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Abstract 
Sugarcane burning during harvest and non-harvest season emits various pol-
lutants like volatile organic compounds (VOCs), alkanes, and PAHs (Polya-
romatic hydrocarbons) in the surrounding environment. Among these pollu-
tants, PAHs are of uttermost concern due to their high level of toxicity. 
Burning of sugarcane bagase in sugar mill results in the production of fly ash. 
Fly ash is produced as a result of sugarcane bagasse burning in sugar mills. In 
present study, fly ash that comes out from the sugar mill chimney was col-
lected from Western Uttar Pradesh, India and used for further analysis. High 
temperature and incomplete combustion inside chimney lead to the forma-
tion of PAHs. Extraction of PAHs present in fly ash samples was done by ul-
trasonication method and was identified with GC-FID (gas chromatogra-
phy-flame ionization detector). Results exhibit the presence of eight PAHs in 
fly ash samples where the Benzo(a)pyrene and Naphthalene were found to be 
in high concentration. Furthermore, we have evaluated toxic effects of fly ash 
and Polyaromatic hydrocarbons (Standard of BaP & Nap) through different 
methods i.e. MTT, ROS and comet assay. Significant reduction (p < 0.001) in 
cell viability was noted in cells treated with fly ash as compared to control. Fly 
ash samples were also found to induce significant oxidative stress in HeLa 
cells, which ultimately causes DNA damage. Therefore, it may be concluded 
that the fly ash samples are toxic to the environment due to the presence of 
PAHs. Hence, the present study plays an important role in determining the 
harmful effects of PAHs and their source of occurrence. 
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(ROS), DNA Damage, Environmental Toxicity 

 

1. Introduction  

India is the second largest producer of sugarcane (341,200 TMT) after Brazil 
(739,267 TMT harvest) [1]. In India, Maharashtra and Uttar Pradesh are the 
leading states in terms of sugarcane production. Sugar industries in Uttar Pra-
desh are one of the largest sugar industries in the Indian economy. Currently, 
there are 28 sugar mills in Uttar Pradesh, out of which 6 are located in the west-
ern zone, 8 are in eastern zone and rest 14 are in the central zone. Thus, there 
are 23 sugar factories which are functional in Uttar Pradesh in the co-operative 
sector having a total crushing capacity of 60,000 TCD [2]. 

During harvesting season sugarcane is used in the sugar making process. Ba-
gasse is the remaining crushed sugarcane stalk after the juice extraction and is 
used in sugar mills as fuel to generate electricity and eventually emitted from 
chimney in the form of fly ash [3]. Burning of bagasse also leads to the emission 
of many gaseous pollutants and particles into the environment which has an ad-
verse impact on the plantation and health of neighbouring residents [4]. 

The particles released from sugar mills have similar properties to the particles 
emitted from combustion and fuel burning. Organic carbon aerosols discharged 
during the combustion process consist of various compounds, out of which 
those having three or more fused aromatic rings are polycyclic aromatic hydro-
carbons (PAHs) [5]. There are basically two sources of PAHs emission in the 
atmosphere: natural and anthropogenic. As estimated, the total global atmos-
pheric emission of PAHs is 520 Gg/year comprising of biofuel (58%), wildfire 
(17.0%), consumer product usage (7%), traffic oil (5%) and domestic coal (4%) 
as the major sources in 2004 [6].  

In general, the information is limited regarding pollution caused by the burn-
ing of sugarcane and its impact on flora and fauna; even if available most of it 
relates to plantations of sugarcane in Brazil. Previous research has reported the 
existence of PAHs in various sugarcane products. Sugarcane juice is the main 
source of benzo(b)fluoranthene, benzo(a)pyrene, Benzo(a)anthracene, and ben-
zo(k) fluoranthene. Burning of sugarcane during the harvest season contributes 
towards increased levels of PAHs. Different types of PAHs such as di-
benz[a,h]anthracene, benz[a]anthracene, benzo[k]fluoranthene  
benzo[b]fluoranthene and benzo[a]-pyrene have been reported in Cachaca, an 
alcoholic beverage common in Brazil.  

