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Abstract: Per- and polyfluoroalkyl substances (PFASs) are bioactive surfactants that are widespread
in the environment and living organisms. This study presents measurements of PFAS in selected
food of plant origin that are part of the healthy eating pyramid, including bread, rolls, flour, bran,
buckwheat, millet, rice, and noodles. A simple and reliable analytical method was developed for the
simultaneous determination of seven perfluorocarboxylic acids (PFCAs) and three perfluoroalkane
sulfonates (PFSAs) in cereal-based products. Out of the 10 PFASs, 5 PFASs were detected at levels
above LOQ. The most frequently detected compound was perfluorooctanoic acid (PFOA), which was
quantified in 65.2% of samples, while none of the others were present in more than 40.0% of tested
products. Perfluorobutanoic acid (PFBA) was the predominant PFAS in cereal-based products, and its
maximum measured concentration was 202.85 ng/g for wheat bran. The soil-root-shoot interactions
in relation to PFAS transfer to the above-ground parts of plants and PFAS’s ability to interfere with
proteins are most likely the sources of these compounds in commonly consumed cereal products. As
PFBA contributes greatly to total PFAS concentration, this food group should be included in future
dietary exposure assessments.

Keywords: perfluoroalkyl substances (PFASs); micro-HPLC-MS/MS; QuUEChERS; crops; cereal
products; health risk

1. Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFASs) are purely synthetic organic
compounds that have been produced and used since the 1950s. In general, PFASs are
aliphatic substances in which some or all hydrogen atoms have been replaced by fluorine
atoms (polyfluorinated or perfluorinated, respectively) [1]. Their chemical structure makes
them highly resistant to most methods of degradation, especially thermal, chemical, and
microbial (biochemical) [2]. Thus, PFASs have been declared persistent organic pollutants
(POPs). Due to their amphiphilic features, which result from the combination of PFAS
molecules’ polar and non-polar structures, PEASs demonstrate low aqueous surface tension
and the property of associating with both water and oil phases. As a result of their
widespread use in household and industrial commodities, as well as their high persistence
and good water solubility, PFASs are spread quickly through the environment, wildlife, and
humans [3,4]. Many investigators confirmed that PFASs accumulate at different levels of
the trophic web. Therefore, they may pose a significant risk both for plants that accumulate
high PFAS concentrations and also for humans due to the dominant negative biological
activity. Some scientific reports indicate the over-generation of reactive oxygen species
(ROS) in plants upon PFAS exposure [5,6]. Thus, PEAS-contaminated plants may display
hypersensitive symptoms at physiological, biochemical, and molecular levels, causing the
loss of biomass, disorders of the cellular system, and metabolic anomalies [7]. These pollutants
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enter the human body and accumulate preferentially in the liver and lungs, but their presence
has also been confirmed in the brain, bone, kidney, and serum [8,9]. Consumption of PFAS-
contaminated agricultural products could perturb some life processes by their biological
activities in human cells. PFASs’ toxicity is associated with a number of harmful health effects,
including cancer and developmental and reproductive damage [10].

Cereals and cereal products are staple foods in the everyday human diet [11]. They
consist of carbohydrates (75%) and protein (6-15%), thus providing a major proportion
of dietary energy and nutrients [12]. Scientific findings indicate that the inclusion of
cereals and their derivatives in the diet could supply folate, dietary fiber, proteins, B-group
vitamins, and some minerals, such as iron, manganese, and zinc [13-15]. Moreover, the
consumption of wholegrains is preferential as they are more beneficial and improve the
quality of the diet. These nutrient-dense foods may be described as contributors to lipids,
vitamin E, and other minerals (e.g., Ca, Mg, K, P Na) [16]. Currently, global consumption
of cereals is projected to grow at 1.2% a year over the period under consideration in the
OECD-FAO Agricultural Outlook 2021-2030 [17]. After fruits and vegetables, consumption
of this group of foodstuffs was highest, which is in good agreement with the Pyramid of
Healthy Nutrition and Physical Activity recommendations [18].

