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Polycyclic aromatic hydrocarbons (PAHs) can be absorbed and accumulated in aquatic organisms, posing
a threat to human health through the food chain. However, the concentration, composition, potential
source and health risks of PAHs in freshwater organisms remain largely unknown. This study aimed to
investigate the presence of PAHs in freshwater organisms in Hubei, Central China. The levels of 16 PAHs
in the studied freshwater organisms ranged from 4.31 to 49.60 ng g™, with an average value of 38.40 ng
g™l Comprising 75-81% of the total, 3—4 ring PAHs were the primary components in freshwater
organisms, with an average ratio of 77.3%. Molecular diagnostic ratios (MDR) and principal component
analysis (PCA) successfully identified combustion-related contamination as the major source of PAHs in
these organisms. The incremental lifetime cancer risk (ILCR) values associated with PAH exposure were
higher for crabs and fishes and were greater for children than for adults, suggesting potential
carcinogenic risks to humans via the consumption of freshwater organisms. A comparative analysis of
PAH concentrations in marine and freshwater organisms showed that the levels of 16 PAHs in marine
organisms were more than twice as high as those in freshwater organisms, indicating differing behaviors
of PAHs in marine and freshwater environments. Overall, this study significantly enhances the
understanding on PAH accumulation in freshwater organisms and provides valuable insights for

rsc.li/rsc-advances

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of persis-
tent organic pollutants (POPs) primarily found in estuaries,"?
harbors® and coastal waters.* They are composed of least two
fused benzene rings. Unlike most POPs, many PAHs occur in
nature.® Natural sources of PAHs include volcanic eruptions,®
natural fires” and geological diagenesis,® while anthropogenic
sources include biomass combustion, fossil fuel burning,
vehicle exhaust, oil spills, waste incineration and various
industrial emissions.” Identifying PAH sources has received
extensive attention in aquatic organism protection and is
essential for pollution control of their growing environments.
Several tools and techniques are used to identify PAH sources,
such as diagnostic ratios, principal component analysis (PCA),
positive matrix factorization (PMF) and isotopic analysis.'***
Previous studies have applied these methods to source
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preventing and controlling PAH pollution in freshwater aquatic products.

apportionment of PAHs in marine organisms. Petroleum
pollution, coal and biomass combustion, and marine transport
emissions were identified as the main anthropogenic sources of
PAHs in marine organisms.'® However, current research on the
source identification for freshwater organisms is still somewhat
limited. Therefore, the application of these techniques is
required to offer comprehensive insights into PAH sources in
freshwater organisms.

To date, studies on PAH contamination have focused on the
marine environment and marine organisms. PAHs have been
determined in different species of marine organisms***¢ and the
marine environment, such as coastal sediments and water.'”>*
Apart from oceans, freshwater resources, such as lakes and rivers,
are also closely linked to human activity. Terrestrial life depends
on freshwater, which is the cornerstone of human survival and
development. Previous studies have reported PAH contamination
in the freshwater bodies of rivers and lakes,*° but as far as we
know, only a literature review has summarized the effects of
anthropogenic pollutants, including petroleum hydrocarbons
and PAHs, on freshwater organisms.”” There is a lack of studies
on the occurrence of PAHs in freshwater organisms. Moreover,
PAHs can easily accumulate in freshwater organisms through the
direct intake of contaminated water and food or through expo-
sure to polluted sediments.”” The effects of PAHs on freshwater
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organisms are both significant and multifaceted. PAHs can cause
acute or chronic toxicity, DNA damage, reproductive impairment,
developmental abnormalities, behavioral changes and immune
system suppression in freshwater organisms,” leading to
increased susceptibility to diseases and risks of mortality for
freshwater organisms. Owing to their hydrophobic properties,
PAHs tend to biomagnify in organisms at higher trophic levels via
the food chain®® and cause adverse health effects on the human
reproductive system and immune system,**?° posing increasing
risks to public health. Hence, it is urgent to advance the under-
standing of PAH contamination in freshwater organisms.