Studies suggest that PAHs contamination in cane sugar is the result of the 
burning of sugarcane during harvest season and residues of PAHs in final prod-
ucts depend on the processing and refining processes [7]. Sugarcane burning 
leads to the formation of fly soot which itself is a source of a large number of 
PAHs [8]. Along with the PAHs, sugarcane fly ash is also the major source of 
various elements and Elemental analysis can be done by EDXRF technique [9].  
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PAHs have various health effects on human beings; chronic effect includes 
decreased immune function, kidney and liver damage (e.g., jaundice), cataracts, 
breathing problems while acute health effects include nausea, diarrhea, vomit-
ing, and eye irritation. Naphthalene, BaP, and benzo (a) anthracene exposed ex-
perimental animals show embryotoxic effects [6]. Previous studies have shown 
that PAHs induce intracellular ROS through intracellular aldo-keto reductase 
activity which in turn converts PAH-metabolites to PAH-o-quinones which are 
strong electron acceptors [10].  

In this study, we measured the concentration of PAHs in fly ash of sugarcane 
bagasse and investigated their effects on the cell line (HeLa). Cell viability, gen-
eration of reactive oxygen species and DNA damage at various concentrations 
were studied. Studies done by Mackay et al. show that two and three-ring PAHs 
have the highest water solubility and are cytotoxic in nature [11]. In a risk as-
sessment conducted for PAHs, naphthalene was found to be a harmful com-
pound due to its direct cytotoxic action [12]. Therefore, among all PAHs Benzo 
(a)pyrene (BaP) and Naphthalene (Nap) were used as positive control. 

2. Materials and Methods 
2.1. Standards and Reagents 

Methanol and dichloromethane (HPLC grade) were purchased from Fisher 
Scientific, USA. MTT[3-(4,5-dimethythiazoyl-2-yl) 2,5-diphenyl tetrazolium 
bromide], low melting point agarose, dimethyl sulfoxide (DMSO), Ethidium 
Bromide (EtBr), Analytical standards of a mixture of 16 PAHs, and standards of 
Benzo(a)pyrene and Naphthalene were purchased from Sigma Aldrich Co., 
USA. Dulbecco’s modified Eagle’s medium (DMEM), fetal calf serum and IX 
Penstrep antibiotic solution were purchased from HiMedia, India. All the re-
maining chemicals were bought from a local chemical supplier. 

2.2. Sampling 

Sugarcane fly ash sampling was done from Kisan Sahkari Chini Mill of Bisalpur 
(Figure 1), located in Bareilly, western Uttar Pradesh, India in the month of 
February 2015. It was established in 1977-78 and its capacity is 2750 TCD 
(Tones of Cane per day). Its total Cane Area is 9549 hectare [2]. Bisalpur is lo-
cated at 28.3˚N 79.8˚E. It has an average altitude of 156 meters (512 ft). Fly ash 
samples were collected randomly from the soil surface within a distance of 15 - 
20 m from the sugar mill chimney which was further mixed to form a compo-
site sample. After that, the sample was wrapped in an aluminum foil then 
sealed in pre-coded zip-loc polyethylene bags for carrying to the laboratory. Be-
fore processing, undesirable fractions of coarser particles were removed from the 
samples and then samples were kept in desiccators to avoid moisture. 

2.3. Sample Preparation and Clean up Procedure 

Sample preparation was done as per the method described by Sun et al., 1998  
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Figure 1. Map Showing Sampling Site Bisalpur Kisan Sahkari Chini 
near Pilibhit district of Uttar Pradesh, India. 

 
[13]. Extraction was done by ultrasonication method followed by solid phase ex-
traction (SPE) clean-up. In the ultrasonication method, 10 ml dichloroform 
(DCM) containing 1 g of fly ash sample was sonicated for 30 minutes. The sam-
ple was centrifuged at 12,000 rpm for 5 min and the supernatant was collected. 
The same procedure was repeated again by addition of 10 ml of fresh DCM. Fi-
nally, the sample was filtered through 90 mm GF/C glass microfiber filter paper 
(Whatman International, UK). Clean up the procedure of the sample was done 
by the protocol described by Zamperlini et al., 2000 [14]. Silica column was 
loaded by 5 ml of fly ash sample. Additional 5 ml methylene chloride was loaded 
and an aliquot was collected and concentrated to 1 ml under N2 stream and 
stored in GC vials for further analysis by GC-FID.  