Globally, many PFASs have been found in a wide range of environmental and bio-
logical matrices, such as ambient air [19], soils and sediments [20], surface waters and
groundwaters [21], wastewaters [22], and biota [23]. Therefore, these substances have
been indicated in many edible plant species, including fruits and vegetables or agricultural
crops [24-27]. The main sources of PFASs in the environment are considered to be industries
that produce and use them [28], effluents from wastewater treatment plants (WWTPs) [29],
sewage sludge used as a soil conditioner [30], leaches from landfills [31], waters close to
fire-training locations and airports [32], and field irrigation with contaminated waters [33].
In general, organic substances may enter plant tissues via the roots and foliar uptake from
soil/water and the atmosphere, respectively [34]. An octanol-water partitioning coefficient
(Kow) was adopted to assess the equilibrium distribution of non-ionic organic contaminants
between plant roots and external media [35]. For perfluoroalkyl acids (PFAAs), due to their
hydrophobic and oleophobic nature and the presence of an ionogenic functional group that
increases water solubility, the determined Ko coefficient is not appropriate for PFAS be-
cause it may be imprecise [32]. Nevertheless, log Kow of 1-4 may account for the increased
uptake of PFAS [36]. A more comprehensive parameter used to compare different plant
species with respect to their ability to accumulate PFAS could be the bioconcentration factor
(BCF), which is commonly described as the ratio of analyte concentration in soil /substrate
and a given plant tissue [37]. In general, as PFAS chain length increases, water solubility
decreases [38]. Moreover, some PFASs with chain lengths C < 6 and C < 7 for PFSAs and
PECAs, respectively, are regarded as non-bioaccumulative and highly soluble, with reduced
sorption tendency in solids which results in greater mobility in the environment [39,40].
Some studies indicate that PFASs’ affinity to phospholipids could play a significant role
in plant tissue distribution [41]. The recent literature shows that there are wide variations
in terms of PFASs” accumulation abilities and their distribution patterns in plant tissues.
Nevertheless, with respect to edible parts, protein and lipid contents play a major role in
these variations [42].

To the best of our knowledge, the existing literature provides little information on the
determination of PFAS levels in cereal-based products. Thus, the aim of the study was
to investigate the presence of 10 PFASs (the PFCAs were perfluorobutanoic acid (PFBA),
perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid
(PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA) and perfluorode-
canoic acid (PFDA); the PFSAs were perfluorobutane sulfonate (PFBS), perfluorohexane
sulfonate (PFHxS) and perfluorooctane sulfonate (PFOS)) in various cereal products, such
as flour, bran, bread and rolls, buckwheat, millet, rice, and noodle. The structures of
the investigated analytes are shown in Figure S1 (Supplementary Materials). The broad
scope of this study should help to indicate the range of PFAS contaminations, their levels,
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and the potential hazard to human health posed by a diet containing cereal-based prod-
ucts. Samples were treated by using a modified QuEChERS method with a dispersive
solid-phase extraction step, after which they underwent chromatographic analysis (with a
micro-HPLC-MS/MS system).

The results of this research constitute part of a project grant which covers the analysis
of levels of perfluoroalkyl substances in food groups that form a healthy eating pyramid.
Based on current and previous results, a model daily food intake may be calculated.

2. Materials and Methods
2.1. Reagents and Materials

MS grade chemicals (acetonitrile (MeCN), methanol (MeOH), water (H,0O), and formic
acid (FA)) were supplied by Sigma Chemical Co. (St. Louis, MO, USA). HPLC grade
MeCN (for the extraction step) was purchased from Merck KGaA (Darmstadt, Germany).
Magnesium sulfate anhydrous p.a. (MgSO,) and sodium chloride p.a. were obtained from
POCh SA (Gliwice, Poland). The ENV (styrene-divinylbenzene) SPE Bulk Sorbent that was
used for the clean-up process (d-SPE step) was sourced from Agilent Technologies (Santa
Clara, CA, USA). A Milli-Q system derived from Millipore (Bedford, MA, USA) was applied
for water purification. For sample pretreatment, a number of instruments, especially a
crusher (Phillips, Warsaw, Poland), vortex mixer (IKA Poland, Warsaw, Poland), ultrasonic
bath (POLSONIC, Warsaw, Poland), MPW-352R centrifuge (MPW Med. Instruments,
Warsaw, Poland), and Vacuum Concentrator Plus (Eppendorf AG, Hamburg, Germany)
were employed in this study.

A native standard mixture consisting of 10 PFASs (7 PFCAs: PFBA, PFPeA, PFHxA,
PFHpA PFOA, PENA, and PFDA; 3 PFSAs: PFBS, PFHxS, and PFOS) was supplied as
5 ug/mL methanolic solution with purity above 98% by Wellington Laboratories, Inc.,
(Guelph, ON, Canada). Perfluoro-n-[13Cg] octanoic acid (L-PFOA) and sodium perfluoro-1-
[3Cg] octanesulfonate (L-PFOS), mass-labeled internal standards (IS), hereinafter referred
to as IS; and IS,, respectively, were also purchased from Wellington Laboratories, Inc.,
(Guelph, ON, Canada). A total of 1.2 mL of each standard was supplied as a methanolic
solution (purity above 98%) with a concentration of 49 ug/mL and 50 pg/mL for IS,
and IS,, respectively. The intermediate and working-standard solutions of native PFASs
were prepared in an 80:20 (v:v) water /methanol mixture with 1% (v:v) of FA addition at a
concentration of 100 ng/mL and 1 ng/mL, respectively. Internal standard solutions were
prepared in line with the abovementioned procedure.

