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A B S T R A C T   

Background: Breast milk is considered to offer the best nutrition to infants; however, it may be a source of 
exposure to environmental chemicals such as perfluoroalkyl compounds (PFAS) for breastfeeding infants. PFAS 
are a complex group of synthetic chemicals whose high stability has led to their ubiquitous contamination of the 
environment. 
Objective: To assess the concentrations and profiles of PFAS in breast milk from donors to a human milk bank and 
explore factors potentially related to this exposure. 
Methods: Pooled milk samples were collected from 82 donors to the Human Milk Bank of the Virgen de las Nieves 
University Hospital (Granada, Spain). Ultra-high performance liquid chromatography coupled with tandem mass 
spectrometry (UHPLC-MS/MS) was applied to determine milk concentrations of 11 PFAS, including long-chain 
and short-chain compounds. A questionnaire was used to collect information on donors’ socio-demographic 
characteristics, lifestyle, diet, and use of personal care products (PCPs). Factors related to individual and total 
PFAS concentrations were evaluated by multivariate regression analysis. 
Results: PFAS were detected in 24–100% of breast milk samples. PFHpA was detected in 100% of samples, fol
lowed by PFOA (84%), PFNA (71%), PFHxA (66%), and PFTrDA (62%). Perfluorooctane sulfonate (PFOS) was 
detected in only 34% of donors. The median concentrations ranged from <0.66 ng/dL (perfluorohexane sulfonic 
acid [PFHxS]) to 19.39 ng/L (PFHpA). The median of the sum of PFAS concentrations was 87.67 ng/L and was 
higher for short-chain than long-chain PFAS. Factors most frequently associated with increased PFAS concen
trations included intake of creatin animal food items and use of PCPs such as skin care and makeup products. 
Conclusions: Several PFAS, including short-chain compounds, are detected in pooled donor milk samples. Breast 
milk may be an important pathway for the PFAS exposure of breastfed infants, including preterm infants in 
NICUs. Despite the reduced sample size, these data suggest that various lifestyle factors influence PFAS con
centrations, highlighting the use of PCPs.   

Abbreviations: PFCAs, Perfluoroalkyl carboxylic acids; PFSAs, Perfluoroalkane sulfonic acids; SC PFAS, Short-chain PFAS; LC PFAS, Long-chain PFAS; NICU, 
Neonatal intensive care unit; PCPs, Personal care products. 
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1. Introduction 

Breast milk is considered the best food for infants in general and for 
high-risk premature infants in particular, offering proper nutrition, 
immunological benefits, and growth-promoting components and 
reducing the risk of complications (American Academy of Pediatrics 
[AAP], 2012). When preterm infants cannot receive breast milk from 
their mothers, included those admitted to a neonatal intensive care unit 
(NICU), the World Health Organization (WHO) and AAP recommend the 
administration of pasteurized human milk from a milk bank rather than 
artificial infant formula (AAP, 2012; WHO United Nations Children’s 
Fund [UNICEF], 2003). Donated breast milk delivers essential nutrients 
and therapeutic benefits to the preterm infant but also has the potential 
to transmit infectious diseases and transfer toxic chemicals from exposed 
mothers (Carroll, 2014; Lehmann et al., 2018). Consequently, the Eu
ropean Human Milk Banking Association (Weaver et al., 2019) and other 
international milk banks have established guidelines for donor selection 
to ensure the safety of the milk (Clifford et al., 2020). These take account 
of pathogenic microorganisms and certain toxic substances (e.g., to
bacco, alcohol, medications, caffeine, and drugs of abuse) but do not 
consider occupational or environmental exposure to hazardous 
chemicals. 

Per- and polyfluoroalkyl substances (PFAS) are a group of thousands 
of synthetic chemicals that are widely used in commercial and industrial 
products. They serve as polymerization aids in the production of fluo
ropolymers, as surfactants in fire-fighting foams, as anti-mist agents in 
chromium plating, and as water and oil repellents in textiles, leather, 
food contact materials, and cosmetics. PFAS are also employed in the 
production of semiconductors, medical devices, plant protection prod
ucts, biocides, feed additives, pharmaceuticals, and paints (Glüge et al., 
2020). Hydrogen atoms are entirely or partially replaced by fluorine 
atoms in these aliphatic substances (Buck et al., 2011) and the bond 
between carbon and fluorine is extremely strong and stable; hence, PFAS 
are highly resistant to thermal, chemical, and biological degradation 
and can accumulate in living organisms and biomagnify in food webs 
(Pérez et al., 2013). The degree of bioaccumulation generally increases 
with greater length of perfluoroalkyl carbon chain, and the elimination 
kinetics are highly species-dependent, with humans showing the longest 
PFAS half-lives, reaching 8.5 years for perfluorohexane sulfonic acid 
(PFHxS) (Olsen et al., 2009). Over the past decade, exposure to certain 
PFAS has been associated with lipid and insulin dysregulation (Sinisalu 
et al., 2020; Sun et al., 2018), infertility (Bach et al., 2016), reduced fetal 
growth (Kashino et al., 2020), increased miscarriage risk (Liew et al., 
2020), obesity (Braun, 2017), impaired cognitive development (Vuong 
et al., 2019), and altered thyroid (López-Espinosa et al., 2012; Preston 
et al., 2020) and immune (Abraham et al., 2020; Grandjean et al., 2012) 
functions. These associations are supported by animal studies indicating 
that some PFAS are endocrine and metabolic disruptors, immunotoxic, 
reproductively toxic, and/or carcinogenic (ATSDR, 2018; Fenton et al., 
2020; Street et al., 2018). 

The most widespread PFAS in the environment are perfluorooctanoic 
acid (PFOA) and perfluorooctane sulfonate (PFOS), long-chain PFAS 
that are frequently detected in sera from populations worldwide 
(Bartolomé et al., 2017; Calafat et al., 2007; Kannan et al., 2004; Lewis 
et al., 2015; Thépaut et al., 2021). Current regulations in the European 
Union (EU) and elsewhere mainly address PFOS and PFOA, which are 
listed under the Stockholm Convention on Persistent Organic Pollutants 
(POPs) (Regulation (EU) 2019/1021; UNEP, 2009) and have been 
phased out in the EU since 2008 (European Directive, 2006/112/EC). 
Restrictions are also in place or planned under EU chemical legislation 
for other PFAS, including short-chain compounds such as PFHxS and 
perfluorohexanoic acid (PFHxA) (ECHA, 2019). These are less bio
accumulative than long-chain PFAS but are equally persistent in the 
environment and may exert similar toxicity (Nian et al., 2020). 

Food, drinking water, and the indoor environment are considered to 
be the principal sources of human exposure to PFAS (Cornelis et al., 

2012; Haug et al., 2011), which also include cosmetics and all-weather 
textiles, among other products made from PFAS (EFSA, 2020; Schultes 
et al., 2018). Seafood, meat, and dairy products may be the major 
sources of dietary exposure, especially to PFOA and PFOS (Domingo and 
Nadal, 2017; Titlemier et al., 2007). Socio-demographic factors have 
also been related to a greater internal PFAS burden, including occupa
tion, male sex, higher age, and low parity (Bartolomé et al., 2017; Colles 
et al., 2020; Guzman et al., 2016). 

