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Abstract

Anti-fog sprays and solutions are used on eyeglasses to minimize the condensation of water
vapor, particularly while wearing a mask. Given their water-repellent properties, we sought to
characterize per- and polyfluorinated alkyl substance (PFAS) compounds in four anti-fog spray
products, five anti-fog cloth products, and two commercial fluorosurfactant formulations suspected
to be used in preparing anti-fog products. Fluorotelomer alcohols (FTOHSs) and fluorotelomer
ethoxylates (FTEOs) were detected in all products and formulations. While 6:2 FTOH and the

6:2 FTEO polymeric series were predominant, one anti-fog cloth and one formulation contained
8:2,10:2,12:2,14:2, and 16:2 FTOH and FTEO polymeric series. PFAS concentrations varied

in samples and were detected at levels up to 25,000 sg/mL in anti-fog sprays and 185,000 g

(g cloth)™1 in anti-fog cloth products. The total organic fluorine (TOF) measurements of anti-fog
products ranged from 190 to 20,700 zg/mL in sprays and 44,200 to 131,500 /g (g cloth)™2

in cloths. Quantified FTOHs and FTEOs accounted for 1-99% of TOF mass. In addition, all

four anti-fog sprays and both commercial formulations exhibited significant cytotoxicity and
adipogenic activity (either triglyceride accumulation and/or pre-adipocyte proliferation) in murine
3T3-L1 cells. Results suggest that FTEOSs are a significant contributor to the adipogenic activity
exhibited by the anti-fog sprays. Altogether, these results suggest that FTEOs are present in
commercial products at toxicologically relevant levels, and more research is needed to fully
understand the health risks from using these PFAS-containing products.

Graphical Abstract
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INTRODUCTION

Due to the COVID19 pandemic, there has been an increase in the use of protective gear,
including masks and face shields, particularly among medical staff and other essential
workers. The fogging of eyeglasses while wearing full protective gear can be challenging,
and a variety of approaches are used to overcome this problem, including applying dish

Environ Sci Technol. Author manuscript; available in PMC 2023 January 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Herkert et al.

Page 3

soap, hand sanitizer, iodophor (iodine complexed with a solubilizing agent), or antifogging
agents to the goggles.? Anti-fog solutions have been one of the solutions recommended by
health care professionals to help prevent fogging of glasses while wearing masks.2=* Many
of these products are marketed as “safe” and “non-toxic”; however, the ingredients on these
products are not fully disclosed, although the ingredients listed on some products indicate
the presence of fluorinated compounds. Given that they provide a water-repellant property;, it
seemed likely that these products could contain per- and polyfluoroalkyl substances (PFAS).

PFAS are a large class of chemical compounds that have been used for their stain- and
water-repellent properties in commercial products for decades.>~1° Due to the widespread
use of PFAS, they have been detected nearly ubiquitously in environmental matrices and
human serum.”-9:11.13,14.16-23 pEAS have been shown to have a number of toxicological
effects in laboratory studies and have been associated with thyroid disorders, immunotoxic
effects, and various cancers in epidemiology studies.20:24-28

Most research to date has focused on perfluoroalkyl acids (PFAAs), such as
perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS), which are known
to be more toxic than many other studied PFAS. However, there are multiple classes of
PFAS. For example, fluorotelomer alcohols (FTOHS) are primarily used in the production
of PFAS for commercial applications,8-2%-36 although FTOHSs are sometimes used directly
in fast food packaging and stain- and water-repellent textiles.31:37-39 Due to these direct
and indirect uses (i.e., manufacturing residual) of FTOHs in commercial products, they
have been widely detected in environmental samples and human serum.6:30.40-42 FTOHs
are of particular concern in the indoor environment where they are released from
commercial products and are frequently a dominant class of PFAS detected in dust and
indoor air.17:33:41.43-52 previous studies have shown that FTOHs and other precursor
compounds can transform to more toxic and stable ionic PFAAs via aerobic and metabolic
pathways.6:9:29.41.43.53-63 Thjs could be particularly important for exposure in the indoor
environment as FTOHs measured in indoor air have been found to be significantly correlated
with serum PFAAS, suggesting that metabolic transformations are occurring in the body and
that exposure to FTOHs may be a source of exposure to the more toxic PFAS in the indoor
environment,64.65

Fluorotelomer ethoxylates (FTEOS), in contrast, are a class of fluorinated compounds that
have been infrequently studied. Fromel and Knepper (2010) studied the biodegradation of
FTEOs from commercial mixtures in a wastewater treatment plant (WWTP),56 but to the
best of our knowledge, FTEOs have not yet been identified in any commercial products.
Several types of polyethoxylated surfactants, and some PFAS, have been shown to induce
adipogenesis /n vitro, implicating them as potential endocrine disruptors;87="1 however, no
research has determined if fluorinated polyethoxylates could produce similar effects.