2.4. GC-FID Condition 

Fly ash samples were further identified and quantified by running the samples 
along with the three different dilutions of standards 100 μl, 500 μl and 1000 μl 
made in Dichloroform: Methanol (1:1). GC flame ionization detection (FID) was 
performed with a Shimadzu GC-2010 gas chromatograph using a capillary col-
umn equity 5 (30 m × 0.25 mm I.D., 0.50 μm film thickness). Temperature pro-
gramming was 130˚C (2 min.) to 260˚C at the rate of 3˚C min−1 (15 min.) total 
run time was 60.33 min. The Injector temperature was 200˚C in split mode (au-
to-injector; 1 μl was injected). The detector temperature was 261˚C. Hydrogen 
was utilized as carrier gas having a flow rate of 40 ml·min−1. Nitrogen/air was 
utilized as makeup gas having the flow rate of 27.5 ml·min−1 and 400.0 ml·min−1 
respectively.  

2.5. Sample Preparation for EDXRF 

Fly ash samples were grinded in mortar and pestle to make a homogeneous fine 
powder. Fly ash sample was mixed with boric acid (as a supporter base) and then 
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by applying 10 tons pressure on the sample, pressed powder samples were pre-
pared. The elemental concentration was evaluated in 1 g sample using energy 
dispersive X-ray fluorescence (EDXRF) spectroscopy (Epsilon5 PANalytical) 
[15]. 

2.6. Cell Line and Culture Conditions 

HeLa cells were obtained from National Centre for Cell Science (NCCS), Pune. 
Adherent cells were cultured in sterile plastic flasks (Corning; Thermo Fisher 
Scientific, Courtaboeuf France), in Dulbecco’s Modified Eagle’s medium 
(DMEM) with Earle’s salts, containing: 5% Fetal Bovine Serum (FBS), 1% 
L-L-glutamine (200 mM), 1% penicillin (10,000 IU/mL), and 1% streptomycin 
(100 mg/mL) (Invitrogen). The constant density of cells (105 cells·ml−1) was 
transferred to 96-well plates used for culturing cells. After that, the different do-
sage of BaP, Nap and fly ash samples namely 5 ppb, 10 ppb, 50 ppb, and 100 ppb 
respectively were added to the wells and the plates were incubated for 24 hours 
at 37˚C. Among eight PAHs, identified in our sample, Benzo (a)pyrene (BaP) 
and Naphthalene (Nap) were used as positive control. Nap is present in maxi-
mum concentration among low molecular weight PAHs, whereas BaP is a 
known potent carcinogen. To substitute the supplements, 90 μl freshly prepared 
medium and 20 μl MTT (5 mg·ml−1 in 7.4 pH of Phosphate Buffer Saline (PBS)) 
solution were added and incubated for next 4h in a chamber with humidity and 
temperature maintained at 5% CO2 and 37˚C respectively. Viable cellular reduc-
tion of MTT in each well produced the formazan crystals, which dissolved in 
sterile DMSO (100 μl) by incubation at 37˚C for 30 min. ELISA reader (Spec-
traMax M2; Molecular Devices, Sunnydale, CA) at 570 nm filter quantified ab-
sorptions (Optical Density; OD). The relative cell viability (%) with respect to 
control (cells without treatment) was estimated as Cellular viability (%) = (1 − 
OD treated@570 nm/OD control@570 nm) × 100% [16]. 