The global population intake of freshwater fish has grown
impressively over the past 30 years, and the growth has
increased from 2.86 kg per capital per year in 1990 to 8.18 kg per
capital per year in 2020, which is becoming the chief contri-
bution of high-quality protein intake, accounting for nearly 41%
of total protein intake.** China, as a major freshwater aqua-
culture country in the world, has the largest production of
freshwater fish in the world with total output stabilized at more
than 26 million metric tons, accounting for about 42.2% of the
total global production.** The food supply quantity of fresh-
water fish consumed per person in China has also increased
considerably over the past 30 years, reaching the top level of
17.83 kg per capital per year in 2017.%* Hubei province, Central
China, has a tremendous industry of freshwater aquaculture,
ranking first in the production of freshwater fish and crusta-
ceans. The surface area of freshwater lakes, ponds or reservoirs
reaches up to 5258.66 km?, ranking second in terms of the
freshwater aquaculture area in China.** Sufficient freshwater
resources are now in use for culturing both indigenous and
exotic species such as fish, crayfish and crab. Consequently, it is
necessary to determine whether freshwater organisms from
Hubei province are contaminated with PAHs. In this study, we
investigated the occurrence of 16 PAHs in freshwater organ-
isms, including fish, crayfish and crab in the typical freshwater
aquaculture area of Hubei, Central China. The content,
composition and possible sources of PAHs in freshwater
organisms were analyzed, and the incremental lifetime cancer
risks (ILCRs) in humans by consuming contaminated fresh-
water organisms were assessed. Although molecular diagnostic
ratios for PAH source identification and the ILCR model for
human exposure to PAHs have been well applied, there are still
some issues that remain to be solved. First, ratios of different
aromatic ring numbers can also offer a similar distinction
because pyrogenic PAHs are enriched in high ring members (5-
6 rings), while petrogenic PAHs contain lower ring number
homologues (1-4 rings). Second, there is a need to refine the
cancer risks for different life stages, especially for early-life
exposure, because children are regarded as vulnerable groups.
Based on this, we combined diagnostic ratios with principal
component analysis to improve the accuracy of source identi-
fication and adopted an age-dependent adjustment factor to
assess cancer risks for distinct population groups. The main
purposes of this study are to (1) explore the presence of PAHSs in
freshwater organisms from Hubei and their pollution charac-
teristics in different freshwater species from Hubei, (2) identify
possible sources of PAHs in freshwater organisms from Hubei,
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(3) evaluate the incremental lifetime cancer risks by consuming
freshwater organisms, and (4) compare the content of these
PAHs between marine and freshwater organisms.

Materials and methods
Chemicals and reagents

The mixed standard solution of 16 priority PAHs (naphthalene
(Nap), acenaphthylene (Acy), acenaphthene (Ace), fluorine (Flu),
phenanthrene (Phe), anthracene (Ant), fluoranthene (Flo), pyrene
(Pyr), benzo[a]anthracene (BaA), chrysene (Chr), benzo[b]fluo-
ranthene (BbF), benzo[k]fluoranthene (BKF), benzo[a]pyrene
(BaP), indeno[1,2,3-c,d]pyrene (IcdP), diben-zo[a,h]anthracene
(DahA), and benzo[g,h,/]perylene (BghiP) (2000 pg mL™')) was
obtained from Dr Ehrenstorfer (Augsburg, Germany). HPLC grade
acetonitrile (ACN, 99.8%) was purchased from Merck (Darmstadt,
Germany). Anhydrous magnesium sulfate (MgSO,), neutral
alumina sorbents and anhydrous sodium sulfate (NaSO,) with
analytical grade used in this study were purchased from Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China). Flash C18
was supplied by Bonna-Agela Technologies Inc. (Tianjin, China).

Study area and sample collection

Hubei is situated in the middle part of the Yangtze River and is
located at 29°05'-33°20'N and 108°30'-116°10'E. Rich in
freshwater resources, Hubei cultivated more than ten kinds of
precious freshwater species. Three characteristic and important
economic freshwater species in Hubei, red swamp crayfish
(Procambarus clarkii), Chinese mitten crab (Eriocheir sinensis)
and ricefield eel (Monopterus albus) were collected at 56
sampling sites from April 2021 to October 2022, involving Jianli,
Tianmen, Xiantao, Honghu, Qianjiang city, with a collection of
triplicate samples from each site. The detailed locations of
sampling sites and details of species are shown in Fig. 1 and
Table S1.f Samples of these freshwater species were rapidly
preserved at a temperature of 4 °C and transferred to the
laboratory in an ice box; after that, they were washed three times
with distilled water. Samples of three species were first narco-
tized, and the shells and gills of red swamp crayfish (Pro-
cambarus clarkii) and Chinese mitten crab (Eriocheir sinensis)
were incised with scissors. The skin of a ricefield eel (Monop-
terus albus) was removed, and then the edible portions of the
three species were dissected from the whole body.

