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Abstract: Human milk is the primary source of nutrition for infants in their first year of life. Its
potential contamination with perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS),
a group of toxic man-made chemicals, is a health concern that may threatens infants’ health. Our
study aims to assess the levels of PFOA and PFOS in the breast milk of Lebanese lactating mothers
and the maternal factors associated with their presence. High-performance liquid chromatography
(HPLC) coupled with a Micromass Quattro micro API triple quadrupole mass spectrometer was
used to detect the level of contamination in 57 collected human milk samples. PFOA and PFOS were
present in 82.5% and 85.7% of the samples, respectively, while PFOA levels ranged between 120 and
247 pg/mL with a median of 147 pg/mL, and those of PFOS ranged between 12 and 86 pg/mL with
a median of 27.5 pg/mL. The median contamination for PFOA exceeded the threshold set by the
European Food Safety Authority (EFSA) (60 pg/mL); however, that of PFOS was below the threshold
(73 pg/mL). The consumption of bread, pasta, meat, and chicken more than twice per week and
that of white tubers and roots at least once per week was significantly associated with higher levels
of PFOA (p < 0.05). No significant association was found between maternal age, BMI, parity, level
of education, place of residence, source of water used, and smoking with the levels of PFOA and
PFOS in the human milk. Additionally, the consumption of cereals at least twice per week was
significantly associated with higher levels of PFOS. These findings call for actions to improve the
local environmental and agricultural practices, and the regulations and standards for inspecting
imported food. It is important to highlight that the benefits of breastfeeding outweigh the reported
contamination with PFOS and PFOA in our study.

Keywords: PFOS; PFOA; human milk; diet

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a complex group of anthropogenic
chemicals containing more than 9000 distinct compounds [1,2]. These chemicals have been
extensively used since the 1940s due to their unique hydrophobic and lipophobic chemical
properties, making them extremely stable, and repellents for water, grease, and stains [3–5].
Due to these unique characteristics, PFAS are still under use in several countries, with
serious consequences [3]. They are utilized to manufacture several products, including
surfactants, lubricants, polishes, Teflon products, textiles, furniture, carpets, papers, and
firefighting foams [1,6]. The effect of PFOA has been evaluated in an animal model-
based study which evaluated the expression of several target genes in carps exposed to
environmental doses of PFOA. Thus, even in conditions of low concentrations, the exposure
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to these compounds can negatively impact the expression of genes in animals and possibly
humans [7].

Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) are the most
studied compounds among all PFAS. Over the last few decades, they have received global
attention due to their widespread use, high stability, and toxicity [8,9]. Several toxicological
and epidemiological studies have shown that these toxic compounds act as endocrine dis-
ruptors and have detrimental health consequences, including nephrotoxicity, hepatotoxicity,
immunotoxicity, in addition to developmental toxicity [10,11].

According to [12], it is estimated that the half-life for PFOS in humans is 5.4 years,
and that of PFOA is 3.8 years. In addition to their long half-lives, these substances have a
low elimination rate from the human body, posing a severe health threat [13]. Therefore,
these substances are considered persistent and bio-accumulative environmental contami-
nants due to their high stability and resistance to various forms of degradation, including
biological, chemical, and thermal, making them a public health concern [14–16].

Due to their extensive use and bioaccumulation properties, several studies have shown
that PFOA and PFOS are now present in the serum of humans worldwide [4]. Human
exposure to these stable contaminants occurs through various pathways. Using PFAS-
containing products is the major route of exposure [17]. However, diet is also considered a
significant source of exposure to PFAS, with fish and shellfish being the primary dietary
sources. Meat products, eggs, dairy, and vegetables are other potential sources that can
become contaminated due to soil, water, animal feed, or packaging contamination [18]. Tap
water has also been found to contain a significant amount of PFAS [19]. In addition to their
presence in water, they are also found in air, sediments, and wildlife, increasing the risk of
human exposure through air inhalation, dust ingestion, and dermal contact [20].

In addition, it was reported that human exposure to PFAS begins during gestation
and continues during breastfeeding, leading to severe health outcomes that are mainly
associated with immunotoxicity, hepatotoxicity, neurobehavioral toxicity, reproductive
toxicity, lung toxicity, and hormonal effects [1,21,22].

Human milk is the best source of nutrition for infants providing them with the opti-
mum quality and quantity of nutrients to grow. In addition, it offers unique immunological
benefits, decreasing their risk of acute illnesses and chronic diseases later in life [23]. Ac-
cording to the World Health Organization (WHO), exclusive breastfeeding is recommended
for the first six months of life and should continue up to two years with proper comple-
mentary feeding [24]. However, human milk might be at risk of several environmental
contaminations, including PFAS, due to maternal exposure before and during pregnancy
and throughout her life [25,26]. It was reported that breastfeeding accounts for 94% of the
exposure to PFAS by infants younger than six months of age [27]. Previous studies showed
that the duration of breastfeeding is strongly correlated with the levels of PFAS in children,
where breastfed children have two folds the concentration of these contaminants in their
blood compared to non-breastfed ones [28].

It is still unclear how PFOA and PFOS are transferred from the mother’s blood to her
breast milk. However, it has been shown that these perfluorinated substances are bound to
proteins in maternal blood [16]. Previous studies have reported that although breastfeeding
is the primary exposure pathway to PFAS for infants, it is a major form of elimination for
mothers. Increased levels of PFAS in breast milk are associated with decreased levels in
maternal blood [25,26,29]. Additionally, [30] reported that parous mothers had significantly
lower PFOA and PFOS levels in their plasma compared to nulliparous women by 40% each,
which confirms that breastfeeding is an elimination route from maternal blood.

Various factors have been linked to PFAS in human milk, including maternal age,
socioeconomic status, education level, parity, infant sex, and maternal diet [31]. Moreover,
a study conducted in Spain in 2021 showed that women who used more personal care
products, including skincare and hair products, deodorant, perfume, and cosmetics, had
significantly higher amounts of several PFAS in their breast milk [32].
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Infants’ exposure to PFAS has become a public health concern since it has been linked
to adverse health outcomes that are more likely to occur due to their low weight, imma-
ture immune system, and low detoxification capacity [8,33–37]. Previous studies found
that exposure to PFOS and PFOA from many sources during infancy is associated with
developmental delays, immature cognitive development, immunosuppression, metabolic
syndrome, and even cancer [16,38]. Others have also found a consistent association with
liver damage, thyroid diseases, and infertility later in life [37,39]. In Taiwan, [10] reported
that exposure to PFAS was significantly associated with asthma in children, while [40]
concluded that increased exposure to PFAS in the United States was strongly related to de-
veloping attention deficit hyperactivity disorder in children. In addition, it was found that
serum PFAS showed a consistent inverse association with the immune response to routine
immunizations among children aged 5 to 7 years, increasing their risks of infections [41].
Furthermore, a link between miscarriage risk and PFAs has also been reported [33].