2.7. Comet Assay 

After treatment of cells with BaP, Nap and fly ash samples for 24 h, harvesting 
and fixation of cells using 1:3 glacial acetic acid/methanol was done and then fi-
nally the cells were washed with PBS. Comet assay (single cell gel electrophore-
sis) was employed to ascertain the damage in DNA. Single cell gel electrophore-
sis was carried out according to the protocol described by Meena, R. & Paulraj, 
R. [15]. In brief, microscopic slides were coated with 0.5% agarose and 10 µl 
single cell suspensions of treated cells were implanted in the coated layer of aga-
rose. The prepared slides were dipped in a jar filled with cold lysis solution 
(2.5M NaCl, 100 mM EDTA disodium salt, 1% Triton X, 10 mM Tris HCl, 
pH-10) and after that were incubated at 4˚C for two hours. In order to enable 
unwinding of DNA, the slides were immersed in electrophoresis buffer (75 mM 
NaOH, 1 mM EDTA, pH > 12) and left for 20 minutes. After that, electrophore-
sis was carried out at 25 V, 300 mA for 20 min. DNA present in each cell was 
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neutralized with 0.4 M Tris buffer (pH 7.5) and then stained using ethidium 
bromide. Cellular DNA damage in cells was observed under the fluorescence 
microscope (Carl Zeiss, Germany). Slides were prepared for different groups and 
overall 50 cells from each slide were chosen in a non-specific way for further 
analysis. Evaluation of results was done using Comet IV software (Perceptive In-
struments Ltd, UK). 

2.8. Reactive Oxygen Species (ROS) 

2’,7’Dichlorofluorescein-diacetate (DCFHDA) dye was used to measure the gen-
eration of intracellular ROS (reactive oxygen species) generated in HeLa cells. To 
measure the intracellular ROS being generated in separate cells, 5 × 105 cells 
were seeded over coverslip in 6-plated well and incubated overnight for allowing 
the attachment. Following day, cells were treated with fresh media containing 
100 ppb of BaP, Nap and fly ash. Cells were left for incubation for 4 hrs at 37˚C. 
On completion of the incubation period, the coverslip was removed from the 
culture plate and was stained with 40 μM with DCFHDA for about 30 min. Sur-
plus dye was cleansed-off using 1X PBS. Coverslip was fixed on a glass slide and 
was observed under a fluorescence microscope (Nikon ECLIPSE TiE, Tokyo, 
Japan) [16]. 

2.9. Statistical Analysis 

Statistical analysis was done using Graph pad prism 5.03. Data were expressed as 
mean ± SD, statistical analysis was done using two-way ANOVA and Bonferroni 
post tests. The p values < 0.01 and p < 0.001 were considered significant with 
respect to their control counterpart. All in vitro experimental assays were per-
formed in triplicates. 

3. Results and Discussion 
3.1. Identification and Quantification of PAHs 

PAHs are semi-volatile compounds having two or more aromatic rings. Burning 
of bagasse in the boiler leads to fly ash formation. Further identification and 
quantification of fly ash samples were done by GC-FID in split mode. Figure 
2(a) and Figure 2(b) show the chromatogram of standard and PAHs present in 
the fly ash samples, where the labeled peak represents PAH. The Chromato-
graphic separations of Retention time (Rt) of standards and samples are shown 
in Table 1 and Table 2. The concentration of each PAHs present in the fly ash 
sample was calculated from the corresponding calibration curve. The GC-FID 
result shows that fly ash sample contains different PAHs i.e. Naphthalene (Rt 
−10.165), Acenaphthene (Rt20.022), Benzo(a)anthracene (Rt26.878), Chrysene 
(Rt 31.449), Benzo (a)pyrene (Rt 35.067), Dibenz(a,h)anthracene (Rt 41.057), 
Benzo(g,h,i)perylene (Rt 41.806), Indeno(1,2,3-CD) pyrene (Rt 43.631) and their 
concentration was found to be 42.94 µg/kg, 6.16 µg/kg, 53.24 µg/kg, 5.82 µg/kg, 
386.21 µg/kg, 3.89 µg/kg, 894.69 µg/kg and 5.12 µg/kg respectively. 
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(a) 

 
(b) 

Figure 2. (a) GC-chromatogram of 16 USEPA PAHs standard. In chromatogram y-axis 
represent Intensity of peaks whereas x-axis represents Retention times (min) of the 
corresponding PAHs. (b) GC-chromatogram of sugarcane fly ash sample. In chromatogram 
y-axis represent Intensity of peaks whereas x-axis represents Retention times (min) of the 
corresponding PAHs. 
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Table 1. Retention time (Rt), area and peak height of PAHs standard. 