2.2. Sample Collection

In this study, a total of 89 food samples containing cereals and cereal products that
are commonly available on the Polish market were examined. Samples were purchased
locally in 2017 in different types of stores. Different types of foodstuffs, such as flour (wheat
and rye), bran (wheat and rye), bread (boltona type and wholemeal type), rolls (wheat
and graham), buckwheat (unroasted and roasted), millet, rice (white and brown), and
pasta/noodles (plain and durum) were included in the trial. All of them were carefully
selected from the entire range available in shops. Products were stored in accordance with
their recommended storage conditions and analyzed before the end of the expiry date on
the packaging. Ten grams of each representative sample was collected, except for bran, for
which five grams of sample was taken for analysis. Each sample was examined in triplicate.

2.3. Sample Preparation

In the solid sampling analysis, a modified QUEChERS method with dispersive Solid
Phase Extraction (d-SPE) was used according to a previously described method [22].
Micro-high-performance liquid chromatography-tandem mass spectrometry (micro-HPLC-
MS/MS) was applied for the simultaneous determination of 10 PFASs. This procedure,
which was the same for samples and for sample blanks, consisted of the following steps:
(1) All the samples, except flour, were ground; (2) An amount of 5g (for bran) or 10 g (for
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the other products) of sample was accurately weighed into a 50 mL polypropylene (PP)
centrifuge tube; (3) The samples were fortified with 10 pL of IS; and IS, solutions, both
with a concentration of 2.5 ng/mL; (4) An amount of 10 mL of deionized water and then
10 mL of extraction solvent (MeCN with 150 uL of FA) was added; (5) The tubes were
placed in an ultrasonic bath for 2.5 min and then mixed vigorously for 1 min (using a
vortex mixer); (6) An amount of 4 g MgSO,4 and 1 g NaCl were added to each tube, and
the mixture was immediately vortex-mixed for 1 min; (7) The mixture was centrifuged for
15 min at 8700 RCF and 4 °C; (8) An amount of 6 mL of MeCN extract was transferred to
a 15 mL PP centrifuge tube containing 0.15 g ENV SPE Bulk Sorbent and 0.90 g MgSOy;
(9) The mixture was vortexed immediately for 30 sec; (10) The tubes were centrifuged
(5 min, 5000 RCF and 4 °C) for phase separation; (11) An amount of 4 mL of supernatant
was put into round-bottom tubes just after passing through a paper filter with 12-15 um
pore size (MUNKTELL-FILTRAK, Germany); (12) The tubes containing extract were put
into vacuum concentration, where they were evaporated to dryness at a temperature of
40 °C; (13) The residue was reconstituted with 1 mL of MeOH and diluted fivefold with
deionized water with 1% (v/v) of FA addition; (14) Finally, each sample was injected into
the micro-HPLC-MS/MS. All samples were prepared in triplicate.

For the construction of calibration curves, wheat flour was used as a blank sample extract.
A series of standard solutions at concentrations ranging from 0.01 to 20 ng/mL were pre-
pared to create a matrix-matched calibration curve in accordance with EU recommendations
(2010/161/EU) [43]. To each standard solution, 10 puL of L-PFOA and L-PFOS (concentration
of both: 2.5 ug/mL) was added. Blank samples were prepared in parallel in MeCN.

Due to the lack of suitable certified reference materials for laboratories analyzing
PFAS in cereal products and related foods, the recovery ratio of the analyzed compounds
was investigated. Recovery studies involved spiking the samples of wheat flour with the
standard solution of PFAS to a fortification level of 5 ng/g.

2.4. Instrumental Analysis

PFASs were analyzed by micro-high-performance liquid chromatography-tandem
mass spectrometry (micro-HPLC-MS/MS). Chromatographic separation was performed
on an Eksigent LC200 System (AB SCIEX, Concord, ON, Canada) equipped with a column
oven containing a HALO C18 analytical column with dimensions of 50 mm x 0.5 mm
and 2.7 um particle diameter (Eksigent, Concord, ON, Canada). The temperatures of the
column oven and the autosampler were kept at a constant 45 °C and 4 °C, respectively.
The mobile phases were A) water with 0.1% (v/v) of FA, and B) MeCN with 0.1% (v/v) of
FA at a flow rate of 20 uL/min. The gradient elution changed according to the following
conditions: we started with a 0.5 min isocratic step at 40% of solvent B; this was ramped
up to 90% over 2.5 min, held at 90% for 1 min, then ramped down to 40% over 0.2 min;
finally, it was held at 40% for 0.8 min. Quantifications of PFASs were carried out using a
QTRAP 5500 (AB SCIEX, Concord, Canada). The negative ESI mode was chosen due to the
better signal-to-noise ratio. Multiple reaction monitoring (MRM) mode was employed in
the experiment. The retention times and MRM ion pairs of analyzed PFAS are summarized
in Table S1 (Supplementary Materials). The parameters of the instrumental analysis were as
follows: curtain and collision gas flow were 25 L/min and 9 L/min, respectively; ionspray
voltage was —4500 V; the temperature was set to 350 °C; 1 ion source and 2 ion source gas
flow was 30 L/min and 35 L/min, respectively; declustering potential ranged from —30 to
—85 V; entrance potential was —10 V; collision energy ranged between —10 and —65 eV;
and the collision cell exit potential range was from —10 to —38 V [44]. The analytical data
were recorded using Analyst Software (AB SCIEX, Concord, ON, Canada) (version 1.5.2).