Sample pretreatment and analysis

Two grams of homogeneous samples from freshwater organ-
isms were accurately measured in a 50 mL centrifuge tube, and
15 mL of acetonitrile was added. After thorough mixing, 3 g
MgS0, and 1.5 g NaSO, were added and then bath-sonicated for
10 min. After ultrasonic extraction, the extracts were centrifuged
at 6000g for 5 min. The 8 mL of supernatants were purified
using 0.5 g MgSO,, 0.5 g C18 and 0.2 g neutral alumina
sorbents. The 5 mL of purified supernatants were evaporated
under a mild nitrogen stream, and the residue was redissolved
into 1.0 mL of acetonitrile for GC-MS/MS analysis. GC-MS/MS
analysis was performed using a Thermo Scientific TSQ9000

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Distribution of sampling sites and freshwater organisms in the study area.

triple quadrupole mass spectrometer equipped with
a Trace1300 gas chromatograph and an AS1310 autosampler
(Thermo Fisher Scientific, USA). A TG-5MS capillary column (30
m X 0.25 mm X 0.25 pm, Thermo Fisher Scientific, USA) was
used as a separation column. The oven temperature was pro-
grammed to increase from 90 °C to 220 °C at 20 °C min~" and
finally increased to 300 °C at a 5 °C min~ " rate for 5 min. The
injection, MS transfer line and ion source temperatures were set
at 280 °C. The selected reaction monitoring (SRM) method was
employed to analyze all samples. The qualification of the 16
PAHSs was based on the characteristic ions and retention time,
and quantification was based on the calculation of the peak
areas. The characteristic ion pairs used for qualification and
quantification are shown in Table S2.7

Quality assurance/quality control (QA/QC)

To monitor the performance of quantitative analysis, a solvent
blank, a procedure blank and a matrix blank were run dupli-
cately with every 10 samples to check for any interference or
background contamination. The relative standard deviation
(RSD) among replicates was below 15%, and the procedural
blank samples contained no detectable amounts of PAHs. The
matrix-matched calibrations were prepared at five levels of 5.0,
10.0, 20.0, 50.0 and 100.0 ng mL~ ' for each PAH by spiking
a series of PAH dilutions in blank samples. The linear regres-
sion coefficients for calibration curves were >0.992. To estimate
the efficiency of pretreatment procedures towards the target
analytes, samples spiked with 16 PAH standards at three
concentrations (5.0, 10.0 and 50.0 ng g~ ') were measured six
times. The mean recoveries of 16 PAHs were 50.8-148.5%
(Tables S3-S5t).

Risk assessment

To evaluate the health risk for the consumer through the
consumption of freshwater organisms contaminated by PAHs,
the incremental lifetime cancer risk (ILCR) value was used for

© 2025 The Author(s). Published by the Royal Society of Chemistry

the risk assessment. The PAH estimated daily intake (EDI) was
evaluated as follows:

EDI (ng per kg bw per day) = CR x CF/BW,

where CR is the consumption rate of freshwater fish. Based on
the data provided by the FAO, the average consumption of
freshwater fish in China is 17.48 kg per year per person,* which
is equivalent to 47.9 g per day; CF is the PAH concentration
converted into BaP equivalent by multiplying the concentration
of each PAH congener with the toxic equivalent factors (TEFs)
(ng g ") in the studied organisms. The TEF is 0.001 for Nap, Ace,
Acy, Flu, Flo, Phe and Pyr; 0.01 for Chr, Ant, and BghiP; 0.1 for
BaA, BKF, BbF and IcdP; and 1 for BaP and DahA.?3?* BW is the
average body weight of people (70 kg for adults and 20 kg for
children). The incremental lifetime cancer risk (ILCR) arising
from a life-long consumption of freshwater organisms polluted
by PAHs was obtained according to the following equation:

ILCR = ED x EF x EDI x OF x ADAF x CF/AL,

where ED is the exposure duration (for adults set as 43; for
children set as 20); EF is the number of days of freshwater
organism consumption (365 day per year); EDI is the estimated
daily intake (ng per kg per person per day); OF is the oral
carcinogenic slope factor of BaP (7.3 kg per day per mg); ADAF
refers to age-dependent adjust factor, which was employed to
preferably estimate the cancer risk of exposure to PAHs (3 for
child; 1 for adult);*® CF is the conversion factor (1.0 x 10~ ® mg
ng '); and AL is an average life expectancy of 25 550 days.

