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1  | INTRODUC TION

Polycyclic aromatic hydrocarbons (PAHs), a group of highly hydro-
phobic and organic compounds consisting of two or more fused aro-
matic rings, are ubiquitous in environment (Purcaro, Moret, & Conte, 
2013; Singh, Varshney, & Agarwal, 2016; Xia et al., 2010). PAHs are 
harmful to human health, and a number of them are carcinogenic, 

mutagenic, and genotoxic (Cai, Lv, Zhang, & Zhang, 2012; Martorell 
et al., 2010). Consequently, 16 PAHs were selected by the United 
State Environmental Protection Agency (USEPA) as priority pollut-
ants based on their occurrence and relative carcinogenicity. The 
European Food Safety Authority (EFSA) also officially established a 
list of “15 + 1” European Union (EU) priority PAHs, which is distin-
guished from the 16 USEPA PAHs. Among these regulated PAHs, 
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Abstract
There is a lack of information regarding the quantitative determination and health 
risk assessment of polycyclic aromatic hydrocarbons (PAHs) in grilled and fried meat 
products in Shandong Province of China. The aim of this work was firstly to detect 
the contamination levels of 15 PAHs in 52 grilled and fried meats consumed by the 
population of Shandong Province, China. In brief, concentrations of the sum of 15 
PAHs in individual samples were ranged from 8.23 to 341 μg/kg with a mean con-
tamination level of 63.3 μg/kg. Moreover, the factors for the formation of PAHs in 
these samples have been identified and analyzed. One grilled meat sample exceeded 
the maximum limits of 2 and 12 μg/kg set for BaP and PAH4 by the European Union. 
For a further step, the mean dietary exposures for total PAHs from grilled and fried 
meat products were estimated to be 120 and 74.8 ng/kg bw/day, respectively. 
Finally, the health risk estimation was performed using the incremental lifetime can-
cer risk (ILCR) approach. The obtained values of four groups were all lower than 10- 4, 
indicating a slight potential carcinogenic risk of consumer health. This study was the 
first attempt to provide baseline information of potential health risk of dietary expo-
sure of PAH- containing grilled and fried meats, which could be useful for health man-
agement of the local consumers.
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benzo(a)pyrene (BaP), classified as Group 1 (carcinogenic to humans), 
is the most investigated compound due to its proved carcinogenic 
activity (Alomirah et al., 2010;  Moret, Purcaro, & Conte, 2005). 
However, the EFSA found that BaP is not a sufficient indicator for 
PAH occurrence in food and suggested that the sum of benzo[a]
anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), and 
BaP (PAH4), as well as the sum of BaA, Chr, BbF, BaP, benzo[k]fluo-
ranthene (BkF), benzo[g,h,i]perylene (BghiP), dibenz[a,h]anthracene 
(DahA), and indeno[1,2,3- cd]pyrene (IcdP) (PAH8), is the most suit-
able criterion (Alomirah et al., 2011; Li, Wu, Wang, & Akoh, 2016; 
Purcaro et al., 2013; Rozentale et al., 2015). Consequently, the EU 
reported that the maximum levels (MLs) for BaP and PAH4 in smoked 
meat products were 2 and 12 μg/kg, respectively (Commission 
Regulation (EC) No 1881/2006 amended by Commission Regulation 
(EU) No 835/2011).

Human beings can be easily suffered from these compounds via a 
variety of pathways. In particular, dietary intake of food is the major 
exposure route of PAHs for nonsmoking and nonoccupationally ex-
posed populations (Domingo, 2014; Purcaro et al., 2013; Singh et al., 
2016). The sources of PAH in food can come from food processing 
and preparation, cooking procedures, environmental contamination, 
and direct contact with nonfood grade mineral oil and contaminated 
package material (Purcaro et al., 2013). Generally, the amount of 
PAHs generated during the thermal food processing might cause by 
many parameters, such as temperature, duration of the treatment, 
distance from the source of heating, fat content, oxygen accessi-
bility, and the type of combustible used (Akpambang et al., 2009; 
Essumang, Dodoo, & Adjei, 2013; Lee et al., 2016; Oz & Yuzer, 2016).

With the rapid economic growth and food structure change, 
meat and meat products have become daily food for most Chinese 
consumers (He, Yang, Xia, Zhao, & Yang, 2016). In particular, grilled 
and fried meat products are becoming increasingly popular in both 
homes and restaurants due to their well flavor and high nutritional 
values. Shandong, a coastal province in east China (34.61–37.91°N 
and 115.08–122.41°E), is an important industrial region and one of 
the top manufacturing provinces in China (Chai et al., 2017). Nearly 
100 million people live in this region, where grilled and fired meat 
products represent a significant part of the daily diet. The aim of the 
present study was firstly to perform a PAH contamination survey on 
grilled and fried meat samples from the Shandong market of China. 
The second objective was to identify the major sources of PAHs in 
these samples. Finally, the dietary exposure and health risk estima-
tion with the consumption of these foodstuffs were estimated.

2  | MATERIAL S AND METHODS

2.1 | Chemicals and reagents

A certified solution of 16 USEPA priority PAHs with a concentration 
of 0.2 mg/ml for each, containing naphthalene (Nap), acenaphthyl-
ene (Acy), acenaphthene (Ace), fluorene (Fle), phenanthrene (Phe), 
anthracene (Ant), fluoranthene (Flu), pyrene (Pyr), benz(a)anthra-
cene (BaA), chrysene (Chr), benzo(b)fluoranthene (BbF), benzo(k)

fluoranthene (BkF), benzo(a)pyrene (BaP), dibenz(a,h)anthracene 
(DahA), indeno(1,2,3- cd)pyrene (IcdP), and benzo(g,h,i)perylene 
(BghiP), was obtained from AccuStandard (New Haven, USA). In 
the present study, all solvents and reagents were of HPLC grade 
and analytical grade, respectively. Acetonitrile, methanol, acetone, 
n- hexane, and dichloromethane were all obtained from Merck 
(Darmstadt, Germany). Ultrapure water was produced by a Milli- Q 
purification water system (Millipore Co., USA).

