Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 04 2024. Downloaded on 13.2.2026 . 14:35:21.

(cc)

Environmental

Science

Processes & Impacts

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: Environ. Sci.: Processes
Impacts, 2024, 26, 259

Received 20th October 2023
Accepted 24th December 2023

DOI: 10.1039/d3em00461a

rsc.li/espi

Environmental significance

Characterization and dermal bioaccessibility of
residual- and listed PFAS ingredients in cosmetic
productst

Shahla Namazkar, © * Oddny Ragnarsdottir,” Anton Josefsson, &2 Felice Branzell,?
Sebastian Abel,? Mohamed Abou-Elwafa Abdallah, ©° Stuart Harrad ©®
and Jonathan P. Benskin © *@

As a large group of chemicals with diverse properties, per- and polyfluoroalkyl substances (PFAS) have
found extensive application throughout consumer products, including cosmetics. Little is known about
the importance of dermal uptake as a human exposure pathway for PFAS. Here we investigate a suite of
listed-ingredient and residual PFAS in cosmetic products, along with their dermal bioaccessibility using in
vitro incubations with artificial sweat. Concentrations of volatile listed ingredients (including cyclic
perfluorinated alkanes, perfluorinated ethers, and polyfluorinated silanes) in three products ranged from
876-1323 pg g~ while polar listed ingredients (i.e., polyfluoroalkyl phosphate esters [PAPs]) in a single
product occurred at up to 2427 pg g~ (6:2/6:2 diPAP)). Residual perfluoroalkyl carboxylic acids
(PFCAs) were also measured at concentrations ranging from 0.02-29 ug g% When listed ingredients
were included, our targeted analysis accounted for up to 103% of the total fluorine, while highlighting
ambiguous and/or incorrect International Nomenclature of Cosmetic Ingredient (INCI) names used in
several products. Bioaccessibility experiments revealed that residual PFCAs readily partitioned to artificial
sweat (bioaccessible fractions ranging from 43-76% for detectable substances) while listed ingredients
(i.e., PAPs and neutral/volatile PFAS) displayed negligible partitioning. This work provides new insight into
the occurrence of PFAS in cosmetic products, while furthering our understanding on their mechanisms
of dermal uptake.

Per- and polyfluoroalkyl substances (PFAS) occur as both listed and residual ingredients in cosmetic products, but many of these substances remain

unquantified using current methods. Through development and application of new analytical methods, the present work quantified a suite of previously
overlooked volatile PFAS for the first time, and used these concentrations to close the fluorine mass balance in several cosmetic products. Collectively, these data

help to improve the accuracy of PFAS environmental emission estimates from cosmetics, in particular with regards to emission of volatile PFAS to the atmo-
sphere. Moreover, an assessment of dermal bioaccessibility of both listed- and residual PFAS in cosmetics provides improved understanding of the physical-

chemical properties favouring dermal uptake, and ultimately the significance of dermal uptake as an exposure pathway to PFAS.

Introduction

biological degradation.> These properties have contributed to
the extensive use of PFAS across numerous consumer products,

Per- and polyfluoroalkyl substances (PFAS) are a large group of
anthropogenic fluorinated compounds characterized by the
presence of at least one perfluorinated methyl (-CF;) or meth-
ylene (-CF,-) group.' Perfluoroalkyl chains impart unique
physicochemical properties on a molecule, including combined
lipophobicity/hydrophobicity and resistance to thermal and
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for example in cosmetics, food packaging, and plastics.® Ulti-
mately, the widespread use of PFAS, together with their persis-
tence and mobility have resulted in near ubiquitous
contamination of humans and the environment globally.*
PFAS that are intentionally added to cosmetic products
function as surfactants, emulsifiers, solvents, and conditioning
and viscosity agents.” Studies seeking to quantify these
substances have focused mostly on polyfluoroalkyl phosphate
esters (PAPs), which have been reported at sum concentrations
of up to 1080 pug g ' in cosmetic products from Sweden, the US
and Canada.>® Residual impurities, such as perfluoroalkyl acids
(PFAAs) and fluorotelomer-based PFAA-precursors, have also
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been observed at several orders of magnitude lower concen-
trations than PAPs (i.e. 0.45-5900 ng g~ ').5° Given the diversity
of PFAS in cosmetics — many of which are currently not
captured by conventional analytical techniques — total fluorine
(TF) and extractable organic fluorine (EOF)-based measure-
ments have also been applied, revealing concentrations of up to
14000 pg F g ' in some products.®”® However, these
approaches have several drawbacks, for example interference
from inorganic fluorine in the case of TF, and poor extraction
efficiency for certain PFAS in the case of EOF.” In particular
when it comes to volatile listed PFAS ingredients, new analytical
methods must be developed before these substances can be
quantified in cosmetics products.

For the general human adult population, diet is widely
considered to be the most important exposure pathway.'®
Drinking water has also been shown to contribute in commu-
nities with a contaminated water supply"* and ingestion/
inhalation of dust/indoor air may be important in households
that regularly apply PFAS-containing carpet treatments.”** The
importance of dermal uptake to overall PFAS exposure,
however, is much less clear." For example, a Norwegian study
examining pathways of human exposure suggested that dermal
exposure to known PFAS in consumer products represented
only ~0.3% (median; range 0.2-7%) of total PFAS exposure.*
Other recent epidemiological studies have reported strong
positive associations between several PFAS in serum and the use
of skin care products (e.g. sunscreen, cosmetics and facial
cleaner),"™"” suggesting that dermal exposure may represent
a significant portion of overall PFAS exposure.