Statistical analysis

The statistical data were analyzed using Microsoft Excel 2016
(Microsoft Co., Redmond, WA, USA) and Origin Pro 2019b
software (OriginLab Corporation, Northampton, MA, USA). A
paired t-test measure was used to compare the PAH pollution
characteristics between different species of freshwater
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organisms, and principal coordinates analysis (PCA) was per-
formed to identify potential sources. Briefly, the data of PAH
concentrations in freshwater samples were Z-score normalized;
then, the correlation matrix of the standardized data was
computed. After performing PCA on the correlation matrix
using Origin Pro 2019b software, factors with eigenvalues
greater than 1 were retained and rotated using the varimax
method. The rotated factors can be directly linked to potential
pollution sources, and the factor loadings can help to identify
the source categories.

Results and discussion

Concentrations and composition of PAHs in freshwater
organisms

In the studied freshwater organisms, > 16 PAH levels ranged
from 4.31 to 49.60 ng g~ '. The average of  16PAH concentra-
tion in the three species of freshwater organisms was 38.40 ng
g™, as shown in Table 1. The highest >"16PAH concentrations
were determined in ricefield eel (Monopterus albus), followed by
Chinese mitten crab (Eriocheir sinensis) and red swamp crayfish
(Procambarus clarkii). The concentration of ) 16PAH was
significantly different among the three species of freshwater
organisms. For the sixteen PAH compounds, only Acy, Phe and
BghiP were found in all freshwater species. Nap was detected
only in crayfish. BaA, BbF, BaP, Ant, Chr and DahA were only
found in ricefield eel. Flu appeared as the most abundant PAH
compound, followed by Phe and Ace in crab and fish, except for
crayfish, in which Phe was the most abundant compound. The
PAH distribution in different species is influenced by multiple
factors, including exposure, lipid content, nutrition and
metabolism of PAHs in fish.***” Significant correlations have
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been found between lipid content in the tissue of species and
many organic pollutants.®®** Higher lipid content than red
swamp crayfish (Procambarus clarkii) can be a reason for the
higher PAH levels in mitten crab and eel. It can also be found
that the culture modes among the three species are quite
different. The pond cage culture is a typical mode for ricefield
eel (Monopterus albus), while the rice-fish culture is the main
culture mode for mitten crab and crayfish. PAH levels in eels are
much higher than in the other two species. Different life habits,
feeding habits and exposure conditions of the three species can
be the main reason.

PAHs can be categorized as low-molecular weight PAHs
(LMW PAHSs; having less than four rings) and high-molecular-
weight PAHs (HMW PAHs; having 4-6 rings) by their structure
and volatility properties, which decline with the number of
benzene-fused rings and are also influenced by the connected
way of benzene rings.*®*' The composition profiles of the 16
PAH mixtures are shown in Fig. 2. The results showed that 3-
and 4-ring PAHs were the most abundant compounds in these
freshwater organisms, comprising 75% to 81% of the total, with
an average ratio of 77.3%. In all species, the composition of
LMW PAHs and HMW PAHs accounted for 28.9% and 71.1% of
the total, respectively. In crayfish, no 5 ring PAHs were found. In
crab and fish, no 2 ring PAH was detected, and LMW PAHs were
comparable to HMW PAHSs only in crab. The composition of
PAHs in the environment depends on their sources. Pyrogenic
PAHs (e.g., from combustion) are often associated with high-
molecular-weight (HMW) PAHs.***! Petrogenic PAHs (e.g., oil
spills) are dominated by low-molecular-weight (LMW) PAHs.***!
LMW PAHs are more water-soluble and bioavailable to pelagic
organisms, while HMW PAHSs are fatter-soluble and tend to
bind strongly to organic carbon in sediments, influencing their

Table 1 Concentrations (ng g~%) of 16 PAHs and >"PAHs in freshwater organisms collected from Hubei, Central China“