2.2 | Standard solutions and calibration curve

A series of working solutions, containing each PAH at concentration 
of 0.5, 1.0, 2.5, 5.0, 10, 25, and 50 ng/ml, were prepared by suitable 
dilution of the stock solutions with acetonitrile. The obtained solu-
tions were stored at 4°C and renewed weekly.

2.3 | Sampling and sample pretreatment

In the present study, 52 representative samples of various grilled 
(23) and fried (29) meat samples were purchased from the main 
retail outlets and local markets in 17 cities of Shandong province, 
China. The samples were collected during June to September in the 
year	2015.	Each	sample	was	homogenized	and	stored	at	−20°C	until	
analyzed. If the samples contained nonedible parts, it should be re-
moved firstly. It should also be pointed out that no further cooking 
procedure of the samples was done before analysis.

Approximately 20 g of the homogenized sample was weighed, 
and 100 ml of petroleum ether was added. Then, the sample was 
shaken for 30 s, ultrasonicated for 20 min, and centrifuged at 4500 g 
for 5 min. After the supernatant of the extracts was decanted, this 
procedure was repeated two more times. Finally, the combined ex-
tracts were rotary evaporated at 35°C to eliminate the solvents, 
and the residue was reconstituted in 5 ml of acetonitrile–acetone 
(v/v = 1:1) solution for further cleanup.

The cleanup procedures of the samples were performed based 
on the method described in our published study (Jiang et al., 2015). 
In brief, the extracts were cleanup on two sets of SPE columns, 
which were Oasis HLB column (WAT106202, 6 cc/200 mg) and Sep- 
Pak Florisil (WAT043390, 6 cc/1 g) column, respectively. Thereafter, 
the final eluate was collected in a 10- ml glass tube vial, evaporated 
under nitrogen stream at 35°C, and then reconstituted with 1 ml 
of acetonitrile–toluene (v/v = 9:1) before injection into the HPLC 
system.

2.4 | HPLC analysis

A high- performance liquid chromatography system (waters, made 
in Singapore) combined with a fluorescence detector was used for 
PAHs determination. Separation of analytes was carried out on a 
Waters PAH C18 analytical column (4.6 × 250 mm, 5 μm) maintained 
at 35°C. A flow rate of 1.0 ml/min was selected, and the injection 
volume was 10.0 μl. The gradient elution procedure, consisted of 
acetonitrile (A) and water (B), was performed as follows: 50% A 
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(0–5 min), 50% A–100% A (5–20 min), 100% A (20–26 min), 100% 
A–50% A (26–27 min), and 50% A (27–32 min), giving a total time 
of 32 min. Fluorescence detection was performed by switching the 
emission and excitation wavelength in time (Table 1).

2.5 | Method validation and quality control

The data acquisition and analysis were processed with the Empower 
2 software. Quantification was performed by an external standard 
method. The method was validated for linearity, accuracy, preci-
sion, limit of detection (LOD), and quantification (LOQ). Linearity 
was evaluated by constructing a standard curve for each PAH in 
the range of 0.5–50 ng/ml. Results demonstrated that all standard 
curves displayed good linearity with the correlation coefficients (r2) 
higher than 0.992, as displayed in Table 2. Accuracy and intraday 
precision were determined by recovery experiments, which were 
conducted by spiking the samples with PAHs standards at levels of 
2, 10, and 50 μg/kg (n = 5), respectively. Inter- day precision was per-
formed by repeating this procedure on three consecutive working 
days. The recoveries ranged from 71.3% to 123% (Table 2), indicating 
good accuracy of the method. The intra-  and inter- day precision was 
expressed as relative standard deviation (RSD). As shown in Table 2, 
the intra- RSD and inter- RSD values were in the range of 3.5%–13.8% 
and 4.9%–15.6%, respectively. The LODs and LOQs were calculated 
based on the analyte concentration giving a signal- to- noise of at 
least threefold (S/N > 3) and 10- fold (S/N > 10), respectively. The 
LODs and LOQs for 15 PAHs were in the range of 0.06–0.30 μg/kg 
and 0.20–1.00 μg/kg, respectively.

2.6 | Dietary exposure estimation

A common method to estimate daily intake for each PAH was the 
combination of contamination data with food consumption levels. 
Generally speaking, this estimation was calculated by an integration 
of mean levels of individual PAHs with the food consumption assump-
tion of adult population with a body weight of 60 kg (Akpambang 
et al., 2009; Alomirah et al., 2011; Kao, Chen, Huang, Chen, & Chen, 
2014). According to the data from the Chinese National Nutrition 
Survey in 2012, the average level of meat consumption was 89.7 g/

day (He et al., 2016). Besides, a worst- case scenario was estimated 
based on the maximum PAH contamination levels obtained from the 
samples analyzed.

2.7 | Health risk estimation

Since individual PAHs have different ability to produce a toxic ef-
fect, the toxic equivalency factors (TEFs) (Table 3) are utilized for 
the estimation of the potential risk of PAH compounds (Essumang 
et al., 2013; Jiang et al., 2015; Li, Wu et al., 2016). BaP, the most 
potent carcinogenic and representative PAH, has a reference TEF 
value of 1. For a further step, in order to assess the hazard of PAH 
compounds, the toxicity equivalency quotient (TEQ), expressed as 
the BaP equivalent concentrations, was obtained by multiplying the 
concentration of each PAH with its TEF (Jiang et al., 2015; Li, Wu 
et al., 2016; Xia et al., 2010). The TEQBaP of food was calculated ac-
cording to Equation (1).

where Ci is the determined PAH value for the “ith” compound with 
the defined TEFi. The carcinogenic potencies of 15 PAHs were esti-
mated as the sum of each individual TEQBaP.
The incremental lifetime cancer risk (ILCR) of population groups in 
Shandong associated with dietary exposure of PAHs in meat was cal-
culated by Equation (2) based on our and others’ reported methods 
(Jiang et al., 2015; Li, Wu et al., 2016):

where ILCR = the incremental lifetime cancer risk of dietary expo-
sure; IR = the ingestion amount of meat products (0.0897 kg/day), 
which was obtained from the data of the Chinese National Nutrition 
Survey in 2012 (He et al., 2016). SF = the oral cancer slope factor of 
BaP, which obeys lognormal distribution with a geometric mean of 
7.3 mg kg−1 day−1 (USEPA, 2001). ED = the exposure duration (year) 
(for children: ED = 7; for adolescents: ED = 7; for adults: ED = 43; for 
seniors: ED = 10) (Li, Dong et al., 2016; Xia et al., 2010). BW = aver-
age body weight during exposure duration (kg); AT = the average life 
span for carcinogens (equal to 76 years in China, 27,740 days, which 
was based on the World Health Statistics released by the World 
Health Organization (WHO) (Xu, Zhang, Yang, Zou, & Zhao, 2014). 
EF = the exposure frequency (365 days/year); CF = the conversion 
factor (10−6 mg/ng).