Given that these anti-fog products claim to prevent condensation of water vapor on
eyeglasses, we sought to determine if these products contained a PFAS chemistry. The
two main objectives of this study were to (1) identify and characterize PFAS compounds
present in commercially available anti-fog sprays and cloth wipes and (2) investigate the
adipogenic activity of the anti-fog sprays in a common /n vitro pre-adipocyte model.
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More specifically, 10 non-ionic PFAS were targeted via gas chromatography (GC)-high-
resolution mass spectrometry (HRMS) methods and 28 ionic PFAS were targeted via
liquid chromatography—mass spectrometry (LC-MS/MS) methods. Additional analyses
using high-performance liquid chromatography (HPLC)-HRMS methods were employed
to quantify novel analytes (FTEOS) in anti-fog products and two PFAS commercial
formulations. HPLC combined with charged aerosol detection (CAD) was employed to
determine ethoxymer distribution in commercial mixtures, and an ion chromatography
method was used to measure total organic fluorine (TOF) in all anti-fog samples and
commercial mixtures. /n vitro assays were also used to characterize the adipogenic activity
in anti-fog sprays, commercial formulations, and individual analytes of interest. Figure 1
illustrates a simplified version of the sample workflow and analyses used that are presented
in full in the Methods and Materials section.

METHODS AND MATERIALS

Anti-fog Consumer Products and Commercial Formulations.

Four anti-fog sprays and five anti-fog cloths were purchased from Amazon.com.

The products were selected based on the highest number of positive reviews at the

time of purchase (Table S1). Two commercially relevant non-ionic fluorosurfactant
formulations were also analyzed. A 6:2 FTEO mixture (polyethylene oxide and
mono(3,3,4,4,5,5,6,6,7,7,8,8,8)-tridecafluorooctyl ether; CAS#: 52440-44-4) was obtained
from BOC Sciences, and a legacy sample of Zonyl FSN-100 (E.l. du Pont de Nemours &
Company) was received as a gift of Prof. Jennifer Field (Oregon State University).

Analytical Methods for GC Analysis PFASs in Anti-fog Products.

Anti-fog sprays were diluted in a variety of analytical grade solvents (hexane, ethyl
acetate, acetone, and dichloromethane) to determine which solution was optimal for
GC-MS analysis. Based on the peak responses on a Q-Exactive GC-Orbitrap, acetone
produced the optimal results. Serial dilutions of anti-fog sprays were created in

acetone and spiked with isotopically labeled 2-perfluorohexyl-[1,2- 13CZ]-ethanol(6:2) and
2-perfluorooctyl-[1,2- 13CZ]-ethanol(8:2) (Wellington Laboratories, Guelph, Ontario). Anti-
fog cloth products were analyzed by cutting and weighing out ~0.5 g of sections of cloth
and extracting via sonication in 10 mL of 1:1 hexane/dichloromethane three times. A small
aliquot of the combined extract was added to a GC vial, diluted with ethyl acetate to 1

mL, and spiked with 13C 6:2 FTOH and 13C 8:2 FTOH. All samples were analyzed in
triplicates.

The samples were analyzed based on previously published methods.”2 Briefly, FTOHs

were analyzed on a Q Exactive GC hybrid quadrupole-Orbitrap GC-MS/MS system
(Thermo Scientific) operated in the full-scan positive chemical ionization (PCI) mode. Seven
additional PFAS precursor compounds were screened but not found in any samples analyzed
(Table S2). The GC was equipped with an Agilent J&W DB-WAX GC capillary column (30
m x 0.25 mm ID and 0.25 gm film thicknesses) with methane as the reagent gas flowing

at 1.5 mL/min. The programmable temperature vaporizer inlet was operated in the splitless
injection mode with a 1 4L injection. The GC oven temperature program was 50 °C for 2
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min, 50-70 °C at 3 °C/ min, 70-130 °C at 10 °C/min, 130-250 at 20 °C/min, and held for
20 min. The ion source was kept at 250 °C. The samples were run with a scan range of
70-1050 m/z and quantified using the TraceFinder software. The analytes were measured
with a standard targeted approach that included a five-point calibration curve and included
the use of isotopically labeled standards.

LC-MS/MS Methods for lonic PFAS Analysis.

lonic PFAS were analyzed by an Agilent 1260 Infinity 11 LC system coupled to an Agilent
6460A triple quadrupole mass spectrometry (LC-MS/MS). Chromatographic separation was
achieved under gradient conditions using a C18 column (Agilent Zorbax Eclipse XDB-C18,
4.6 x 50 mm and 1.8 um particle size) preceded by a 4.6 x 5 mm XDB-C18 guard column.
The mobile phases water (A) and methanol (B) were both modified with 2 mM ammonium
acetate. The gradient program is as follows: initial condition 30% B, held for 1.5 min,
increased to 95% B over 2 min, held for 6 min, increased to 100% B over 3 min, returned

to the initial condition 30% B over 0.5 min, and held for 5.5 min. The flow rate was

0.4 mL/min, the column temperature was 45 °C, and the injection volume was 20 z1_.
Quantification was performed using multiple reaction monitoring transitions and run in the
electrospray negative mode. Full results for ionic PFAS are presented in Table S3. Analytes
were measured with a standard targeted approach that included a five-point calibration curve
and included the use of isotopically labeled standards.

HPLC-CAD Methods for Characterizing Ethoxymer Distribution.