Due to the toxicological concerns over PFOS and PFOA, the US Environmental Protec-
tion Agency (EPA) reported in 2006 that these contaminants and their precursors should be
eliminated by 2015 [42]. In 2009, they were listed under the United Nations Environment
Program’s Stockholm Convention as persistent organic pollutants (POPs) [43]. As a result,
global companies have phased out their use during the last two decades, and it has been
prohibited to use PFAS in the industry without prior EPA review and approval [44,45].

The European Food Safety Authority (EFSA) identified PFAS as emerging toxicants
in the food chain. It established tolerable daily intakes (TDI) of 150 ng/kg BW/day and
1500 ng/kg BW/day for PFOS and PFOA, respectively [46]. However, these values were
recently edited. The EFSA issued a new safety threshold of 4.4 ng/kg BW/day due to the
health risks of being chronically exposed to these toxic chemicals [47].

Regarding human milk, the EFSA set critical values for these contaminants based on
the association found between the concentration of PFAS in the plasma and the amount of
antibodies against diphtheria and tetanus in one-year-old infants [48]. The threshold value
set for perfluorononanoic acid (PFNA) and PFOA is 60 ng/L, and that for perfluorohexane
sulfonate (PFHxS) and PFOS is 73 ng/L, while 133 ng/L is the threshold for the sum of the
four PFAS [47,48].

In Lebanon, food safety issues are of public health concern [49–51]. Among these
are the safety of breast milk and infant formula in terms of toxic metals, mycotoxins, and
persistent organic pollutants, which were assessed in several studies [52–57]. However, to
the best of our knowledge, no study was carried out in Lebanon to determine the level of
perfluorooctanoic acid and perfluorooctane sulfonate in breast milk. The aim of our study
was to assess the levels of PFOA and PFOS in the breast milk of Lebanese lactating mothers
and the maternal factors associated with their presence.

2. Methods
2.1. Information about the Participants

Socio-demographic characteristics were gathered from participating breastfeeding
mothers using a culturally tailored questionnaire. In addition, a semi-quantitative food
frequency questionnaire (FFQ) was used to get information regarding eating habits of the
lactating mothers for different food groups (egg and milk, cereals and millets, nuts and
oil seeds, pulses or legumes, dried fruits, meat, fats and oils, and drinks and beverages).
The FFQ was based on guidelines of the WHO [58], and the collected data were expressed
as the frequency of food consumption per week. Questionnaires were translated to the
Arabic language and then back-translated to English by translators. They were pilot tested
on ten subjects who met the eligibility criteria of the participants for comprehension prior
to conducting the actual study.

2.2. Human Milk Samples

A convenient sample of 57 samples of human milk were obtained from breastfeeding
mothers across Lebanon between November 2015 and December 2016. Samples (10–75 mL)
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were collected in sterile plastic containers, transported in an ice box to the laboratory, where
they were stored in the freezer at −20 ◦C until analysis. Before approaching the participants,
Institutional Review Board approval was obtained from the Lebanese American University.
Furthermore, a letter was received from the Ministry of Public Health in Lebanon to
support the recruitment of eligible participants from primary care centers and hospitals. All
participants obtained written and signed informed consent before data collection. The latter
was conducted following the World Health Organization protocol [58]. To be eligible, the
mother should be without any chronic diseases, have a normal pregnancy course, breastfeed
one child only, and be available for milk collection within 3–8 weeks of delivery. Moreover,
she should have resided in her current region for at least ten consecutive years [59].

2.3. Sample Extraction

As per [60], solid-phase extraction was used, with minor modifications, to extract PFCs
in milk. The milk samples were diluted 1:1 in phosphate-buffered saline and centrifuged
for 15 min at 100 g to remove any cells. Then, 10 mL of diluted breast milk was mixed
with 1 ng each of a mixture of internal standards (including 13C4-PFOS, 13C4-PFOA), and
then sonicated for 1 h after the addition of 14 mL of formic acid. Subsequently, Oasis weak
anion exchange cartridges (WAX; 6 cc, 150 mg; Waters, Milford, MA, USA) were used
to extract samples at a rate of 1 drop/s following the preconditioning of the cartridges,
which was conducted by passing 3 mL of 0.1% NH4OH in methanol, then by 6 mL of
methanol in addition to 6 mL of Milli-Q water, following a rate of 1 drop/s. We ensured
the cartridges were preserved from drying during the preconditioning and sample-loading.
The cartridges were washed right after passing the sample with 6 mL of Milli-Q water
and 6 mL of 25 mM sodium acetate/acetic acid buffer (pH 4). Then, they were cleaned by
passing 6 mL of 40% methanol in Milli-Q water. Afterwards, the cartridges were dried for
10 min under vacuum (−70 kPa) to get rid of the residual water before eluting with 6 mL
of 0.1% NH4OH in methanol at 1 drop/s. The eluate was concentrated under nitrogen to
near dryness, then reconstituted to 200 uL using 0.1% NH4OH in methanol.

2.4. Instrumental Analysis

PFCs in breast milk were identified and quantified using high-performance liquid
chromatography (2695 separation module) coupled with a Micromass Quattro micro API
triple quadrupole mass spectrometer from (Waters, Milford, MA, USA). Then, 10 µL of
the extract was injected onto a 2.1 mm × 100 mm, 3.5 µm Xterra MS C18 column (Waters,
Milford, MA, USA) at a flow rate of 0.3 ml/min. The mobile phase was 2 mM ammonium
acetate/methanol at a flow rate of 300 µL/min. The gradient begun at 10% methanol,
amplified to 99% methanol at 12 min, and was kept for 3 min before switching back to 10%
methanol and holding for 3 min for a total run time of 18 min. The API was executed in
electrospray negative ionization mode with a source temperature of 100 ◦C, desolvation
temperature of 250 ◦C, desolvation gas flow of 500 L/h, and cone gas flow of 200 L/h. The
target compounds were identified using multiple reaction monitoring. Table 1 presents
each analyte’s compound-specific MS/MS parameters and mass transitions.
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Table 1. Mass transitions and compound-specific parameters.

