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Abstract

The World Health Organization (WHO) has designated perfluorooctanesulfonic (PFOS) acid and
perfluorooctanoic acid (PFOA) as carcinogenic to humans. Stringent per and polyfluorinated alkyl
substances (PFAS’ s) regulations are in place and are regional and dynamic. The number of PFAS
screening samples is predestined to increase and therefore strategies to improve analysis efficiency and

specificity, will be aspired to.

Liquid chromatography ion mobility mass spectrometry (LC-IM-MS) provides enhanced specificity to
monitor PFAS environmental exposure cause, and simultaneously opportunity to improve
understanding of biological effect. The SELECT SERIES™ Cyclic™ lon Mobility Mass Spectrometer has
been used toillustrate a strategy to increase sample throughput and show the potential to improve
selectivity and specificity of the detection of PFOS isomers in human serum analysis. A 75% reduction in

analysis time has been shown using LC-IM-MS. Resolution and differentiation of coeluting PFOS linear
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and branched isomers has been achieved. Separation and differentiation of coeluting cholic acid
biomarkers has been shown, providing opportunity to facilitate a time efficient correlation between

PFAS isomeric structure, concentration, and exposure.

Benefits

= LC-IM-MS is aroutine and robust non-targeted screening approach that provides enhanced peak
capacity, using a combination of chromatographic, m/z and ion mobility resolution. The combined

resolution can be used to differentiate isobaric and isomeric analytes, including PFOS isomers

= Enhanced peak capacity facilitates a 75% improvement in analysis efficiency, while simultaneously

retaining resolution of PFOS isomers and isobaric cholic acid isomers biomarkers

= Chromatographically coeluting PFOS isomers can be quantified based on ion mobility separation, the

individual PFOS isomer concentrations, and structure can be cross correlated with biological effect

= Dial up ion mobility resolution enables differentiation of cholic acid biomarkers at resolution of
R~250 which can be obtained in combination with ultra-high performance liquid chromatography

(UHPLC) peak widths

Introduction

The properties of PFAS and their incorporation into products used within society have previously been
described.! Exposure to PFAS has been correlated with adverse health conditions including cancer,
immunodeficiencies, and elevated cholesterol levels. As a result, industrial production of long chain
PFAS has been phased out over the last two decades. For the monitoring of environmental PFAS, current
legislation focuses on the use of targeted LC-MS analysis strategies, EPA method 1633 targets 40 PFAS
compounds, incorporating 0.003% of the EPA fluorinated compound data base.?3 The method is
applicable to analysis of aqueous, solid, biosolids, and tissue samples. Whereas EU 2020/2184 (updated
Jan 2021): employs a PFAS sum parameter for 20 sulfonic and carboxylic acids in drinking water,
however, in the England the drinking water inspectorate (DWI) guidance proposes an extended list of 47
PFAS are monitored.*> Global guidelines and legislation are dynamic, for example United States 2021:
Maine has enacted groundbreaking law to ban the use of toxic PFAS compounds in all products by 2030,

with France and Denmark heading towards a bilateral ban of PFAS to combat health risk.%” Notably
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“Forever pollution” is also considered, where a fee is imposed upon the industries responsible for
pollution. Although developed countries are implementing more stringent guidelines for PFAS,
developing/underdeveloped countries continue production and often lack regulations and mechanisms
to address emerging PFAS. A move towards alternative PFAS has occurred, for which the toxicity, and
environmental fate must be ascertained, although several studies indicate that new alternative PFAS

have similar toxicity to banned PFAS.8

Given the worldwide concerns regarding known PFAS and regional legislation to ban all PFAS, the
number of analyte targets will be beyond the feasibility of using a targeted LC-MS strategy. It is therefore
inevitable, there will be an increase in the implementation of non-targeted screening strategies to
detect, and identify, known, unknown, emerging PFAS, degradation products, and PFAS precursors. The
number of PFAS being detected are increasing and there will be an inevitable increase in the number of