Lab-based experiments have also provided evidence that
PFAS may be absorbed by the skin. Dermal absorption is a 2-
step process involving partitioning of a chemical from a product
into the skin-surface film liquid (SSFL) (i.e. bioaccessibility),
followed by permeation through the skin (i.e. bioavailability).
Bioaccessibility is highly influenced by the composition of the
SSFL as well as substance-specific physicochemical proper-
ties."®'? For example, the bioaccessibility of perfluoroalkyl acids
(PFAAs) from textiles to sweat was reported to be significant (24-
90%), but decreased with increasing perfluoroalkyl chain
length.*® A similar trend was observed from dust, where bio-
accessibility fractions of 54-92% and 61-77% were observed for
PFCAs and perfluoroalkyl sulfonic acids (PFSAs) using 1:1
sebum/sweat.' In that work, the presence of cosmetic products
had a small effect on bioaccessibility for some PFAS, while
increasing the percentage of sebum significantly enhanced
bioaccessibility, but mostly for longer chain length PFCAs. Early
work investigating dermal uptake of ammonium per-
fluorooctanoate (PFOA) concluded that only a small portion was
bioavailable (0.048 + 0.01%),*" but was later shown to be much
greater (up to 69%) at lower pH, when the neutral (acid) species
is dominant.”* However, since normal stratum corneum pH
typically ranges from 4.5-5.5 (compared to a pKa for PFOA of
~0.5 (ref. 23 and 24)), it is expected that PFAAs would exist
primarily in the ionized form, rendering dermal uptake under
normal physiological conditions less likely. Nevertheless,
subsequent studies performed without pH adjustment showed
absorption of significant quantities of PFOA, including in
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a human volunteer exposed via fortified sunscreen (~1.6%
absorbed),* and in rodents exposed via a solution in acetone
(~3% absorbed).?* The latter study also showed that short-chain
PFAS, especially perfluoroheptanoate (PFHpA, 15-16% absor-
bed) and perfluorobutane sulfonate (PFBS, 15-18% absorbed),
were more easily absorbed than their long-chain homologues.>®

Despite the evidence for dermal uptake of PFAS, there
remains a paucity of data on absorption of PFAS occurring in
cosmetics, in particular listed ingredients, which can have
significantly different physical-chemical properties compared
to PFAAs.”* To the best of our knowledge, only a single study has
investigated absorption of polyfluoroalkyl phosphate esters
(PAPs; known listed ingredients in cosmetics), which demon-
strated that PAPs are less efficiently absorbed than PFAAs. For
neutral PFAS, direct dermal uptake from the gas phase has also
been predicted.””

The present work investigated a wide range of residual- and
listed PFAS ingredients in cosmetic products, many of which are
determined here for the first time. These measurements were
combined with determination of TF and EOF (the latter per-
formed using both MeOH and toluene-based extractions) in
order to assess fluorine mass balance. Thereafter, we incubated
the cosmetics with artificial sweat in order to evaluate bio-
accessibility of the PFAS ingredients and residuals. Collectively,
this work provides new insight into the occurrence of PFAS in
cosmetic products while furthering our understanding on their
mechanism of dermal uptake.

Materials and methods
Standards and reagents

Perfluorohexane (99% purity), methyl perfluorobutyl ether
(99%; unspecified mixture of linear and isobutyl isomers),
perfluorodecalin (95% purity), perfluoro-1,3-
dimethylcyclohexane (80% purity) and HPLC grade toluene
(=99.8% purity) were purchased from Sigma Aldrich. Per-
fluoroperhydrophenanthrene (80% purity) was purchased from
Avantor®. Linear isomer standards used for targeted PFAS
analysis  included  perfluorobutanoate  (PFBA),  per-
fluoropentanoate  (PFPeA), perfluorohexanoate (PFHXxA),
PFHpA, PFOA, perfluorononanoate (PFNA), perfluorodecanoate
(PFDA), perfluoroundecanoate (PFURNDA), per-
fluorododecanoate (PFDoDA), perfluorotridecanoate (PFTriDA),
perfluorotetradecanoate (PFTeDA), perfluorohexadecanoate
(PFHxDA), perfluorooctadecanoate (PFOcDA), PFBS, per-
fluorohexane sulfonate (PFHxS), PFOS, perfluorodecane sulfo-
nate (PFDS), phosphoric acid 3,3,4,4,5,5,6,6,6-nonafluorohexyl
ester (4:2 monoPAP), 1H,1H,2H,2H-perfluorooctylphosphate
(6:2 monoPAP), 1H,1H,2H,2H-perfluorodecylphosphate (8:2
monoPAP), mono[2-(perfluorodecyl)ethyl] phosphate (10:2
monoPAP), bis(3,3,4,4,5,5,6,6,6-nonafluorohexyl) hydrogen
phosphate (4:2/4:2 diPAP), bis(1H,1H,2H,2H-perfluorooctyl)
phosphate (6:2/6:2 diPAP), (1H,1H,2H,2H-perfluorodecyl)
phosphate (6:2/8:2 diPAP) and bis(1H,1H,2H,2H-per-
fluorodecyl) phosphate (8:2/8:2 diPAP) were purchased from
Wellington Laboratories (Guelph, Canada). Isotopically-labeled
standards were also purchased from Wellington (see ESI for
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detailst). Solvents and reagents used for extraction and LC-MS
analytical procedures were of analytical grade and purchased
as follows: methanol, acetonitrile and ammonium acetate from
Merck, sodium hydroxide, acetic acid and hydrochloric acid
(37%) from Sigma Aldrich. Supelclean™ ENVI-Carb™ powder
was obtained from Supelco, Sigma Aldrich. Argon and oxygen
gases were of purity grade 5.0 and MilliQ water obtained from
Millipore (Merck, TOC of 3 ppb, conductivity of 18.2 MQ).