Several PFAS have been detected in umbilical cord blood, placenta, 
breast milk, and plasma samples from breastfed infants, indicating that 
placental transfer and breastfeeding are both potential routes of PFAS 
exposure (Abraham et al., 2020; Cariou et al., 2015; Lien et al., 2013; 
Vela-Soria et al., 2021). It has been reported that a substantial propor
tion of PFAS in the mother is transferred to the infant during breast
feeding, which may contribute to reduce maternal serum and breast 
milk concentrations over the lactation period (Bartolomé et al., 2017; 
Macheka-Tendenguwo et al., 2018; Mondal et al., 2014; Thomsen et al., 
2010). Identification of breastfeeding as an important pathway for the 
exposure to PFAS of breastfed infants (Haug et al., 2011) has been 
supported by findings of their wide presence in breast milk samples from 
mothers worldwide (Hu et al., 2021; Lee et al., 2018; Macheka-
Tendenguwo et al., 2018). 

Human milk banks provide milk for very premature, fragile, and 
sometimes medically compromised infants who are especially vulner
able to the effects of toxic chemicals. The present study is part of a wider 
project that aims to assess the potential adverse health impact on neo
nates in a NICU of exposure to endocrine-disrupting chemicals (EDCs) 
from their medical care, diet, and environment (Iribarne-Duran et al., 
2019). The purpose of this study was to evaluate the concentrations and 
profiles of eleven long-and short-chain PFAS in milk samples from do
nors to a human milk bank and to explore factors that influence their 
concentrations. 

2. Material and methods 

2.1. Study population 

Between 2015 and 2018, 82 donor mothers were recruited from the 
Regional Human Milk Bank of the Virgen de las Nieves University 
Hospital in Granada (Southern Spain). In general, donor women are 
registered at the milk bank after breastfeeding is well-established (i.e., 
2–3 weeks post-delivery). Exclusion criteria for donor milk selection 
include: positive serology for HIV, syphilis, or hepatitis B or C; risk factor 
for sexual transmitted disease (e.g., unstable partner, non-utilization of 
condom, tattooing/piercing in previous three months, acupuncture, and 
blood transfusion); transplantation in previous 6 months; current 
smoking or drug habit; and high consumption of alcohol (>2 drinks/day 
or >20 g/day) or caffeine-containing drinks (>3 cups/day or >30 g/ 
day). All local donors supplying the milk bank between 2015 and 2018 
(n = 446) were invited to participate in the study and were fully 
informed of its nature and purpose. Donors who agreed to participate 
(18.4%) were asked to donate a milk sample for the analysis of envi
ronmental chemicals and to complete a structured questionnaire on 
socio-demographic and reproductive characteristics, lifestyle, diet, and 
use of personal care products (PCPs). Information on dietary habits and 
PCP use was available for a subsample of 77 donors. An informed con
sent form was signed by the donors before collecting personal infor
mation and biological samples. The research protocol was approved by 
the Biomedical Research Ethics Committee of Granada. 

2.2. Milk sample collection 

Participating donors were asked by the milk bank to collect mature 
milk over a minimum of 1 week and a maximum of 4 weeks by manual 
expression and/or breast pump and to keep them frozen (− 20 ◦C) until 
delivery to the bank. On their arrival at the bank, samples were stored at 
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− 30 ◦C without breaking the cold chain at any time. Before their 
pasteurization (done within 2 weeks), samples from each donor were 
thawed and pooled, obtaining an aliquot of 5–30 mL of the pooled milk. 
This was then stored at − 20 ◦C until analysis at the “UNETE research 
unit” of the Centro de Investigación Biomédica (University of Granada). 
The day of pasteurization was recorded as the donation date. Hence, the 
interval between the start of milk collection by the mother and the 
donation date never exceeded 6 weeks. 

2.3. Laboratory analysis 

A modification of a validated ultra-high performance liquid 
chromatography-with tandem mass spectrometry method (Vela-Soria et al., 
2020) was used (see Supplementary material) to determine the concentra
tions of eleven PFAS in pooled milk samples, including: seven long-chain 
PFAS, i.e., six perfluoroalkyl carboxylic acids (PFCAs) with >7 per
fluorinated carbons (PFOA, perfluorononanoic acid [PFNA], per
fluorodecanoic acid [PFDA], perfluoroundecanoic acid [PFUnDA], 
perfluorododecanoic acid [PFDoDA] and perfluorotridecanoic acid 
[PFTrDA]), and one perfluoroalkane sulfonic acid (PFSA) with ≥6 per
fluorinated carbons (PFOS); and four short-chain PFAS, i.e., two PFCAs 
(PFHxA and perfluoroheptanoic acid [PFHpA]), and two PFSAs (per
fluorobutane sulfonic acid [PFBS] and PFHxS) (Buck et al., 2011). 

Milk aliquots used for the determination of PFAS had not been 
analyzed before. Quality control (QC) procedures included the use of 
blanks, low and high-concentration QC materials prepared from a for
tified breast milk pool, analytical standards, and reagent and matrix 
blanks to ensure the accuracy and precision of the data. We also per
formed repeated measurements of breast milk QC pools, reflecting inter- 
and intraday variations. Relative standard deviation (%RSD) values 
were calculated as a measure of the precision of the method. Table S2 
summarizes the mean accuracy and %RSD values obtained. The accu
racy of the method was also verified by injecting QCs of different con
centrations every 20 samples. Limits of detection (LD) ranged between 
0.66 and 0.86 ng/L and limits of quantification (LQ) between 2.19 and 
2.87 ng/L (Table S2). 

2.4. Explanatory variables 

The questionnaire administered by the milk bank to prospective milk 
donors and an ad hoc questionnaire were used to gather the following 
socio-demographic, reproductive, and lifestyle data: age (years), parity 
(multiparous or primiparous), lifetime duration of breastfeeding, either 
exclusive or mixed (<1, 1–10, or >10 months), birth weight and length 
and gestational age of the most recent newborn, schooling (university 
education or not), current occupation (unemployed, manual worker, or 
non-manual worker), area of residence (urban, sub-urban, or rural), 
smoking habit (ever smoked in the past or not), and current body mass 
index (BMI, kg/m2) categorized as underweight/normal (<25 kg/m2) or 
overweight/obese (≥25 kg/m2). Women were also asked about their 
weight gain during the most recent pregnancy (kg) and weight change 
from before pregnancy (gain, loss, or no change). The number of days 
post-delivery was calculated as the difference between milk donation 
and birth dates. Dietary information was collected on the main origin of 
drinking water and the average consumption frequency (servings per 
day or week) in the previous 12 months of seafood, fish (oily and lean 
fish), dairy products (yoghurt, milk, butter, cheese), meat (red meat and 
cold meats), pulses, eggs, bread, chocolate, cereals, rice, pasta, fruit, 
vegetables (raw and cooked), fried food, canned food, coffee, and 
alcoholic beverages (Table 2). Data were also gathered on the frequency 
with which the women used sun screen, lip protector, face treatments 
(cream, tonic, milk), body lotion, hand cream, hair mask, makeup 
products (foundation, lipstick, eyeliner, and eye shadow), nail polish, 
hair dye, shampoo, shower cream, deodorant, hairspray/mousse/gel, 
perfume, toothpaste, and mouth wash and received manicure and 
pedicure treatments in the previous 12 months (Table 3). 