2.5. Statistical Analysis

All statistical tests were performed with Statistica 12.0 software (StatSoft Inc.,
Tulsa, OK, USA). The normal distribution of variances was checked using the Shapiro-Wilk
test. Levene’s test was used to examine the normality of variances. Subsequently, the
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Kruskal-Wallis H non-parametric test was performed to test for statistically significant
differences between variables. The significance level was set at p < 0.05. Additionally,
hierarchical cluster analysis (HCA) was conducted.

3. Results
3.1. Validation and Quality Control

The PFAS determination method was tested in terms of its recovery, repeatability, lin-
earity, sensitivity, the limit of detection (LOD), and limit of quantification (LOQ), according
to the general requirements set out in ISO standard 17025.

The accuracy of the method was verified by recovery studies by spiking the test
sample of wheat flour with the standard solution mixture. PFAS native standard mixture
(100 ng/mL) was inserted into the sample at a volume of 62.5 uL to obtain a fortifi-
cation level of 5 ng/g. The recovery value was determined based on the following
equation (Equation (1)):

R =(c/cp) x 100% €))

where:

c—mean analyte concentration in the reference material;
co—nominal concentration of the analyte in the reference material [45].

The recovery values were in good agreement with Commission Recommendation
2010/161/EU on the monitoring of perfluoroalkyl substances in food (of 70-120%); it
varied from 87% for PFBA to 102% for PFOA. The repeatability was assessed to be below
10% for all analytes. The linearity of the method was tested by designating the equations
of the calibration curves (y = ax + b) and computing the corresponding coefficient of
determination (R?) for all analyzed PFAS in the concentration range from 0.01 to 20 ng/mL.
The calibration slope coefficient (a) was a determinant of the sensitivity of the method. The
highest sensitivity was calculated for PFHS (7.786); the lowest was for PFDA (0.965).

The limit of detection (LOD) was calculated as three times higher than the level of
noise using the qualifier ion, and the limit of quantification (LOQ) was equal to ten times
the noise level. The level of noise was measured from the chromatograms obtained for
the standard solutions with the lowest concentration, i.e., 0.01 ng/mL. The LOQ for the
used method was calculated as the signal-to-noise ratio, which ranged from 0.043 ng/g for
PFHS to 0.072 ng/g for PFHXA. The results correspond well with the value specified in
Commission Recommendation 2010/161/EU (1 nug/kg).

The calibration curves were constructed by plotting the ratio of the peak areas of
particular analytes, divided by the peak area of the L-PFOA (for PFCA) and L-PFOS (for
PFSA) against the concentrations of the analytes. The analyte signal from the blank matrix
was subtracted from the corresponding analyte signal from the fortified samples.

Table 1 summarizes the obtained results and contains the recovery values, limits of
detection (LODs), limits of quantification (LOQs), coefficients of determination (R?), and
calibration slopes (a) determined for PFAS.

3.2. Analysis of Real Samples

In order to improve the transparency of the data and provide a better demonstration of
the results, the analyzed food items were divided into three subgroups. Thus, three separate
tables were prepared: Table 2—flours and brans; Table 3—noodles, rices, and groats;
Table 4—bread and rolls (baked cereal-based products). The presence of 10 PFASs was
examined in this study. Only five of them were found in concentrations above LOQ, namely
PFBA, PFPeA, PFHxA, PFOA, and PFOS. PFOA was indicated as the most frequently
detected perfluoroalkyl substance during the experiment. PFOA was detected (at a level
above LOQ) in 65.2% of samples, followed by PFBA (39.3%), PFHXA (21.3%), PFOS (14.6%),
and PFPeA (11.2%). In the group of flours and brans, only PFBA was found at levels above
LOQ at the concentration range of 0.88 to 202.85 ng/g for wheat flour and wheat brans,
respectively. The presence of four of the five detected compounds (PFBA, PFPeA, PFOA,
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and PFOS) was confirmed in the subgroup of noodles, rices, and groats (PFHxA levels were
below LOQ for all samples). In the case of baked cereal products, PFOA and PFHxA were
found at detectable levels. PFOA was identified in all the analyzed samples, but PFHxA
was detected only in bread samples.

Table 1. Data of the quantification of determined PFAS.