Compound Precursor Ion Product Ion (m/z) Cone (V) Collision Energy (eV)

LPFBS 299 80 40 25
PFHxA 313 269 12 8
PFHpA 363 319 15 8
LPHxS 399 80 45 32
PFOA 413 369 15 8

MPFOA (IS) 417 372 16 8
PFNA 463 419 15 9

L-PFOS 499 80 55 45
MPFOS (IS) 503 80 55 45

PFDA 513 469 15 10
L-PFDS 599 80 60 55

2.5. Quality Assurance and Quality Control

Nine target compounds were spiked to determine matrix-spike recoveries of individual
PFCs via the analytical procedure in cow’s milk (3% fat content) and breast milk. PFCs
were spiked at 80, 200, and 600 pg/mL in cow’s milk (n) 6 for each spiking level) procured
from a local retailer. PFCs were spiked at 200 pg/mL in breast milk (n) 6). The samples
were extracted and then analyzed by following the procedure described earlier. Recoveries
of PFCs spiked in the cow’s milk were between 86 ± 9% (mean ± standard deviation SD)
and 104 ± 3. Recoveries of PFCs spiked in the breast milk were 75 ± 14% to 100 ± 11 for
all PFCs, except for LPFBS where the recoveries were 68 ± 35%. Recoveries of the two
13C-labeled internal standards, spiked into all samples before extraction, were between
72 ± 11% and 80 ± 7%. Procedural blanks (n = 6) were made by substituting 10 mL of
Milli-Q water for the milk. This was followed by a complete analytical procedure. The
average contamination level in procedural blanks was 80 pg/mL for PFOA and <10 pg/mL
for the other PFCs. Quantification was conducted using linear regressions (r2 > 0.99 for
all analytes) obtained from an eight-point calibration standard, which was prepared in
methanol at concentrations between 20 pg/mL and 600 pg/mL. The limit of quantitation
(LOQ) was 10 times the standard deviation (SD) of the highest concentration found in the
blanks. In comparison, the limit of detection (LOD) was determined as three times the (SD).

2.6. Statistical Analysis

STATA V13 was used for the statistical analysis. To summarize the study variables
and to detect out-of-range values, descriptive analysis was used. Using frequencies and
percentages, categorical variables were described, while means and standard deviations
were used in order to represent continuous variables. Shapiro–Wilk was used to assess
data normality. Median and Interquartile ranges (IQR) were used to describe the non-
parametric variables. Spearman’s rank correlations coefficient (rho) was used to measure
the association between the non-parametric variables PFOA, PFOS, age, and BMI. First,
the collected human milk samples were divided into two groups for PFOA contamination.
Group one included the samples with PFOA levels below the threshold of 60 pg/mL,
whereas group two included those with PFOA levels greater than 60 pg/mL. None of
the samples had a PFOA level of 60 pg/mL. χ2 tests were used to assess the difference
in PFOA contamination in terms of consumption of the different food sources such as
bread and pasta, cereals, white tubers and roots, potatoes, dry beans, canned beans, fresh
vegetables and fruits, dried fruits, meats and chicken, eggs, fish low in mercury and
high in mercury, pasteurized milk, sweets, yogurt and labneh, white cheeses, nuts and
seeds, spices and condiments, herbal infusions, soft and caffeinated drinks. Second, the
human milk samples were divided into two groups for PFOS contamination. Group one
included the samples with PFOS levels below the threshold of 73 pg/mL, whereas group
two included those with PFOS greater than 73 pg/mL. Considering only 6 participants
had PFOS values above the threshold, the analysis was conducted on the non-parametric
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variable without categorization. Mann Whitney U was conducted to assess the difference
in PFOS contamination between the two consumption levels of the previously mentioned
food sources.

3. Results and Discussion

Demographic characteristics of the participants are shown in Table 2. The mean
age ± SD and BMI ± SD of the participants were 28.15 ± 5.01 and 23.09 ± 2.99, respectively.
Mount Lebanon (29.6%), Beirut (25.9%), and the South (25.9%) were the main governorates
of residence. Most nursing mothers had university degrees (75.9%), 55% were pregnant for
the second time, and 28.1% reported complications during pregnancy, mainly hyperemesis
gravidarum, gestational diabetes, and iron deficiency anemia. Regarding smoking and
smoke exposure, 31.6% reported that they used to smoke before pregnancy, with only 13%
continuing to do so during pregnancy. However, the majority were exposed to second-hand
smoke (69.8%).

Table 2. Demographic characteristics of study participants.

Demographic Characteristic Mean (SD)

Age 28.15 (5.01)
BMI (preconception) 23.09 (2.99)

Demographic Characteristic N (%)

Governorate
North 3 (5.56%)
Bekaa 3 (5.56%)

Nabatiyeh 4 (7.41%)
South 14 (25.93%)

Mount Lebanon 16 (29.63%)
Beirut 14 (25.93%)

Level of education
Illiterate 1 (1.85%)
Primary 2 (3.70%)

Intermediate 2 (3.70%)
Secondary 4 (7.41%)
Technical 4 (7.41%)

University 41 (75.93%)
Work
Yes 24 (45.28%)

Medication Use

Yes 10 (17.54%) medical conditions reported included anemia,
hyperthyroidism, bacteremia, and venous insufficiency

Supplementation Use
Yes 45 (78.95%) mainly multivitamin, folic acid, iron, calcium, and vitamin D

Complications during pregnancy
Yes 16 (28.07%)

Workup in dentures
Yes 10 (18.52%) mean number of teeth with amalgam 3.9 (SD = 1.57)

Alcohol Consumption
No 54 (98.18%)

Smoking before pregnancy
Yes 18 (31.6%)

Smoking during pregnancy
Yes 7 (13%)

Smoking in Household
Yes 20 (35.71%)

Exposed to smoking randomly
Yes 37 (69.81%)

Smoking exposure at work
Yes 2 (4.08%)

Note. Data are presented as mean ± SD for continuous variables and N (%) for categorical variables.
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PFOA contamination was detected in 47 (83%) human milk samples. Among the latter,
the median PFOA was 147 (IQR 120–274). There was no difference in PFOA contamination
in human milk by any socio-demographic variables. Females who consumed bread/pasta
and meat/chicken more than twice per week had PFOA levels greater than 60 pg/mL in
their breast milk versus those who consumed it less frequently (84.4% vs. 50% p = 0.017
and 87% vs. 50% p = 0.009, respectively). As for the white tubers and roots, at least once
weekly consumption was associated with PFOA contamination (86.4% vs. 50% p = 0.010).
There was no association between PFOA and other food sources, as indicated in Table 3.

Table 3. Crosstabulation of food groups and PFOA contamination in Human milk.