3  | RESULTS AND DISCUSSION

3.1 | Contamination levels of PAHs in meat samples

The developed and validated method was further utilized for the 
quantitative analysis of 15 PAHs in grilled and fired meat products. 
Table 3 displayed the occurrence and mean contamination level of 
each single PAH in all meat products. Briefly, the concentrations 
of total PAHs (Σ15PAH) in 52 different meat samples ranged from 
8.23 to 341 μg/kg with a mean contamination level of 63.3 μg/kg. 

(1)TEQBaP=×TEFi

(2)ILCR=TEQBaP× IR×EF×ED×SF×CF∕(BW×AT)

TABLE  1 The wavelength program for the fluorescence 
detection of individual PAHs

Time (min) λex (nm) λem(nm) PAHs detected

7.7 224 330 Nap

11.0 270 323 Ace, Fle,

12.5 250 390 Phe, Ant

14.6 250 420 Flu, Pyr

18.0 270 385 BaA, Chr

20.0 280 410 BbF, BkF, BaP, 
DahA, BghiP

24.6 305 480 IcdP
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The proportions of the light PAHs (LPAHs, include Nap, Ace, Fle, 
Phe, Ant, Flu, Pyr, BaA, and Chr) above the LOQ were higher than 
the heavy PAHs (HPAHs, include BbF, BkF, BaP, DahA, BghiP, and 
IcdP). The trend was similar with those in edible oils in China, Italy, 
and Kuwait (Alomirah et al., 2010; Jiang et al., 2015; Moret et al., 
2005). Concerning on the individual PAH, Nap was the dominant 
PAH with a mean level of 23.0 μg/kg, which was consistent with 

the results of smoked meats in southwest China (Li, Dong et al., 
2016).

3.1.1 | Contamination levels of PAHs in grilled 
meat products

As shown in Table 4, the concentrations of Σ15PAH in 23 grilled 
meat samples were ranged from 12.0 to 341 μg/kg, indicating a 

PAHs Occurrence/total (%) Mean TEFs TEQB(a)p/(ng/kg)

Nap 52/52 (100.0) 23.0 0.001 23.0

Ace 51/52 (98.1) 7.99 0.001 7.99

Fle 48/52 (92.3) 7.31 0.001 7.31

Phe 48/52 (92.3) 8.21 0.001 8.21

Ant 43/52 (82.7) 1.77 0.01 17.7

Flu 45/52 (86.5) 6.75 0.001 6.75

Pyr 47/52 (90.4) 5.61 0.001 5.61

BaA 26/52 (50.0) 0.56 0.1 56

Chr 28/52 (53.8) 0.69 0.01 6.9

BbF 22/52 (42.3) 0.36 0.1 36

BkF 16/52 (30.8) 0.2 0.1 20

BaP 23/52 (44.2) 0.36 1 360

DahA 9/52 (17.3) 0.13 1 130

IcdP 13/52 (25.0) 0.21 0.1 21

BghiP 10/52 (19.2) 0.13 0.01 1.3

TABLE  3 Summary of occurrence, 
mean contamination levels (μg/kg), and 
toxicity equivalency quotient 
concentrations (TEQBaP, ng/kg) of 
individual PAHs in 52 grilled and fried 
meat products

Grilled meat products (n = 23) Fried meat products (n = 29)

Median Mean Range Median Mean Range

Nap 16.4 23.9 3.86–91.8 16.7 22.3 1.86–75.4

Ace 6.3 9.98 0.95–57.9 6.29 6.41 <RLa–18.9

Fle 4.62 11.4 <RL–92.8 3.23 4.09 <RL–13.7

Phe 6.46 11.1 <RL–80.3 5.84 5.89 <RL–15.7

Ant 0.78 2.69 <RL–16.3 0.52 1.05 <RL–4.55

Flu 4.18 8.35 <RL–73.0 1.32 5.49 <RL–71.9

Pyr 2.26 9.23 <RL–82.9 1.95 2.74 <RL–22.6

BaA 0.51 0.91 <RL–5.44 <RL 0.27 <RL–1.61

Chr 0.67 0.98 <RL–4.04 <RL 0.45 <RL–5.62

BbF <RL 0.43 <RL–2.17 <RL 0.31 <RL–2.50

BkF <RL 0.23 <RL–1.75 <RL 0.18 <RL–0.83

BaP <RL 0.33 <RL–2.18 <RL 0.39 <RL–1.95

DahA <RL 0.14 <RL–2.14 <RL 0.12 <RL–1.08

IcdP <RL 0.18 <RL–1.34 <RL 0.24 <RL–1.68

BghiP <RL 0.14 <RL–0.79 <RL 0.12 <RL–0.89

Σ15PAH 49.7 80.0 12.0–341 48.9 50.1 8.23–118

PAH8b 2.41 3.34 <RL–14.6 1.73 2.08 <RL–6.00

PAH4c 2.04 2.65 <RL–13.0 0.74 1.42 <RL–6.00
aLower than the reporting limit of quantification. bPAH8 includes the sum of BaA, Chr, BbF, BkF, BaP, 
DahA, BghiP, and IcdP. cPAH4 includes the sum of BaA, Chr, BbF, and BaP. 