LOD LOQ

2 o,
PFAS a R [ng/g] [ng/g] Recovery [%]
PFBA 3.552 0.998 0.018 0.061 87
PFPeA 4.026 0.999 0.019 0.064 89
PFHxA 2.715 0.999 0.022 0.072 93
PFHpA 1.662 0.999 0.014 0.047 97
PFOA 2.506 0.999 0.016 0.052 102
PENA 1.626 0.999 0.015 0.050 94
PFDA 0.965 0.999 0.018 0.061 89
PFBS 7.709 0.999 0.021 0.070 99
PFHxS 7.786 0.997 0.013 0.043 96
PFOS 2.940 0.999 0.017 0.057 94

Abbreviations: a—calibration slope; R2—coefficients of determination; LOD—Ilimit of detection; LOQ—Ilimit
of quantification.

Table 2. PFAS content in analyzed flour and bran samples.

Content of PFAS [ng/g]

Sample Number Wheat Flour Rye Flour Wheat Bran Rye Bran
1 2.15 6.16 103.27 42.18
2 3.56 22.99 56.03 133.27
3 0.88 5.93 84.18 17.80
PFBA 4 2.05 45.58 152,11 64.49
5 3.31 19.61 202.85 58.82
range 0.88-3.56 6.16-45.58 (20.05 56.03-202.85 17.80-133.27
(mean =+ SD) (2.39 £ 1.08) + 16.22) (119.68 £ 58.20) (63.31 £ 43.11)

In the group of PFCAs, PFBA was the compound with the highest individual measured
concentrations, which reached the level of 202.85 ng/g ww for wheat bran. The highest
mean concentrations of PFBA were found in wheat bran, rye bran, and rye flour and were
estimated to be 119.68, 63.31, and 20.05 ng/g, respectively. Despite the fact that PFOA was
the most abundant compound, its concentration was not higher than 0.430 ng/g. PFPeA
and PFHxA were found more rarely. PFHxA was detected only in bread samples within
the concentration range of <LOQ-0.44 ng/g, while PFPeA was found in white rice and
millet groats at concentrations not exceeding 0.34 ng/g. In the family of PFSAs, only PFOS
was detected at levels above the LOQ value. This compound was detected in both types of
noodles, white rice, and millet groats. Its concentrations ranged from <LOQ to 8.39 ng/g
for millet groats. The major contributor to the total PFCA concentration in the investigated
cereal-based foods was PFBA (99.1%); the proportions of the other compounds did not
exceed 0.7% (PFOA).

The average concentrations of the sum of individual PFASs are displayed in Figure 1.
The highest average concentrations were observed for wheat and rye bran; these concen-
trations resulted only from the presence of PFBA in the analyzed samples. For samples
for which more than one PFAS was determined at levels above LOQ, the highest average
concentrations were calculated for plain noodles (3.17 ng/g), durum noodles (5.60 ng/g),
and millet groats (2.07 ng/g).
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Table 3. PFAS content in noodles, rice, and groats.
Content of PFAS [ng/g]
Product Sample Number PFBA PFPeA PFOA PFOS
1 1.63 <LOQ <LOQ <LOQ
2 1.60 <LOQ <LOQ <LOQ
. 3 9.32 <LOQ <LOQ <LOQ
plain noodles 4 2.00 <LOQ 0.07 <LOQ
5 1.09 <LOQ 0.06 0.07
range (mean D) 177032 513 + - <LOQ-0.07 (0.026 £ 0.04)  <LOQ-0.07 (0.01 £ 0.03)
1 2.89 <LOQ 0.31 <LOQ
2 7.77 <LOQ 0.43 0.09
d dl 3 3.97 <LOQ 0.14 6.51
urum nooates 4 2.07 <LOQ 0.20 <LOQ
5 3.37 <LOQ 0.16 0.100
range (mean + SD) 2'07‘7'27;(;*'01 * - 0.14-0.43 (0.25 + 0.12) <LOQ-6.51 (1.34 + 2.89)
1 <LOQ 0.12 0.09 0.04
2 <LOQ 0.06 0.10 0.04
hite ri 3 <LOQ 0.04 0.10 0.08
white rice 4 <LOQ 0.06 0.08 0.03
5 <LOQ 0.04 0.11 0.03
0.04-0.12
range (mean + SD) - (0.06 == 0.03) 0.08-0.11 (0.09 =+ 0.01) 0.03-0.08 (0.04 £ 0.02)
1 <LOQ <LOQ 0.06 <LOQ
2 <LOQ <LOQ 0.07 <LOQ
b . 3 <LOQ <LOQ 0.06 <LOQ
rown rice 4 <LOQ <LOQ 0.11 <LOQ
5 <LOQ <LOQ 0.18 <LOQ
range (mean £ SD) - - 0.06-0.18 (0.09 =+ 0.05) -
1 0.50 <LOQ <LOQ <LOQ
2 0.48 <LOQ <LOQ <LOQ
unroasted 3 0.30 <LOQ <LOQ <LOQ
buckwheat groat 4 0.34 <LOQ <LOQ <LOQ
5 0.35 <LOQ <LOQ <LOQ
range (mean 4= SD) 0'30_06589()0 39+ - - -
1 <LOQ <LOQ 0.09 <LOQ
2 <LOQ <LOQ 0.12 <LOQ
roasted 3 <LOQ <LOQ 0.10 <LOQ
buckwheat groat 4 <LOQ <LOQ 0.08 <LOQ
5 <LOQ <LOQ 0.09 <LOQ
range (mean & SD) - - 0.08-0.12 (0.10 £ 0.02) -
1 <LOQ 0.16 <LOQ <LOQ
2 <LOQ 0.34 <LOQ 8.39
. 3 <LOQ 0.10 0.19 <LOQ
millet groat 4 <LOQ 0.12 0.15 <LOQ
5 <LOQ 0.29 <LOQ 0.61
range (mean + SD) ; (0(2301;06331) <LOQ-0.19 (0.07 +0.10)  <LOQ-8.39 (1.80 = 3.69)