Peaks PAHs 
Rt of 

standard 
Area Area % Height Height % 

1 Naphthalene 10.255 10,287,158 18.96 476,419 9.81 

2 Acenapthylene 19.105 24,508,532 45.16 1,945,266 40.06 

3 Acenaphthene 20.322 12,267,041 22.60 1,285,391 26.48 

4 Fluorene 21.094 20,051 0.03 3459 0.07 

5 Phenanthrene 21.287 38,180 0.07 6233 0.13 

6 Anthracene 23.527 11,553 0.02 2115 0.04 

7 Fluoranthene 23.892 2,490,324 4.59 365,799 7.53 

8 Pyrene 24.854 17,032 0.03 2965 0.06 

9 Benzo(a)anthracene 26.711 23,577 0.04 4101 0.08 

10 chrysene 31.417 1,142,445 2.11 191,516 3.94 

11 Benzo(b)fluoranthene 31.793 1,137,318 2.10 201,990 4.16 

12 Benzo(k)fluoranthene 34.681 13,981 0.02 2712 0.05 

13 Benzo(a)pyrene 35.189 34,577 0.06 7150 0.15 

14 Dibenz(a,h)anthracene 41.487 1,557,038 2.87 239,857 4.94 

15 Benzo(g,h,i)perylene 41.947 13,154 0.02 2643 0.05 

16 Indeno(1,2,3-CD) 43.19 702,612 1.29 117,120 2.41 

 
Table 2. Shows retention time, area and peak height of Sugarcane fly ash sample. 

Peaks PAHs 
RT of 

sample 
Area Area % Height Height % 

1 Naphthalene 10.165 1,209,641 44.43 53,905 17.15 

2 Acenaphthene 20.022 173,329 6.37 22,496 7.16 

3 Benzo(a)anthracene 26.878 54,725 2.01 10,260 3.26 

4 Chrysene 31.449 16,196 0.59 2828 0.90 

5 Benzo(a)pyrene 35.067 684,128 25.13 125,329 39.87 

6 Dibenz(a,h)anthracene 41.057 142,086 5.21 21,149 6.73 

7 Benzo(g,h,i)perylene 41.806 318,556 11.70 62,036 19.73 

8 
Indeno(1,2,3-CD) 

pyrene 
43.631 28,980 1.06 4601 1.46 

 
Present study suggests that sugarcane fly ash sample is a major source of eight 

PAHs (namely, Naphthalene, Acenaphthene, Benzo(a)anthracene, chrysene, 
Benzo(a)pyrene, Indeno(1,2,3-cd)pyrene, Dibenzo(a,h)anthracene, and Ben-
zo(g,h,i)perylene out of 16 EPA priority pollutants. The previous study by Zam-
perlini et al. identified the PAHs in sugarcane soot having mutagenic and carci-
nogenic properties [8]. The concentration of PAHs and its maximum allowable 
concentration (MAC) in soil and water have been shown in Table 3. Among 
them, Benzo(g,h, i)perylene was found to be having the highest concentration 
894.69 µg/kg yet its concentration was less than the maximum allowable con-
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centration in water 3000 µg/kg and soil 3000 µg/kg both. Vacha et al. have re-
ported that in spite of degradation processes in the soil environment (photode-
gradation, microbial activity etc.) benzo(ghi)perylene are persistent PAHs in the 
soil [17]. The concentration of Benzo(a)pyrene in fly ash sample was 386.21 
µg/kg which exceeds maximum allowable concentration in both water and soil 
5 µg/kg and 300 µg/kg respectively. Our results are in line with the earlier re-
port of Mugica-Alvarez et al. who mentioned that using bagasse as fuel in sug-
ar mill contributes to the significant level of heavy PAHs [4]. The concentra-
tion of Benzo(a)anthracene (53.24 µg/kg) exceeds its MAC in water (5 µg/kg). 
Meanwhile, Naphthalene, Acenaphthene, Chrysene, Indeno(1,2,3-cd)pyrene and 
Dibenz(a,h)anthracene concentrations in fly ash sample were less than their 
MAC in water and soil. Previous studies have shown the presence of PAHs in 
various sugarcane products like sugarcane juice [7] and sugarcane soot [8].  