In addition, the protein content of unpasteurized pooled milk sam
ples (g/100 mL) was determined as a potential explanatory variable, 
given evidence that perfluorinated compounds are mainly transported 
bound to human serum albumin (Luo et al., 2012) and their lactational 
transfer is produced by binding to milk protein (Fromme et al., 2010). 
The total lipid, lactose (g/100 mL), and caloric (kcal/100 mL) contents 
of samples were also measured as independent variables. 

2.5. Statistical analysis 

The detection frequency of PFAS in milk samples and 50th, 75th, and 
95th percentiles of their concentrations were calculated, including the 
total concentration of all PFAS (

∑
PFAS), the most abundant PFAS 

commonly found in human blood samples (
∑

4 PFAS = [PFOA + PFOS 
+ PFNA + PFHxS] and 

∑
5 PFAS = [

∑
4 PFAS + PFHpA]) (Cousins et al., 

2020; EFSA, 2020), long-chain PFAS (
∑

LC PFAS), short-chain PFAS 
(
∑

SC PFAS), PFSAs (
∑

PFSAs), and PFCAs (
∑

PFCAs). Total concen
trations were calculated as the sum of molar concentrations of the 
compounds based on molecular weight and were expressed as PFOA 
(
∑

PFAS, 
∑

4 PFAS, 
∑

5 PFAS, 
∑

LC PFAS, 
∑

PFCAs), PFOS (
∑

PFSAs), 
or PFHpA (

∑
SC PFAS). When PFAS were detected in at least 70% of 

samples, concentrations below the LD were assigned a value of LD/√2 
and were treated as continuous variables, as were the sums of the 
different PFAS groups. PFAS detected in less than 70% of the milk 
samples were categorized as detected or non-detected (binary vari
ables). Spearman’s correlation test was used to assess relationships be
tween PFAS concentrations (Fig. 1). 

Multivariate regression analyses were performed with natural- 
logarithm-transformed continuous (linear regression) or binary (logis
tic regression) PFAS concentrations as dependent variables. A forward 
stepwise procedure was used to enter independent variables in the 
models. All variables described in section 2.4, and the year of sample 
collection (2015, 2016, 2017, or 2018), were tested as potential 

Table 1 
General characteristics of milk donors (n = 82).  

Variables n (%) Median Range 

Age (years)  33 19–42 
Year of sample collection 
2015 25 (30.5)   
2016 27 (32.9)   
2017 23 (28.0)   
2018 7 (8.5)   
Multiparous 37 (45.1)   
Lifetime duration of breastfeeding (months) 
<1 41 (50.0)   
1–10 22 (26.8)   
>10 19 (23.2)   
Time since delivery (days)  71 20–273 
Length of gestation (weeks)  39 26–41 
Birth weight (g)  3130 840-4500 
Birth length (cm)  50 16–56 
Current BMI (kg/m2)  22.86 17.30–36.09 
Overweight/obese 26 (33.8)   
Weight gain during pregnancy (kg)  12 1–36 
Weight change from before pregnancy 
Weight loss 19 (22.1)   
Weight gain 39 (49.4)   
No weight change 24 (28.6)   
Area of residence 
Rural 26 (31.2)   
Sub-urban 24 (29.9)   
Urban 32 (39.0)   
Maternal university education 51 (66.2)   
Occupation 
Unemployed 6 (6.3)   
Manual worker 22 (26.3)   
Non-manual worker 54 (67.5)   
Ex-smoker 39 (47.6)   
BMI: Body mass index.  
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explanatory variables). Given the modest sample size, the p-value 
threshold of 0.10 was selected to retain explanatory variables in the 
model. Associations were expressed as exponentiated regression co
efficients (exp [β]) or odds ratios (OR) with 95% confidence intervals 
(CI). The overall R-squared for each model was calculated to determine 
the percent variability in exposure explained by explanatory variables. R 
version 4.0.4 (SAS Institute Inc., Cary, NC, USA) was used for data 
analyses. 

3. Results 

General characteristics of the study participants are displayed in 
Table 1. Donors had a median age of 33 years and 45% were multiparous 
(33 mothers had 1 previous birth). Most of the milk samples were 
collected in 2015–2017, with only 8% being collected in 2018. The 
lifetime breastfeeding duration was <1 month for 50% and >10 months 
for 23%. The median interval between delivery and milk donation was 
98 days (3.3 months), ranging from 20 days (<1 month) to 273 days (9 
months). In their most recent pregnancy, the birth was preterm (<37 
weeks) in 23% of deliveries and the infant had low birth weight (<2500 
g) in 18%. Around one-third of donors were overweight or obese; 49% 
gained weight from before pregnancy and 22% lost weight. More than 
one-third of the donors resided in the metropolitan urban area of 
Granada, 66% had completed university education, 26% were manual 

workers, and 48% were ex-smokers. Most donors drank tap water and 
consumed >2 servings/week of meat and >1 serving/week of seafood 
(44% consumed >1 serving/week of oily fish) (Table 2). More than half 
of donors reported the daily use of face cream, hand cream, shower 
cream, deodorant, and toothpaste and the frequent use of shampoo (≥3 
times/week) and perfume (≥once a day) (Table 3). 

The median protein content of milk samples was 1.10 g/100 mL 
(range = 0.20–6.80 g/100 mL), their median fat content was 3.70 g/100 
mL (range = 1.16–8.30 g/100 mL), median lactose content was 7.36 g/ 
100 mL (range = 6.54–8.00 g/100 mL), and median energy content was 
68 kcal/100 mL (range = 44–110 kcal/100 mL). 

Table 4 shows that detection frequencies (DF) of PFAS ranged from 
24.4 to 100%, with PFHpA being detected in all samples (median con
centration = 19.39 ng/L), followed by PFOA (DF = 84.1%, median =
7.17 ng/L), PFNA (DF = 70.7%, median = 2.59 ng/L), PFHxA (DF =
65.9%, median = 1.58 ng/L), and PFTrDA (DF = 62.2%, median = 1.69 
ng/L). Remaining compounds were detected in less than 40% of sam
ples. The median sum of PFAS concentrations was 87.67 ng/L (range =
7.57–1899 ng/L) and was higher for short-chain than for long-chain 
PFAS (median = 52.69 [range = 2.74–1168] ng/L vs. 20.01 [range =
3.06–571.1] ng/L, respectively) and for PFCAs than for PFSAs (median 
= 74.97 [range = 5.65–1399] ng/L vs. 2.45 [range = 0.72–223.2] ng/L, 

Table 2 
Food intake frequency of milk donors (n = 77).  

Variables n (%) Variables n (%) 

Coffee intake = 1 cup/day 17 (20.7) Pulse 
Alcohol intake ≥ 1 drink/ 

month 
4 (4.9) 1 sv/week 13 (16.9) 

Origin of drinking water 2 sv/week 29 (37.7) 
Tap water 53 (68.8) >2 sv/week 35 (45.5) 
Bottled water 24 (31.2) Eggs 
Seafood 1 sv/week 16 (20.8) 
<1 sv/week 11 (14.3) 2 sv/week 28 (36.4) 
1 sv/week 19 (24.7) >2 sv/week 33 (42.9) 
>1 sv/week 47 (57.3) Bread 
Lean fish <1 sv/day 15 (19.5) 
<1 sv/week 18 (23.4) 1 sv/day 25 (32.5) 
1 sv/week 37 (48.1) >1 sv/day 37 (48.1) 
>1 sv/week 22 (28.6) Chocolate 
Oily fish Never 10 (13.0) 
<1 sv/week 29 (37.7) <1 sv/day 44 (57.1) 
1 sv/week 34 (44.2) ≥1 sv/day 23 (28.0) 
>1 sv/week 14 (18.2) Cereals 
Yoghurt Never 27 (35.1) 
<1 sv/day 31 (40.3) <1 sv/day 35 (45.5) 
≥1 sv/day 46 (59.7) ≥1 sv/day 15 (19.5) 
Milk Rice 
<1 glass/day 14 (18.2) 1 sv/week 66 (85.7) 
≥1 glass/day 63 (81.8) >1 sv/week 11 (14.3) 
Cheese Pasta 
Never/rarely 22 (28.6) 1 sv/week 66 (85.7) 
>2 sv/week 34 (44.2) >1 sv/week 11 (14.3) 
≥1 sv/day 21 (27.3) Fruit 
Butter ≤2 sv/week 12 (15.6) 
Never 23 (29.9) >2 sv/week 65 (84.4) 
1 sv/week 36 (46.8) Raw vegetables 
>1 sv/week 18 (23.4) ≤2 sv/week 15 (19.5) 
Meat >2 sv/week 62 (80.5) 
≤1 sv/week 11 (14.3) Cooked vegetables 
2 sv/week 13 (16.9) ≤2 sv/week 17 (22.1) 
>2 sv/week 53 (68.8) >2 sv/week 60 (77.9) 
Cold meat Fried food 
<2 sv/week 43 (55.8) <1 sv/week 37 (48.1) 
2 sv/week 34 (44.2) 1 sv/week 25 (32.5) 
Red meat >1 sv/week 15 (19.5) 
Never 20 (26.0) Canned food (ever) 62 (80.5) 
<1 sv/week 33 (42.9)   
≥1 sv/week 34 (31.2)   
sv: serving     

Table 3 
Use of personal care products among milk donors (n = 77).  

Variables n (%) Variables n (%) 

Sunscreen (ever) 37 (48.1) Eye shadow 
Sunscreen application Rarely/never 49 (63.6) 
None 40 (51.9) <once a day 18 (23.4) 
Face 26 (33.8) ≥once a day 10 (13.0) 
Entire body 11 (14.3) Nail polish (traditional) 
Sunscreen protection factor Rarely/never 65 (84.4) 
None 40 (51.9) ≥once a week 12 (15.6) 
<50 12 (15.6) Acrylic nail polish 
50 25 (32.5) <once a month 70 (90.9) 
Lip protector (ever) 30 (39.0) once a month 7 (9.1) 
Face cream Manicure 
<once a day 24 (31.2) <once a month 67 (87.0) 
once a day 31 (40.3) once a month 10 (13.0) 
>once a day 22 (28.6) Pedicure 
Face tonic <once a month 66 (85.7) 
Rarely/never 60 (77.9) once a month 11 (14.3) 
≥once a week 17 (22.1) Hair dye 
Face milk Never 36 (46.8) 
Rarely/never 70 (90.9) <once a month 23 (29.9) 
≥once a week 7 (9.1) once a month 18 (23.4) 
Face treatment Shampoo 
Never 59 (76.6) <3 times/week 25 (32.5) 
<once a month 12 (15.6) ≥3 times/week 52 (67.5) 
Once a month 6 (7.8) Shower cream 
Body lotion <once a day 6 (7.8) 
Rarely/never 28 (36.4) ≥once a day 71 (92.2) 
<once a day 15 (19.5) Hairspray/mousse/gel 
≥once a day 34 (44.2) Rarely/never 58 (75.3) 
Hand cream ≥once a day 19 (24.7) 
<once a day 43 (55.8) Deodorant 
once a day 19 (24.7) <once a day 8 (10.4) 
>once a day 15 (19.5) once a day 52 (67.5) 
Hair mask >once a day 17 (22.1) 
Rarely/never 38 (49.4) Perfume 
≥once a week 39 (50.6) Rarely/never 12 (15.6) 
Foundation makeup <once a day 24 (31.2) 
Rarely/never 41 (53.2) ≥once a day 41 (53.2) 
<once a day 19 (24.7) Toothpaste 
≥once a day 17 (22.1) ≤once a day 17 (22.1) 
Lipstick >once a day 60 (77.9) 
Rarely/never 39 (50.6) Mouthwash 
<once a day 24 (31.2) Rarely/never 47 (61.0) 
≥once a day 14 (18.2) <once a day 11 (14.3) 
Eyeliner ≥once a day 18 (23.4) 
Rarely/never 36 (46.8)   
<once a day 21 (27.3)   
≥once a day 20 (26.0)    
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respectively). At least seven PFAS compounds were detected in the 
breast milk of 24 donors (29%), 5–6 were detected in 38 (46%), and 2–4 
in 20 (24%). Positive correlations were observed between all PFCA 
compounds except for PFDoDA and PFTrDA, while PFSA concentrations 
were positively correlated with PFHpA, PFOA, PFNA, and PFDA con
centrations (Fig. 1). 

Explanatory variables that were associated with PFAS concentrations 
are exhibited in Table 5 (linear regression models) and Tables S3–S10 
(logistic regression models). The R-squared value of models ranged from 
14% (

∑
LC PFAS) to 61% (PFDoDA). Milk samples collected in 2016 or 

2017 had lower PFNA, PFDoDA, and 
∑

LC PFAS but higher PFHxA and 
∑

SC PFAS concentrations in comparisons to 2015. Multiparous donors 
had significantly higher concentrations of PFHpA in their milk, while 
lifetime duration of breastfeeding was associated with higher concen
trations of PFOA, PFDA, 

∑
5 PFAS, 

∑
PFCAs, 

∑
LC PFAS, and 

∑
PFAS. 