The Kruskal-Wallis H non-parametric test was conducted to determine whether
there were any differences among the analyzed groups for each of the 10 variables. The
results of the Kruskal-Wallis H non-parametric test for detected variables are depicted
in Figure S2 (Supplementary Materials). The Kruskal-Wallis H test (H(14, 89) = 87.19836,
p < 0.05) performed for PFBA was statistically significant, and multiple comparison tests
showed significant differences between the investigated groups. Significant differences
were confirmed between wheat bran and, successively, wholemeal (p = 0.0037) and boltona
bread (p = 0.0037), wheat (p = 0.0052) and graham roll (p = 0.0361), white (p = 0.0361)
and brown (p = 0.0361) rice, roasted buckwheat groats (p = 0.0361), and millet groats
(p = 0.0361). For rye bran, statistically significant differences were determined between
both types of bread (wholemeal and boltona at p = 0.0116) and wheat roll (p = 0.0155).
Moreover, there were significant differences between rye flour and both wholemeal and
boltona bread, both with a p level equal to 0.0492. For PFHXA, the statistical test was
also significant (H(14, 89) = 80.86452, p < 0.05), and significant differences were revealed
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between wheat roll and two types of analyzed bread (wholemeal (p = 0.0327), boltona
(p = 0.0458)). Moreover, as demonstrated on the basis of the Kruskal-Wallis test (H(14,
89) =76.29295, p < 0.05), statistically significant differences in PFOA concentrations were
observed between wholemeal bread samples and, successively, wheat noodle (p = 0.0044),
unroasted buckwheat (p = 0.0004), wheat (p = 0.0004) and rye bran (p = 0.0004), and wheat
(p = 0.0004) and rye flour (p = 0.0004). No significant differences were found for the
other variables.

Table 4. PFAS content in baked cereal-based products—bread and rolls.

Content of PFAS [ng/g]

Product Sample Number PFHxA PFOA
1 <LOQ 0.27
2 0.09 0.19
3 0.10 0.15
4 0.11 0.12
5 0.09 0.15
boltona bread 6 0.09 0.13
7 0.08 0.12
8 0.01 0.14
9 0.41 0.21
10 0.44 0.23
range <LOQ-0.44 0.12-0.27
(mean % SD) (0.14 £ 0.15) (0.17 £ 0.05)
1 0.07 0.31
2 0.13 0.29
3 0.04 0.35
4 0.06 0.24
5 0.05 0.29
wholemeal bread 6 0.12 0.30
7 0.04 0.27
8 0.05 0.23
9 0.28 0.27
10 0.07 0.25
range 0.04-0.28 0.23-0.35
(mean + SD) (0.09 £ 0.07) (0.28 £ 0.04)
1 <LOQ 0.16
2 <LOQ 0.16
3 <LOQ 0.25
4 <LOQ 0.18
wheat roll 2 :588 812
7 <LOQ 0.26
8 <LOQ 0.15
9 <LOQ 0.18
range 0.15-0.26
(mean + SD) i (0.19 =+ 0.09)
1 <LOQ 0.25
2 <LOQ 0.19
3 <LOQ 0.16
graham roll 4 <LOO 017
5 <LOQ 0.16
range 0.16-0.25

(mean =+ SD) (0.19 + 0.04)
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Figure 1. (A) The average concentration of the sum of individual PFASs in flours and brans; (B) The
other analyzed products.