TABLE  4 Median and mean 
concentrations (μg/kg) and range of 
individual PAHs and the sum of PAH8 and 
PAH4 in grilled and fried meat products
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wide variability in tested samples. The mean concentration was 
80.0 μg/kg. The average levels of PAH8, PAH4, and BaP were 
3.34, 2.65, and 0.33 μg/kg, respectively. Higher mean levels of 
the light PAHs (LPAHs, include Nap, Ace, Fle, Phe, Ant, Flu, Pyr, 
BaA, and Chr) than the heavy PAHs (HPAHs, include BbF, BkF, BaP, 
DahA, BghiP, and IcdP) were observed. Among the LPAHs, Nap 
was detected at the highest average levels (23.9 μg/kg), followed 
by Fle (11.4 μg/kg), Phe (11.1 μg/kg), and Ace (9.98 μg/kg), respec-
tively. Among the HPAHs, BbF was the dominant analyte with a 
mean level of 0.43 μg/kg, followed by BaP, BkF (0.23 μg/kg), and 

IcdP (0.18 μg/kg), respectively.
The PAH levels observed here were compared with those re-

ported for grilled meat products in published studies. Elhassaneen 
(2004) found that the range of 11 PAHs in charcoal- broiled beef 
burgers varied from 0.31 to 14.95 μg/kg and the levels of the BaP 
concentrations were between 0.99 and 4.8 μg/kg. Reinik et al. 
(2007) determined the content of 12 PAHs in 14 Estonian home- 
grilled meat products, finding the mean values of Σ12PAH ranged 
from 8.6 to 20 μg/kg. Farhadian, Jinap, Abas, and Sakar (2010) 
analyzed nine types of Malaysian popular grilled meat dishes and 
found that the total levels of Flu, BbF, and BaP ranged from 3.51 
to 132 μg/kg. Alomirah et al. (2011) found that the total levels of 
16 PAHs in whole grilled chicken, purchased from the State of 
Kuwait, ranged from 48.2 to 342 μg/kg with a mean concentration 
of 222 μg/kg.

Many factors may be responsible for the production of PAHs 
in meat foods resulting in a wide variability of the contamination 
levels. Generally speaking, PAHs were significantly formed from 
pyrolysis of organic matter during the meat grilling process at 
high temperature (Akpambang et al., 2009; Farhadian et al., 2010; 
Kao et al., 2014; Lee et al., 2016; Viegas, Novo, Pinto, Pinho, & 
Ferreira, 2012). Therefore, the grilling procedure and fat content 
in meat seem to be the major reasons for high PAH levels in meat 
products (Lee et al., 2016; Oz & Yuzer, 2016; Purcaro et al., 2013; 
Viegas et al., 2012). In briefly, fat drips from the meat samples 
onto the flames and subsequently burns resulting in smoke gener-
ation, which cause the formation of PAHs through the incomplete 
combustion of charcoal (Lee et al., 2016; Singh et al., 2016). In ad-
dition, some ingredients, especially those used in grilled step, may 
also contribute to the formation of PAHs (Farhadian et al., 2010).

3.1.2 | Contamination levels of PAHs in fried 
meat products

Correspondingly, the mean concentrations of Σ15PAH, PAH8, 
PAH4, and BaP (Table 4) in 29 fried meat samples were 50.1, 2.08, 
1.42, and 0.39 μg/kg, respectively. In particular, in some samples, 
the total concentrations of PAH8, PAH4, and BaP were below the 
LOQ, which were similar with the trends in grilled samples. LPAHs 
were primary in all fried samples, and Nap, Ace, and Phe were 
the predominant ones, with the mean levels being 22.3, 6.41, and 
5.89 μg/kg, respectively. Among the HPAHs, BaP was the high-
est one, followed by BbF (0.31 μg/kg) and IcdP (0.24 μg/kg). In 

short, the fried meat products were mainly suffered from LPAHs 
contamination, which was the same trend with the grilled meat 
products in this study.

Limit data on the contamination levels of PAHs in fried foods 
are available from the published studies. Perello, Marti- Cid, Castell, 
Llobet, and Domingo (2009) reported that the total concentrations 
of 16 individual PAHs in fried meat and fish samples were ranged 
from 13.30 to 35.42 μg/kg. Olatunji, Fatoki, Opeolu, and Ximba 
(2015) found that the sum of BaP and BkF in the different fried fish 
samples was between 1.04 and 1.46 μg/kg. Recently, Li, Wu et al. 
(2016) reported that the sum concentrations of 16 PAHs and PAH4 
in youtiao, a Chinese traditional fried food, were varied from 9.90 
to 89.97 μg/kg and from 1.41 to 26.56 μg/kg, respectively. In gen-
eral terms, the contamination of PAHs compounds found in fried 
foods was probably a consequence of high- temperature processing 
and PAHs contamination of fried oils and raw materials (Oz & Yuzer, 
2016; Rose et al., 2015). Moreover, the content variations of PAHs 
in fried foods depended on many factors, such as the fat content 
in food, penetration of oil, duration, temperature achieved, and air 
circulations (Li, Wu et al., 2016; Rose et al., 2015; Singh et al., 2016).

For a further step, the contamination levels of BaP and PAH4 in 
this study were compared with the MLs for them as defined in the 
EU Commission Regulation for smoked meat products. Among the 
analyzed samples, the concentrations of BaP ranged from <LOQ 
to 2.18 μg/kg with a mean level of 0.36 μg/kg. The incidence rate 
(23 out of 52 samples) was 44.2%, which was similar with the pro-
portion (41%) reported by the EFSA for grilled and smoked meat 
samples from European countries (EFSA, 2008). For comparison, 
Alomirah et al. (2011) reported that BaP was found in 60% of the 
grilled and smoked foods in Kuwait, which was higher than the 
frequency reported here. Only one sample (2.18 μg/kg) exceeded 
the ML of 2 μg/kg for BaP, which was a grilled pork product. For 
PAH4, the mean concentration was 1.97 μg/kg, being signifi-
cantly below the 12 μg/kg ML of the EU. Moreover, one sample 
(12.97 μg/kg) exceeded the ML, which was the same grilled pork 
product for BaP.