Total sample

Crayfish sample Crab sample Fish sample

PAHSs Average SD Median Min. Max. Average SD Average SD Average SD

Nap 0.41 0.0480 0.39 0.31 0.62 0.41 0.0480 n.d. — n.d. —

Acy 1.28 0.0630 1.30 0.08 2.85 0.18 0.0850 2.39 0.0600 1.27 0.0440
Ace 4.83 0.0052 4.83 2.41 6.84 n.d. — 3.13 0.0580 6.54 0.0460
Flu 6.18 0.0104 6.06 0.36 15.10 0.59 0.1380 9.76 0.0710 8.20 0.1020
Phe 5.96 0.0760 5.90 1.25 15.30 2.14 0.0650 2.63 0.0800 13.10 0.0820
Flo 0.80 0.0710 0.81 0.26 1.33 0.42 0.0280 n.d. — 1.17 0.1140
Pyr 0.60 0.0710 0.61 0.07 1.25 0.17 0.0560 n.d. — 1.03 0.0860
BaA 0.30 0.0440 0.29 0.19 0.48 n.d. — n.d. — 0.30 0.0440
BbF 2.66 0.0910 2.69 2.21 2.96 n.d. — n.d. — 2.66 0.0910
BaP 1.37 0.1080 1.37 1.08 1.69 n.d. — n.d. — 1.37 0.1080
Ant 3.23 0.0470 3.24 2.24 4.34 n.d. — n.d. — 3.23 0.0470
Chr 2.55 0.0720 2.41 2.30 3.56 n.d. — n.d. — 2.55 0.0720
BkF 2.02 0.0780 2.03 1.39 3.09 n.d. — 2.19 0.0950 1.85 0.0610
IcdP 1.27 0.0590 1.26 0.72 1.72 n.d. — 1.45 0.0970 1.09 0.0210
DahA 3.51 0.0990 3.55 2.75 4.11 n.d. — n.d. — 3.51 0.0990
BghiP 1.48 0.0660 1.40 0.15 4.11 0.41 0.0740 2.30 0.0420 1.72 0.0830
> PAHSs 38.40 0.0720 38.10 17.80 69.40 4.32 0.0710 23.90 0.0720 49.60 0.0730
2-3 rings 21.90 0.0650 21.70 6.65 45.10 3.32 0.0900 17.90 0.0630 32.30 0.0640
4-6 rings 16.50 0.0760 16.40 11.10 24.30 1.00 0.0530 6.00 0.0780 17.30 0.0780

“ 138 samples of crayfish, crab and eel were carried out. n.d.: not detected. SD: standard deviations. > PAHs: the total concentrations of 16 PAHs.
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Fig. 2 Composition patterns of PAHs in freshwater organisms from
Hubei.

bioavailability to benthic organisms. Although mitten crabs
share benthic characteristics with Monopterus albus and Pro-
cambarus clarkii, their unique migratory behavior sets them
apart. Their catadromous migration (freshwater to brackish
water) may expose them to varying PAH levels in different
environments. This might be the main reason for the varying
PAH composition patterns in freshwater organisms.

The concentrations of PAHs in freshwater organisms from
Hubei were compared with those from a few other regions
around the world. The concentrations of PAHs observed in the
present study were very similar to those of marine organisms
from Mischief Reef in the South China Sea (12.8 to 81.3 ng g "
in 44 marine organisms)* and higher than those from the
northern coast of the Campania region (1.7 ng g * in the muscle
of warty crabs)*® and Korea (2.13 ng g~ in fishery products).**
Nevertheless, the contents of PAHs determined in the present
study were obviously lower than those from Poyang Lake in
China (53.9 to 513 ng g " in different tissues of fish),* South
Yellow Sea, China (86.37 to 350.53 ng g ' in marine organ-
isms)" and those from northeastern Brazil in liver samples of
green turtles.*® Taken together, the crayfish and crab samples
tested in this study were mildly contaminated, and fish samples
were moderately contaminated by PAHs compared with
previous reports on aquatic organisms throughout the world.

Source identification of PAHs

In this study, possible sources of PAHs in freshwater organisms
were identified by applying molecular diagnostic ratios and
principle component analysis.

Molecular diagnostic ratios. Molecular diagnostic ratios
(MDRs) are a typical method for identifying the possible sources
of PAHs.**® Molecular ratios, such as Ant/(Ant + Phe), Flo/(Flo +
Pyr), IcdP/(IcdP + BghiP) and BaA/(BaA + Chr), have been widely
employed in PAH source apportionment analysis. If Ant/(Ant +
Phe) > 0.1, it is usually taken as an indicator of pyrogenic
sources, including coal and biomass burning and petroleum
combustion. If Ant/(Ant + Phe) < 0.1, it is considered an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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implication of petroleum origin. For Flo/(Flo + Pry), a ratio value
> 0.5 indicates PAHs originating from grass and wood
combustion. However, the ratio values are in the range of 0.4-
0.5, implying petroleum fuel combustion, and the value < 0.4
signifies a petrogenic source. Based on our results, only ricefield
eels were the most abundant in PAHs; then, two molecular
ratios, Ant/(Ant + Phe) and Flo/(Flo + Pyr) were calculated to
confirm probable sources of PAHs in ricefield eels from 14
sampling sites owing to the definite interpretation.