Hierarchical cluster analysis (HCA) was used to evaluate the relative proportions
of PFAS concentrations in cereal-based products and to identify groups of samples that
share similar concentration compositions. The HCA based on Euclidean distance and the
Ward linkage algorithm was applied to cluster cereal product quality data. The results of
cluster analysis are shown in Figure 2. Based on the visual observation of the dendrogram,
cereal product samples may be classified into two groups, representing high homogeneity
within the clusters and high heterogeneity between the clusters. Group 1 is represented
by 65 products and contributes 63% of analyzed samples, while group 2 accounts only
for 27% of analyzed samples (24 products). The mean concentrations of individual PFAS
assessed for each cluster are summarized in Table 5. In respect of cluster 2, cluster 1 is
characterized by higher mean PFBA and PFOS concentrations, which are 16.21 ng/g and
0.25 ng/g, respectively. In the case of cluster 2, only PFOA and PFHXA had higher mean
concentrations, but their values did not exceed the level of 0.25 ng/g calculated for PFOA.
In general, products included in cluster 1 are more contaminated than those belonging to
cluster 2, especially in terms of PFBA contamination. Table S2 (Supplementary Materials)
shows the classification of analyzed products to a given cluster/group.
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Figure 2. Dendrogram of cereal products data with hierarchical cluster analysis based on the Eu-
clidean distance and the Ward linkage algorithm.

Table 5. Mean PFAS concentrations for the two principal product groups (determined from HCA).

Group/Cluster PFBA PFPeA PFHxA PFOA PFOS
1 16.21 0.02 0.0002 0.07 0.25
2 0.44 - 0.10 0.25 0.004

All the PFAS values are shown in ng/g. Concentrations are displayed if higher than LOQ.

3.3. Discussion

Extensive research on PFASs has highlighted their global distribution in environmental
matrices and confirmed their impact on ecosystems and human health. Differences in the
accumulation levels of PFAS in plants may depend on a number of factors. It is worth
emphasizing the importance of environmental factors, such as emissions from industry,
fertilization of soils with biosolids, quality of water used for irrigation, or application of
pesticides. Moreover, compounds’ physicochemical properties, such as carbon chain length,
type of functional group, mobility related to water solubility, and sorption tendency, are
significant. Additionally, the water transpiration rate from plant compartments and the
protein and/or lipid content of plant tissues should not be neglected.

Although the available literature is rather focused on PFAS analysis of raw crops
such as wheat, maize, or oat, an additional search of existing publications was carried
out to determine whether anything similar has been conducted previously. Unfortunately,
this review of the literature concerning contamination of cereal-based products by PFAS
did not provide much information. For this reason, some works related to cereals were
reviewed to conduct an objective discussion. The uptake of PFAS from the environment
into plant tissues and its transport within plant structures is mainly related to protein and
lipid content due to the amphiphilic properties of these compounds [46,47]. As cereals
contain about 6-15% protein [11], the scientifically proven high affinity of PFAS to proteins
may contribute to their accumulation in this kind of food. Wen et al.’s study showed that
tissue distribution of PFAS in plants was correlated with the protein transport process
(root-to-shoot translocation) for both PFOA and PFOS [48]. This could be the result of
an interaction between PFAS and fatty acid-binding proteins found in plants [49], as well
as PFAS’s strong association potential with soy peptone (plant protein) [50]. Thus, root
uptake and the interaction with proteins may play a major role in PFAS accumulation in
plant compartments [51]. Moreover, the diversity in translocation or uptake pathways of
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PFAS by different crop species may be due to the variability of the climatic parameters
(specific to their cultivation) that affect the amount of water transpired from plants during
growth [52]. As summarized in Table 2, there are considerable differences between the
PFBA levels in the analyzed products. The mean concentration of PFBA calculated for
wheat flour is ten times lower than that of rye flour, but PFBA levels identified for wheat
bran are twice the level of those for rye bran. This might be caused by different water
transpiration processes due to the blade construction of wheat and rye. Krippner et al.
confirmed that PFAS accumulation rates in plant tissues are linked to chain length; these
rates decrease as the number of carbon atoms in PFAS chains increases [53]. Moreover,
Krippner’s research showed that PFCAs have greater accumulation rates than PFSAs.
The recent literature highlighted the relevance of the bioconcentration factor (BCF) with
regard to plants’ ability to accumulate pollutants [33]. PFBA has the highest BCF of the
considered analytes, which may indicate the background of high PFBA concentrations in
cereal-based products. Recently published data supported these conclusions. Liu et al.’s
work reported that PFBA, on average, contributed 56.5% of the total PFAS concentrations
in edible crops [54]. The presence of PFBA and other perfluoroalkyls in cereal products
may also be explained by the additional processing required to obtain a product intended
for human consumption, as well as the migration of PFAS from packaging materials.
Nevertheless, PFAS levels, except PFBA, do not seem to be of concern. PFOA was the most
frequently detected compound among the five PFASs, but its concentration did not exceed
0.430 ng/g. Similar maximum levels were obtained for both PFPeA and PFHxA (0.339
ng/g and 0.440 ng/g, respectively). The maximum concentration of PFOS reached the
level of 8.39 ng/g, but its detection frequency was lower than 15%. This may be due to
the fact that the transfer of PFAS into reproductive and storage organs is comparatively
low, as evidenced by some recent studies [54-56], all of which reported that PFASs have a
tendency to concentrate more in the vegetative compartments of plants than in the storage
organs. Wen et al. examined the associations between PFAS concentrations in wheat
grains with respect to PFAS concentration in the soils where plants were grown [26]. The
results obtained by Wen et al. led to the conclusion that PFAS concentration increases
with increasing soil contamination. Moreover, bioaccumulation in storage organs did not
only occur for C4-C7 perfluoroalkyls but also for longer-chain PFASs (>C8). The highest
increase in the concentration was recorded for PFPeA and PFBA, and it decreased as carbon
chain length increased. These conclusions correspond well with our study.