Cosmetic product selection and experimental approach

In our recent study, an inventory of PFAS ingredients and their
frequency of occurrence in cosmetic products within Europe
was determined.” From this work, a total of six cosmetic prod-
ucts were selected for more extensive characterization,
including targeted analysis, EOF determination, and bio-
accessibility assessment. The products were selected based on
high levels of TF (reported previously)” and structural diversity
of PFAS in the lists of ingredients. All cosmetic products were
purchased from local stores in Stockholm in September 2020
and contained at least one PFAS (except for a PFAS-free sample,
used as blank) in their ingredient lists. An overview of the
samples, fluorinated ingredients and product names as listed
on the packaging is provided in Table 1.

Our target analysis sought to capture all listed PFAS ingre-
dients in each product, with the exception of loose powder
(which listed a polymer - polyperfluoromethylisopropyl ether),
and foundation/BB cream (which listed “ammonium C6-16
perfluoroalkylethyl phosphate”), for which we included a suite
of PAPs (4:2, 6:2, 8:2 and 10:2 monoPAPs, 4:2, 4:2/6:2
[monitored without an authentic standard], 6:2, 6:2/8:2 and
8:2/8:2 diPAPs). In addition, a suite of PFAAs (ie. C,;—Ci4
PFCAs, Cy4, Cq, Cs, Cyo perfluoroalkyl sulfonic acids [PFSAs])
which we suspected may occur as residuals, were monitored. A
comparison of listed ingredients vs. monitored targets is
provided in Table 1.

Dermal bioaccessibility assay

The dermal bioaccessibility assay was performed at the
University of Birmingham using a previously established
method that approximates wet skin conditions (i.e. 60 mg
cosmetics/6 mL sweat).'®'>*® Artificial sweat was prepared
according to a previously reported US patent and pH adjusted to
5.3 &+ 0.1 (normal human skin pH). Table S1 in the ESIT lists the
compounds used in the preparation of artificial sweat.>® Sebum
was not included because the method described in the US
patent applies a mixture of chloroform/methanol as solvents for
sebum ingredients, which may influence PFAS partitioning
under our bioaccessibility test conditions. The bioaccessibility
assay was carried out as follows: a glass tube containing 60 mg
of cosmetic and 6 mL of sweat was gently agitated at 32-34 °C
(average temperature of human skin surface) with glass covered
magnetic beads for 1 h. At the end of the exposure, the two
phases were separated by centrifugation. After centrifugation
(3900 rpm, 20 min), the supernatant synthetic sweat was
transferred to a clean PP tube. The supernatant and residuals
were sealed in polypropylene and glass tubes, respectively, and

This journal is © The Royal Society of Chemistry 2024

Table 1 List of sample IDs, product and brand names, listed PFAS ingredient (as written on the product), and corresponding PFAS targeted in the present work

Target PFAS based on listed ingredient(s)*

Listed ingredient(s)

Brand/company

Product name

Sample ID
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shipped to Stockholm University for analysis. All of the experi-
ments were performed at least in triplicate. Procedural blanks
(artificial sweat only; n = 4) were also included.

Sample handling and instrumental analysis

Extraction of cosmetics and sweat. Separate extraction and
instrumental analysis methods were used for ionizable/polar
and neutral/volatile PFAS. The polar extraction procedure for
cosmetics was as follows: about 5 mL of methanol was added to
a ~0.1 g sample of cosmetic product which was then vortexed
and ultrasonicated for 30 minutes at room temperature. The
supernatant was transferred into a new tube following centri-
fugation (2000 rpm, 5 minutes). The procedure was repeated
and the supernatants were combined. Thereafter, the solvent
was evaporated under a gentle stream of nitrogen to approxi-
mately 1 mL. 100 pL of the concentrated extract were weighed
and transferred to a 1.5 mL Eppendorf tube containing 25 mg of
graphitized carbon (Supelclean ENVI-Carb) and 50 pL glacial
acetic acid. The tubes were vortexed and centrifuged (10
000 rpm, 10 minutes) before transferring the supernatant to
a new Eppendorf tube. At this point, the extract was divided into
two portions: 500 pL was set aside for EOFy,, analysis while
100 pL was spiked with 50 pL of an isotopically labelled stan-
dard solution (20 pg uL™') for target PFAS quantification.
Samples were processed in triplicate and all sample extracts
were stored in a freezer until the day of analysis. To quantify
polar PFAS in artificial sweat, samples were fortified with IS and
then analysed directly by LC-MS/MS. All sweat samples were
measured in triplicate except for sweat from masks 2 and 3,
which were measured without replication due to an insufficient
amount of sample.