As illustrated in Fig. 3, the results of Ant/(Ant + Phe) were all
higher than the value of 0.1, suggesting a petrogenic combus-
tion source. The ratios of Flo/(Flo + Pyr) ranged from 0.22 to
0.88, and the majority of values were higher than 0.5, implying
that PAHs mainly came from biomass and bioenergy combus-
tion (e.g. agricultural residues, grass and wood combustion).
From the molecular indices, 4 sampling sites in Tianmen are
contaminated by petroleum combustion, and 10 sampling sites
in Xiantao are contaminated by biomass combustion. These
results demonstrate that the sources of PAHs in ricefield eels
from 14 sampling sites could arise from a mixture of petrogenic
combustion and biomass combustion. Combustion-related
contamination is the dominant source. The differences in the
sources of PAHs in Tianmen and Xiantao may be related to the
influence of environmental factors.

Principle component analysis. Principle component analysis
(PCA) is an effective tool primarily used for quantitative source
analysis to analyze the contribution rates from various types of
pollutant sources.***® Because ricefield eels were the most
abundant in PAHs, all results from ricefield eel samples were
applied for PCA. The PCA results are shown in Table 3. The PCA
results showed that three factors constituted the majority
(86.0%) of the total variance of the data in the ricefield eels
(Table 2). Factor 1 could explain 54.5% of the total variance and
was mainly loading for 4-6 ring PAHs, which were BaA, BaP,
IcdP, DahA and BghiP, mainly originating from vehicular
exhaust emissions.”® Vehicular exhaust emissions were the
major contributors of the PAH sources in the atmospheric

~ Petrogenic Biomass
06 Petrogenic  combustion ~ combustion
0.5 S
s 2
2 0.4 g
?I-_ = (&)
é&:'/ 0.3 1 .
= n ]
S 0.2 ] [ .
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Fig. 3 Molecular diagnostic ratios of Ant/(Ant + Phe) and Flo/(Flo +
Pyr) in freshwater organisms.
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Table 2 Principal coordinates analysis results for ricefield eels in the
study area“

PC1 PC2 PC3
Nap 0.000 0.000 0.000
Acy —0.147 0.366 0.257
Ace —0.118 0.289 0.921
Flu —0.184 0.804 0.036
Phe —0.209 0.766 —0.307
Flo —0.188 0.180 —0.524
Pyr —0.164 0.324 0.332
BaA 0.724 0.181 —0.092
BbF 0.284 0.005 0.233
BaP 0.735 0.181 —0.092
Ant —0.216 0.293 —0.183
Chr 0.258 0.319 —0.132
BKF 0.316 0.049 0.202
IcdP 0.720 0.180 —0.091
DahA 0.755 0.181 —0.092
thiP 0.731 0.167 —0.055
Variance 54.5% 23.6% 7.9%

“ Principal coordinate analysis loading value higher than 0.7 is marked
in bold.

aerosols, which accounted for more than 70% of the air pollu-
tion.*>** Therefore, factor 1 was recognized as a typical marker
for vehicular exhaust emissions. Factor 2 was moderately
loaded on Flu and Phe, contributing to 23.6% of the total vari-
ance. According to previous studies,*** Flu and Phe derived
from coke oven emissions. As the world's main supplier of coke,
China's making of coke makes up 60% of the world's coke
output, with serious pollution problems.*® Thus, factor 2 could
be observed as a sign of a coke source. Factor 3 accounted for
7.9% of the total variance, and this component was heavily
loaded by Ace. Ace mainly occurs in coal tar produced during
high-temperature carbonization.>”*® Thus, factor 3 was inter-
preted as biomass and bioenergy combustion. The PCA analysis
identified and apportioned the major sources of PAHs into
three, designated as vehicular exhaust emissions, coke and
biomass and bioenergy combustion. To delve deeper into the
impact of PAH sources on the study area, the distributions of
source contributions were estimated. In the study region,
vehicular exhaust emissions contributed to 54.5% of PAHs.

View Article Online
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These sources were concentrated in the east-central of the study
area with extensive traffic activities, indicating that exhaust
emissions from fuel vehicles played a substantial role. Coke
source contributed 23.6%. These sources were concentrated in
the northeastern part of the study region, which is characterized
by numerous factories and residences. Biomass and bioenergy
combustion contributed 7.9%. These sources were concen-
trated in the southern part of the study area and featured
agricultural land and a large park, which was strongly influ-
enced by daily human activities and biomass burning. Overall,
the application of MDR and PCA successfully identified a major
source of PAHs in freshwater organisms from Hubei, Central
China. All these sources were responsible for over 85% of the
total variance of the data and were combustion-related
contamination.

Human health risk assessment

Freshwater organisms are considered an excellent source of
high-quality protein for people to improve their nutritional
status and health.* It is essential to assess the risk to people
through the consumption of freshwater organisms contami-
nated by PAHs. A widely accepted guidance on risk criteria for
carcinogens, which is defined at an acceptable risk level of 1.0 x
107° and a priority risk level of 1.0 x 10~*, was applied for
evaluation. As shown in Table 3, the mean EDI values of total
PAH for adults were 0.0052 ng per kg bw per day for crayfish,
0.28 ng per kg bw per day for crab and 3.82 ng per kg bw per day
for fish, while those for children were 0.019 ng per kg bw per day
for crayfish, 0.97 ng per kg bw per day for crab and 13.37 ng per
kg bw per day for fish. High intake and long-term exposure to
PAHSs could increase the cancer risk.*>** Consequently, incre-
mental lifetime cancer risk was essentially calculated. The mean
ILCR values calculated from human exposure to 16 PAHs
through consumption of freshwater organisms for adults were
2.45 x 10~ for crayfish samples, 1.24 x 10° for crab samples
and 1.71 x 10~ for fish samples, while those for children were
1.19 x 1077 for crayfish samples, 1.73 x 10~ ° for crab samples,
and 8.36 x 10> for fish. Therefore, for all tested freshwater
species, the mean ILCR values were slightly over the minimum
risk level (1.0 x 10~°) for crabs and remarkably higher for fish
than the minimum risk level (1.0 x 10~°), but all ILCR values

Table 3 Estimated daily intake (EDI) and incremental lifetime cancer risk (ILCR) of consumers through the consumption of freshwater organisms

contaminated by PAHs

Estimated daily intake
(EDI) of a total of 16
PAHs for adults

B[a]P equivalent
concentration of total

Incremental lifetime
cancer risk of total 16- PAHs for children
PAHSs for adults

Estimated daily intake
(EDI) of a total of 16 ~ Incremental lifetime
cancer risk of total 16-

(ng per kg bw per day) PAHs for children

Species 16-PAHs (ng g ") (ng per kg bw per day)
Red swamp crayfish 0.0080 0.0052

(Procambarus clarkii)

Chinese mitten crab 0.41 0.28

(Eriocheir sinensis)

Ricefield eel 5.58 3.82

(Monopterus albus)

10768 | RSC Adv, 2025, 15, 10763-10773

2.45 x 10°® 0.0191 1.19 x 1077
1.24 x 107° 0.97 1.73 x 107°
1.71 x 107° 13.37 8.36 x 10°°
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were below the maximum risk level (1.0 x 10~ *). These results
suggested that the contamination levels of the 16 PAH in the
tested freshwater organism showed a noticeable carcinogenic
risk for consumers. Only the mean ILCR of total PAHs in cray-
fish samples was excluded in the range from 10 ° to 10~ *. Based
on this, both the mitten crab and ricefield eel within the study
region were beyond the acceptable threshold. Moreover, chil-
dren are more vulnerable to PAH exposure than adults owing to
their lower body weight and less developing bodies. Bio-
accumulation also increases PAH concentration in freshwater
organisms compared to that in sediment owing to the uptake
through all the routes of exposure, including dietary intake,
dermal absorption, and biological heritage.***” Furthermore,
our study is based on raw uncooked aquatic products. A
previous study on the comparison of PAH content between fresh
raw fish and processed fish proved that processed fish tend to
have a higher content of PAHs than raw fish because PAHs are
easily formed at high temperatures during the cooking
process.®” The cooking process might greatly increase the
chance of exposure to PAHs and increase the risk of cancer in
consumers.