Food Group Overall Sample PFOA Contamination
< 60 pg/mL

PFOA Contamination
> 60 pg/mL

Chi-Square Tests
of Independence

Bread and Pasta N (%)
≤ twice per week
> twice per week

12
45

5 (50)
5 (50)

7 (15.6)
38 (84.4)

χ2 (1) = 5.6907
p= 0.017 *

Cereals N (%)
< twice per week
≥ twice per week

14
41

3 (30)
7 (70)

11 (24.4)
34 (75.6)

χ2 (1) = 0.1331
p = 0.715

White Tuber and roots
N (%)
< once per week
At least once per week

11
42

5 (50)
5 (50)

6 (13.6)
38 (86.4)

χ2 (1) = 6.6423
p = 0.010 *

Potatoes N (%)
At least once per week
> once per week

18
37

3 (30)
7 (70)

15 (33.3)
30 (67.7)

χ2 (1) = 0.0413
p = 0.839

Dry Beans N (%)
< once per week
At least once per week

25
30

4 (40)
6 (60)

21 (46.7)
24 (53.3)

χ2 (1) = 0.1467
p = 0.702

Canned Beans N (%)
< once per week
At least once per week

32
23

4 (40)
6 (60)

28 (62.2)
17 (37.8)

χ2 (1) = 1.6606
p = 0.198

Fresh Vegetables
Consumption N (%)
≥ twice per week
Daily

25
28

5 (50)
5 (50)

20 (46.5)
23 (53.5)

χ2 (1) = 0.0396
p = 0.842

Fresh fruits
Consumption N (%)
≥ twice per week
Daily

26
29

4 (40)
6 (60)

22 (48.9)
23 (51.1)

χ2 (1) = 0.2594
p = 0.611

Dried fruits
Consumption N (%)
< once per week
At least once per week

30
25

3 (30)
7 (70)

27 (60)
18 (40)

χ2 (1) = 2.9700
p = 0.085

Pasteurized Milk
Consumption N (%)
< twice per week
≥ twice per week

30
25

5 (50)
5 (50)

25 (55.6)
20 (44.4)

χ2 (1) = 0.1019
p = 0.750

White Cheeses
Consumption N (%)
≤ twice per week
Daily

32
23

4 (40)
6 (60)

28 (62.2)
17 (37.8)

χ2 (1) = 1.6606
p = 0.198
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Table 3. Cont.

Food Group Overall Sample PFOA Contamination
< 60 pg/mL

PFOA Contamination
> 60 pg/mL

Chi-Square Tests
of Independence

Egg N (%)
once per week
> once per week

29
24

3 (33.3)
6 (66.7)

26 (59)
18 (41)

χ2 (1) = 2.0007
p = 0.157

Fish Low in Mg N (%)
< once per week
At least once per week

33
22

5 (50)
5 (50)

28 (62.2)
17 (37.8)

χ2 (1) = 0.5093
p = 0.475

Fish High in Mg N (%)
< once per week
At least once per week

37
17

5 (50
5 (50)

32 (72.7)
12 (27.3)

χ2 (1) = 1.9511
p = 0.162

Meat and Chicken
Consumption N (%)
< twice per week
≥ twice per week

11
44

5 (50)
5 (50)

6 (13)
39 (87)

χ2 (1) = 6.8750
p = 0.009 *

Spices and
condiments N (%)
< twice per week
≥ twice per week

30
18

6 (66.7)
3 (33.3)

24 (61.5)
15 (38.5)

χ2 (1) = 0.0821
p = 0.775

Herbal Infusions N
(%)
< twice per week
≥ twice per week

26
27

3 (30)
7 (70)

23 (53.5)
20 (46.5)

χ2 (1) = 1.7911
p = 0.181

Nuts and Seeds N (%)
< twice per week
≥ twice per week

34
21

4 (40)
6 (60)

30 (66.7)
15 (33.3)

χ2 (1) = 2.4650
p = 0.116

Sweets N (%)
< twice per week
≥ twice per week

32
23

6 (60)
4 (40)

26 (57.8)
19 (42.2)

χ2 (1) = 0.0166
p = 0.897

Caffeinated drinks N
(%)
≤ twice per week
Daily

30
25

6 (60)
4 (40)

24 (53.3)
21 (46.7)

χ2 (1) = 0.1467
p = 0.702

Soft Drinks N (%)
< once per week
At least once per week

30
20

5 (55.6)
4 (44.4)

25 (61)
16 (39)

χ2 (1) = 0.0903
p = 0.764

Note. * p < 0.05.

PFOS contamination was detected in six (10.71%) breast milk samples. The median
PFOS level was 22 (IQR 13–48.5) among all tested samples. There was no difference in PFOS
contamination in human milk across the governorates (p = 0.217). Cereal consumption
at least twice per week was associated with greater PFOS contamination in breast milk
compared to those who consumed it less than twice per week (z = 2.480, p = 0.0131).

To the best of our knowledge, this is the first study in Lebanon to assess PFOA and
PFOS in human milk and to study the demographic and maternal dietary factors associated
with this contamination. Out of the 57 collected human milk samples, PFOA was reported
in 83% of the samples ranging between 120 and 247 pg/mL with a median of 147 pg/mL,
exceeding the threshold set by the EFSA (60 pg/mL). Concerning PFOS, it was reported
in 86% of the samples ranging between 12 and 86 pg/mL, with a median of 27.5 pg/mL,
below the threshold set by the EFSA for PFOS in human milk (73 pg/mL).

Compared to the literature, the levels of PFOA in the collected human milk samples in
Lebanon were higher than that reported in a neighboring country, Jordan, where the level
of contamination ranged between 24–1220 pg/mL with a median of 82.5 pg/mL, compared
to a median of 147 pg/mL in Lebanon. However, our samples were less contaminated
with PFOS than in Jordan, with a median of 50 pg/mL compared to 27.5 pg/mL in our
study [61]. Similarly, the PFOA contamination in our collected human milk was the highest
compared to previously conducted studies in the USA, Spain, China, France, and Ireland,
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with median contamination levels of 13.9 pg/mL, 26 pg/mL, 34.5 pg/mL, 75 pg/mL, and
100 pg/mL, respectively. On the other hand, our reported levels of PFOS were comparable
to those reported in Ireland, with a median contamination level of 20 pg/mL. However, our
results were the lowest compared to several studies conducted in the USA, China, France,
Germany, and Hungary, with median contamination levels of 30.4 pg/mL, 49 pg/mL,
79 pg/mL, 119 pg/mL, and 330 pg/mL, respectively [9,16,62–65].

Having the highest contamination level in our samples for PFOA and the lowest
for PFOS, compared to the literature, can be explained by a recent report in Lebanon
that showed legal actions being taken to control the use of PFOS in the industry. At the
same time, other PFAS substances, which include PFOA, are still poorly regulated [66].
According to a recent government inventory in 2017, most companies in Lebanon that
belong to various industrial sectors, including paper and packaging, textile, carpentry,
painting, and plastic products, are not using PFOS-containing substances anymore. This
is reflected in our study that has shown low levels of PFOS in the human milk samples.
However, PFAS is still mainly present in the imported firefighting foams and is considered
a major source of exposure for the Lebanese people; it was estimated that 56 to 167 kg
of PFOA or PFOS were released between 2004 and 2014, increasing the exposure of the
Lebanese population to these hazardous chemicals [66].

There was no statistical significance between maternal age and human milk contami-
nation with PFOA and PFOS, which is inconsistent with the literature. In Jordan, it was
shown that the average contamination levels of PFOA and PFOS were significantly higher
in the breast milk of older women [61]. This was also the case in Spain and Korea, where it
has been shown that older mothers were consistently found to have higher concentrations
of PFAS in their breast milk than younger ones, due to their extended periods of exposure
to these contaminants, in addition to the long half-lives of these contaminants in the human
plasma [9,67]. This might be because the mean maternal age in our study was 28 years,
with only three mothers being older than 35 years old.

Concerning BMI, there are inconsistent findings in the literature. In our study, there
was no statistical significance between maternal BMI before pregnancy and the level
of contamination. Since the majority of the enrolled nursing mothers in the study had
normal BMIs (23.09 ± 2.99 kg/m2), this might have affected the results. Our findings
are consistent with other studies in France and eastern Slovakia, where no significant
association was reported [30,63]. However, in Korea, pre-pregnancy maternal BMI was
significantly correlated with the level of PFAS in human milk [67].

Primiparous women have constantly been shown to have higher contamination levels
of PFAS in their breast milk than multiparous ones [8,30,67]. According to [9], multiparous
women had lower concentrations of PFAS in their breast milk by 58% due to a more
significant transfer of these contaminants from maternal plasma to breast milk during the
first pregnancy compared to multiple pregnancies. This suggests that firstborns are more at
risk of exposure to these toxic contaminants through breast milk [8]. However, our study
showed no significant association between PFAS/PFOS contamination and parity. This
could be due to the lack of variability in terms of parity among our participants.

In previously conducted studies, women with higher socioeconomic status and greater
education levels had increased levels of PFAS in their breast milk [14,30,68,69]. According
to [68], women with tertiary education usually belong to a high socioeconomic class,
meaning they can afford high-quality products such as waterproof footwear and sportswear,
increasing their exposure to PFAS. Interestingly, a recent study showed that high-income
countries use more industrial chemicals and have higher exposure to PFAS [33]. However,
in Lebanon, there was no significant correlation between maternal education level and the
level of contamination. This might be attributed to the lack of variability in the education
variable making it difficult to detect a difference.

In addition, the association between levels of PFOA and PFOS in human milk and
maternal residence and work environment, in terms of the presence of nearby cultivation
activity, gas stations, industrial plants, electrical generators, and living on the main road
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or beside waste disposal, was assessed. However, no significant association was found.
According to the literature, some PFAS are more prevalent in certain occupations than
others. For example, PFOS is mostly used in military and firefighting devices. It has been
shown that workers exposed to these environments have higher serum levels of PFOS and
PFHxS [70]. Occupational workers have been shown to have a higher risk of exposure to
these toxic contaminants than the general population [71].

Moreover, several studies showed that the place of residence greatly impacts the levels
of PFOA and PFOS in human milk. Higher levels of PFAS were reported in the breast
milk of mothers living in urban or semi-urban areas compared to rural ones [40,62,72].
This is consistent with a previously conducted study in China among 12 provinces, which
reported a positive correlation between the concentrations of PFAS in human milk and
the level of industrialization and economic development [64]. Furthermore, no statistical
significance was found between the contamination levels and the governorate where the
nursing mothers resided.

There was no statistical significance between PFOA and PFOS contamination and
any smoking variables, including smoking before or during pregnancy, random smoking
exposure, and household smoking. Similarly, in France, no significant association was
found between the levels of PFOA and PFOS in human milk and smoking [63]. Interestingly,
a study in eastern Slovakia suggested that smoking during pregnancy was significantly
associated with 11–17% lower concentrations of PFAS in breast milk compared to non-
smokers. However, self-reported smoking might have influenced the results [30].

Maternal diet is one of the most important factors related to the amount of PFOA
and PFOS present in human milk. In this study, those who consumed bread and pasta,
meat, and chicken more than twice per week and consumed tubers and roots at least once
per week had significantly higher levels of PFOA in their breast milk (p = 0.017, p = 0.09,
and p = 0.010, respectively). Regarding PFOS, it was reported to be higher in the milk
samples of women who consumed cereals at least twice per week (p = 0.0131). However,
published studies reported that increased fish and seafood consumption before and during
pregnancy was the main dietary factor positively associated with higher contamination of
these chemicals in human milk [9,30]. [30] reported that women who consume more than
10 g of fish per day had 20 to 30% higher levels of PFAS in their breast milk. In addition,
it was reported that the consumption of butter and margarine was inversely associated
with the levels of PFOA and PFOS. On the other hand, a recent study in Spain showed that
high levels of PFOS in human milk were associated with increased fried food consumption.
The authors suggested that this might be related to the excess use of non-stick cookware or
frying with contaminated oil [32].

To conclude, our study is the first in Lebanon to assess the presence of PFOS and PFOA
in the breast milk of Lebanese mothers and study the factors associated with their contami-
nation. Additionally, using the ICP-MS technique to assess the levels of these contaminants
in the human milk samples is a strength of the study. However, some limitations should
be carefully considered when interpreting our results. The main limitation is that our
sample is small and might not be representative, affecting the generalizability of our results.
Additionally, our study might have a self-reporting bias, where mothers self-reported their
dietary intake, smoking status, and alcohol consumption. Future studies must evaluate the
circulating/serum PFOS and PFOA levels to be coupled with the levels in human milk.

Our results suggest the need for further investigations with a larger and more rep-
resentative sample to examine the sources of contamination in Lebanon [73], and assess
the infants’ estimated daily intake of these contaminants. Moreover, future studies should
also assess the association between the frequency of use of personal care products and
the levels of PFOA and PFOS in human milk, since these products are commonly used
by women in Lebanon and have shown to be a significant source of exposure for PFAS in
many previously conducted studies.
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4. Conclusions

Human milk is the ideal source of nutrition for infants, essential for their proper
growth and development. Milk contamination with PFOA and PFOS poses a serious health
threat, hindering the growth of infants, and increasing their risk of chronic diseases later in
life. Therefore, infants’ exposure to PFOA and PFOS through human milk is a global health
concern. Our study has shown that 86% and 83% of our samples were contaminated with
PFOS, and PFOA, respectively. Since human milk is the primary source of infant nutrition,
it is essential to ensure its safety by minimizing the mother’s and baby’s exposure to
these environmental contaminants, and maximizing the benefits of lactation. Nevertheless,
it is important to highlight that exclusive breastfeeding protects nursing infants from
exposure to various contaminants, and thus the benefits of breastfeeding compensate for
the potential risks. In addition, we should acknowledge that human milk is just one of
many routes of exposure of infants to these harmful contaminants. Raising awareness
about the importance of choosing healthy and safe food, and avoiding contaminated foods
and water, is essential to ensure the health of our infants in the country. Our findings
strongly suggest the need for an integrated collaboration between different public health
stakeholders to protect the Lebanese population from these toxic chemicals that have
lifelong health consequences. It is important to highlight that the benefits of breastfeeding
outweigh the reported contamination with PFOS and PFOA in our study.
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30. Jusko, T.A.; Oktapodas, M.; Palkovičová Murinová, L.U.; Babinská, K.; Babjaková, J.; Verner, M.A.; DeWitt, J.C.; Thevenet-
Morrison, K.; Conka, K.; Drobná, B.; et al. Demographic, reproductive, and dietary determinants of perfluorooctane sulfonic
(PFOS) and perfluorooctanoic acid (PFOA) concentrations in human colostrum. Environ. Sci. Technol. 2016, 50, 7152–7162.
[CrossRef]

31. Guerranti, C.; Perra, G.; Corsolini, S.; Focardi, S.E. Pilot study on levels of perfluorooctane sulfonic acid (PFOS) and perfluorooc-
tanoic acid (PFOA) in selected foodstuffs and human milk from Italy. Food Chem. 2013, 140, 197–203. [CrossRef]

32. Serrano, L.; Iribarne-Durán, L.M.; Suárez, B.; Artacho-Cordón, F.; Vela-Soria, F.; Pena-Caballero, M.; Hurtado, J.A.; Olea, N.;
Fernández, M.F.; Freire, C. Concentrations of perfluoroalkyl substances in donor human milk in Southern Spain and their
potential determinants. Int. J. Hyg. Environ. Health 2021, 236, 113796. [CrossRef]

33. Fiedler, H.; Sadia, M.; Krauss, T.; Baabish, A.; Yeung, L.W.Y. Perfluoroalkane acids in human milk under the global monitoring
plan of the Stockholm Convention on Persistent Organic Pollutants (2008–2019). Front. Environ. Sci. Eng. 2022, 16, 132. [CrossRef]

34. Kowalczyk, J.; Ehlers, S.; Oberhausen, A.; Tischer, M.; Fürst, P.; Schafft, H.; Lahrssen-Wiederholt, M. Absorption, distribution, and
milk secretion of the perfluoroalkyl acids PFBS, PFHxS, PFOS, and PFOA by dairy cows fed naturally contaminated feed. J. Agric.
Food Chem. 2013, 61, 2903–2912. [CrossRef] [PubMed]

35. LaKind, J.S.; Verner, M.A.; Rogers, R.D.; Goeden, H.; Naiman, D.Q.; Marchitti, S.A.; Lehmann, G.M.; Hines, E.P.; Fenton, S.E.
Current Breast Milk PFAS Levels in the United States and Canada: After All This Time, Why Don’t We Know More? Environ.
Health Perspect. 2022, 130, 25002. [CrossRef] [PubMed]

36. Rawn, D.F.K.; Dufresne, G.; Clément, G.; Fraser, W.D.; Arbuckle, T.E. Perfluorinated alkyl substances in Canadian human milk as
part of the Maternal-Infant Research on Environmental Chemicals (MIREC) study. Sci. Total Environ. 2022, 831, 154888. [CrossRef]
[PubMed]

37. Sunderland, E.M.; Hu, X.C.; Dassuncao, C.; Tokranov, A.K.; Wagner, C.C.; Allen, J.G. A review of the pathways of human
exposure to poly-and perfluoroalkyl substances (PFASs) and present understanding of health effects. J. Expo. Sci. Environ.
Epidemiol. 2019, 29, 131–147. [CrossRef]

38. WHO-IARC. Some Chemicals Used as Solvents and in Polymer Manufacture; WHO: Geneva, Switzerland, 2006; Volume 110. Available
online: https://publications.iarc.fr/547 (accessed on 1 December 2022).

39. Rappazzo, K.M.; Coffman, E.; Hines, E.P. Exposure to perfluorinated alkyl substances and health outcomes in children: A
systematic review of the epidemiologic literature. Int. J. Environ. Res. Public Health 2017, 14, 691. [CrossRef]

40. Tao, L.; Kannan, K.; Wong, C.M.; Arcaro, K.F.; Butenhoff, J.L. Perfluorinated compounds in human milk from Massachusetts,
USA. Environ. Sci. Technol. 2008, 42, 3096–3101. [CrossRef]

41. Grandjean, P.; Andersen, E.W.; Budtz-Jørgensen, E.; Nielsen, F.; Mølbak, K.; Weihe, P.; Heilmann, C. Serum vaccine antibody
concentrations in children exposed to perfluorinated compounds. Jama 2012, 307, 391–397. [CrossRef]

42. Washington, J.W.; Rosal, C.G.; McCord, J.P.; Strynar, M.J.; Lindstrom, A.B.; Bergman, E.L.; Goodrow, S.M.; Tadesse, H.K.;
Pilant, A.N.; Washington, B.J.; et al. Nontargeted mass-spectral detection of chloroperfluoropolyether carboxylates in New Jersey
soils. Science 2020, 368, 1103–1107. [CrossRef]

43. Stockholm Convention. Stockholm Convention on Persistent Organic Pollutants (POPs) 2009. Available online: https://www.
env.go.jp/chemi/pops/treaty/treaty_en2009.pdf (accessed on 1 December 2022).

44. US Environmental Protection Agency. Long-chain perfluoroalkyl carboxylate and perfluoroalkyl sulfonate chemical substances;
significant new use rule. Fed. Reg. 2015, 80, 2885–2898.

45. Wang, Z.; DeWitt, J.C.; Higgins, C.P.; Cousins, I.T. A never-ending story of per-and polyfluoroalkyl substances (PFASs)? Environ.
Sci. Technol. 2017, 51, 2508–2518. [CrossRef]

46. EFSA (European Food Safety Authority). Perfluorooctane Sulfonate (PFOS), Perfluorooctanoic Acid (PFOA) and Their Salts—
Scientific Opinion of the Panel on Contaminants in the Food Chain 2008. Available online: http://www.efsa.europa.eu/en/
scdocs/doc/653.pdf (accessed on 1 December 2022).

47. EFSA (European Food Safety Authority). Pfas in Food: EFSA Assesses Risks and Sets Tolerable Intake; European Food Safety
Authority. Available online: https://www.efsa.europa.eu/en/news/pfas-food-efsa-assesses-risks-and-sets-tolerable-intake#:
~{}:text=The%20threshold%20%E2%80%93%20a%20group%20tolerable,of%20these%20substances%20in%20food (accessed on 17
September 2020).

48. Abraham, K.; Mielke, H.; Fromme, H.; Völkel, W.; Menzel, J.; Peiser, M.; Zepp, F.; Willich, S.N.; Weikert, C. Internal exposure to
perfluoroalkyl substances (PFASs) and biological markers in 101 healthy 1-year-old children: Associations between levels of
perfluorooctanoic acid (PFOA) and vaccine response. Arch. Toxicol. 2020, 94, 2131–2147. [CrossRef] [PubMed]

49. Bou-Mitri, C.; Hage Boutros, P.; Makhlouf, J.; Abou Jaoudeh, M.; El Gerges, N.; El Hayek Fares, J.; Bou Yazbeck, E.; Hassan, H.F.
Exposure assessment of the consumers living in Mount Lebanon directorate to antibiotics through medication and red meat
intake: A cross-sectional study. Vet. World 2019, 12, 1395–1407. [CrossRef] [PubMed]

50. Dimassi, H.; Haidar, S.; Issa, S.; Hassan, H.F. Food allergies and allergens: Characterization and perceptions among diagnosed
food allergic individuals in Lebanon. World Allergy Organ. J. 2020, 13, 100481. [CrossRef]

http://doi.org/10.1289/ehp.1306613
http://doi.org/10.1021/acs.est.6b00195
http://doi.org/10.1016/j.foodchem.2012.12.066
http://doi.org/10.1016/j.ijheh.2021.113796
http://doi.org/10.1007/s11783-022-1541-8
http://doi.org/10.1021/jf304680j
http://www.ncbi.nlm.nih.gov/pubmed/23441933
http://doi.org/10.1289/EHP10359
http://www.ncbi.nlm.nih.gov/pubmed/35195447
http://doi.org/10.1016/j.scitotenv.2022.154888
http://www.ncbi.nlm.nih.gov/pubmed/35367260
http://doi.org/10.1038/s41370-018-0094-1
https://publications.iarc.fr/547
http://doi.org/10.3390/ijerph14070691
http://doi.org/10.1021/es702789k
http://doi.org/10.1001/jama.2011.2034
http://doi.org/10.1126/science.aba7127
https://www.env.go.jp/chemi/pops/treaty/treaty_en2009.pdf
https://www.env.go.jp/chemi/pops/treaty/treaty_en2009.pdf
http://doi.org/10.1021/acs.est.6b04806
http://www.efsa.europa.eu/en/scdocs/doc/653.pdf
http://www.efsa.europa.eu/en/scdocs/doc/653.pdf
https://www.efsa.europa.eu/en/news/pfas-food-efsa-assesses-risks-and-sets-tolerable-intake#:~{}:text=The%20threshold%20%E2%80%93%20a%20group%20tolerable,of%20these%20substances%20in%20food
https://www.efsa.europa.eu/en/news/pfas-food-efsa-assesses-risks-and-sets-tolerable-intake#:~{}:text=The%20threshold%20%E2%80%93%20a%20group%20tolerable,of%20these%20substances%20in%20food
http://doi.org/10.1007/s00204-020-02715-4
http://www.ncbi.nlm.nih.gov/pubmed/32227269
http://doi.org/10.14202/vetworld.2019.1395-1407
http://www.ncbi.nlm.nih.gov/pubmed/31749573
http://doi.org/10.1016/j.waojou.2020.100481


Int. J. Environ. Res. Public Health 2023, 20, 821 14 of 14

51. Hassan, H.F.; Nehme, N.; Salami, A.; Al Hakeem, R.; El Hage, J.; Awada, R. Prevalence and Prevention of Brucellosis in Cattle in
Lebanon. Vet. World 2020, 13, 364. [CrossRef]

52. Bassil, M.; Daou, F.; Hassan, H.; Yamani, O.; Abi Kharma, J.; Attieh, Z.; Elaridi, J. Lead, cadmium and arsenic in human milk and
their socio-demographic and lifestyle determinants in Lebanon. Chemosphere 2018, 191, 911–921. [CrossRef] [PubMed]

53. Elaridi, E.; Bassil, M.; Abi Kharma, J.; Daou, F.; Hassan, H.F. Analysis of Aflatoxin M1 in Breast Milk and Its Association with
Nutritional and Socio-economic Status of Lactating Mothers in Lebanon. J. Food Prot. 2017, 80, 1737–1741. [CrossRef]

54. Elaridi, J.; Dimassi, H.; Hassan, H. Aflatoxin M1 and ochratoxin A in baby formulae marketed in Lebanon: Occurrence and safety
evaluation. Food Control 2019, 106, 106680. [CrossRef]

55. Elaridi, J.; Dimassi, H.; Estephan, M.; Hassan, H. Determination of Aluminum, Chromium and Barium Content in Infant Formula
Marketed in Lebanon. J. Food Prot. 2020, 83, 1738–1744. [CrossRef]

56. Elaridi, J.; Dimassi, H.; Hassan, H. Determination of Lead, Cadmium and Arsenic in Infant Formula in the Lebanese Market. Food
Control 2021, 123, 107750. [CrossRef]

57. Hassan, H.; Elaridi, J.; Kharma, J.A.; Abiad, M.G.; Bassil, M. Persistent Organic Pollutants in Human Milk: Exposure Levels and
Determinants among Lactating mothers in Lebanon. J. Food Prot. 2022, 85, 384–389. [CrossRef]

58. World Health Organization. Fourth WHO-Coordinated Survey of Human Milk for Persistent Organic Pollutants in Cooperation with
UNEP: Guidelines for Developing a National Protocol; WHO: Geneva, Switzerland, 2007.