The EOF,on-polar €Xtraction procedure involved addition of
toluene (2.5 mL) to a ~0.1 g sample of cosmetic, which was
subsequently vortexed and ultrasonicated (30 minutes at room
temperature) followed by centrifugation (2000 rpm, 5 minutes).
After separating the supernatant, the extraction was repeated
with an additional 2.5 mL of toluene. Supernatants were
combined and the extract was sealed and stored in a refrigerator
for no more than 48 h prior to analysis to minimize loss of
volatiles. All samples were prepared in triplicate. For quantifying
non-polar PFAS in sweat, samples (1 mL) were shaken together
with toluene (1 mL) in a glass tube. Thereafter, the mixture was
left to stand for 5 minutes and the organic phase transferred to
a separate glass tube for analysis. All samples were prepared in
triplicates without internal standards in order to facilitate
comparisons to CIC measurements (i.e. EOFponpolar). Further
details on the sweat extraction procedure can be found in the
extraction and analysis procedures section of the ESL.T

LC-MS/MS analysis of polar PFAS. Extracts (5 pL) were
injected onto an Acquity ultra performance liquid chromato-
graph (UPLC) (Waters Corp., Milford, MA) equipped with a BEH
C18 guard (5 x 2.1 mm, 1.7 mm particle size) and an analytical
(50 x 2.1 mm, 1.7 mm) column operated at 40 °C. To increase
sensitivity and improve chromatographic peak shape, 1-meth-
ylpiperidine (1 MP) was added to the mobile phase, as described
previously.** The composition of the mobile phase and details
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on the gradient and the flow rate can be found in Table S2.t
Detection of PFAS was carried out using a Xevo TQ-S triple
quadrupole mass spectrometer (Waters Corp, Milford, MA)
operated in negative electrospray ionization mode according to
a method reported previously." The capillary voltage was set to
3 kv and the desolvation and source temperature were set to
350 °C and 150 °C, respectively. The desolvation and cone gas
flows were set to 150 L h™' and 650 L h™", respectively. Further
information on MS parameters are presented in Table S3.f
Quantification of PFCAs and PAPs was performed using Mas-
sLynx 4.1 (Waters), via an 8-point calibration curve ranging from
0.02 to 100 pg pL~'. Analytes lacking an analogous isotope
labelled standard were quantified using the internal standard
with the closest retention time. In cases where peak areas
exceeded the highest point on the calibration curve, the extract
was diluted by a factor of 100, and fortified with additional
internal standard prior to re-analysis.

GC-ECD analysis of non-polar PFAS. While gas chromatog-
raphy coupled to mass spectrometry (GC-MS) is widely used for
analysis of semi-volatile PFAS, our initial attempts at utilizing
this technique were hampered by co-elution of the solvent
(toluene) with the target analytes, which required removal of the
solvent delay. Unfortunately, this resulted in rapid degradation
of the filament; indicating that this approach could not be
utilized for more than a few samples at a time. Gas chroma-
tography - electron capture detection (GC-ECD), on the other
hand, does not utilize a filament (and therefore does not require
a solvent delay), and is a selective and sensitive detection
technique for halogenated substances. Moreover,
halogenated solvents (e.g. toluene) are not detectable by ECD,
thereby eliminating the possibility of interferences caused by
the solvent. While ECD has the disadvantage that it cannot
resolve co-eluting substances using mass-to-charge ratios, this
only posed a problem for one product (mask 2) which contained
a mixture of PFAS ingredients which were difficult to baseline
resolve (see results and discussion).

Instrumental analysis was performed using an Agilent 6890
gas chromatograph (GC) equipped with a Thermo TG-5MS
capillary column (60 m, 250 pm, 0.25 pm) and coupled to an
ECD. The oven temperature program was started at 70 °C and
held for 5 min, then increased to 90 °C and held for 5 min at 4 °©
C min~" rate. Then, the temperature was increased to 290 °C
and held for 13 min at 15 °C min~* rate and finally ended at
290 °C (see details in Table S4, ESIt). The injection volume was
2 pL and the carrier gas (helium) was set at a flow rate of 1.6
mL min~". The ECD make-up gas (80/10 argon/methane) was
set at a flow rate of 25 mL min~". Standard calibration curves
(500, 100, 50, 20, 10, 1 and 0.5 pg mL ') were prepared in
toluene and were then used for the quantification of targeted
PFAS. Standards were subjected to GC-ECD within 48 h of
preparation due to high volatility of substances and peak areas
were manually integrated.

non-

TF and EOF determination by CIC

TF data for all cosmetic products and EOF . data from mask
2, concealer and foundation/BB cream were previously

This journal is © The Royal Society of Chemistry 2024
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reported in Piitz et al” EOF measurements for remaining
samples are reported for the first time here. Briefly, 0.1-1 mg of
solid sample (i.e. neat cosmetic) or 100 puL of liquid (i.e.
methanol, toluene or sweat) was placed into a ceramic boat
containing glass wool for better dispersion. To minimize
background contamination, all boats, including glass wool,
were baked prior to use. The samples were combusted in
a combustion furnace (HF-201, Mitsubishi) at 1100 °C under
a flow of oxygen (400 mL min~ ') and argon mixed with water
vapor (200 mL min ") for approximately 6 min. Combustion
gases were absorbed in Milli-Q water during the entire length
of the combustion process using a gas absorber unit (GA-210,
Mitsubishi). A 100 pL aliquot of the absorption solution was
subsequently injected onto a Dionex Integrion high perfor-
mance ion chromatograph (Thermo Fisher Scientific) equip-
ped with an anion exchange column (Dionex IonPac AS19 2 x
50 mm guard column and 2 x 250 mm analytical column,
7.5 mm particle size) operated at 30 °C. Chromatographic
separation was achieved by running a gradient of aqueous
hydroxide mobile phase ramping from 8 to 60 mM at a flow
rate of 0.25 mL min ', and fluoride were detected by
a conductivity detector. The retention time of fluoride was
approximately 6.36 min.