3.2. ED XRF  

The Inorganic compounds present in sugarcane fly ash were analyzed by EDXRF 
and the result shows that SiO2 is having the maximum concentration (79%) 
(Table 4). Our results align with Baharudin and Santhanam who have reported 
that SiO2 is the major component in sugarcane which constitutes 70.97% of su-
garcane [18]. The silica content in bagasse varies according to the surrounding 
environment, nature of the soil, harvesting period and other processes involved 
[19]. Other elements i.e. phosphorus, magnesium, potassium, iron, sodium, and 
titanium oxide were present in decreasing order where manganese oxide was 
found to be in least concentration. Furthermore, our findings are similar with 
Dogan et al. who mentioned that fly ash obtained from thermal power plants 
constitutes 90% of oxides of Si, Al, Fe and Ca that form the major component of 
it [20]. 

Table 5 shows elemental abundance in sugarcane fly ash which was found to 
be in order of S > Ba > Cl > Zn > Sr > W > Zr Cu > Rb > Pb > As. This order in-
dicates that sulfur is present in maximum concentration 4880 ppm followed by 
Ba, Cl, and Zn having concentration of 722.606 ppm, 411.358 ppm, 391.326 ppm 
respectively; whereas tungsten (190.867), zirconium (95.148) copper (82.765), all 
transitional elements rubidium (79.285), and an alkaline metal are present in 
moderate concentration and lead and arsenic are present in the least concentra-
tion 6.120 ppm and 1.443 ppm respectively. Our results are in alignment with 
the previous report by Malik et al. who have shown that fly ash obtained from 
coal-fired thermal power plants has a higher concentration of Ba, intermediate 
concentration of Cu and Rb and least concentration of As and Pb [21]. Previous 
study has shown that fly ash generated from the coal-fired power station is a 
source of highly toxic metals like As, Cd, Pb, etc. in addition to the metals that 
are crucial for health but are present in trace amount. A similar finding has been 
found in this study also which shows the presence of As, Pb, Rb, Cu, etc and 
other elements that are toxic in nature [22]. 
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Table 3. Concentration of PAHs in fly ash sample and (MAC), Maximum allowable 
Concentrations in soil and water. 

S. no PAHs 
No. of 
rings 

Concentration of 
PAHs (µg/kg) 

*MAC in water 
(µg/kg) 

*MAC in soil 
(µg/kg) 

1 Naphthalene 2 rings 42.94 3000 1000 

2 Acenaphthene 3 rings 6.16 3000 3000 

3 Benzo(a)anthracene 4 rings 53.24 5 150 

4 Chrysene 4 rings 5.82 NA NA 

5 Benzo(a)pyrene 5 rings 386.21 5 300 

6 Dibenz(a,h)anthracene 5 rings 3.89 5 300 

7 Benzo(g,h,i)perylene 6 rings 894.69 3000 3000 

8 Indeno(1,2,3CD)pyrene 6 rings 5.12 NA NA 

*MAC Source: ATSDR, 2006 * NA: Data Not available. 
 

Table 4. Chemical composition (wt%) of the inorganic fraction in the fly ash by X-ray 
fluorescence. 

S.No Compound Concentration (%) 

1 SiO2 79.10 

2 CaO 5.93 

3 P2O5 5.86 

4 MgO 4.63 

5 K2O 1.89 

6 Fe2O3 1.33 

7 Na2O 0.35 

8 TiO2 0.08 

9 MnO 0.06 

 
Table 5. Elemental composition (ppm) of the inorganic fraction in the ash by X-ray 
fluorescence. 

S.No Compound Concentration (ppm) 