FTEOs in the 6:2 FTEO fluorosurfactant formulation were separated and quantified by
HPLC with CAD using an Ultimate 3000 HPLC with a Corona CAD RS Ultra detector
(Thermo Fisher Scientific). The separation was conducted as described previously for
alkylphenol ethoxylate surfactants using a mixed-mode high-performance size exclusion
chromatography method.”3 The column (Shodex MSPak GF-310 4D, 150 x 4.6 mm, cross-
linked polyvinyl alcohol phase) was held at 60 °C and operated under gradient conditions
with a flow rate of 0.2 mL/min. The mobile phases were water (A) and methanol (B). From
the initial conditions of 50:50 A/B, solvent B was increased to 100% in 22.7 min with a

10 min hold at 100% B. The column was returned to initial conditions in 5 min and held
for post-run equilibration for 10 additional minutes. The sample injection volume was 5
L. The charged aerosol detector was operated at a 25 °C nebulizer temperature and 10

Hz data acquisition with a digital filter setting of 3. The CAD response is proportional to
the total mass (quantity) injected for nonvolatile compounds, and this response does not
vary appreciably depending on the functional group or chemical structure across a wide
range of molecule classes. 6:2 FTEO ethoxymers were identified by the corresponding
retention time from analogous HPLC-HRMS analysis (below), and the relative quantity of
each individual ethoxymer in the mixture was calculated as the % of the total peak area for
the full HPLC-CAD chromatogram. Three replicate analyses were conducted. This analysis
provided a high-confidence quantification of the 6:2 FTEO ethoxymers present in the 6:2
FTEO fluorosurfactant formulation acquired from BOC Sciences. Due to the complexity
of the mixture (extensive co-elution of different FTEO ethoxymers), we were unable to
characterize the Zonyl FSN-100 via HPLC-CAD analysis.
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HPLC-HRMS Methods for FTEO Quantification in Commercial Products.

6:2 FTEO ethoxymers were quantified in anti-fog sprays and cloth extracts by HPLC-
HRMS. The HPLC separation conditions were exactly as described above (HPLC-CAD
methods). Detection was performed using an Orbitrap Fusion Lumos Tribrid high-resolution
mass spectrometer (Thermo Fisher Scientific) operated in the positive-ion electrospray
mode. The source conditions were electrospray voltage = 3300 V, sheath gas and auxiliary
gas = 35 and 7 arbitrary units, respectively, ion transfer tube temperature = 350 °C, and
vaporizer temperature = 275 °C. Spectra were acquired in the Orbitrap analyzer at 240,000
resolution over an /7/zrange of 300-1100 and an ion funnel RF amplitude of 60%. Spectral
acquisition was internally calibrated using the Easy-IC reagent ion source to achieve mass
accuracy typically <1 ppm (RMS). Quantitation of individual 6:2 FTEO ethoxymers was
conducted from accurate mass extracted ion chromatograms (2 ppm) with external standard
quantitation versus a six-point calibration curve prepared from 0.1 to 50 pg/mL %6:2 FTEO.
Anti-fog sprays were diluted 1:1000 or 1:100 in 50:50 methanol/water, and dichloromethane
extracts of anti-fog cloths were evaporated to dryness under a gentle nitrogen stream and
reconstituted in an equal volume of methanol prior to dilution (1:1000) in 50:50 methanol/
water. The injection volumes were 5 /i in all cases. This analysis provided a highconfidence
quantification of the 6:2 FTEO ethoxymers present in the anti-fog products with the use

of the 6:2 FTEO fluorosurfactant formulation characterized via HPLC-CAD as described
above.

TOF Measurement.

All anti-fog products and the 6:2 FTEO commercial formulation were analyzed for TOF
using previously published methods.”* TOF in this context refers to organic-bound fluorine
or organofluorine. The fluorine contents in the four anti-fog sprays and the 6:2 FTEO
formulation were diluted by methanol and water and then analyzed in triplicates by a
Mitsubishi AQF-2100H furnace system. The fluorine atoms in all forms were mineralized
into fluoride by combustion, which was then absorbed into reagent water. The formed
fluoride concentration was quantified by a Dionex 1CS-3000 ion chromatography (IC) to
back-calculate the total fluorine (TF) concentrations in the samples. The same anti-fog
spray samples were also diluted by water and analyzed for their inorganic fluoride (IF)
concentrations directly using IC. The TOF was determined as the difference between the TF
and IF levels in the same sample.”® In all the tested anti-fog spray samples, the TF levels
were dominated by TOF, with IF contributing to 0.07-1.43% of TF levels.

The five cloth samples were analyzed in triplicate for extractable organofluorine to
represent their TOF levels. Each cloth sample (0.05 g) was extracted by 1 mL of
hexane:dichloromethane (1:1 v/v) mixture under sonication three times. The combined
extracts were diluted by methanol, combusted in the Mitsubishi furnace system, and
analyzed for fluoride after combustion.

Adipogenesis Evaluation of Anti-fog Solutions.

3T3L1 cells (Zenbio cat# SP-L1-F, lot# 3T3-062104, passage 8-12; Research Triangle Park,
NC) were maintained as described in detail previously®8:69.76.77 in pre-adipocyte media
(Dulbecco’s modified Eagle’s medium—nhigh glucose; DMEM-HG; Gibco cat# 11995,
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supplemented with 10% bovine calf serum and 1% penicillin and streptomycin). The cells
were seeded into 96-well tissue culture plates (Greiner cat# 655090), grown to confluency,
and allowed 48 h to undergo growth arrest and initiate clonal expansion. The medium was
then replaced with controls and/or test solution dilutions in differentiation cocktail media
(DMEM-HG with 10% fetal bovine serum, 1% penicillin/ streptomycin, 1.0 4g/mL human
insulin, and 0.5 mM 3isobutyl-1-methylxanthine, IBMX). After 48 h of induction, the
medium was replaced with fresh dilutions of all test chemicals and treatments in adipocyte
maintenance media (differentiation media without IBMX), and this was refreshed every 2-3
days until the plates were assayed. 10 days after induction, the plates were assayed for
triglyceride accumulation and pre-adipocyte proliferation. The medium was removed from
the plates, and the cells were rinsed with Dulbecco’s phosphate-buffered saline (DPBS;
Gibco cat # 14040), removed, and replaced with a 200 gL dye mixture [19 mL of DPBS,

1 drop/mL of NucBlue Live ReadyProbes Reagent (Thermo cat #R37605) and 500 4L of
40 1g/mL Nile Red (Sigma 72485-100MG)]. The plates were protected from light and
incubated at room temperature for approximately 40 min, and then the fluorescence was
measured using excitation at 485 nm and emission at 572 nm for Nile Red and 360 and 460
nm for NucBlue, respectively.

