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Abstract Polycyclic aromatic hydrocarbons (PAHs) are

compounds with two or more fused benzene rings produced

by incomplete combustion of organic substances involved

in natural and anthropogenic processes. Children are

exposed to these compounds through inhalation, dietary

ingestion, and, also, soil at the playground. It has been well

established that PAHs have carcinogenic, mutagenic, and

teratogenic effects. Considering possible health risks due to

PAHs exposure among children, the present study was

carried out in collaboration with the Pediatrics Department,

King George’s Medical University (KGMU), Lucknow, to

determine its exposure in children by estimating blood

PAHs levels. Due to the variable composition of PAHs

mixtures emitted from different environmental sources, any

single compound or metabolite may not be representative

of all exposure conditions. For these reasons, the mea-

surement of blood PAHs levels as a possible biomarker,

especially of the EPA (Environmental Protection Agency,

USA) priority list, has been proposed. Acenaphthylene,

anthracene, phenanthrene, fluoranthene, naphthalene,

pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene, and

benzo(a)pyrene were determined by HPLC-FD/UV. On the

basis of the individual compound, the median (50th per-

centile) of naphthalene (19 ppb) was highest, however,

benzo(a)pyrene (4.0 ppb) level was found to be lowest

among all detected PAHs. The median level of total non-

carcinogenic PAHs (113.55 ppb) was higher than the total

carcinogenic PAHs (32.35 ppb) in blood samples of chil-

dren. A significant correlation was found between period of

time spent in the surrounding breathing zone of the cooking

place and total noncarcinogenic PAHs (p \ 0.05), while

the blood carcinogenic PAHs level in children was found to

be associated with lower status of their families (p \ 0.05).

It is speculated that there may be chances of health hazards

through exposure to PAHs, those not yet declared hazard-

ous and present at higher concentrations in the Indian

environment. Further study with a larger sample size and

accompanying environmental data is desired to validate the

findings of this pilot study and strengthen the database of

PAHs exposure in India.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are compounds

with two or more fused benzene rings produced by

incomplete combustion of organic substances involved in

natural and anthropogenic processes (IARC 1986). It has

been well established that PAHs have carcinogenic,

mutagenic and teratogenic effects on animals and human

(Grimmer 1983; Perera 1997). PAHs and their metabolites

are distributed to body tissues through blood; surrogate
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markers that estimate levels in target organs, such as pro-

tein (Meyer and Bechtold 1996) and hemoglobin (Wei

et al. 2000) adducts, might reflect target organ levels due to

their abundance in blood than DNA. Children may get

exposed to these compounds through inhalation, dietary

ingestion and soil in the playground. They spent more time

indoors with the mother and it has been reported that

indoor exposure to individual PAH compounds is generally

much higher than ambient exposure (Pandit et al. 2001). In

studies of PAH exposure among children, no difference

was found compared with adults (Chuang et al. 1999).

Interestingly, they are reported to get higher exposure than

adults in the same vicinity (Heudorf and Angerer 2001).

Prenatal exposure to airborne PAHs during pregnancy

was found associated with lower birth weight and head

circumference in African-American children, which may

be correlated with lower IQ and poorer cognitive func-

tioning (Perera et al. 2003; Tsai et al. 2003). Long-term

low-level exposure to PAHs and halogenated aromatic

hydrocarbons has been associated with a wide variety of

effects including irritability, mood instability, short- and

long-term memory loss, and lack of concentration in

children (Dahlgren et al. 2003). The metabolic activation

of PAHs by cytochrome P450 (CYP) 1A1-catalyzed

reactions results in the production of xenobiotic metabo-

lites and reactive oxygen species (ROS), which are able to

interfere with cell homeostasis (Cavalieri and Rogan

1995; Kim and Lee 1997). ROS have also been shown to

be associated with many pathophysiological changes in

the body.