3.2 | Dietary exposure estimation

Table 5 reported the estimated daily intake of individual PAHs, 
Σ15PAH, PAH8, and PAH4 by the average adult population from 
grilled and fried meat products. For grilled meat products, the av-
erage dietary intake of individual PAHs compounds ranged from 
0.21 to 35.7 ng/kg bw/day, while the mean exposures calculated 
for Σ15PAH, PAH8, and PAH4 were 120, 4.99, and 3.96 ng/kg bw/
day, respectively. When the worst- case scenario was considered, 
the values for the sum of Σ15PAH, PAH8, and PAH4 raised to 510, 
21.8, and 19.4 ng/kg bw/day, respectively. For fried meat samples, 
the average exposures of Σ15PAH, PAH8, and PAH4 were found 
to be 74.8, 3.11, and 2.12 ng/kg bw/day, whereas maximum in-
takes were estimated to be up to 176, 8.97, and 8.97 ng/kg bw/
day, respectively. In addition, the mean daily intake of BaP for adult 
population from grilled and fried meat products was found to be 
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0.49 ng/kg bw/day (29.4 ng/day) and 0.58 ng/kg bw/day (34.8 ng/

day), respectively.
The estimated dietary intakes of PAH compounds are compared 

with the data obtained in published studies. Reinik et al. (2007) re-
ported that the estimated mean daily intake of BaP by the Estonia 
population from the consumption of meat products was 0.45 ng/
kg bw/day (29 ng/day). Akpambang et al. (2009) found that the di-
etary exposure to BaP and PAH8 from commercially smoked/grilled 
fish and meat products in Nigerian varied between 4.0 and 52.0 ng/
kg bw/day, and between 58.1 and 269.8 ng/kg bw/day, respec-
tively. Cirillo et al. (2010) reported that the daily median exposure 
values of BaP, PAH4, and PAH8 in primary school children were 5, 
28, and 54 ng/kg bw/day, respectively. Rozentale et al. (2015) re-
ported that the average consumer exposure to BaP and PAH4 from 
smoked meat products produced in Latvia was 0.33 and 2.91 ng/
kg bw/day, respectively. Alomirah et al. (2011) evaluated the mean 
dietary intake to BaP and PAH8 for the adult Kuwait population from 
grilled and smoked foods was 9.20 and 95.7 ng/day, respectively. In 
particular, based on an average consumption across Europe (132 g/
day), the EFSA (2008) reported the mean dietary intake of Bap 
and PAH8 from meat and meat products was 42 and 279 ng/day, 
respectively. Generally speaking, the degree of PAH dietary intake 
depends on both the nutritional habits of the local population and 

the contamination levels of PAHs in foods (Kao et al., 2014; Reinik 
et al., 2007). Therefore, the daily exposure of PAHs for the consum-
ers, who frequently eat large quantities of meat products, might be 
considerably more than the average data.

3.3 | Health risk estimation

According to USEPA (2001), the ILCR model was utilized for the 
health risk assessment of Shandong population caused by dietary 
PAHs exposure. Generally, additional human cancer risk of one in 
a million over a 70 years life span (ILCR = 10−6) is regarded as an 
acceptable or inconsequential level, while a one in a ten thousand 
chance (ILCR = 10−4) or greater is considered to be a serious level 
(Jiang et al., 2015; Kao et al., 2014; Xia et al., 2010). In the present 
study, the values of ILCR were estimated to 2.69 × 10−6, 1.14 × 10−6, 
3.75 × 10−6, and 1.02 × 10−6, for children, adolescents, adults, and 
seniors in a 76- year life span, respectively. Therefore, health risk 
assessment of dietary exposure to grilled and fried meat products 
was in the USEPA acceptable level, indicating a potential cancer risk 
potency. Among the four groups, adults suffered from highest car-
cinogenic risk, followed by children, adolescents, and seniors. The 
trend was similar with published data obtained in previous studies 
(Ding, Ni, & Zeng, 2013; Jiang et al., 2015; Li, Wu et al., 2016; Xia 
et al., 2010). In particular, the body weight of children was signifi-
cantly lower than others, which caused a relatively high- risk value 
for children. Therefore, it should be emphasized that children were 
the most sensitive group to PAHs exposure and special attention 
should be paid for their health (Ding et al., 2013; Marti- Cid, Llobet, 
Castell, & Domingo, 2008).

A comparison with previous studies was given. Xia et al. (2010) 
reported that ILCR due to the dietary exposure of PAHs in Taiyuan 
ranged from 7.08 × 10−6 to 4.04 × 10−5 for different groups, which 
were higher than the results in this study. Duan et al. (2016) reported 
that the median value of estimated ILCR attributable to PAH dietary 
intake was 6.65 × 10−5, which was also higher than our present re-
sult. Li, Dong et al. (2016) demonstrated that the ILCR values due 
to PAHs exposure from intake of smoke meats were range from 
4.46 × 10−7 to 4.64 × 10−6 for eight groups in southwest China. Kao 
et al. (2014) reported that the estimated ILCR value due to dietary 
PAHs exposure from kindling- free charcoal- grilled meat products 
was no more than 0.26 × 10−6, indicating a slight cancer risk po-
tency. As discussed in published studies, the health risk assessment 
of PAHs exposure is a complex issue. The different ILCR values can 
be explained, in part, by the fact that the exposure duration, the PAH 
contamination levels, and daily food consumption amounts were dif-
ferent in these studies (Li, Wu et al., 2016). In short, a higher health 
risk assessment is usually associated with higher contamination and 
consumption levels.