For triglyceride accumulation data, percent activities were calculated relative to the maximal
rosiglitazone-induced fold induction over the intra-assay differentiated vehicle control (0.1%
dimethyl sulfoxide) responses. The DNA content was calculated as percent change from
differentiated vehicle control responses for each chemical at each concentration and was
then used to normalize the total triglyceride values to obtain the triglyceride content per
unit DNA (a proxy for triglyceride accumulation per cell). DNA content measurements in
the adipogenesis assay can denote either pre-adipocyte proliferation (positive responses)
and/or cytotoxicity (negative values) across a dose response. However, the DNA content
assays can occasionally provide non-specific increases in this system, so two additional cell
health measures were included to provide consensus determinations of toxicity. First, visual
confirmation (qualitative) was performed using a Zeiss LSM 800 fluorescence confocal
imaging system (Figure 2) to assess specific versus nonspecific staining and cell integrity.
After fluorescence measurements and microscopy, the CellTiter-Glo 2.0 assay (Promega cat
# PRG9242) was utilized to assess the metabolic activity of cells via ATP measurements.
Briefly, 100 4L of media was removed from plates and replaced with 100 gL of the
CellTiter-Glo reagent, mixed, incubated for 10 min, and then read on a plate reader for
quantification of luminescence. All three cell health determinations were compared to
determine the potential cytotoxic responses by our test chemicals. Four technical (replicates
within each assay plate) and three biological replicates (separate cell passages/assays) were
performed for every tested chemical and concentration for each of these assays. Given the
lack of available information on commercial sprays and contaminants present, we tested
these at 1:1000 dilutions from the actual product. In contrast, we performed more controlled
dose response ranges for individual and defined mixtures, where we had more information
available to select realistic toxicological dosing concentrations below presumed toxicity.
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RESULTS AND DISCUSSION

Product Characterization.

Several different PFAS were detected in all products, and their chemical backbones are
summarized in Figure 1. FTOHs and FTEOs were detected in every product. 6:2 FTOH and
the 6:2 FTEO series were the predominant PFAS compounds observed and were detected

in every product. FTEO ethoxymers were identified via GC-HRMS and HPLC-HRMS/MS
by predicting the exact mass for each isomer up to 15 ethoxy units and monitoring for

the protonated molecular ion in each sample. Identifications were additionally confirmed
with fragments common to 6:2 FTOH and the series (Table S4). Ethoxymers in the 6:2
FTEOQ polymeric series were detected from 1 to 8 ethoxy units using GC-MS and from

2 to 13 ethoxy units using HPLC-HRMS. While the 6:2 compounds were most widely
detected in samples, 8:2, 10:2, 12:2, 14:2, and 16:2 FTOH and FTEO series were detected
in anti-fog cloth A. All products contained similar PFAS, some of which are novel and, to
our knowledge, have not been reported in the literature. All products, except for anti-fog
spray A, had a compound that included two partially fluorinated chains (6:2 fluorination
pattern) connected by a single ether bond (Figure 1c). Anti-fog spray A instead was found
to contain two partially fluorinated chains (6:2 fluorination pattern) with a fumarate diester
bridge. Anti-fog cloth A also had similar compounds (i.e., ester-bonded fluorinated chains)
with 6:2-8:2, 8:2-8:2, 8:2-10:2, and 10:2-10:2 fluorination patterns (Table S4). In our
method, the 8:2-12:2 fluorotelomer ether appeared to coelute with the isomeric 10:2-10:2
fluorotelomer ether (Figure S11). Larger fluorotelomer ethers were likely present but not
observed using GC-HRMS due to their high masses. It seems possible that these compounds
were not intentionally produced but were instead the result of side dimerization reactions,
for example, manufacturing byproducts. One anti-fog spray (A) and two anti-fog cloths
(C&D) also contained compounds with two partially fluorinated chains (6:2 fluorination
pattern) connected by an ethoxyl chain length ranging from 1 to 8. Chemical identifiers,
including CAS number, IUPAC Name, SMILES, and INCHI-Key, for all the identified
PFAS compounds are listed in the Supporting Information (Table S5). Seven additional non-
ionic PFAS (including 6:2 fluorotelomer acrylate, 6:2 fluorotelomer methacrylate, and 8:2
fluorotelomer acrylate) were targeted for quantification in this study but were not detected in
products (Table S2).