Considering the toxicological properties of PAHs, suf-

ficient interest has generated recently to evaluate the total

PAH uptake in the body of children through different

exposure pathways, namely, respiratory, dermal, and gas-

trointestinal routes. In order to achieve this goal, the

quantification of PAHs and their metabolites in body fluids

is recommended, which would be compatible with envi-

ronmental PAH exposure. One of the aims of the present

work is also to evaluate the possibility of using unmetab-

olized PAHs in blood as biological markers of exposure to

low levels of PAHs. Due to the varying composition of

PAHs mixtures from different sources, any single com-

pound may not be truly representative of all exposure

conditions (Strickland and Kang 1999). For these reasons,

the measurement of unchanged PAHs in blood samples of

children has been proposed in this study, with particular

attention to noncarcinogenic PAHs on the EPA priority list

(acenaphthylene, acenaphthene, fluorene, phenanthrene,

anthracene, fluoranthene, and pyrene) for their abundance

in PAH mixtures in the environment and other carcino-

genic PAHs, like naphthalene, benzo(a)anthracene,

benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)py-

rene, dibenzo(a,h)anthracene, and indeno(1,2,3-cd)pyrene,

for their toxic potential (Keimig and Morgan 1986; Bieniek

1997; Gundel and Angerer 2000).

Materials and Methods

Subject Selection

A total of 56 healthy children (2–12 years) from the general

population in and around Lucknow, the capital of the most

populous state of India, Uttar Pradesh, were enrolled in this

study. The children were not suffering from any chronic

disease and their blood profiles fell within the normal

range. Subjects were interviewed by a trained physician

and/or nurses in order to obtain demographic data such as

age, gender, height, weight, socioeconomic status, and area

of residence; any history of exposure to chemicals, type of

kitchen fuel use, duration of exposure near the breathing

zone in the cooking place, smoking habits of the parents or

family members, distance of residence from the highway,

and other relevant information for known sources of PAH

exposure were also included in the questionnaire. None of

the subjects reported any occupational/accidental indica-

tion of exposure to PAHs. Therefore, the main source of

the detected blood PAH levels was expected to be food

chain contamination/inhalation. However, water and dust

may also contribute to exposures to these compounds.

Parents/guardians of the children were informed about the

study and their consent was obtained. Additionally, insti-

tutional ethics committee clearance was obtained for

collecting human blood samples.

Sample Collection and Storage

All blood samples used in the study were collected at the

Department of Paediatrics, King George’s Medical Uni-

versity (KGMU), Lucknow, over the study period of 1 year

(September 2005–August 2006). Approximately 2 ml

venous blood was withdrawn from all subjects and stored

in preheparinized glass vials. All the samples were num-

bered and transported under ice-cold conditions to the

Analytical Toxicology Lab (ITRC), Lucknow, and stored

at –20�C untill analyses of PAHs.

Chemicals and Reagents

All chemicals, solvents, and water used were of analytical

or HPLC grade. Acetonitrile, n-hexane, di-chloromethane

(DCM), and SPE cartridges (LiChrosep, RP-18) for cleanup

were procured from Merck, Darmstadt, Germany. Individ-

ual standards of all 13 polycyclic aromatic hydrocarbons on
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the EPA priority list, namely, naphthalene, acenaphthylene,

fluorene, phenanthrene, anthracene, fluoranthene, pyrene,

benzo(a)anthracene, benzo(k)fluoranthene, benzo(b)fluo-

ranthene, benzo(a)pyrene, dibenz(a,h)anthracene and

indeno(1,2,3-cd)pyrene were purchased from Supelco

(Bellefonte, PA, USA) for preparation of the mix external

reference standard. Purity of all individual PAH standards

was in the range of 93.4%–99.7%. All individual standards

were dissolved separately in acetonitrile to make a stock

solution; the working standard solution was made by mix-

ing the stock solution of each compound at different

concentrations in amber-colored volumetric flask (to

avoid light exposure) and storing them at 4�C in the

refrigerator.

Extraction of PAHs

Extraction of PAHs from blood was carried out according

to the method reported by Van Schooten et al. (1997).

Liquid-liquid extraction of PAHs was performed by taking

2 ml of blood with 3 ml n-hexane in an amber-colored,

capped conical flask (25 ml), which was kept in a shaker

for 15 min. After this step, the upper organic layer was

collected in a stoppered glass tube; this extraction process

was again repeated twice with n-hexane (10 min each time)

and the resultant extracts were pooled with the previous

one. Then the pooled extract was evaporated to 0.5 ml

under a gentle steam of nitrogen and kept in the refrigerator

until cleanup to avoid losses of lighter PAHs by

volatilization.

Cleanup of Sample by SPE

During the extraction process a few fat and lipid impurities

can be coextracted along with the sample, which can

interfere with the subsequent separation and identification

during chromatography. For their elimination, cleanup of

the extract was performed using SPE cartridges (RP-18;

Merck) before HPLC analysis. Prewashed SPE cartridges

with milli-Q ultrapure water were conditioned with a 10-ml

mixture of n-hexane:dichloromethane (1:1). Then the

sample was loaded on a cartridge and extraction solution

was aspirated through the cartridge, resting on a manifold

vacuum station (Supelco), with a pressure regulator, at a

flow rate of £2 ml/min. Finally, the sorbent was washed

with 10 ml of water (milli-Q), dried, and then eluted with a

15-ml mixture of n-hexane:DCM (1:1). The extract

obtained was concentrated to 1 ml; 0.5 ml of acetonitrile

was added to it and the rest of the elution mixture was

evaporated. Thus, the final sample was in the acetonitrile

phase for HPLC analysis.

Analysis of PAHs

The aliquot of final sample extracts was analyzed on an

HPLC system (515 series; Waters, Milford, MA, USA)

equipped with a fluorescence detector (Model 474; Waters)

using a reversed-phased, C-18 ODS analytical column

(75 · 4.6-mm i.d., 3.5-lm particle size), with a precolumn

of the same phase (both supplied by Waters), for all PAHs

other than acenaphthylene (due to the lack of response by

FD). The HPLC system consisted of a binary pump, an on-

line degasser, a thermostatic column housing, and Millen-

nium-32R chromatography manager software. The solvent

system that constituted the mobile phase was acetonitrile

(A) and water (B). Elution conditions and detection

wavelength program were adopted as reported by Barranco

et al. (2003). The elution conditions were as follows: 0–10

min, 50% A isocratic; 10–24 min, linear gradient 50% A–

100% A; and 24–35 min, 100% A isocratic. An aliquot of

same sample was reanalyzed in the isocratic mode (mobile

phase, 70% acetonitrile and 30% H2O) using a UV detector

(Model 2487; Waters) at a wavelength of 254 nm, only for

acenaphthylene. The flow rate was maintained at 1.0 ml/

min throughout the analysis and the injection volume was

20 ll.

Quality Control

Recovery experiments were conducted to check the ana-

lytical quality control; six blood samples in duplicate were

spiked with mixed standards of PAHs at 5 to 20 ppb. The

average recoveries calculated using observed and spiked

concentrations for PAHs were varied from 73.2% to

94.4%; however, coefficients of variation ranged from 3.6

to 7.1. The limit of detection in spiked samples ranged

from 0.008 to 0.05 lg/L for acenaphthylene and

benz(b)fluoranthene, respectively, during HPLC analysis.

The linear range was determined for each PAH by applying

three different concentrations; a best-fit straight line was

plotted against the PAH concentrations and their responses.

A minimum linear range of 0.4–40 was found for

benz(b)fluoranthene, however, a maximum range of 8–150

was detected for acenaphthylene.

A blank sample was always prepared and run with each

set of samples during PAH analyses by HPLC.

Confirmation by GC-MS

For peaks confirmation of detected PAHs in blood samples,

a few samples from each batch were randomly selected and

analyzed on a gas chromatography-mass spectrometer

using a model auto system XL (Perkin-Elmer, USA)
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coupled with a Turbo Mass detector, available at the ana-

lytical chemistry section of ITRC, Lucknow. This

confirmatory GC-MS analysis was performed only for

qualitative determination of PAHs in the samples, so

selected samples (already analyzed on HPLC) were pre-

pared by exchanging their solvent phase acetonitrile with

dichloromethane (DCM) for injection into the GC-MS

instrument. GC conditions and temperature programming

were as described by Poon et al. (1999) for determination

of serum PAH levels. The mass detector was operated in

electron impact mode at 70 eV in full scan and target

compounds were identified in the scanning mode. The

spectrum of an individual PAH was confirmed by matching

it with the authentic spectra of the standard PAH on the

library list available in the GC-MS instrument.

Statistical Evaluation

Linear regression analysis was applied to test any statisti-

cally significant relation between covariates such as age,

sex, BMI, and exposure period, as independent variables,

and blood PAH combinations (noncarcinogenic and car-

cinogenic PAHs), as dependent variables, among children.

Statistical analyses were performed using SYSTAT soft-

ware (version 9.1) supplied by Binary Semantics Ltd.

(India) to the Epidemiology Section, ITRC.

Results and Discussion

Children have an exceptional vulnerability to both the

acute and the chronic effects of environmental hazards and

they are disproportionately susceptible by comparison with

adults. Studies revealed that children in the youngest age

group (6–11 years) are more exposed to PAHs than chil-

dren in the other age groups and adults. Despite wide

spread and toxicological relevance of 1-hydroxypyrene

[metabolite of pyrene as well as benzo(a)pyrene] only few

alternatives are available to assess PAHs exposure. In

addition, PAH-DNA adduct level studies in an exposed

population gave inconsistent results according to exposure,

i.e., elevated benzo(a)pyrene-DNA adduct levels were

found in nonsmokers versus smokers (Hecht 2002). So our

approach, to evaluate unmetabolized PAHs in blood as

biological markers, can be valuable because their occur-

rence does not depend on the biotransformation rate as

happens for metabolite excretion in urine, but it is a con-

sequence of the natural integration over time of the fast

partition between medium (air, water, food) and blood

(Ghittori et al. 1993). So it is less susceptible than

metabolite elimination to intra-individual variability

(Strickland and Kang 1999).

Table 1 shows the demographic features of children

(n = 56) recruited in the study. All the children were

healthy and their growth (as measured by head and chest

circumference) was found to be normal. Since children

spend more time with the mother (chief cook in family),

there may be a chance of being exposed to PAHs from

cooking food and burning fuel. Pandit et al. (2001) sug-

gested that during the cooking period, exposure to PAHs is

2–10 times higher than ambient exposure. So their average

time spent near the kitchen area was recorded. Vehicular

traffic is also one of the chief sources of PAHs in the

environment, so distance of residence from the highway

was also recorded.

Individual values of all PAHs and their combinations

detected in blood samples of children are presented as 25th

percentile, 50th percentile (median), 75th percentile, and

interquartile range in Table 2. On the basis of the indi-

vidual compound, the median value of naphthalene (19

ppb) was the highest, however, benzo(a)pyrene median

(4.0 ppb) was found to be lowest among all detected blood

PAHs. Previous biomonitoring studies (Campo 2006;

Waidyanatha 2003) also reported higher naphthalene lev-

els, up to 859 ng/L, excreted through urine in comparison

to other PAH levels. It is important to mention here that

only a smaller amount of PAHs body burden is excreted

unchanged in urine (Becher and Bjorseth 1983) so at the

same time this amount could be much higher in the body.

The higher solubility and volatile nature of lower molec-

ular weight PAHs like naphthalene (Cheung et al. 2006)

compared to other congeners of PAHs (with large molec-

ular weight) may be responsible for their elevated blood

level. PAH monitoring studies from different region of

India also reported high levels of naphthalene in compar-

ison to other PAHs and low benzo(a)pyrene levels (Pandit

et al. 2001; Sharma 2006) in the ambient environment. The

median total noncarcinogenic PAH level (113.55 ppb) was

higher than the total carcinogenic PAH level (32.35 ppb) in

children. These PAH compounds of low molecular weight

Table 1 Sociodemographic features of the children recruited in the

study (n = 56)