Although the risk levels due to PAHs exposure for Shandong 
population were at acceptable range, it can be much higher for peo-
ple who often eat large amounts of meat products. In particular, with 
rapid economic growth in the past three decades, a dramatically in-
creasing trend of meat consumption has been observed. Moreover, 

TABLE  5 Estimated daily intake (ng/kg bw/day) of PAHs in 
grilled and fried meat products

Grilled meat products 
(n = 23)

Fried meat products 
(n = 29)

Meansa Maximumsb Means Maximums

Nap 35.7 137 33.4 113

Ace 14.9 86.6 9.58 28.3

Fle 17.0 139 6.11 20.5

Phe 16.7 121 8.81 23.5

Ant 4.02 24.4 1.57 6.80

Flu 12.5 109 8.21 107

Pyr 13.8 124 4.10 33.8

BaA 1.36 8.13 0.40 2.41

Chr 1.47 6.04 0.67 8.40

BbF 0.64 3.24 0.46 3.74

BkF 0.34 2.62 0.27 1.24

BaP 0.49 3.26 0.58 2.92

DahA 0.21 3.20 0.18 1.61

IcdP 0.27 2.00 0.36 2.51

BghiP 0.21 1.18 0.18 1.33

Σ15PAH 120 510 74.8 176

PAH8c 4.99 21.8 3.11 8.97

PAH4d 3.96 19.4 2.12 8.97
aThe data for total samples. bThe data for the samples with the maximum 
contamination levels. cPAH8 includes the sum of BaA, Chr, BbF, BkF, BaP, 
DahA, BghiP, and IcdP. dPAH4 includes the sum of BaA, Chr, BbF, and 
BaP. 
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other types of foods suffering with PAHs contamination were not 
taken into account in the present health risk estimation. If all PAHs 
exposure routes via food ingestion were included, the estimated 
cancer risk level for local population would be greater than the val-
ues obtained here. Therefore, with the aim to protect food safety 
and human health, it is still necessary to control processing condi-
tions to minimize PAH contamination of commercial grilled and fried 
meat products.

4  | CONCLUSIONS

In summary, the contamination levels of 15 PAHs in 52 grilled and 
fried meat products in Shandong Province, China, were determined 
by a sensitive HPLC method. Then, the obtained data were used 
to estimate the daily intake of individual PAHs by local popula-
tion. Finally, the health risk estimation due to dietary PAHs expo-
sure was successfully estimated. Hence, the present study was the 
first attempt to provide baseline information of potential health 
risk for dietary exposure of PAH- containing grilled and fried meats, 
which could be useful for health management of the consumers in 
Shandong Province, China.

ACKNOWLEDG MENTS

This work was supported by the National Natural Science Foundation 
of China (Nos. 21705095), the Project of Shandong Province Higher 
Educational Science and Technology Program (No. KJ2018BZC043), 
and the Health and Family Planning Commission of Shandong 
Province [Nos. 2015WS0276 and 2015WS0283]. The authors thank 
the anonymous reviewers for their kind comments which greatly im-
proved the quality of our manuscript.

CONFLIC T OF INTERE S TS

The authors declare that they do not have any potential sources of 
conflict of interest.

E THIC AL S TATEMENT

This study does not involve any human or animal testing.

ORCID

Dafeng Jiang  http://orcid.org/0000-0001-5628-0572 

Wei Li  http://orcid.org/0000-0002-9358-6009 

R E FE R E N C E S

Akpambang, V. O., Purcaro, G., Lajide, L., Amoo, I. A., Conte, L. S., & 
Moret, S. (2009). Determination of polycyclic aromatic hydrocarbons 
(PAHs) in commonly consumed Nigerian smoked/grilled fish and 
meat. Food Additives and Contaminants. Part A, Chemistry, Analysis, 

Control, Exposure and Risk Assessment, 26(7), 1096–1103. https://doi.
org/10.1080/02652030902855406

Alomirah, H., Al-Zenki, S., Al-Hooti, S., Zaghloul, S., Sawaya, W., Ahmed, 
N., & Kannan, K. (2011). Concentrations and dietary exposure to 
polycyclic aromatic hydrocarbons (PAHs) from grilled and smoked 
foods. Food Control, 22(12), 2028–2035. https://doi.org/10.1016/j.
foodcont.2011.05.024

Alomirah, H., Al-Zenki, S., Husain, A., Sawaya, W., Ahmed, N., Gevao, 
B., & Kannan, K. (2010). Benzo[a]pyrene and total polycyclic ar-
omatic hydrocarbons (PAHs) levels in vegetable oils and fats do 
not reflect the occurrence of the eight genotoxic PAHs. Food 
Additives and Contaminants. Part A, Chemistry, Analysis, Control, 
Exposure and Risk Assessment, 27(6), 869–878. https://doi.
org/10.1080/19440040903493793

Cai, Y., Lv, J., Zhang, W., & Zhang, L. (2012). Dietary exposure estimates of 
16 polycyclic aromatic hydrocarbons (PAHs) in Xuanwei and Fuyuan, 
counties in a high lung cancer incidence area in China. Journal of 
Environmental Monitoring, 14(3), 886–892. https://doi.org/10.1039/
c2em10807k

Chai, C., Cheng, Q., Wu, J., Zeng, L., Chen, Q., Zhu, X., … Ge, W. (2017). 
Contamination, source identification, and risk assessment of polycy-
clic aromatic hydrocarbons in the soils of vegetable greenhouses in 
Shandong, China. Ecotoxicology and Environmental Safety, 142, 181–
188. https://doi.org/10.1016/j.ecoenv.2017.04.014

Cirillo, T., Montuori, P., Mainardi, P., Russo, I., Fasano, E., Triassi, M., & 
Amodio-Cocchieri, R. (2010). Assessment of the dietary habits and 
polycyclic aromatic hydrocarbon exposure in primary school chil-
dren. Food Additives and Contaminants. Part A, Chemistry, Analysis, 
Control, Exposure and Risk Assessment, 27(7), 1025–1039. https://doi.
org/10.1080/19440041003671262

Ding, C., Ni, H. G., & Zeng, H. (2013). Human exposure to parent and ha-
logenated polycyclic aromatic hydrocarbons via food consumption in 
Shenzhen, China. The Science of the Total Environment, 443, 857–863. 
https://doi.org/10.1016/j.scitotenv.2012.11.018

Domingo, J. L. (2014). Health risks of human exposure to chemi-
cal contaminants through eggs consumption: A review. Food 
Research International, 56, 159–165. https://doi.org/10.1016/j.
foodres.2013.12.036