sample analyses required.®

Application and utility of CCS to provide enhanced specificity for non-targeted PFAS analysis has
previously been discussed.! Additionally, the utility of LC IM affords the opportunity to increase peak
capacity (Pc). LC-IM-MS enhanced Pc is used routinely to facilitate enhanced resolution of isobaric
analytes and reduce false detection rates.? Unlike targeted LC-MS, chromatographically coeluting
isomers can also be resolved and quantified. Enhanced fragmentation pathway specificity can also be
obtained, to facilitate structural elucidation efficiency.}1-13 Additionally enhanced Pc can be utilised to
improve analysis efficiency.!»1° Here in we illustrate how LC-IM-MS using a SELECT SERIES Cyclic IMS
System (see Figure 1), can enhance Pc to provide a 75% improvement in analysis efficiency and quantify
chromatographically coeluting PFOS isomers, as well as simultaneously resolve coeluting isobaric cholic

acid biomarkers.
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Figure 1. Schematic of SELECT SERIES Cyclic IMS System.

Experimental

Sample Description

Native PFAS Solution/mixture: PFAC30PAR (Wellington Laboratories) and Waters™ LCMS QC Reference
Standard (186006963 <https://www.waters.com/nextgen/global/shop/standards--reagents/186006963-
lcms-qc-reference-standard.html>), PFOS/PFOA linear and branched standards (Wellington
Laboratories) Cholic acid standards: Tauroursodeoxycholic acid, taurochenodeoxycholic acid,

taurodeoxycholic acid (Merck) Anonymised human serum samples.

Extraction Conditions

Anonymised human serum samples were extracted using SPE 96-well pElution plates, containing a
polymeric reversed-phase, weak anion exchange mixed-mode sorbent. The method used is outlined in

Figure 2 below.16
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Pretreat
samples

(50 L)

Condition Load Wash

plate sample plate

Spike isotope 200 pL 2% (viv) Dilute 200 pL Add 200 pL 1% 50 uL methanol
dilution standards ammonia in supernatant with formic acid to 2 mL 50 pL 2% (viv)
Add 150 pL ACN methanol 800 pL 1% formic plate to wash wells ammonia/methanol

containing 1%
formic acid

Centrifuge 5 min

200 pL methanol
200 puL 1%

formic acid

acid in 2 mL 96
well plate
Load sample in 2x

500 pL loads

and transfer to
SPE plate
Wash SPE plate
with 200 pL 1:3

50 pL 2% (viv)
ammonia/methanol
Dilute samples

with 50 pL 2%

ACN:water ammonium acetate

containing injection

internal standards

Figure 2. Extraction Method for PFAS in human serum samples.

Gradient Tables

The original method used in previously published work was scaled from an ACQUITY™ UPLC™ HSS T3 100
mm Column to a 50 mm column.!® The method was then shortened on the 50 mm column by increasing

the flowrate from 0.3 to 0.6 mL/min. The separation methods are listed out in Figure 3.

| Scalcd  SUNPPINIMNY Srorened

2.1 x 100 mm
TIME FLOW TIME FLOW FLOW
IS

Initial 0.30 95 5 Initial 0.30 95 5 Initial 0.60 95 5
1.0 0.30 75 25 1.0 0.30 75 25 05 0.60 75 25
6.0 0.30 50 50 3.0 0.30 50 50 1.5 0.60 50 50
13.0 0.30 15 85 6.5 0.30 15 85 395 0.60 15 85
14.0 0.30 5 95 7.0 0.30 5 95 35 0.60 5 95
17.0 0.30 5 95 8.5 0.30 g 95 4.25 0.60 5 95
18.0 0.30 95 5 9.0 0.30 95 5 45 0.60 95 5
22.0 0.30 95 5 11.0 0.30 95 5 55 0.60 95 &

Figure 3. UHPLC scaled and shortened reversed phase gradients.