The concentration of 6:2 FTOH in the anti-fog sprays ranged from 3.43 to 10,600 rg/mL
(Table 1). While we did screen for 4:2, 8:2, 10:2, 12:2, 14:2, and 16:2 FTOH in all products,
no other FTOHs were detected in any of the anti-fog sprays. In the anti-fog cloths, the levels
of 6:2 FTOH ranged from 1.29 to 38.4 /g (g cloth)™1. Both 8:2 FTOH and 10:2 FTOH

were detected in cloth A at 127 and 15.5 g (g cloth)™1, respectively. 12:2 FTOH, 14:2
FTOH, and 16:2 FTOH were also detected in cloth A but were not quantified due to the
lack of authentic standards. Qualitatively, 12:2 FTOH and 14:2 FTOH were present at levels
equal to or greater than 6:2 FTOH in this product based on standard-normalized instrument
responses (Table S6). The median FTOH concentrations reported here in these sprays and
cloths are similar to what has previously been reported in food contact paper, treated textiles,
floor waxes, and stone/wood sealants.33:38:39 However, the upper limit detected in anti-fog
products (10,600 wg/mL) is an order of magnitude higher than previously measured.
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In general, the FTEOs were present in anti-fog products at levels greater than FTOHs
(Tables 1 and S6). The X6:2 FTEO,_13 was present at levels up to 14,400 pg/mL in sprays
and up to 185,000 g (g cloth)™ in the cloths. In general, the anti-fog cloths had much
greater levels of FTEOs relative to FTOHSs (Table S6). Intuitively, this may be explained
by the fact that the volatile FTOHs are likely not retained well on the cloths for extended
periods of time. The 8:2, 10:2, 12:2, 14:2, and 16:2 FTEO series were also identified

via GC-HRMS in anti-fog cloth A, all from 1 to 8 ethoxy units, respectively, though not
quantified due to the lack of authentic standards.

Anti-fog products were also analyzed for a suite of 28 ionic PFAS, including PFSAs,
PFCAs, FTSAs, FTCAs, diPAPs, GenX, and FOSAA using LC-MS/MS (Table S3). Many
ionic PFAS were detected in products at trace levels (Table S3). Z(ionic PFAS) ranged from
19 to 1370 ng/mL in anti-fog sprays and 156 to 2680 ng (g cloth)™1 in anti-fog sprays.
Perfluoroalkyl carboxylic acids were the most abundant PFAS with PFBA or PFHXA being
most prevalent in anti-fog sprays and PFHpA or PFPeA being most prevalent in anti-fog
cloths. While a nonnegligible amount of legacy ionic PFAS was detected in these products,
they were present at levels several orders of magnitude lower than FTOHs and FTEOs.

TOF contents of the anti-fog products were also quantified (Table 1). Of the four anti-fog
sprays, spray A had the highest TOF content of 20,700 rg/mL with sprays B, C, and D at
221, 202, and 190 wg/mL, respectively. For the five anti-fog cloths, the TOF contents ranged
from 44,200 g (g cloth)™ in cloth B to 131,500 g (g cloth)™! in cloth C. These TOF values
are higher than the extractable organic fluorine concentrations measured in cosmetics (up

to 1720 g g~1)78 and total fluorine (TF) concentrations measured up to 60 g g~ in fast
food packaging.10 It makes an intuitive sense that anti-fog products, with the sole purpose

of water repellency, would have higher fluorine content than cosmetics or food packaging,
where PFASs are an additive.

6:2 FTOH and X6:2 FTEOs accounted for 57-99% of TOF levels in anti-fog sprays and

for 1-72% of TOF levels in anti-fog cloths (Table 1). The trace levels of ionic PFAS
detected in antifog products only accounted for 0.01-0.03% of TOF in the antifog sprays
and an even smaller portion in anti-fog cloths. Presumably, the remaining fluorine mass was
associated with the PFAS discussed above. This is especially relevant for anti-fog cloth A,
where 8:2, 10:2, 12:2, 14:2, and 16:2 FTEOs were present in the product. In anti-fog cloth
A, 8:2 FTEOs and 10:2 FTEOs were present at levels that appear to be over an order of
magnitude higher than the 6:2 FTEOs based on instrument normalized responses (Table S6).
For the other products, the unquantified PFAS, namely, 6:2 fluorotelomer fumarate, 6:2-6:2
fluorotelomer ether, 6:2 FTEO+, and ethoxymers of a chain length >13, likely account

for the remaining fluorine mass quantified by the TOF measurements. For example, 6:2
fluorotelomer fumarate was the second most abundant peak (behind 6:2 FTOH) in spray A,
which likely explains the lower contribution of TOF explained by our quantitative analysis.
Similarly, 6:2-6:2 fluorotelomer ethers were the second most abundant peak (behind 6:2
FTOH) in spray B, and this spray was the only spray to contain FTEO ethers, which we
were unable to quantify (Table S6). This again likely explains the lower contribution of TOF
explained by our quantitative analysis. These results suggest that, while there may still be
unidentified PFAS in these products, we have identified the most prevalent compounds.
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Characterization of Non-lonic Fluorosurfactant Formulations.

After identifying the FTEQs in these anti-fog products, we sought to determine the
commercial PFAS source of these compounds and provide an estimate of their contribution
in the products. We acquired an older Zonyl FSN-100 formulation from Dr. Jennifer Field
(Oregon State University) and purchased a new FTEO formulation (hereafter referred to as
“6:2 FTEO formulation”) from BOC Sciences for PFAS characterization. The 6:2 FTEO
formulation contained 6:2 FTOH, the 6:2 FTEO series, and 6:2—6:2 fluorotelomer ether
(Table S6). 6:2 FTOH was present in the 6:2 FTEO formulation at a concentration of 7310 +
140 1g/g. The Zonyl FSN-100 formulation, in contrast, contained FTOHs and FTEO series
for 6:2, 8:2, 10:2, 12:2, 14:2, and 16:2 fluorination patterns, as well as 6:2-6:2, 6:2-8:2,
8:2-8:2, 8:2-10:2, and 10:2-10:2 fluorotelomer ethers (Table S6). 6:2, 8:2, and 10:2 FTOH
were present at 834 + 120, 754 + 26, and 482 + 28 1g/g, respectively, in the Zonyl FSN-100
formulation. The TOF measured in the 6:2 FTEO formulation was 447.57 + 11.55 mg g~1.
Due to the limitations on the available amount, we were unable to conduct TOF analysis on
the Zonyl FSN-100 mixture.

HPLC-CAD was used to quantify the ethoxymer distribution of the 6:2 FTEO formulation.
The distribution peaked at six EO, with an asymmetric profile favoring shorter chains (Table
S7), consistent with commercial production via ethylene oxide polymerization on an alcohol
hydrophobe. Ethoxylate chain lengths from 2 to 13 accounted for 92.74% of the formulation
(Table S7). Presumably, 6:2 FTOH, 6:2 FTEO1, and 6:2-6:2 fluorotelomer ether account for
the remaining percentage, though it could not be confirmed via HPLC-CAD analysis. Due
to the complexity of the mixture (extensive co-elution of different FTEO ethoxymers), we
were unable to quantitatively characterize the Zonyl FSN-100 via HPLC-CAD analysis.

The 6:2 FTEO formulation most closely resembled the formulation present in sprays C and
D and cloths B and C, while the Zonyl FSN-100 formulation most closely resembled the
formulation present in cloth A. Spray B and cloths D and E all appear to be produced from
the same chemical formulation, not identified in this study, which includes the 6:2 FTEO
ethers. Spray A, while similar to the 6:2 FTEO formulation, included the 6:2 fluorotelomer
fumarate in the place of 6:2—-6:2 fluorotelomer ether, suggesting that it may stem from

a different FTEO commercial mixture that was likely manufactured using a modified
procedure.

Adipogenic Activity of Anti-fog Spray Products.

Since prior research observed high adipogenic activity for similar polyethoxylated
surfactants,59:71 we sought to determine if these fluorinated ethoxylate products and
mixtures would also elicit activity. All the four anti-fog spray solutions, both commercial
formulations, and four individual component chemicals present in the sprays (6:2 FTOH,
8:2 FTOH, diethylene glycol butyl ether, and 1-butoxypropanol) were characterized for
their potential toxicity using several metrics, including assessments of cytotoxicity (DNA
content), cell viability (ATP production), and a qualitative microscopy evaluation. All of
these were also assessed for their adipogenic activity (triglyceride accumulation and pre-
adipocyte proliferation) in murine 3T3-L1 preadipocytes. Cloths were not tested.
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Figure 2 presents the results from the cell health/cytotoxicity testing. In general, the
commercial anti-fog spray products were much more toxic than any of the individual
chemicals present in the sprays (e.g., 6:2 FTOH, 8:2 FTOH, diethylene glycol butyl ether,
and 1-butoxypropanol) or commercial chemical mixtures tested (i.e., 6:2 FTEO mixture and
Zonyl FSN-100). Anti-fog spray A inhibited cell viability at doses of 10,000 and 100,000
ag/mL based on cell viability (ATP production) and visual confirmation via microscopy,
despite DNA content measurements appearing to increase at 10,000 pg/mL. Anti-fog B
marginally inhibited the cell viability at concentrations of 1000 and 10,000 g/mL (ATP
production), with normal microscopy and positive effects on DNA content at these doses.
At 100,000 g/mL, all three measures demonstrated consistent toxicity. Anti-fog sprays C
and D were most toxic, with cell viability and visual confirmation suggesting cytotoxicity
at doses =1000 g/ mL (despite apparent increase in DNA content at 100,000 g/ mL).

Of the individual chemicals and commercial mixtures, 8:2 FTOH was cytotoxic at the
highest dose (46 pg/mL and 100 M) in both DNA and ATP content assays. The Zonyl
FSN-100 formulation inhibited cell viability at the highest dose (50 g/ mL), though there
were no apparent effects on DNA content. 6:2 FTOH, the 6:2 FTEO formulation, and

both nonfluorinated additives (diethylene glycol butyl ether and 1-butoxypropanol) did not
demonstrate cytotoxicity at any doses tested in this study. At concentrations below the
cytotoxicity thresholds discussed above, anti-fog sprays exhibited a range of adipogenic
activities. Triglyceride accumulation is presented in Figure 3 and is only shown for doses
that were not deemed cytotoxic based on the three measures described above. Anti-fog A
exhibited the greatest degree of activity, with approximately 145% triglyceride accumulation
induced at 1000 wg/mL, relative to the maximal rosiglitazone-induced (positive control)
response (set at 100%). Anti-fog A also promoted pre-adipocyte proliferation, with 40%
increased DNA content relative to the differentiated vehicle control at 1000 tg/mL (Figure
2). Antifog B exhibited minor adipogenic activity, with 22% triglyceride accumulation
induced at 10,000 pg/mL, and 32% increased DNA content at 1000 g/mL. Anti-fog sprays
C and D exhibited 71 and 41% triglyceride accumulation at 100 zg/mL, respectively,

and neither promoted significant cell proliferation (i.e., increased DNA content) at any
concentration tested.