Comparison of PAH concentrations between marine
organisms and freshwater organisms

Compared with PAH studies on marine organisms, researchers
are far less concerned about the pollution level of PAHs in
edible freshwater organisms. Previous studies on PAHs accu-
mulated in edible marine organisms worldwide indicated
higher levels of PAHs than in freshwater organisms in our
study. The levels of 16 PAHs were within the 29.73 to 87.02 ng
g concentration range in marine organisms from the coastal
area of the East China Sea,” 94.88 to 557.87 ng g ' in marine
wild organisms from the South China Sea,** 81.499 to 5895.608
ng ¢~ in some commercially important marine fish from the
north western Gulf of Suez, Egypt®® and were 326-451 ng g~ in
edible marine fish from Kharg Coral Island, Persian Gulf.*
Coastal marine areas are heavily monitored, while studies on
freshwater areas might be more scattered. This could introduce
bias in the estimation of PAHs in marine organisms and

[] Freshwater organisms
I Marine organisms

Average concentration of PAHs

B e o v R KT

Fig. 4 Comparison of PAHs between marine and freshwater
organisms.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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freshwater organisms, making it seem that marine organisms
have higher PAH levels because they have been studied exten-
sively in polluted regions. Therefore, 16 PAHs in marine shell-
fish samples collected from Zhejiang, China were determined in
this study. As shown in Fig. 4, the average values of PAH
concentrations in marine shellfish samples were all higher than
those in freshwater organisms, except for BbF. Nap, Acy, Ace,
Flu, Phe, Flo, Pyr, BaA, BaP, IcdP, and BghiP were significantly
higher than those in freshwater organisms. The results could be
attributed mainly to environmental factors. The behaviors of
marine PAHs can be influenced by oceanographic processes.*”**
Oceanographic processes, such as ocean currents, fronts and
eddies, and air-sea interactions can impact the distribution of
PAHs and marine dynamics by changing the surrounding
temperature, nutrient levels, or productivity.”® The different
patterns in the vertical distributions of PAHs are related to the
ocean primary productivity and stratification index. Intensified
stratification could prompt the accumulation of PAHs.” In the
freshwater environment, the behaviors of PAHs depend more
on human activity, such as industrial wastewater discharge,
traffic-related fuel combustion, garbage dumping and domestic
heating. Rapid urbanization and industrialization for humanity
produced large amounts of PAHs. They can be emitted into
urban rivers and lakes, greatly affecting the quality of aqua-
culture water. PAHs were detected in 44 lakes in China, with
a median concentration of 55.88 ng L™ '.>* Among them, East
Lake, located in Hubei, is the largest lake within a city in China,
with 16 PAH concentrations of 36.95 + 13.76 ng L' and 897.08
+ 232.34 ng g ' in water and sediment, respectively.”® The
occurrence of PAHs in aquatic organisms could also be strongly
influenced by processing methods, such as boiling, frying and
smoking.””> Smoked fish is one of the favorite foods
throughout history, and it is tasty and can be stored for a long
time. The smoking procedure involves treating pre-salted,
whole, eviscerated, or filleted fish with wood smoke. The
major components of wood are broken down in the burning
process to form smoke and unique flavor substances, PAHs. It
was reported that the amounts of BaP and PAH4 in Cambodian
smoked freshwater fish exceeded the maximal limit set by the
European Commission.®* Similarly, the mean concentrations of
both BaP and PAHs in smoked catfish in Italy exceeded the EU
maximum limits.” There is no certainty about whether marine
organisms or freshwater organisms are safer. By understanding
only the characteristics and risks of marine organisms and
freshwater organisms and adopting appropriate processing
methods, we can fully ensure the safety and health of our diet.

Conclusions

In the current study, we provided important data on the pollu-
tion characteristics, possible sources and health risks of PAHs
in freshwater organisms from Hubei, Central China. The overall
average concentration of > 16PAH in the studied freshwater
organisms was 38.40 ng g~ ', which was a moderately contami-
nated level. 3-4 ring PAHs were dominant in freshwater
organisms. HMW PAHs accounted for approximately three
quarters of all samples. PAHs in freshwater organisms are
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derived mainly from vehicular exhaust emissions, a coke source
and biomass and bioenergy combustion. The incremental life-
time cancer risk assessment indicated that the risk value of
PAHs in fish was one magnitude higher than 107°, with
potential carcinogenic risks to human beings. Compared with
marine organisms, the average PAH levels were lower in fresh-
water organisms, coinciding with other related reports around
the world. According to the study, emissions of vehicular
exhaust and coal tars should be reduced to prevent and control
PAH pollution in freshwater aquatic products. In the future,
more attention should be paid to the environmental situation in
freshwater regions and study the environmental behavior of
persistent toxic substances. More samples of freshwater
organisms at different locations are needed for further investi-
gation. More experimental studies are necessary to reveal the
specific mechanism of PAH migration in the freshwater body.
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