Quality control - cosmetics and sweat samples

Quality control associated with cosmetic TF measurements as
well as EOF,q,, measurements for mask 2, concealer and
foundation/BB cream are reported in detail elsewhere.” Briefly,
the accuracy and precision of TF determinations were
confirmed through triplicate combustions of a certified refer-
ence material (CRM; BCR®-461, fluorine in clay), which
produced an average percent recovery of 90% (2.5% relative
standard deviation [RSD], n = 3). For TF, EOF 1o and EOF o
polar Measurements, background contamination was assessed
from blanks (boat blanks and procedural blanks, respectively)
which were analyzed along with samples. All TF data were blank
subtracted and the limits of detection (LODs) were calculated as
3 times the standard deviation of the blanks. A standard
mixture of PFOS and PFOA (0.7398 pg F mL™ ') which was
measured repeatedly in the same sequence as real samples
displayed good agreement with theoretical concentrations
(average recoveries of 97% =+ 5% RSD, [n = 4] and 107% =+ 3.5%
RSD, [n = 4] for EOF 1oy and EOF,on potar analyses, respectively)
indicating that the response measured on the CIC was both
specific to fluorine and reproducible.

To evaluate the accuracy and precision of targeted
measurements of polar PFAS, replicates of a PFAS-free cosmetic
product were extracted and analysed with and without fortifi-
cation of a suite of polar PFAS (i.e. 10 ng of individual PFAS; n =
3; Table S6t). Percent recovery for most substances fell within
the range of 64-99% (6-35% RSD) with the exception of
PFTeDA, PFBS, 4:2,8:2,and 10 : 2 monoPAP, and 4 :2/4 : 2 and
6:2/8:2 diPAP, which had lower recoveries (range 13-44%, RSD
6-54%). For sweat samples, fortification was performed into
artificial sweat in the presence of a PFAS-free cosmetic (10 ng of
individual PFAS; n = 3). Recoveries for most substances fell

This journal is © The Royal Society of Chemistry 2024
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within the range of 85-95%, with the exception of PFTeDA
which displayed a lower recovery of 29% and 4:2/4:2 diPAP
with 138% as an outlier. Overall, recoveries from synthetic sweat
were slightly higher than those obtained from the cosmetic
matrix for PFCAs and PAPs, suggesting that bioaccessibility may
be somewhat overestimated for these substances. Limits of
detection (LODs) were determined using the concentration
obtained from the lowest calibration point with a well-shaped
peak displaying an intensity >1000 and a signal-to-noise (S/N)
ratio of >3 and converted to a weight-based concentration (e.g.
ng g ') using the average sample weight.

For QC of PFAS analysed by GC-ECD, the spike/recovery
experiment was repeated but with a suite of non-polar PFAS
(12.5 pg of individual substances; n = 3, Table S7t). Percent
recoveries ranged from 44% to 82% (4-16% RSD) in cosmetics
and 56% to 84% (2-20% RSD) in sweat samples, indicating
somewhat variable accuracy but good precision in both
matrices. In both matrices, perfluorooctyltriethoxysilane
consistently produced among the lowest recoveries (44%), while
perfluoroperhydrophenanthrene had the highest recovery
(82%). The low boiling point/high vapor pressure of some
substances (see Table S51) may have contributed to low recov-
eries in some cases due to evaporative losses. Notably, low
recoveries for perfluorooctyltriethoxysilane (44%) in cosmetics
and perfluorodecalin (56%) in sweat may lead to potential
under-reporting of bioaccessibility by up to 56% and 43%,
respectively. Despite these discrepancies, the recoveries were
deemed acceptable, especially since internal standards were not
utilized for correcting procedural losses. LODs were determined
using 3 times standard deviation of concentration in procedural
blank plus average concentration (n = 3). Concentrations < LOD
were substituted by LOD/2 and were not blank-corrected. The
LOD values for cosmetics and sweat can be found in Tables S8
and S9 in ESL}

Data handling

To enable comparisons to TF and EOFpgjar/non-polar data, tar-
geted PFAS concentrations were converted to fluorine equiva-
lents (Cg_pras; ng F g ') using the following Eq. 1:

Cr_pras = g X Ap/MWppas X Cpras (Eq. 1)
where Cppas and ny are the concentration and number of fluo-
rine atoms for a given target, Ar is the atomic weight of fluorine
(19.0 g mol "), and MWypp,s is the molecular weight of the target
(g mol ™). Once the concentrations were converted to fluorine
equivalents (i.e. ng F g~ '), they were summed to obtain polar/
non-polar X=Cg ppas concentrations, which were directly
comparable to EOFiar/mon-polar ad TF measurements.

Bioaccessibility fraction (fhioaccessibile; %) was calculated
using Eq. 2.