Of the individual chemicals tested, 6:2 FTOH exhibited minor adipogenic activity, with 13%
triglyceride accumulation induced at 36 pg/mL (100 ¢M) and no effects on pre-adipocyte
proliferation. Similarly, 8:2 FTOH exhibited 11% triglyceride accumulation at ~5 pg/mL (10
4M). The two non-fluorinated additives were inactive for both triglyceride accumulation and
proliferation (Figure S1). In contrast, the commercial mixtures exhibited robust adipogenic
activity. The 6:2 FTEO formulation and Zonyl FSN-100 formulation exhibited 109 and

66% triglyceride accumulation at 50 pg/mL, respectively. The 6:2 FTEO formulation also
promoted 24% pre-adipocyte proliferation at 10 pg/mL, though the Zonyl FSN-100 had no
proliferative effects.

We have previously reported the adipogenic activities of a small number of PFAS, including
6:2 and 8:2 FTOHs, neither of which exhibited significant activity in our assay previously
(at lower concentrations than we tested herein).58 However, 8:2 fluorotelomer acrylate
(1H,1H,2H,2H-heptadecafluorodecyl acrylate) exhibited significant effects on triglyceride
accumulation in our hands,8 and others have demonstrated adipogenic effects for other
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PFAS in this model.5” We have also previously reported extremely potent and efficacious
triglyceride accumulation and pre-adipocyte proliferation for various alkylphenols and
alcohol polyethoxylates.%? It is therefore perhaps unsurprising that the ethoxylated
fluorotelomer compounds identified in this study exhibit activity in this assay. We should
note that our results provide a note of caution on the interpretation of high-throughput
toxicity testing. While some chemicals exhibited an apparent increase in DNA content

at high doses (e.g., sprays A, C, and D), fluorescent imaging and cell viability assays
confirmed cell death at these concentrations (Figure 2).

Last, we sought to estimate the potential PFAS exposure by using these sprays as indicated.
We measured the density of each defogger spray (Table S8). Based on these densities,

and our measurement of PFAS, we estimate that approximately 2.5% of the mass of spray
A is composed of PFAS, whereas in sprays B, C, and D, PFAS ranged from 0.03 to

0.06%. Therefore, a 1000 g/ mL dose of spray A would be ~25 pg/mL total PFAS and
would fall between the 5 and 50 wg/mL dose of the 6:2 FTEO formulation. The 135%
triglyceride accumulation observed at 1000 pg/mL of spray A correlates well with the
interpolated 25 pg/mL activity (~100% triglyceride accumulation) observed at for the 6:2
FTEO commercial mixture. Since we were able to completely characterize spray A (the
ingredient list was on the product bottle) and we know that the two non-fluorinated additives
present in spray A were not active in our assay, we can conclude that the 6:2 FTEOs are a
significant driver to the adipogenic activity exhibited by spray A in our model.

Similarly, the 10,000 pg/mL dose of spray B would be ~3 1g/ mL total PFAS (i.e., dose of
the 6:2 FTEO formulation). The 20% triglyceride accumulation observed at 10,000 zg/mL
of spray B correlates well with the 3 gg/mL activity (~30% triglyceride accumulation)
observed for the 6:2 FTEO commercial mixture. While we were unable to completely
characterize spray B, we can reasonably postulate that the 6:2 FTEOs are a significant driver
of the adipogenic activity exhibited by spray B in our model.

Sprays C and D are more difficult to interpret within our assay due to high levels of
cytotoxicity. Sprays C and D demonstrate equivalent effects on triglyceride accumulation
to A at 10 g/ mL, despite having much lower total PFAS levels in the product. This high
degree of cytotoxicity and adipogenic activity cannot be predicted by the known levels of
PFAS in these products. Contrary to sprays A and B, sprays C and D had several highly
abundant features present in the chromatogram that we were unable to identify. These
features were present at levels many orders of magnitude higher than the any fluorinated
compound identified in the sprays, contrary to what was observed in sprays A and B.
Therefore, contrary to the strong line of evidence we have for 6:2 FTEQ driving activity in
sprays A and B, we believe that the unidentified additives may be driving the activity for
sprays C and D that we see in our model. Though without a true identification, we cannot be
certain.

Implications.

While we only measured a small number of anti-fog products, we found that FTOHs and
FTEOs were quantitatively important components in all of them. The FTEOs explained a
majority of the TOF measured in the samples, demonstrating the importance of the TOF (or
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similar) approach, as a regular targeted method would have been insufficient to characterize
the full PFAS content in these samples. The presence of PFAS compounds in these anti-fog
products is unsurprising, though the quantity was unexpected. Using the measured densities
of each spray, we estimate that ~3.5 mg of PFAS is discharged to the target surface and
surrounding environment with each pump of spray A. Sprays B, C, and D all fall below

100 1g of PFAS per use (Table S8). To put this in context, if only 1% of the total PFAS
from each use of the spray enters the body (via inhalation/dermal absorption), the PFAS
exposure would equate to 1-35 g of PFAS. This amount of PFAS exposure is a 14-500x%
greater dose than one would receive if consuming 1 L of water at the U.S. EPA health
advisory level for PFAS/PFOA of 70 part per trillion (ng/L). The application notes for spray
A state that one application will be effective for ~24 h, which indicates that this product

has the potential to be a significant daily exposure source. In addition, the instructions on
spray A recommended rubbing the product onto the eyeglass surface with your finger. Given
the mobility of FTOHSs in the indoor environment, these products have the potential to be
an important source of PFAS precursors in the indoor environment (namely, air and dust).
Previous studies have shown that FTOHs in air are correlated with serum PFAA levels,
suggesting that they may be an important precursor class for PFAAs that are more toxic and
have longer half-lives in the body.54.79