A healthy human diet should mainly include the following: fruit and vegetables,
legumes (e.g., lentils and beans), nuts, and whole grains (e.g., unprocessed maize, millet,
oats, wheat, and brown rice). Thus, grains and grain products are a necessary part of any
healthy diet. Worldwide, cereals account for approximately 50% of plant production. In
accordance with OECD-FAO Agricultural Outlook 2021-2030, global cereal production has
been increasing in recent years and is projected to increase even more by 2027 [17]. The
same trend can be observed for levels of cereal consumption, and demand might surpass
supply in this regard [57]. Crop production growth was also observed in Poland over the
years 2010-2019 [58]. In the same period, cereal grain consumption in terms of processed
products decreased from 108 kg per capita per year in 2010 to 101 kg per capita per year
in 2019. Table 6 summarizes the average monthly consumption of selected foodstuffs
in households. In most cases (except for pasta, pasta products, groats, and flakes), the
consumption level trend is descending.
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Table 6. Average monthly consumption of selected cereal products in Poland in the years 2010-2019 [58].

Average Monthly Consumption of Selected Foodstuffs in

Product Households [kg/capital
2010 2018 2019
Bread and cereals
(total) 7.05 5.48 5.36
Rice 0.20 0.15 0.15
Bread 4.69 3.15 2.98
Pasta and pasta 0.37 0.38 0.40
products
Flour 0.89 0.60 0.59
Groats and flakes 0.21 0.27 0.27

This was the first cross-sectional study covering such a wide range of cereal-based
food items. The reported burden of PFAS in cereal products was not very high. Of the ten
investigated PFASs, only five were found at detectable levels, but, with the exception of
PFBA, these levels were relatively low. Nevertheless, due to the existing TWI (tolerable
week intake) levels of PFOA and PFOS, which are currently set at 6 ng/kg bw/week and
13 ng/kg bw/week [59], respectively, even small amounts could pose a threat to public
health. Contaminated crops could contribute to human exposure to PFAS through direct
ingestion in the form of cereal-based products. Bioconcentration and bioaccumulation of
these compounds may lead to an increase in body burden, which may cause toxic effects.
Indicating the specific sources of contamination of cereal-based products is not possible
due to the substantial variability of the factors that influence PFAS contamination levels
(aerial deposition, uptake from crops via soil or water, processing, packaging, and food
preparation). Regarding the existing European TWI standards, as well as the results of the
current study, PFAS levels, especially PFBA, should be subject to monitoring and evaluation
in order to improve knowledge regarding their further environmental dissemination.

4. Conclusions

This paper is the first cross-sectional study on the occurrence of ten perfluoroalkyl
substances in widely available and consumed cereal-based products such as bread, rolls,
flour, bran, buckwheat, millet, rice, and noodle. The QuEChERS method with a d-SPE
purification step followed by LC-MS/MS detection was successfully applied. Throughout
the trial, PFOA proved to be the most abundant compound, but individual PFBA concentra-
tions were the highest. Five PFASs (PFBA, PFPeA, PFHxA, PFOA, and PFOS) were detected
in cereal-based products, indicating that plants have the ability to take up PFAS from soils
via the root system and translocate PFAS to the above-ground parts. One mechanism that
is possibly responsible for the accumulation of PFAS in plant compartments, especially in
protein-rich grains, is the interaction of these compounds with proteins. The preferential
accumulation of C4-C7 homologs characterized by higher BAF was observed. PFAS are
found in air, water, soil, vegetation, and livestock, and thus can also be found in food
products if not properly regulated and managed. In terms of PFAS contamination of food
items, the top quality of products should be maintained by very strict control conducted
over the production process, starting with seed selection, field monitoring, processing, and
final packaging. Except for PFBA, the indicated PFAS concentrations were relatively low;
nevertheless, with regards to the existing TWI standards laid down by EFSA and the high
level of consumption of cereal products, it is important to implement further investigations to
control PFAS distribution and evaluate the environmental risks. In the future, food manufac-
turers should perhaps consider periodic testing of food ingredients that may be potentially
contaminated with PFAS and investigate possible sources of these contaminants.
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