LC Conditions

LC system: ACQUITY Premier System modified with PFAS
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Column:

Column temperature:

Sample temperature:

Injection volume:

Flow rate:

Mobile phase A:

Mobile phase B:

MS Conditions

lonization mode:

Acquisition range:

Capillary voltage:

Collision energy:

Cone voltage:

Kit and

Atlantis™ Premier BEH™ C18 AX Isolator

Column, 2.1 x

50 mm, 5 um (p/n: 186010926).17

ACQUITY UPLC Premier HSS T3 C;5 Column
(100 mmx 2.1 mm, 1.8 um & 50 mm x 2.1 mm,
1.8 um)

35°C

6°C

5uL

0.3 and 0.6 mL/min

95 H,0 (2 mM ammonium acetate):5 MeOH

MeOH (2 mM ammonium acetate)

ES-

m/z 50-1200 (HDMSE) and m/z 499 (HDMS/MS)

0.5 kv

HDMSE (CE 20-70 Ev), HDMS/MS (CE 6eV)

10V
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Desolvation temperature: 350°C

Source temperature: 100 °C

Data Management

Chromatography and MS: MassLynx™ 4.2 SCN1026 Software
Informatics: waters_connect™ 3.1.0.243 Software
Library: Waters PFAS library- (130 entries)

Results and Discussion

Pc can be used to represent the maximum number of resolved peaks in a separation window e.g.
chromatogram or ion mobility spectrum. Using IM a factor of 3 to 10 increase in peak capacity can be
achieved, depending on IM resolution, m/z resolution and sample complexity.18:1? Increasing the
travelling wave ion mobility spectrometry (TWIMS) separation can enhance the resultant LC-IM-MS peak
capacity, which enables more specific precursor fragment alignment, to facilitate attainment of single
component ion mobility product ions, that can enable PFOS isomer differentiation. The SELECT SERIES
Cyclic IMS System has a default IM resolution of 65, facilitating partial separation of PFOS isomers, using
default system parameters, and a nitrogen drift gas. Additional enhanced peak capacity can be obtained
using dial up IM resolution, enabling resolution of PFOS isomers. Cyclic ion mobility mass spectrometry
provides ppm mass accuracy, combined with enhanced flexibility, and enhanced specificity. This is an
ideal analytical combination to identify isomeric PFAS and differentiate isobaric matrix analytes from

PFAS using non-targeted screening.

In Figure 4 (1) the impact upon chromatographic separation is presented, where, as the total analysis
time decreases from 22 minutes to 5.5 minutes, chromatographic coelution of detected PFOS isomers

and cholic acid biomarkers are observed. Note, cholic acids isomers and PFOS isomers are isobaric.
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Additionally using targeted analysis, the potential exists for false PFOS detections or erroneous
quantified calculated concentrations, the nominal MRM transitions, precursor m/z 499 a m/z 80 would
not be differentiated, unless cholic acid biomarkers, and PFOS isomers are fully resolved. In accordance
with EPA Method 1633, a 1-minute retention time separation of PFOS isomers and cholic acid
biomarkers is required. In the case of human serum analysis cholic acids become elevated because of
environmental exposure to PFOS.2? However, using LC-IM-MS/MS (R~145, m/z 499, and CE 6eV), the PFOS
and cholic acids isomers remain resolved (see Figure 4 (Il and Ill). Regardless of chromatographic
conditions used, the isomeric isobaric cholic acids and isomeric PFOS are fully resolved using LC-IM-
MS/MS. The enhanced peak capacity of LC-IM can be used to facilitate increased sample throughput, a
75% reduction in analysis time has been achieved. Additionally, the cholic acid biomarkers identified in
the human serum extract are differentiated by their respective arrival time distribution (ATD). Using
cholic acid standards, further differentiation was achieved using an IM resolution of R~250 in an Ultra-
High-Performance Liquid Chromatography (UHPLC) time frame (half-height peak width ~3 seconds), see
Figure 5.

LC-IM-MS also presents opportunity to determine the individual calculated concentrations of
chromatographically coeluting PFOS isomers and correlate the isomer structure with observed
biomarker concentrations and in turn, gain a greater understanding of PFOS isomer structure and
biological effect. