6.0±0.58 36.0±5.65⁎

Data are the mean±S.D values of three independent experiments done in duplicate.
⁎ pb0.05 vs. DMSO control.
can act as putative mutagen and/or genotoxicant, capable of inducing
systemic oxidative stress and DNA damage, which could serve as an ini-
tiating event in triggering process of carcinogenesis.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.scitotenv.2012.08.004.
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