Duan, X., Shen, G., Yang, H., Tian, J., Wei, F., Gong, J., & Zhang, J. J. 
(2016). Dietary intake polycyclic aromatic hydrocarbons (PAHs) and 
associated cancer risk in a cohort of Chinese urban adults: Inter-  and 
intra- individual variability. Chemosphere, 144, 2469–2475. https://
doi.org/10.1016/j.chemosphere

Elhassaneen, Y. A. (2004). The effects of charcoal- broiled meat con-
sumption on antioxidant defense system of erythrocytes and antiox-
idant vitamins in plasma. Nutrition Research, 24(6), 435–446. https://
doi.org/10.1016/j.nutres.2003.10.010

Essumang, D. K., Dodoo, D. K., & Adjei, J. K. (2013). Effect of smoke 
generation sources and smoke curing duration on the levels of 
polycyclic aromatic hydrocarbon (PAH) in different suites of fish. 
Food and Chemical Toxicology, 58, 86–94. https://doi.org/10.1016/j.
fct.2013.04.014

European Food Safety Authority (EFSA) (2008). Polycyclic aromatic hy-
drocarbons in food. Scientific opinion of the panel on contaminants 
in the food chain adopted on 9 June 2008. EFSA Journal, 724, 1–114.

Farhadian, A., Jinap, S., Abas, F., & Sakar, Z. I. (2010). Determination of 
polycyclic aromatic hydrocarbons in grilled meat. Food Control, 21(5), 
606–610. https://doi.org/10.1016/j.foodcont.2009.09.002

He, Y., Yang, X., Xia, J., Zhao, L., & Yang, Y. (2016). Consumption of 
meat and dairy products in China: A review. The Proceedings of 
the Nutrition Society, 75(3), 385–391. https://doi.org/10.1017/
S0029665116000641

Jiang, D., Xin, C., Li, W., Chen, J., Li, F., Chu, Z., … Shao, L. (2015). 
Quantitative analysis and health risk assessment of polycyclic aro-
matic hydrocarbons in edible vegetable oils marketed in Shandong 

http://orcid.org/0000-0001-5628-0572
http://orcid.org/0000-0001-5628-0572
http://orcid.org/0000-0002-9358-6009
http://orcid.org/0000-0002-9358-6009
https://doi.org/10.1080/02652030902855406
https://doi.org/10.1080/02652030902855406
https://doi.org/10.1016/j.foodcont.2011.05.024
https://doi.org/10.1016/j.foodcont.2011.05.024
https://doi.org/10.1080/19440040903493793
https://doi.org/10.1080/19440040903493793
https://doi.org/10.1039/c2em10807k
https://doi.org/10.1039/c2em10807k
https://doi.org/10.1016/j.ecoenv.2017.04.014
https://doi.org/10.1080/19440041003671262
https://doi.org/10.1080/19440041003671262
https://doi.org/10.1016/j.scitotenv.2012.11.018
https://doi.org/10.1016/j.foodres.2013.12.036
https://doi.org/10.1016/j.foodres.2013.12.036
https://doi.org/10.1016/j.chemosphere
https://doi.org/10.1016/j.chemosphere
https://doi.org/10.1016/j.nutres.2003.10.010
https://doi.org/10.1016/j.nutres.2003.10.010
https://doi.org/10.1016/j.fct.2013.04.014
https://doi.org/10.1016/j.fct.2013.04.014
https://doi.org/10.1016/j.foodcont.2009.09.002
https://doi.org/10.1017/S0029665116000641
https://doi.org/10.1017/S0029665116000641


     |  2439JIANG et Al.

of China. Food and Chemical Toxicology, 83, 61–67. https://doi.
org/10.1016/j.fct.2015.06.001

Kao, T. H., Chen, S., Huang, C. W., Chen, C. J., & Chen, B. H. (2014). 
Occurrence and exposure to polycyclic aromatic hydrocarbons 
in kindling- free- charcoal grilled meat products in Taiwan. Food 
and Chemical Toxicology, 71, 149–158. https://doi.org/10.1016/j.
fct.2014.05.033

Lee, J. G., Kim, S. Y., Moon, J. S., Kim, S. H., Kang, D. H., & Yoon, H. 
J. (2016). Effects of grilling procedures on levels of polycyclic aro-
matic hydrocarbons in grilled meats. Food Chemistry, 199, 632–638. 
https://doi.org/10.1016/j.foodchem.2015.12.017

Li, J., Dong, H., Li, X., Han, B., Zhu, C., & Zhang, D. (2016). Quantitatively 
assessing the health risk of exposure to PAHs from intake of smoked 
meats. Ecotoxicology and Environmental Safety, 124, 91–95. https://
doi.org/10.1016/j.ecoenv.2015.10.007

Li, G., Wu, S., Wang, L., & Akoh, C. C. (2016). Concentration, di-
etary exposure and health risk estimation of polycyclic aro-
matic hydrocarbons (PAHs) in youtiao, a Chinese traditional 
fried food. Food Control, 59, 328–336. https://doi.org/10.1016/j.
foodcont.2015.06.003

Marti-Cid, R., Llobet, J. M., Castell, V., & Domingo, J. L. (2008). Evolution 
of the dietary exposure to polycyclic aromatic hydrocarbons in 
Catalonia, Spain. Food and Chemical Toxicology, 46(9), 3163–3171. 
https://doi.org/10.1016/j.fct.2008.07.002

Martorell, I., Perello, G., Marti-Cid, R., Castell, V., Llobet, J. M., & 
Domingo, J. L. (2010). Polycyclic aromatic hydrocarbons (PAH) in 
foods and estimated PAH intake by the population of Catalonia, 
Spain: Temporal trend. Environment International, 36(5), 424–432. 
https://doi.org/10.1016/j.envint.2010.03.003

Moret, S., Purcaro, G., & Conte, L. S. (2005). Polycyclic aromatic hydro-
carbons in vegetable oils from canned foods. European Journal of 
Lipid Science and Technology, 107, 488–496. https://doi.org/10.1002/
ejlt.200501060