Average quantity of PFAS in sweat
Average quantity of PFAS in cosmetic product

x100  (Eq. 2)

ﬁ)ioaccessibile ((VO)
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Results and discussion

Inaccuracies in INCI names revealed by targeted analysis

Target PFAS determined by either LC-MS/MS (MeOH extraction)
or GC-ECD (toluene extraction) were not detected in 2 out of 6
products, namely treatment (which did not contain listed PFAS
ingredients), and loose powder (which contained a fluorinated
polymer which was not measurable by our methods). For the
remaining products, the listed PFAS ingredient(s) generally
aligned with substances on our target list, albeit with some
notable exceptions. Foundation/BB cream, which listed
“ammonium Cg_46 perfluoroalkylethyl phosphate” as an ingre-
dient, contained 6:2 monoPAP, 4:2/6:2 diPAP, and 6:2/6:2
diPAP at average concentrations of 151 =20 ug g~ ', 18 £ 1 pg
g™ ', and 2427 + 304 pg g ', respectively. Mono- and diPAP
homologues with chain lengths shorter than 4 : 2 or larger than
6:2 were not observed. Concentrations of PAPs observed here
are consistent with prior measurements of foundation/BB
cream cosmetic samples in Sweden which disclosed PAPs on
their ingredients lists® but nearly ~1000-fold higher than
observations in North American cosmetics where ingredients
were undisclosed.® Health Canada has indicated that “ammo-
nium Cgq6 perfluoroalkylethyl phosphate” corresponds to
“Phosphoric acid esters with 2-(perfluoro-Ce46-alkyl) ethanol,
ammonium salt” (i.e. PAPs),*" but not whether the substance is
a mono- or diPAP. Our analysis revealed the occurrence of both
mono- and di-esters with chain lengths as short as 4 : 2, neither
of which are specified by the INCI name. We cannot rule out
that historical versions of this ingredient contained longer
chain length homologues (i.e. up to C;¢) and were subsequently
modified along with increased regulation of long chain PFAAs
and PFAA-precursors; nevertheless, our analysis clearly shows
that the current INCI name is poorly aligned with the actual
substances used in the product.

In the case of Concealer, the listed ingredient was “per-
fluorooctyl triethoxysilane”, yet upon measuring this substance
by GC-ECD (toluene extraction) we observed a small discrepancy
between the retention time of the sample and that of the stan-
dard (14.46 min vs. 14.50 min, respectively; Fig. 1). To assess

Perfluorooctyltriethoxysilane
Standard

500

400

Standard + sample

Response [pA]

Time [min]

Fig. 1 Comparison of GC-ECD chromatograms for an authentic
standard of perfluorooctyl triethoxysilane (blue trace), concealer
extract (green trace), and the concealer extract fortified with an
authentic standard of perfluorooctyl triethoxysilane (red trace).
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whether the apparent retention time shift was due to a matrix
effect, or a mismatch between the substance in the sample and
the standard, the sample extract was fortified with a standard
and re-measured. The standard addition revealed two peaks,
confirming that the fluorinated ingredient in Concealer was
slightly different to the analytical standard (Fig. 1). Based on the
close retention time to the standard of perfluorooctyl triethox-
ysilane, and the fact this substance is stated on the product's
ingredient list, we suspect that the structure in the product may
be an isomer. Semi-quantification of the peak using our per-
fluorooctyltriethoxysilane standard revealed concentrations of
164 + 45 pg g ', but this value remains tentative due to the
mismatch between sample and standard. Overall, our observa-
tions in both concealer and foundation cream highlight the
inaccuracy of some INCI names.

Mask 2, which listed six PFAS ingredients (i.e. methyl per-
fluorobutyl ether, methyl perfluoroisobutyl ether, perfluoro-1,3-
dimethylcyclohexane, perfluorodecalin, per-
fluoroperhydrophenanthrene, and perfluorohexane) also
exhibited the highest sum PFAS concentrations (1452 + 248 pg
g 1). Among the listed PFAS ingredients, perfluorodecalin was
the most prevalent (841 + 121 pg g~ '), followed by perfluoro-1,3-
dimethylcyclohexane (505 + 100 pg ¢ ') and per-
fluoroperhydrophenanthrene (106 + 27 pg g~ ). Perfluorohexane
was unfortunately not quantifiable using this method, likely due
to its extremely high volatility. Quantification of the two methyl
perfluorobutyl ether isomers were also hampered by co-elution
with each other and with perfluoro-1,3-dimethylcyclohexane.
However, since the slope of the combined calibration curve for
the methyl perfluorobutyl ether isomers was over an order of
magnitude lower than the other targets, we assumed that the
observed peak was primarily associated with perfluoro-1,3-
dimethylcyclohexane. The exact contributions of per-
fluorohexane and the two methyl perfluorobutyl ether isomers
remains unclear.

Analysis of mask 3 revealed two isomers of methyl per-
fluorobutyl ether, consistent with our analytical standard, at
S concentrations of 876 & 93 ug g . The observation of two
isomers was surprising considering that the ingredient list only
specifies a single PFAS (methyl perfluorobutyl ether), and
because INCI names exist for both the linear and isopropyl
isomers (as observed on the ingredient list for mask 2).

PFCA residuals were also observed in all samples, with the
exception of loose powder (polymeric listed ingredient) and
treatment (PFAS-free), with sum concentrations ranging from
0.099 pg g~ (concealer) to 29.31 ug g~ (mask 2). PFSAs were
not observed in any samples. Mask 2 and 3 contained exclu-
sively PFBA (29.3 and 22.47 pg g, respectively), while concealer
contained a range of short-chain PFCAs (C4—Cg; 0.024-0.05 pg
¢~ '). Foundation/BB cream was the only product to contain
a large range of chain lengths (C,~Cg PFCAs; 0.02-1.29 ug g™ ).
While the few samples investigated here did not allow us to
draw associations between listed ingredient and residuals, we
note that several prior studies have reported occurrence of
PFCAs in products listing polyfluoroalkyl ethers, silicon-based
PFAS, or PAPs in their ingredients lists.>**3> However, further
research is necessary to determine whether PFCAs in these

This journal is © The Royal Society of Chemistry 2024
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products originate as impurities from manufacturing or
possibly transformation products.