1 S 4880 

2 Ba 722.606 

3 Cl 411.358 

4 Zn 391.326 

5 Sr 299.078 

6 W 190.867 

7 Zr 95.148 

8 Cu 82.765 

9 Rb 79.285 

10 Pb 6.120 

11 As 1.443 
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3.3. Cell Viability 

The cytotoxicity of sugarcane fly ash sample, Benzo(a)pyrene (BaP) and Naph-
thalene (Nap) samples was evaluated by measuring the cell viability of HeLa cells 
using MTT assay. Cell viability was found to be decreasing in a dose-dependent 
manner in pure standards of BaP, Nap, and Fly ash samples. BaP-standard was 
found to be most cytotoxic as it induces significant (p < 0.001) toxicity in all 
doses except 5 ppb conc. while Nap was found to significantly reduce (p < 0.001) 
cell viability in high doses i.e. 50 and 100 ppb (Figure 3). Fly ash samples were 
found to induce significant (P < 0.001) toxicity in 50 and 100 ppb doses as com-
pared to control. The lowest value of LC50 was observed in BaP-treated cells 
78.8 ppb, which increased to 97.2 ppb in Nap treated cells, while in Fly ash 
treated cells LC50 was highest at 110.6 ppb. It indicated that Benzo (a) pyrene is 
more toxic as compared to Naphthalene and fly ash sample at the same concen-
tration. Our results are in line with Raychoudhury & Kubinski who reported that 
in general PAHs are cytotoxic in nature and the cytotoxicity of B(a)P is exerted 
through apoptosis [23]. In contrast to this, Schirmer et al. have shown that 
naphthalene causes the highest direct cytotoxicity among the 16 studied PAHs 
due to its increased water solubility and lipophilic properties [12]. 

3.4. Generation of Intracellular ROS Levels 

The generation of ROS in HeLa cells has been analysed by DCFCH-DA staining 
assay. Principally, the intensity of green fluorescence is related with generation 
of cellular ROS levels. Higher fluorescence intensity corresponds to higher ROS 
generation in cells. As shown in (Figure 4), treatment with different concentra-
tions of BaP, Nap, and Fly ash resulted in a dose-dependent increase in the green 
fluorescence intensity in HeLa cells. The untreated HeLa cancer cells (control) 
showed a weak and diffused green fluorescence, whereas treated cells with BaP 
and Nap exhibited bright fluorescence intensity. Fly ash could induce significant 
 

 

Figure 3. Effect of various concentration of Fly ash sample, BaP and NaP 
on cell viability of HeLa cells by MTT assay (**represents statistically 
significant at p < 0.001 as compare to control). 
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(b) 

Figure 4. (a) Fluorescence intensity showing the extent of ROS generation in 
HeLa cells. (b) Line graph shows the effect of various concentration of Fly ash 
sample, BaP and NaP on ROS intensity of HeLa cells (**represents statistically 
significant at p < 0.001 as compare to control and *denotes statistically 
significant at p < 0.01 as compare to their control counterpart). 

 
(P < 0.001) increase in oxidative stress in HeLa cells as compared to its control. 
ROS level was found to increase in higher doses i.e. 50 and 100 ppb. Our positive 
control samples i.e. Nap and BaP also showed similar results as florescence in-
tensity was higher in positive groups as compared to fly ash sample which sug-
gests that the underlying reason may be attributed to the presence of PAHs. Sig-
nificant dose dependent increase in oxidative stress in higher doses was reported 
which indicates that the higher conc. of PAHs was responsible for inducing these 
changes. Our results are similar to Wilk et al. [24] who reported that PAHs acti-
vate the intracellular ROS accumulation which further leads to oxidative DNA 
damage. In our study, PAHs were found to induce oxidative stress but the inten-
sity was significantly (p < 0.001) higher in pure PAHs standards (BaP and Nap) 
as compared to fly ash at same concentration. This may be due to decreased 
concentration of PAHs in fly ash in comparison to pure standards.  

3.5. DNA Damage 

The DNA Damage induced by fly ash was measured through comet assay. The 
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extensive and dose-dependent DNA damage was observed in all three groups. In 
the cells exposed to 100 ppb BaP (145.2 ± 14.8 µm), tail length was reported to 
be around five times higher as compared to the control cells and approximately 
1.5-fold higher than Nap treated cells (101.2 ± 11.4 µm) whereas the mean tail 
length in fly ash sample was found to be 3 fold higher than control. Fly ash sam-
ple which has the lower PAHs concentration recorded the lowest value (77.08 ± 
9.2) at 100 ppb concentration as compared to BaP and Nap treated group. How-
ever, a lower concentration (5 ppb) of PAHs did not cause significant changes in 
tail length in HeLa cells (Figure 5). The tail intensity increased significantly (P < 
0.001) approximately 5-fold in cells treated with 100 ppb of BaP and Nap in 
comparison to control. Similarly, fly ash sample induced significant (P < 0.001) 
DNA damage in cells treated with higher doses (50 & 100 ppb). Tail intensity in 
cells treated with fly ash sample was increased by 3.5 fold. These results show 
that BaP and Nap induced higher DNA damage as compared to fly ash sample at 
the same concentration (100 ppb) while lower concentration (5 ppb) of all three 
groups did not induce significant DNA damage in HeLa cells (Figure 5).  
 