Significant effects on triglyceride accumulation were observed for all four anti-fog sprays
and on pre-adipocyte proliferation for two of the four solutions. Even at concentrations as
low as 10 pg/mL, anti-fog spray A exhibited ~20% triglyceride accumulation or equivalent
to approximately 5 nM of the positive control, rosiglitazone. Importantly, the biological
activity was observed at an /n vitro dose that is less than the dose applied to eyeglasses from
one pump of the spray based on their densities (the 1000 g/mL /n vitro dose is equivalent
to ~190 £g of solution, with approximately 1000 times the quantity released in each spray).
Sprays C and D similarly exhibited significant triglyceride accumulation at the 10 gg/mL
dose, though it is unclear how much of this activity is attributable to FTEOs. Regardless

of the main driver of adipogenic activity in sprays C and D, it is similarly observed at an

in vitro dose that is less than the dose applied to eyeglasses from one pump of the spray,
thereby warranting the concern.

While the production and use of anti-fog products is a clear potential exposure source of
FTEOQs, little is known about their fate in the human body or the environment. Frémel and
Knepper (2010) found FTEOs biodegraded in a WWTP under aerobic conditions to FTEO
carboxylates (FTEOC), with little evidence of them degrading beyond that.56 However,
further research is needed to fully understand the potential pathways for FTEOs to degrade
further to FTOHs and subsequently stable ionic PFAA. Given that the aforementioned study
only analyzed FTEO biodegradation under a single set of conditions, there is still much
unknown about the biodegradation potential of these compounds. Even less is known about
the transformation of FTEQOs via metabolic processes, as it has not been studied.

To the best of our knowledge, no research to date has been conducted to determine how
widespread FTEQs are used in consumer products and how much of it is being produced
every year. These products were manufactured in several different countries, specifically
the United States, China, and Korea (Table S1), and therefore, it seems likely that there
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is global use of these products. This is especially pertinent given the recent EU ban on
long-chain perfluorinated carboxylic acids (C9-14 PFCAS), their salts and precursors that
will take effect in February 2023,80 and the progress toward more restrictive regulation in
the United States.81 While a majority of the analytes detected in this study were short-chain
PFAS (C6), one sample and one commercial mixture contained long-chain PFAS (C10-C16
FTOHS/FTEOSs). These analytes could be classified as precursors for long-chain PFCAs and
would thus be subject to the new EU regulations. More research is needed to elucidate the
uses of these novel compounds in commercial products.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Analytical workflow for sample analysis (left) and chemical structures identified in anti-fog
products (right). A represents FTOHSs, B represents FTEOSs, C represents fluorotelomer
ethers, D represents fluorotelomer fumarates, and E represents FTEO ethers. Compounds
were identified with n as 6, 8, 10, 12, 14, or 16; 5 as 6, 8, or 10; n3 as 6; and x ranging from
1 to 8 via GC-MS analysis and from 2 to 13 via LC-MS analysis.
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Figure2.
Cytotoxicity and cell health measures for anti-fog sprays and constituent chemicals. 3T3-

L1 pre-adipocytes were differentiated while exposed to sprays and constituent chemicals
and then assayed for DNA content (cytotoxicity), ATP production (cell viability), and
fluorescent microscopy (qualitative visual confirmation). The DNA content reported as
increase (pre-adipocyte proliferation) or decrease (cytotoxicity) relative to differentiated
solvent control response. ATP production reported as a decrease in ATP produced relative
to differentiated solvent control response. Data presented as mean = SEM from three
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independent experiments. Fluorescence microscopy used as a third confirmatory measure of
toxicity for anti-fog sprays (green fluorescence measures triglyceride accumulation staining
and blue fluorescence represents nuclear staining).

Environ Sci Technol. Author manuscript; available in PMC 2023 January 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Herkert et al.

A

Triglyceride Accumulation Per Cell (%)

Page 22
: . : B & ) ) .
Triglyceride Accumulation per Cell = Triglyceride Accumulation per Cell
. T 425- *
175 . 8 125
150 % 5
12 * * = Anti-fog A % 100+
5 H *
. * Anti-fog B =
100 * T S 759
-¥- Anti-fog C £ §7
754 3 50
=+ Anti-fog D 8
50 b
25+ 3 *]
- Q -
O+ N L g 0 L | T T 1
1 10 100 1000 10000 100000 S 0001 001 01 1 10 100
Concentration (pg/mL) = Concentration (pg/mL)
Figure 3.

Anti-fog sprays and fluorinated components induce pre-adipocyte differentiation. 3T3-L1
pre-adipocytes were differentiated while exposed to sprays and constituent chemicals and
then assayed for triglyceride accumulation (marker of adipocyte differentiation) via Nile red
neutral lipid droplet staining. Triglyceride accumulation is depicted for the anti-fog spray
commercial products (A) and for the fluorinated component chemicals and commercial
mixtures (B). Data presented as percent triglyceride accumulation per cell (normalized to
DNA content) relative to the maximal intraassay response for the rosiglitazone positive
control. Data presented as mean = SEM from three independent experiments. Data for
triglyceride accumulation per cell at doses that were deemed cytotoxic are not shown.
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