59. Turconi, G.; Guarcello, M.; Livieri, C.; Comizzoli, S.; Maccarini, L.; Castellazzi, A.; Roggi, C. Evaluation of xenobiotics in human
milk and ingestion by the newborn—Ana epidemiological survey in Lombardy (Northern Italy). Eur. J. Nutr. 2004, 43, 191–197.
[CrossRef] [PubMed]

60. Kuklenyik, Z.; Reich, J.A.; Tully, J.S.; Needham, L.L.; Calafat, A.M. Automated solid-phase extraction and measurement of
perfluorinated organic acids and amides in human serum and milk. Environ. Sci. Technol. 2004, 38, 3698–3704. [CrossRef]
[PubMed]

61. Al-sheyab, N.A.; Al-Qudah, K.M.; Tahboub, Y.R. Levels of perfluorinated compounds in human human milk in Jordan: The
impact of sociodemographic characteristics. Environ. Sci. Pollut. Res. 2015, 22, 12415–12423. [CrossRef]

62. Abdallah, M.A.E.; Wemken, N.; Drage, D.S.; Tlustos, C.; Cellarius, C.; Cleere, K.; Morrison, J.J.; Daly, S.; Coggins, M.A.; Harrad, S.
Concentrations of perfluoroalkyl substances in human milk from Ireland: Implications for adult and nursing infant exposure.
Chemosphere 2002, 246, 125724. [CrossRef] [PubMed]

63. Antignac, J.-P.; Veyrand, B.; Kadar, H.; Marchand, P.; Oleko, A.; Bizec, B.L.; Vandentorren, S. Occurrence of perfluorinated
alkylated substances in human milk of French women and relation with socio-demographical and clinical parameters: Results of
the ELFE pilot study. Chemosphere 2013, 91, 802–808. [CrossRef]

64. Liu, J.; Li, J.; Zhao, Y.; Wang, Y.; Zhang, L.; Wu, Y. The occurrence of perfluorinated alkyl compounds in human milk from
different regions of China. Environ. Int. 2010, 36, 433–438. [CrossRef]

65. Zheng, G.; Schreder, E.; Dempsey, J.C.; Uding, N.; Chu, V.; Andres, G.; Sathyanarayana, S.; Salamova, A. Per- and Polyfluoroalkyl
Substances (PFAS) in Human milk: Concerning Trends for Current-Use PFAS. Environ. Sci. Technol. 2021, 55, 7510–7520. [CrossRef]

66. Innovation Development Association. Lebanon PFAS Situation Report 2019. Available online: https://ipen.org/sites/default/
files/documents/lebanon_pfas_country_situation_report_apr_2019.pdf (accessed on 1 December 2022).

67. Lee, S.; Kim, S.; Park, J.; Kim, H.J.; Choi, G.; Choi, S.; Kim, S.; Kim, S.Y.; Kim, S.; Choi, K.; et al. Perfluoroalkyl substances (PFASs)
in human milk from Korea: Time-course trends, influencing factors, and infant exposure. Sci. Total Environ. 2018, 612, 286–292.
[CrossRef]

68. Buekers, J.; Colles, A.; Cornelis, C.; Morrens, B.; Govarts, E.; Schoeters, G. Socioeconomic status and health: Evaluation of human
biomonitored chemical exposure to per-and polyfluorinated substances across status. Int. J. Environ. Res. Public Health 2018,
15, 2818. [CrossRef]

69. Fiedler, H.; Sadia, M. Regional occurrence of perfluoroalkane substances in human milk for the global monitoring plan under the
Stockholm Convention on Persistent Organic Pollutants during 2016–2019. Chemosphere 2021, 277, 130287. [CrossRef]

70. Mamsen, L.S.; Björvang, R.D.; Mucs, D.; Vinnars, M.-T.; Papadogiannakis, N.; Lindh, C.H.; Andersen, C.Y.; Damdimopoulou, P.
Concentrations of perfluoroalkyl substances (PFASs) in human embryonic and fetal organs from first, second, and third trimester
pregnancies. Environ. Int. 2019, 124, 482–492. [CrossRef] [PubMed]

71. Lu, Y.; Gao, K.; Li, X.; Tang, Z.; Xiang, L.; Zhao, H.; Fu, J.; Wang, L.; Zhu, N.; Cai, Z.; et al. Mass spectrometry-based metabolomics
reveals occupational exposure to per-and polyfluoroalkyl substances relates to oxidative stress, fatty acid β-oxidation disorder,
and kidney injury in a manufactory in China. Environ. Sci. Technol. 2019, 53, 9800–9809. [CrossRef] [PubMed]

72. Tao, L.; Ma, J.; Kunisue, T.; Libelo, E.L.; Tanabe, S.; Kannan, K. Perfluorinated compounds in human human milk from several
Asian countries, and in infant formula and dairy milk from the United States. Environ. Sci. Technol. 2008, 42, 8597–8602. [CrossRef]
[PubMed]

73. Bandaly, D.C.; Hassan, H.F. Postponement implementation in integrated production and inventory plan under deterioration
effects: A case study of a juice producer with limited storage capacity. Prod. Plan. Control 2020, 31, 322–337. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.14202/vetworld.2020.364-371
http://doi.org/10.1016/j.chemosphere.2017.10.111
http://www.ncbi.nlm.nih.gov/pubmed/29145136
http://doi.org/10.4315/0362-028X.JFP-17-083
http://doi.org/10.1016/j.foodcont.2019.06.006
http://doi.org/10.4315/JFP-20-003
http://doi.org/10.1016/j.foodcont.2020.107750
http://doi.org/10.4315/JFP-21-325
http://doi.org/10.1007/s00394-004-0458-2
http://www.ncbi.nlm.nih.gov/pubmed/15309437
http://doi.org/10.1021/es040332u
http://www.ncbi.nlm.nih.gov/pubmed/15296323
http://doi.org/10.1007/s11356-015-4462-2
http://doi.org/10.1016/j.chemosphere.2019.125724
http://www.ncbi.nlm.nih.gov/pubmed/31887492
http://doi.org/10.1016/j.chemosphere.2013.01.088
http://doi.org/10.1016/j.envint.2010.03.004
http://doi.org/10.1021/acs.est.0c06978
https://ipen.org/sites/default/files/documents/lebanon_pfas_country_situation_report_apr_2019.pdf
https://ipen.org/sites/default/files/documents/lebanon_pfas_country_situation_report_apr_2019.pdf
http://doi.org/10.1016/j.scitotenv.2017.08.094
http://doi.org/10.3390/ijerph15122818
http://doi.org/10.1016/j.chemosphere.2021.130287
http://doi.org/10.1016/j.envint.2019.01.010
http://www.ncbi.nlm.nih.gov/pubmed/30684806
http://doi.org/10.1021/acs.est.9b01608
http://www.ncbi.nlm.nih.gov/pubmed/31246438
http://doi.org/10.1021/es801875v
http://www.ncbi.nlm.nih.gov/pubmed/19068854
http://doi.org/10.1080/09537287.2019.1636354

	Introduction 
	Methods 
	Information about the Participants 
	Human Milk Samples 
	Sample Extraction 
	Instrumental Analysis 
	Quality Assurance and Quality Control 
	Statistical Analysis 

	Results and Discussion 
	Conclusions 
	References