Weight change from before pregnancy (gain or loss) was associated with 

higher PFDA, PFOS, 
∑

4 PFAS, and 
∑

5 PFAS concentrations, and 
residing in an urban area with higher PFHpA, 

∑
5 PFAS, and 

∑
PFAS 

concentrations. 
With regard to food intake, red meat was associated with higher 

concentrations of 
∑

5 PFAS; oily fish, milk, and cold meat with higher 
PFHxA; yoghurt with higher PFDoDA and 

∑
PFSAs; cheese with higher 

PFTrDA; butter with higher PFBS; pulses with higher 
∑

4 PFAS; choc
olate with higher PFHpA; and fried food with higher PFOS concentra
tions. The PCPs most frequently related to increased PFAS 
concentrations were hand cream, whose use was related to higher PFNA, 
PFDA, PFBS, PFHxS, PFOS, 

∑
4 PFAS, 

∑
SC PFAS, 

∑
PFCAs, and 

∑
PFAS; followed by face treatment, associated with higher PFHpA, 

PFNA, 
∑

5 PFAS, and 
∑

PFCAs; and lipstick use, associated with higher 
PFOA, PFUnDA and PFDoDA. Face cream and body lotion were associ
ated with higher PFUnDA; foundation makeup with higher 

∑
4 PFAS; 

eyeliner with higher PFHxA and PFHxS; eye shadow with higher PFOA 
and PFDA; hair dye with higher PFOA and PFOS; shampoo with higher 
PFOA; hair mask with higher PFHxS; deodorant with higher 

∑
PFSAs; 

and perfume with higher 
∑

SC PFAS concentrations. 
On the other hand, certain factors such as a higher intake of cheese, 

eggs, cereals, and fish, and a more frequent use of deodorants were 
associated with a decrease in the milk concentrations of some individual 
PFAS or total PFAS (Table 5 and Tables S3–S10). 

4. Discussion 

The concentrations of eleven PFAS were measured in milk samples 
from 82 donors to a human milk bank in Spain in 2015–2018. More than 
two-thirds of milk samples had detectable concentrations of PFHpA 
(100%), PFOA (84%), and PFNA (71%), and almost one-third showed 
the presence of at least seven PFAS; also, concentrations of short-chain 
PFAS were higher than of long-chain PFAS, especially in more 
recently collected samples. These results suggest that breast milk may be 
an important pathway of PFAS exposure for breastfed infants. Given that 
donated milk is used for premature newborns with low or very low birth 
weight (<1500 g) in NICUs, it appears crucial to monitor concentrations 
of environmental chemicals such as PFAS in human milk banks. Despite 
the small sample size, these findings suggest that PFAS concentrations in 
human milk are influenced by various lifestyle factors, such as intake of 

Fig. 1. Correlation heatmap for PFAS concentrations in breast milk.  

Table 4 
Concentrations (ng/L) of PFAS in donor breast milk (n = 82).  

Compound LOD DF (%) Median P75 P95 Max. 

PFHxA Perfluorohexanoic acid 0.73 65.9 1.58 26.15 152.3 322.4 
PFHpA Perfluoroheptanoic acid 0.79 100 19.39 55.71 232.3 743.9 
PFOA Perfluorooctanoic acid 0.86 84.1 7.17 23.86 55.12 251.8 
PFNA Perfluorononanoic acid 0.69 70.7 2.59 10.69 25.48 136.5 
PFDA Perfluorodecanoic acid 0.72 24.4 <0.72 1.57 23.01 210.3 
PFUnDA Perfluoroundecanoic acid 0.74 39.0 <0.74 1.60 3.29 14.01 
PFDoDA Perfluorododecanoic acid 0.77 35.4 <0.77 1.66 1.66 131.8 
PFTrDA Perfluorotridecanoic acid 0.78 62.2 1.69 1.69 8.84 13.34 
PFBS Perfluorobutane sulfonic acid 0.80 35.4 <0.80 1.73 66.35 195.0 
PFHxS Perfluorohexane sulfonic acid 0.66 24.4 <0.66 0.74 16.01 45.45 
PFOS Perfluorooctane sulfonic acid 0.86 34.1 <0.86 6.26 26.01 64.75 

Sum of PFAS P5 P25 Median P75 P95 Max. 
∑4 PFASa PFOA + PFOS + PFNA + PFHxSb <2.04 5.51 14.66 39.69 104.7 437.8 
∑5 PFASa PFOA + PFOS + PFNA + PFHxS + PFHpAc 2.19 5.88 53.31 103.9 280.5 1284 
∑LC PFASa PFOA + PFOS + PFNA + PFDA+ 3.81 7.32 20.01 47.03 155.1 571.1 

PFUnDA + PFDoDA + PFTrDAd 

∑SC PFASa PFHpA + PFHxA + PFBS + PFHxSe <2.74 13.75 52.69 125.1 398.4 1168 
∑PFSAa PFBS + PFHxS + PFOS <0.72 <0.72 2.45 8.09 136.6 223.2 
∑PFCAa PFHxA + PFHpA + PFOA + PFNA+ 7.11 30.16 74.97 141.8 450.1 1399 

PFDA + PFUnDA + PFDoDA + PFTrDA 
∑PFASa Sum of all 11 PFAS 11.46 44.58 87.67 208.2 475.4 1899 

LOD: Limit of detection; DF: Detection frequency; P75, P95: 75th and 95th percentiles. 
LC: long-chain PFAS; SC: short-chain PFAS; PFSAs: Perfluoroalkyl sulfonic acids; PFCAs: Perfluoroalkyl carboxylic acids. 

a Weighted molar sum of PFAS concentrations (sum of molar concentrations of PFAS based on molecular weight; bMost abundant PFAS in human serum (EFSA, 
2020); cMost abundant PFAS in human serum including PFHpA (Cousins et al., 2020); dLong-chain PFAS; eShort-chain PFAS. 
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Table 5 
Significant explanatory variables for breast milk concentrations of most prevalent PFAS and summed concentrations of PFAS groups (n = 77).  

Predictors PFHpA PFOA PFNA 
∑

4PFAS 
∑

5PFAS 
∑

PFSAs 
∑

PFCAs 
∑

Long-chain 
PFAS 

∑
Short-chain 

PFAS 

∑
PFAS 

Year of sample collection (ref: 2015) 
2016   0.23 (0.10–0.53)     0.39 (0.21–0.73) 2.91 (1.36–6.17)  
2017   0.65 (0.27–1.53)     0.64 (0.34–1.18) 2.75 (1.22–6.22)  
2018   0.32 (0.09–1.05)     0.55 (0.22–1.38) 0.73 (0.24–2.23)  
Multiparous vs. primiparous 2.12 

(0.96–4.72)          
Total breastfeeding (ref: <1 month) 
1–10 months  2.75 

(1.31–5.79)   
2.99 
(1.72–5.21)  

2.27 
(1.26–4.11) 

1.80 (1.01–3.19)  2.61 
(1.49–4.96) 

>10 months  1.11 
(0.51–2.42)   

1.01 
(0.54–1.89)  

0.90 
(0.48–1.67) 

1.04 (0.58–1.89)  1.31 
(0.75–2.29) 

BMI (kg/m2) 0.91 
(0.82–1.01)          

Weight change from pre-conception 
Weight gain    2.22 

(1.02–4.81) 
1.66 
(0.89–3.09)      

Weight loss    3.03 
(1.58–5.78) 

1.71 
(1.01–2.89)      

Area of residence (ref: rural) 
Sub-urban 1.20 

(0.44–3.30)    
1.32 
(0.72–2.42)    

0.48 (0.23–0.99) 0.62 
(0.34–1.12) 

Urban 4.04 
(1.51–10.8)    

3.08 
(1.77–5.36)    

1.68 (0.80–3.55) 1.82 
(1.06–3.11) 

Ex-smoker         0.44 (0.22–0.87)  
Coffee intake: 1 vs. <1 cup/day    0.44 

(0.21–0.90)       
Lean fish intake (ref: <1 sv/week) 
1 sv/week         0.29 (0.13–0.63) 0.46 

(0.26–0.84) 
>1 sv/week         0.48 (0.21–1.12) 0.64 

(0.34–1.19) 
Oily fish intake (ref: <1 sv/week) 
1 sv/week          0.56 

(0.34–0.93) 
>1 sv/week          0.99 

(0.52–1.56) 
Yoghurt intake: ≥1 vs. <1 sv/ 

day      
2.09 
(1.02–4.29)     

Cheese intake (ref: rarely/never)  
>2 sv/week 0.30 

(0.11–0.76)    
0.46 
(0.26–0.81) 

0.46 
(0.20–1.08)    

0.51 
(0.29–0.86) 

≥1 sv/day 0.32 
(0.10–0.99)    

0.51 
(0.27–0.95) 

0.40 
(0.15–1.05)    

0.50 
(0.27–0.93) 

Red meat intake (ref: ≤1 sv/week) 
2 sv/week     0.94 

(0.52–1.69)      
>2 sv/week     1.85 

(1.07–3.21)      
Pulses intake (ref: 1 sv/week) 
2 sv/week    1.33 

(0.60–2.93)       
>2 sv/week    2.53 

(1.17–5.45)       

(continued on next page) 
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Table 5 (continued ) 

Predictors PFHpA PFOA PFNA 
∑

4PFAS 
∑

5PFAS 
∑

PFSAs 
∑

PFCAs 
∑

Long-chain 
PFAS 

∑
Short-chain 

PFAS 

∑
PFAS 

Egg intake (ref: 1 sv/week) 
2 s/week 0.30 

(0.10–0.92)          
>2 sv/week 0.46 

(0.15–1.38)          
Chocolate intake (ref: never) 
<1 sv/day 3.27 

(0.93–11.5)          
≥1 sv/day 2.98 

(0.74–12.0)          
Cereal intake (ref: never) 
<1 sv/day    0.38 

(0.21–0.70)      
0.53 
(0.32–0.89) 

≥1 sv/day    0.36 
(0.16–0.80)      

0.65 
(0.35–1.22) 

Face treatment (ref: never) 
<once a month 1.99 

(0.98–2.38)  
2.12 (0.85–5.26)  1.65 

(0.89–3.06)  
1.57 
(0.78–3.14)    

once a month 3.13 
(1.26–7.80)  

4.26 
(1.26–14.42)  

4.02 
(1.71–9.47)  

3.59 
(1.38–9.36)    

Body lotion use (ref: rarely/never) 
<once a day       0.95 

(0.48–1.89)    
≥once a day       0.53 

(0.29–0.98)    
Hand cream use (ref: <once a day) 
once a day   2.09 (0.95–4.61) 2.05 

(1.07–3.92)   
1.77 
(0.95–3.29)  

2.03 (1.00–4.19) 2.07 
(1.23–3.49) 

>once a day   1.46 (0.60–3.56) 1.74 
(0.86–3.52)   

1.62 
(0.79–3.33)  

1.30 (0.58–2.91) 1.20 
(0.69–2.07) 

Foundation makeup use (ref: never) 
<once a day    1.55 

(0.80–2.97)       
≥once a day    1.96 

(0.98–3.95)       
Lip protector use: ever vs. never    0.46 

(0.27–0.80)       
Lipstick use (ref: rarely/never) 
<once a day  3.42 

(1.50–7.84)         
≥once a day  0.47 

(0.18–1.25)         
Eye shadow use (ref: rarely/never) 
<once a day  0.60 

(0.25–1.44)         
≥once a day  6.39 

(2.32–17.6)         
Hair dye use (ref: never) 
<once a month  1.03 

(0.46–2.32)         
once a month  2.24 

(1.01–4.98)         
Shampoo use: ≥ vs. <3 times/ 

week  
2.01 
(1.01–4.00)         

(continued on next page) 
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certain animal food items and the use of PCPs. Some of these factors 
were previously reported, as discussed below. 

4.1. PFAS concentrations in milk 

There has been increasing research into the presence of PFAS in 
human breast milk over the past decade (Hu et al., 2021; Macheka-
Tendenguwo et al., 2018; Supplementary material, Table S11). Studies 
have indicated a wide variation in the geographical distribution of PFAS 
concentrations and profiles, revealing a global decline in the concen
tration of some PFAS congeners, especially in countries where their 
production and utilization have been restricted, such as the USA and 
Germany (Bjerregaard-Oelsen et al., 2016; Černá et al., 2020; Mache
ka-Tendenguwo et al., 2018). In this regard, the Stockholm Convention 
(UNEP, 2016) and EU regulations (Commission Regulations [EU] 
2017/1000; 207/2011) have contributed to a gradual decline in levels of 
PFOS and PFOA. In the present study, PFAS concentrations in the donor 
milk samples collected in 2015–2018 were generally several times lower 
than in samples collected between 2012 and 2015 in hospitals or pri
mary health care centers in other Spanish regions (Beser et al., 2019; 
Lorenzo et al., 2016; Motas Guzmán et al., 2016). In the most recent 
Spanish study by Beser et al. (2019), PFOA, PFOS, and PFNA concen
trations in milk samples collected in 2015 were higher than in the pre
sent samples, while they did not detect any of the remaining nine PFAS 
analyzed (Table S11). Likewise, concentrations of PFOS, PFOA, PFNA, 
and PFHxS in breast milk samples gathered in Catalonia in 2007–2008 
were higher in comparison to the present findings (Kärrman et al., 2010; 
Llorca et al., 2010), although the presence of other PFAS such as PFDA 
and PFUnDA was not detected (Kärrman et al., 2010). The lower con
centrations of PFAS found in donor milk samples from Granada versus 
other Spanish regions may be attributable to the lower level of economic 
development in the South of Spain, as indicated by the results of a 
Spanish biomonitoring study of PFAS concentrations in serum samples 
from adults in 2009–2010 (Bartolomé et al., 2017). 