 
(a) 

 
(b) 
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(c) 

Figure 5. DNA damage in HeLa cells treated with different doses of Fly ash, BaP and NaP 
(** represents statistically significant at p < 0.001 as compared to control). (a) Images 
showing comet formation, (b) Line graph displays the level of DNA damage in terms of 
comet tail length. (c) Line graph displays tail intensity of comet in different groups. 

 
These results illustrate that the intensity of DNA damage was highest in BaP 

followed by Nap and Fly ash sample. Our results are in line with Tarantini et al. 
who performed comet assay of pure B(a)P, Nap and samples made by the extrac-
tion of particulate matter from air samples collected in an urban peri-industrial 
site and concluded that toxicity of Nap is less as compared to B(a)P [25]. Our 
findings are in concurrence with the previous results which reported approx-
imately 3-times enlargement of tail length as compared to control at higher dos-
es of BaP. The intensity of DNA damage was highest in BaP as compared with 
other PAHs like fluoranthene, anthracene, pyrene, and phenanthrene [26]. 

In general, PAHs do not directly induce DNA damage, but are transformed to 
PAHs metabolites that cause DNA damage through metabolic enzymes and 
there are 3 major pathways known: the CYP1A1/1B1 and epoxide hydrolase 
pathway (CYP/EH pathway), CYP peroxidase pathway, and aldo-keto reductases 
pathway (AKR pathway). Generally, CYPs and other metabolic enzymes mobi-
lized into phenols and catechols metabolize PAHs and quinones resulting in 
the formation of diol-epoxides, radical cations, or reactive and redox-active 
o-quinones, all of which may interact with DNA to forms DNA adducts. The 
reactive metabolites of PAHs may also trigger the development of protein ad-
ducts in cells and modify the normal functioning of these proteins [27]. In ad-
dition, the metabolites produced by PAHs may initiate increased ROS produc-
tion which in turn can result in DNA damage, lipid peroxidation or protein 
denaturation [28]. Marine sediments containing PAHs like benzo[ghi]perylene, 
indeno[123-cd]pyrene, benzo[k]fluoranthene, benzo[b]fluoranthene, ben-
zo[a]pyrene, dibenzo[ah]anthracene showed dose-dependent effects in MTT and 
comet assay [29]. Results of comet assay showed that DNA damage was maxi-
mum in cells treated with B(a)P followed by other PAHs like fluoranthene, 
anthracene, pyrene, and phenanthrene [26]. Our results show that Fly ash in-
duces the generation of reactive oxygen species which might cause damage to the 
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DNA leading to cell death. In our study, it was reported that the fly ash sample 
also contains a significant amount of SiO2 and PAHs which are known to induce 
DNA damage. Moreover, fly ash was found to induce DNA damage via the 
oxidative stress in V79 cells in-vitro. The report says that nanosize fly ash and 
PAHs were found to induce DNA damage which was evaluated through comet 
assay. Nonetheless, our study is in line with other research which states that the 
coal and its by-product were observed to induce oxidative stress-dependent 
DNA damage [30]. 

4. Conclusion 

From our findings, it may be concluded that fly ash is an important source of 
PAHs that are cytotoxic and genotoxic in nature. However, their level of toxicity 
was less as compared to pure individual standards of PAHs (BaP and Nap) but it 
suggests that higher concentration of fly ash is deleterious to the environment. 
Possibly, emission of fly ash from mills may leach down in groundwater and 
may also get deposited in agricultural soil through which it may get biomagni-
fied in the food chain. Therefore, it may cause deleterious effects to both abiotic 
and biotic factors of the environment. It will not only affect the surrounding 
flora and fauna but also workers engaged in Sugarmill. Sugarcane bagasse fly ash 
causes severe environmental pollution which calls for urgent ways of handling 
the waste.  
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