Non-polar extractions help to close the fluorine mass balance
in cosmetic products

TF concentrations in cosmetics investigated here were previ-
ously reported in Piitz et al. (2022) and were above detection
limits for all but treatment (which was PFAS-free). While TF
measurements are effective for capturing all PFAS in a sample,
they can be confounded by inorganic sources of fluorine, such
as synthetic mica, which are known to occur in cosmetic
products. EOF measurements offer an effective means of
removing inorganic fluorine, but are strongly influenced by the
extraction procedure. For this reason, both EOF.,, and
EOF onpolar CONcentrations were determined in the present
work (Fig. 3) (Table S11, ESI). Among the 5 products listing
PFAS ingredients, EOFp,,, only exceeded EOFqnpolar CONCEN-
trations in foundation/BB cream, which was not surprising
considering that this was the only product containing polar
listed ingredients (i.e. PAPs). Foundation/BB cream displayed
a nearly closed fluorine mass balance, with comparable TF and
EOF 1o CONcentrations (3307 vs. 3106 pg F g~ ', respectively),
and only slightly lower > PFAS,,; concentrations (1613.6 ug F
g~ '; primarily due to PAPs). A closed fluorine mass balance was
also observed for mask 3, with roughly equivalent concentra-
tions of TF, EOFon-potar and Y _PFAS,n noiar (595.6, 377.9, and
598.9 pg F g~ ', respectively). Concentrations for EOF 1., and
> "PFAS,,1a in this product were much lower (<14 ug F g~ ') and
did not contribute significantly to the fluorine mass balance.
Mask 2 displayed similar results to mask 3 (i.e. EOFpon-polar =
> PFAS,onpoiar >> EOFpo1ar > D PFAS; 1), With the exception
that concentrations of TF were much higher than EOFqn-polar
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(i.e. 10581.0 ug F g vs. 935.6 ug F g ', respectively). While we
cannot rule out potential losses of volatile PFAS during the
extraction procedure, a more likely explanation for this differ-
ence is due to non-extractable fluorine occurring in mica listed
among the product's ingredients.

Concealer was the only sample displaying consistent TF and
EOFon-polar cONcentrations (797 vs. 731 ug F g™, respectively)
but much lower ) PFAS, ;. polar cOncentrations (79.3 ug F g ).
This gap in the organofluorine mass balance could be attributed
to the discrepancy between the listed ingredient and standard
used to quantify it (i.e. perfluorooctyl triethoxysilane; see
discussion above) and/or the occurrence of additional, as-of-yet
unrecognized PFAS that were not captured by our targeted
analyses.

Finally, loose powder, which listed a polymeric ingredient
(polyperfluoromethyl isopropyl ether), displayed concentrations
of EOF,on-polar Which were several orders of magnitude below TF
(i.e. 38 vs. 6006 g F g~ ', respectively). This difference could be
from a combination of either poor extraction efficiency of the
polymer in toluene and/or the presence of synthetic fluo-
rphlogopite, which was listed among the product's ingredients.
Since the listed ingredient was not targeted here, it was not
surprising that ) PFAS,,npolar cONcentrations were non-
detectable.

Occurrence of PFAS in sweat

None of the non-polar/volatile PFAS measurable by GC-ECD
were detectable in sweat samples produced from bio-
accessibility experiments, which was not surprising considering
their poor water solubility (Table 2). Based on their volatility
(Table S51), these substances can reasonably be expected to
evaporate during application/use and are likely to persist in the

0.02

in artificial sweat

Concentration (pg/g)-Log Concentration (Hg/g)
in cosmetic products
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Fig. 2 The average concentration of residuals-and listed-PFAS partitioned in (top) artificial sweat; (bottom) in cosmetic products (LODgyeat =
0.00035 ug g~Y). Error bars show the standard deviations (n = 3). *Measurement is considered semi-quantitative due to slight differences in

standard used for quantification.
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Fig. 3 Fluorine mass balance showing TF, EOF and targeted PFAS concentrations (ug F g~ sample) on a logarithmic scale. Letters (A—I) above
each bar correspond to listed ingredients shown in the box on the right. The targeted PFAS (3_PFAS) concentrations were converted to fluorine
concentrations for comparative purposes. (LODrr = 35.45 ug F g%, LODeo(potan = 0-33 19 F g%, LODeor(non-potan = 7-1 1g F g%, LODs-pras(potar)
=0.0015pg F g7}, LODs~pras(non-potan = 0.13 ug F g™ Y. *mica listed among ingredients; #synthetic fluorphlogopite listed among ingredients.

environment. However, given the paucity of data surrounding
these substances, their fate and behavior in the environment
remains unclear. In the case of polar/non-volatile PFAS
measurable by LC-MS, PAPs were not detectable but PFCA
homologues from C,-C, were observed in sweat samples ob-
tained from incubation with foundation/BB cream (0.001-0.01
ng ¢ '), while PFBA was observed in sweat incubated with
masks 2 and 3 (0.17 and 0.15 pg g~ respectively; Fig. 2).