PFAS concentrations in the present samples are generally compara
ble or in the lower range of those observed in breast milk from other 
countries, although the majority of previous studies only measured the 
most abundant PFAS, i.e., PFOS, PFOA, PFNA, PFDA, and PFHxS 
(Macheka-Tendenguwo et al., 2018; Table S11). A recent Chinese study 
of the same eleven PFAS as in the present study reported a higher 
detection frequency of PFOA, PFOS, and PFDA but a much lower 
detection frequency of the remaining PFAS in breast milk samples (n =
174) than in the present samples (Jin et al., 2020); for instance, PFHpA 
was not detected in any sample but was found in all of the present 
samples. In the same way, Lee et al. (2018) reported higher concentra
tions of PFOA, PFOS, and PFHxS but lower concentrations of the 
remaining PFAS in milk from 293 Korean mothers in comparison to the 
present donors. Overall, the present results suggest a decline in breast 
milk concentrations of PFOS (detected in only one out of three donors), a 
continued exposure to PFOA, and widespread exposure to short-chain 
PFAS such as PFHpA and PFHxA, whose concentrations were higher 
than previously reported in breast milk (Macheka-Tendenguwo et al., 
2018; Table S11). 

Our findings are in line with studies indicating the predominance of 
short-chain versus long-chain PFAS in breast milk (Fujii et al., 2012; 
Kang et al., 2016; Kim et al., 2011; Lorenzo et al., 2016). Short-chain 
PFAS are more soluble and have a lower molecular weight, facilitating 
their passage through the mammary epithelial membrane and their 
contamination of breast milk. In addition, the widespread and growing 
use of alternative short-chain PFAS over the last years would have 
increased human exposure (Kang et al., 2016; Lorenzo et al., 2016). It 
has also been suggested that the transfer of sulphonates (PFSAs) to 
human milk is easier than that of carboxylates (PFCAs) (Roosens et al., 
2010); however, the latter were more abundant than the former in the 
present study. Ta
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4.2. Determinants of PFAS concentrations in breast milk 

PFAS concentrations were not associated with the age of milk do
nors. The relationship of breast milk PFAS with age is not clear, with 
some studies describing higher PFAS concentrations with increasing age 
(Lee et al., 2018) and others showing no such association (Antignac 
et al., 2013; Llorca et al., 2010; Motas Guzmán et al., 2016; Nyberg et al., 
2018). The BMI of donors was not related to breast milk PFAS concen
trations in the present study, except for a suggestive inverse association 
with PFHpA. Previous reports have been contradictory, showing both 
positive and negative associations (Berg et al., 2014; Brantsaeter et al., 
2013; Cariou et al., 2015; Jensen et al., 2015; Lee et al., 2018; Lorenzo 
et al., 2016). On the other hand, weight change from before 
pre-conception appeared to influence the increase the concentrations of 
PFDA, PFOS, 

∑
4 PFAS, and 

∑
5 PFAS. This finding is not easy to 

explain, given that weight change may be an indicator of changes in diet 
or lifestyle that could lead to increased PFAS exposure, as previously 
suggested (Lee et al., 2018). 

Lifetime breastfeeding was associated with higher PFDA, PFOA, 
∑

PFCAs, 
∑

long-chain PFAS, and total PFAS concentrations, while 
multiparous status was associated with lower PFBS but higher PFHpA 
concentrations. In contrast, various studies reported lower PFAS con
centrations in the milk of multiparous mothers in comparison to those 
who were breastfeeding for the first time (Awad et al., 2020; Barbarossa 
et al., 2013; Croes et al., 2012; Motas Guzmán et al., 2016; Thomsen 
et al., 2010), suggesting a greater transfer (either placental or via 
breastfeeding) of PFAS to the first newborn. Thus, Thomsen et al. (2010) 
reported a reduction rate of 7.7 and 3.1% per month in breast milk 
concentrations for PFOA and PFOS, respectively, while Mondal et al. 
(2014) estimated that breastfeeding was associated with monthly 
decrease of 1–3% in maternal serum concentrations of PFOA, PFOS, 
PFHxS, and PFNA and of 1–8% in breast milk concentrations of PFOA 
and PFOS. However, is still not well established that breast milk con
centrations of PFAS decrease over the lactation period. In line with our 
results, a Korean study found higher PFOS, PFOA, PFNA, and total PFAS 
concentrations in breast milk collected at 30 versus 6 days after the de
livery, which were attributed to changes in the dietary and lifestyle 
patterns of mothers throughout the lactational period (Lee et al., 2018). 
It has also been proposed that the interval between pregnancies may 
have an impact on the body burden of PFAS, with a longer interval being 
associated with breast milk concentrations that may be as high as 
observed for the first breastfeeding episode (Whitworth et al., 2012). 
Nevertheless, the associations with breastfeeding duration observed in 
this study remain poorly understood. 

Some previous studies observed higher PFAS concentrations in the 
breast milk of women residing in urban or semi-urban versus rural areas 
(Abdallah et al., 2020; Liu et al., 2010; Tao et al., 2008a, b). In the same 
line, urban donors in this study showed higher concentrations of PFHpA, 
∑

5 PFAS, and total PFAS concentrations, while their education and 
occupation did not appear to influence PFAS concentrations. 

Dietary intake has been identified as a substantial source of PFAS 
exposure (Domingo and Nadal, 2017). The intake of fish and seafood has 
been associated with higher internal concentrations of PFAS in several 
studies (Berg et al., 2014; Rylander et al., 2010; Thépaut et al., 2021; 
Tyrrell et al., 2013), including reports of adult serum and breast milk 
samples (Bartolomé et al., 2017; Motas Guzmán et al., 2016). In addi
tion, research on the presence of PFAS in food marketed in Spain found 
that fish and shellfish were the most contaminated groups, showing the 
highest concentrations of PFOS, PFOA, PFHpA, and PFHxS (Domingo 
et al., 2012a, b). However, no positive relationship was found between 
fish/seafood intake and PFAS concentrationss in the present study, 
although meat consumption was associated with increased total PFAS 
concentrations, consistent with observations of a higher PFAS content in 
foods of animal versus non-animal origin (Tittlemier et al., 2007). The 
intake of other food items did not show a clear trend towards an increase 
in PFAS exposure. Notably, the consumption of fried food was associated 

with higher PFOS concentrations. This may in part be explained by a 
greater use of non-stick cookware or PFOS-contaminated oil for frying or 
by a higher intake of fried processed food contaminated with PFOS. 
However, no data are available to support these propositions. 

Higher concentrations of several PFAS, including long- and short- 
chain compounds, were found in the milk from women who more 
frequently used various PCPs, suggesting that PCPs might be a potential 
source of PFAS exposure. Few data are available on the presence of PFAS 
in PCPs; however, nine PFAS, including PFOA and PFNA, were detected 
in foundation, nail polish, and sunscreen products sold in Japan (Fujii 
et al., 2013), and twenty-five PFAS, most frequently PFHpA and PFHxA, 
in foundation and cosmetic powder products sold in Sweden (Schultes 
et al., 2018). In the present study, the use of foundation was positively 
associated with the sum of PFOA, PFOS, PFNA, and PFHxS concentra
tions, and the use of skin care and hair products, cosmetics, perfume, 
and deodorant was associated with higher concentrations of long-chain 
and short-chain PFAS, PFCAs, and PFSAs. These results support a pre
vious study of 264 Korean women that found the utilization of cosmetics 
and skin care products to be associated with breast milk concentrations 
of PFHpA and PFOS, respectively (Kang et al., 2016). In the same line, 
recent biomonitoring study of adults in Belgium and Norway reported 
associations between the use of cosmetics (e.g., sunscreen, mouthwash, 
and lip balm) and serum concentrations of PFAS (Colles et al., 2020; 
Thépaut et al., 2021). Dermal exposure to PFAS has been considered 
negligible in comparison to exposure from diet, drinking water, and 
ingestion of house dust (Trudel et al., 2008; Vestergren et al., 2008). 
However, exposure assessment studies have not considered the potential 
contribution of PCPs to dermal uptake due to the lack of adequate 
dosage data. Dermal permeability studies have also shown that the skin 
may be a relevant route of PFAS exposure under certain conditions, 
underscoring the need to re-assess the potential contribution of dermal 
exposure (Franco et al., 2012). 

4.3. Implications for newborn exposure and health 

Literature reports suggest that breast milk is an important pathway 
for the exposure of breastfed infants to PFAS, while also acts as a route 
for PFAS progressive elimination from the mother’s body. In general, 
PFAS concentrations in the present milk samples were lower than 
described in these studies; however, it should be taken into account that: 
1) exposure may start during the fetal period via placental transfer, 
meaning that the infant would already have a body burden of PFAS at 
birth; 2) although epidemiological evidence on the effects of postnatal 
exposure to PFAS, particularly short-chain PFAS, remains limited, po
tential effects include thyroid hormone imbalances, altered postnatal 
growth, and a decreased antibody response to vaccines (Abraham et al., 
2020; Grandjean, 2018; Jin et al., 2020; Lopez-Espinosa et al., 2012); 3) 
there is a lack of knowledge on the toxicological properties of many 
PFAS in current use and on the combined adverse effects of this complex 
group of synthetic chemicals; and 4) most importantly, milk donated to 
the human milk bank is given to highly vulnerable preterm infants in 
NICUs, for whom the acceptable level of risk should be zero. Interest
ingly, based on findings of an association between plasma PFAS con
centrations and antibodies against diphtheria and tetanus in 
one-year-olds (Abraham et al., 2020), the EFSA estimated that critical 
levels in breast milk would be 60 ng/L for PFOA and PFNA, 73 ng/L for 
PFHxS and PFOS, and 133 ng/L for the sum of the 4 PFAS (EFSA, 2020). 
These values are comparable to the upper concentrations observed in the 
present study. Moreover, a recent study reported that the exposure of 
preterm infants to PFAS through human breast milk might exceed 
reference values for older and healthier infants (Aceti et al., 2021). 

4.4. Strengths and limitations 

The main limitation of this study is the small sample size, which 
reduced the capacity to detect possible determinants of PFAS exposure, 
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particularly for compounds with a low detection frequency and there
fore modeled as binary variables. Nevertheless, similar or even smaller 
sample sizes were used by most published studies on PFAS in breast milk 
(Macheka-Tendenguwo et al., 2018; Table S11). In addition, extrapo
lation of the study findings to lactating women in general is limited, 
because milk donors tend to be more educated and have higher incomes 
in comparison to non-donor lactating women (Osbaldiston and Mingle, 
2007). Indeed, most donors in this study had a university education and 
were non-manual workers. Moreover, data were not available to 
establish whether the socio-demographic profile differed between 
participating and non-participating donors. However, neither education 
nor occupation was associated with milk PFAS concentrations. A further 
limitation was the use of a questionnaire not specifically designed for an 
exhaustive investigation of sources of PFAS exposure, and the lack of 
more detailed data on dietary patterns, occupations, and other potential 
sources of exposure prevented the identification of additional exposure 
pathways. Further, the considerable number of explanatory factors 
assessed may have led to some spurious statistically significant associ
ations. It is also possible that bias may have resulted from the mis
reporting of dietary intakes and other factors. Nevertheless, 
misclassification is unlikely to be driven by exposure levels. Finally, the 
wide time frame for sample collection (ranging from 20 days to 9 months 
since delivery) may hamper comparisons with other studies on PFAS 
breast milk concentrations, given that internal PFAS exposure may vary 
over the lactation period due to toxicokinetics and/or lifestyle changes. 
In fact, our research group is currently investigating time-dependent 
variations in breast milk PFAS concentrations over the lactation period. 

The main strength of this study is the assessment of pooled milk 
samples (over a maximum of 4 weeks) rather than spot samples. It is well 
established that lactational transfer of PFAS occurs by binding to milk 
protein. Protein levels decrease linearly in human milk over the first 
year of lactation, particularly over the first 6 weeks post-partum (Ballard 
and Morrow, 2013). Hence, PFAS assessments in spot breast milk sam
ples may increase the risk of exposure misclassification in comparison to 
the assessment of pooled samples. Moreover, some of the eleven PFAS 
measured (e.g., PFUnDA, PFDoDA, and PFTrDA) have been less well 
studied in breast milk samples and human biomonitoring studies. To our 
knowledge, this is the first report on the presence of PFAS in breast milk 
samples supplied by donor mothers to a human milk bank. The results 
suggest that requirements for donor selection may not be sufficient to 
minimize the exposure of breastfed infants to environmental chemicals. 

5. Conclusions 

This study of the concentrations of eleven PFAS in donor breast milk 
demonstrated the wide presence of these compounds in milk samples, 
especially short-chain PFAS such as PFHpA and PFHxA. PFOA and PFNA 
showed lower concentrations than observed in previous studies but were 
still detected in a large proportion of samples, whereas the findings for 
PFOS suggest a decrease in exposure levels. The data also suggest that 
certain lifestyle patterns, such as the use of PCPs, may have an influence 
on the presence of PFAS in breast milk; however, these data should be 
interpreted with caution given the limited sample size. Further studies 
are required to elucidate the main factors contributing to the increase in 
PFAS concentrations in breast milk and to determine changes in expo
sure levels over the lactation period This issue is especially urgent in 
relation to the supply of human milk to preterm infants and the need to 
limit their exposure to harmful chemicals. 
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