Olatunji, O. S., Fatoki, O. S., Opeolu, B. O., & Ximba, B. J. (2015). 
Benzo[a]pyrene and Benzo[k]fluoranthene in some processed fish 
and fish products. International Journal of Environmental Research 
and Public Health, 12(1), 940–951. https://doi.org/10.3390/
ijerph120100940

Oz, F., & Yuzer, M. O. (2016). The effects of cooking on wire and stone 
barbecue at different cooking levels on the formation of hetero-
cyclic aromatic amines and polycyclic aromatic hydrocarbons in 
beef steak. Food Chemistry, 203, 59–66. https://doi.org/10.1016/j.
foodchem.2016.02.041

Perello, G., Marti-Cid, R., Castell, V., Llobet, J. M., & Domingo, J. L. (2009). 
Concentrations of polybrominated diphenyl ethers, hexachloroben-
zene and polycyclic aromatic hydrocarbons in various foodstuffs 

before and after cooking. Food and Chemical Toxicology, 47(4), 709–
715. https://doi.org/10.1016/j.fct.2008.12.030

Purcaro, G., Moret, S., & Conte, L. S. (2013). Overview on polycyclic ar-
omatic hydrocarbons: Occurrence, legislation and innovative deter-
mination in foods. Talanta, 105, 292–305. https://doi.org/10.1016/j.
talanta.2012.10.041

Reinik, M., Tamme, T., Roasto, M., Juhkam, K., Tenno, T., & Kiis, A. 
(2007). Polycyclic aromatic hydrocarbons (PAHs) in meat products 
and estimated PAH intake by children and the general population in 
Estonia. Food Additives and Contaminants, 24(4), 429–437. https://
doi.org/10.1080/02652030601182862

Rose, M., Holland, J., Dowding, A., Petch, S. R., White, S., Fernandes, A., 
& Mortimer, D. (2015). Investigation into the formation of PAHs in 
foods prepared in the home to determine the effects of frying, grill-
ing, barbecuing, toasting and roasting. Food and Chemical Toxicology, 
78, 1–9. https://doi.org/10.1016/j.fct.2014.12.018

Rozentale, I., Stumpe-Viksna, I., Zacs, D., Siksna, I., Melngaile, A., & Bartkevics, 
V. (2015). Assessment of dietary exposure to polycyclic aromatic hydro-
carbons from smoked meat products produced in Latvia. Food Control, 
54, 16–22. https://doi.org/10.1016/j.foodcont.2015.01.017

Singh, L., Varshney, J. G., & Agarwal, T. (2016). Polycyclic aromatic hydro-
carbons’ formation and occurrence in processed food. Food Chemistry, 
199, 768–781. https://doi.org/10.1016/j.foodchem.2015.12.074

US Environmental Protection Agency (USEPA). (2001). Integrated Risk 
Information System (IRIS): benzo[a]pyrene. CASRN50. 32–38.

Viegas, O., Novo, P., Pinto, E., Pinho, O., & Ferreira, I. M. (2012). Effect 
of charcoal types and grilling conditions on formation of heterocyclic 
aromatic amines (HAs) and polycyclic aromatic hydrocarbons (PAHs) 
in grilled muscle foods. Food and Chemical Toxicology, 50(6), 2128–
2134. https://doi.org/10.1016/j.fct.2012.03.051

Xia, Z., Duan, X., Qiu, W., Liu, D., Wang, B., Tao, S., … Hu, X. (2010). 
Health risk assessment on dietary exposure to polycyclic aro-
matic hydrocarbons (PAHs) in Taiyuan, China. The Science of the 
Total Environment, 408(22), 5331–5337. https://doi.org/10.1016/j.
scitotenv.2010.08.008

Xu, Y., Zhang, W., Yang, R., Zou, C., & Zhao, Z. (2014). Infant mortality 
and life expectancy in China. Medical Science Monitor, 20, 379–385. 
https://doi.org/10.12659/MSM.890204

How to cite this article: Jiang D, Wang G, Li L, et al. 
Occurrence, dietary exposure, and health risk estimation of 
polycyclic aromatic hydrocarbons in grilled and fried meats in 
Shandong of China. Food Sci Nutr. 2018;6:2431–2439. https://
doi.org/10.1002/fsn3.843

https://doi.org/10.1016/j.fct.2015.06.001
https://doi.org/10.1016/j.fct.2015.06.001
https://doi.org/10.1016/j.fct.2014.05.033
https://doi.org/10.1016/j.fct.2014.05.033
https://doi.org/10.1016/j.foodchem.2015.12.017
https://doi.org/10.1016/j.ecoenv.2015.10.007
https://doi.org/10.1016/j.ecoenv.2015.10.007
https://doi.org/10.1016/j.foodcont.2015.06.003
https://doi.org/10.1016/j.foodcont.2015.06.003
https://doi.org/10.1016/j.fct.2008.07.002
https://doi.org/10.1016/j.envint.2010.03.003
https://doi.org/10.1002/ejlt.200501060
https://doi.org/10.1002/ejlt.200501060
https://doi.org/10.3390/ijerph120100940
https://doi.org/10.3390/ijerph120100940
https://doi.org/10.1016/j.foodchem.2016.02.041
https://doi.org/10.1016/j.foodchem.2016.02.041
https://doi.org/10.1016/j.fct.2008.12.030
https://doi.org/10.1016/j.talanta.2012.10.041
https://doi.org/10.1016/j.talanta.2012.10.041
https://doi.org/10.1080/02652030601182862
https://doi.org/10.1080/02652030601182862
https://doi.org/10.1016/j.fct.2014.12.018
https://doi.org/10.1016/j.foodcont.2015.01.017
https://doi.org/10.1016/j.foodchem.2015.12.074
https://doi.org/10.1016/j.fct.2012.03.051
https://doi.org/10.1016/j.scitotenv.2010.08.008
https://doi.org/10.1016/j.scitotenv.2010.08.008
https://doi.org/10.12659/MSM.890204
https://doi.org/10.1002/fsn3.843
https://doi.org/10.1002/fsn3.843