Variable Mean ± SD (n = 56)

Age (yr) 5.86 ± 2.36

Height (m) 1.05 ± 0.15

Weight (Kg) 18.26 ± 5.34

BMI (Kg/m2) 16.46 ± 2.42

Head circumference (cm) 49.03 ± 3.78

Chest circumference (cm) 52.27 ± 4.23

Average exposure time near kitchen (min) 31.57 ± 37.82

Distance from highway/traffic (m) 805.20 ± 562.32
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and size are always present at higher levels in the envi-

ronment (Fang et al. 2004). Higher molecular weight PAHs

(carcinogenic in nature) are bound to particulate matter and

also become settled along with particles, whereas low

molecular weight, noncarcinogenic PAHs, which eventu-

ally bind to smaller particles, may remain suspended in the

air more than high molecular weight PAHs, thus making

low molecular weight PAHs available for respiration than

higher molecular weight PAHs. This may be a possible

reason (difference in exposures) for their higher blood

levels in children in comparison to other carcinogenic

PAHs. These findings suggest that environmental air pol-

lution could be responsible for PAH exposure to children

than any other known source. Total noncarcinogenic and

total carcinogenic PAH combination load in individual

samples was formulated as follows: (i) the sum of all

noncarcinogenic PAH levels detected in an individual

blood sample was considered their total noncarcinogenic

PAH load; (ii) the total carcinogenic PAH load in blood

was formulated in the same way.

Table 3 reports the parameters determined during the

recovery experiment conducted in spiked blood samples

for analytical quality control. Satisfactory recovery of all

analyzed PAH compounds was found.

Table 4 reports the correlation between PAH combina-

tion and different individual sociodemographic features of

the children. Linear regression analysis was performed

between PAH combinations (as dependent variable) and

different characteristics of children such as age, gender,

dietary habit, ethnicity, socioeconomic status of family,

and kitchen fuel used (as independent variables). Noncar-

cinogenic (mostly two- to three-ringed PAHs) was

significantly correlated with the duration of exposure near

the cooking area. These findings are consistent with the

results of Zhu et al. (2003), who reported higher level of

noncarcinogenic PAHs in air of domestic kitchens com-

pared to carcinogenic PAHs having a higher molecular

weight. There was also a significant correlation between

carcinogenic PAH level and lower family status. In our

opinion this may be due to regular use of inexpensive

biomass fuels such as coal, wood, and kerosine for food

preparation, which generates a high level of carcinogenic

PAHs. Dave (1987) also reported that low-income families

from both rural and urban regions of India usually reside in

poorly ventilated houses and utilize these types of fuels. On

the energy ladder, they are cheap and readily available

alternate energy sources compared to electricity and LPG

(liquid petroleum gas). These results support the findings of

a previous study conducted in rural areas of the Lucknow

region, which reported high levels of carcinogenic PAHs

emitted during combustion of biomass fuel (Bhargava et al.

2004).

If we consider the ambient air quality in India, PAHs in

Delhi, Kanpur, Ahmedabad, Mumbai, and Kolkata (major

cities) was between 9.4 and 190.96 ng/m3, which is 10–40

times higher than the standard limit (Mohanraj et al. 2003).

We were unable to find the status of ambient air PAHs in

the Lucknow region, however, in Gomti River water in this

area, PAHs ranged between 0.04 and 65.85 lg/L (Malik

et al. 2004). These values are higher than the standard

limits prescribed by the CPCB (Central Pollution Control

Board), India (5 ng/m3 for air), and BIS (Bureau of Indian

Table 2 Status of different PAHs estimated in blood samples of

children (n = 56)

Polycyclic aromatic

Hydrocarbons

25% Median 75% IQR

Naphthalene 1.05 19 160.6 159.55

Acenaphthylene 1.14 8.0 112.47 111.33

Phenanthrene 1.21 9.0 43.51 42.30

Anthracene 1.45 3.6 6.99 5.54

Fluoranthene 1.41 6.0 16.96 15.55

Pyrene 1.93 9.0 27.66 25.73

Benzo(b)fluoranthene 1.01 4.2 10.26 9.25

Benzo(k)fluoranthene \1.10 4.0 8.00 8.00

Benzo(a)pyrene \1.10 1.4 3.10 3.10

Noncarcinogenic PAHs 45.42 113.55 289.10 243.68

Carcinogenic PAHs 15.20 32.35 168.10 152.90

Total PAHs 103.83 250.27 434.85 331.02

Note. 25%, 25th percentile; median, 50th percentile; 75%, 75th per-

centile; IQR, interquartile range (75th–25th percentile). Values are in

parts per billion (ppb)

Table 3 Relation between blood PAH combinations (dependent

variables) and individual characteristics of children (n = 56)

Independent variable PAH combinations vs characteristics:

regression coefficient (p value)

Noncarcinogenic Carcinogenic

Age 18.71 (0.660) –16.05 (0.393)

Sex 3.88 (0.973) 69.06 (0.173)

Height 97.49 (0.803) 88.98 (0.605)

Weight –24.93 (0.284) 4.12 (0.686)

BMI 24.72 (0.246) –2.55 (0.784)

Diet –25.84 (0.830) 41.79 (0.433)

Ethinicity –116.39 (0.408) –8.207 (0.894)

Lower family status –119.15 (0.341) 137.33 (0.015)a

Cooking fuel

(kerosine, coal, wood)

–95.14 (0.491) –45.68 (0.452)

Smoking 159.40 (0.165) –76.81 (0.130)

Exposure period 4.82 (0.002)a 0.56 (0.273)

Traffic distance –0.05 (0.642) 0.01 (0.849)

Separate cooking place 190.13 (0.128) –19.14 (0.724)

a Statistically significant, p \ 0.05
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Standards), India (0.2 lg/L for water) (Tyagi et al. 2003;

BIS 1982). Also, higher PAH levels have been reported in

several common Indian oil-fried and pyrolyzed food items

(Sivaswami et al. 1990). So there may be exposure to these

PAHs constantly from the general environment and food

chain contamination. Children are getting exposed more

than adults, which results from their relatively higher

uptake, in a mass comparison (as much as six times adults),

from inhalation and drinking water. Additionally, dermal

contact is also increasingly taken into account (Tsai et al.

2001) because they spent more time at the playground,

with continuous contact with the soil. Lower activity of

some metabolizing enzymes active in detoxification of

these xenobiotics has also been reported in early childhood

(Armstrong et al. 2004). This might be the reason for their

lesser removal from the body via its natural detoxification

mechanism. Lodovici et al. (1998) reported that high

exposure is associated with an increased level of aromatic

adducts, as biological effective dose in PAH-exposed

populations, and suggested that resultant alterations of

PAH metabolism may play a crucial role in health hazards

induced by free radicals (FR), which are generated during

its metabolism (Warshawsky et al. 1984; Greife and

Warshawsky 1993; Cheu et al. 1997).

Our findings support the previous Indian studies (Malik

et al. 2004; Pandit et al. 2001; Sharma 2006) reporting high

levels of low molecular weight PAHs in comparison to high

molecular weight compounds in the Indian environment.

The two- or three-ring compounds that are always present at

higher levels in PAH mixtures may have irritative effects

and cause respiratory diseases (Fang et al. 2004) and other

health hazards. For example, naphthalene, a two-ringed

PAH, has recently been classified as a possible carcinogen

to humans (class 2B) (IARC 2002). So there may be

chances of health hazards through exposure of PAHs, those

not yet declared hazardous and present at higher concen-

trations in the Indian environment. Considering this we

analyzed blood samples of children for the likely occur-

rence of different carcinogenic and noncarcinogenic PAH

compounds as possible biomarkers. Hence, the present

study is unique and probably the first of its kind, as it reports

EPA-listed priority PAH levels in the blood samples of

children in India. Studies with large sample sizes are needed

to strengthen the database and investigate PAH-related risks

to health in general and children in particular.
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