Bioaccessibility of residuals exceeds that of listed PFAS
ingredients

Due to the large number of non-detects in artificial sweat, worst-
case estimates of bioaccessibility were calculated by

substituting the concentration in sweat with the value of the
LOD (Table 2). This produced reasonable estimates of bio-
accessibility for most non-polar PFAS (i.e. <0.002% [6:2/6:2
diPAP] to <0.63% [perfluoroperhydrophenanthrene]) but
unreasonably high estimates for methyl perfluorobutyl ether
(<7.20%) and perfluorooctyl triethoxysilane (<35.10%) due to
higher detection limits for these substances by GC-ECD. With
the use of more sensitive analytical methods, it is expected that
these estimates will improve.

In contrast to non-polar listed PFAS, residual PFCAs
measured in both sweat and cosmetics exhibited much greater
bioaccessibility (Table 2), with fractions ranging from 43%
(PFHpA) to 75% (PFHxA). These values are generally lower than

Table 2 The fyioaccessivitityl%] Of studied cosmetic samples. Results are presented as average + SD (n = 3)“

Water solubility

Cosmetic products PFAS type Quantified PFAS Individual fiioaccessible [%0] (mol L)
Mask 2 Residual PFBA 56.6" 3.46
Ingredient Perfluoro-1,3-dimethyl cyclohexane ND (<0.07 + 0.015) 0.000002
Ingredient Perfluorodecalin ND (<0.04 + 0.005) 0.000007
Ingredient Perfluoroperhydrophenanthrene ND (<0.63 £ 0.2) 0.0000007
Mask 3 Residual PFBA 66.2° 3.46
Ingredient Methyl perfluorobutyl ether ND (<7.20) 0.0003
Concealer Ingredient Perfluorooctyltriethoxysilane ND (<35.10) 0.0001
Foundation/BB cream Residual PFBA 56.1 &+ 18.7 3.46
Residual PFPeA 69.5 + 15.1 0.0005
Residual PFHxA 75.5 £ 9.70 0.0034
Residual PFHpA 42.8 +14.3 0.0013
Residual PFOA ND (<97.8 £ 19.0) 0.0006
Ingredient 6:2 monoPAP ND (<0.026 + 0.003) 0.0057
Ingredient 4:2/6:2 diPAP ND (<0.26 + 0.01) 0.003
Ingredient 6:2/6:2 diPAP ND (<0.0019 =+ 0.0002) 0.000005
Loose powder N/A N/A N/A N/A
Treatment (PFAS-free) N/A N/A N/A N/A

9 ND: Non-detectable concentrations in sweat. Estimate based on detection limit. N/A: Not available. © n = 1.
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prior estimates of bioaccessibility from residual PFCAs in
textiles (range 83-87.5% for Cs—Cg PFCAs; 100% sweat) and dust
(81-87%; C5s—-C, PFCAs; 100% sweat), possibly due to differences
in the composition of artificial sweat or matrix (i.e. cosmetics vs.
textile and dust) used in each study.**** While Ragnarsdottir
et al. reported decreasing bioaccessibility with increasing chain-
length, this trend was only observable for chain lengths ranging
from Cg—Cy4 in 100% sweat; below that (i.e. C4,~C-), no trend was
observed, consistent with the present work. Notably, in our
work the bioaccessibility of PFBA (the only substance for which
bioaccessibility was determined from multiple products) was
fairly consistent (i.e. 56% from foundation/BB cream, 56.6%
from mask 2, and 66.17% from mask 3). This suggests that the
matrix had relatively little effect on bioaccessibility of PFBA,
again consistent with Ragnarsdottir et al., who also reported
that bioaccessibility remained relatively consistent for this
target in the presence of foundation, moisturizer, and
deodorant, and only slightly lower in the presence of sunscreen.
For other targets, bioaccessibility reportedly increased or
decreased, depending on the cosmetic.*

Implications for dermal exposure to PFAS in cosmetics

This study was the first to quantify non-polar PFAS in cosmetic
products, while highlighting the importance of alternative
extraction procedures to close organofluorine mass balance.
Several incorrect/ambiguous INCI names were identified,
highlighting challenges associated with chemical characteriza-
tion in consumer products. While listed PFAS ingredients
appear relatively non-bioaccessible compared to residual PFCAs
using artificial sweat, these substances may still pose a risk,
either from direct dermal absorption from the gas phase (as
predicted by Kissel et al., for volatile PFAS), or indirect exposure
following transformation in the environment to persistent
PFAAs.”” In comparison, PFAAs were readily bioaccessible,
indicating that despite occurring at orders of magnitude lower
concentrations than listed ingredients, they can nevertheless be
relevant for dermal exposure. Clearly, the main limitation in
this study was that our SSFL composition did not include
sebum, which was previously shown to enhance bio-
accessibility, in particular for more hydrophobic PFAS." The
reason for not including sebum was that it was only available in
a mixture of chloroform and methanol, which we expected
would bias the partitioning behaviour of PFAS, in particular
non-polar substances. Moreover, several prior studies*** on
bioaccessibility have utilized 100% sweat, providing an oppor-
tunity for comparisons between studies. The bioaccessibility in
vitro assay was limited to an incubation time of 1 hour, which
may not accurately reflect the usage patterns of short- or long-
term skincare products. To address this limitation, future
work should include a wider range of incubation times.
Furthermore, sorption and/or volatilisation may have occurred
during incubation, contributing to losses of some listed PFAS
ingredients. Finally, we note that our results are primarily
relevant for post-application conditions, i.e. after the product
has dried on the surface of the skin. When first applied as a wet
product, some PFAS may already be bioaccessible from the

This journal is © The Royal Society of Chemistry 2024
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product itself. Direct absorption from cosmetic products,
together with the role of sebum on bioaccessibility, require
further investigation for PFAS.
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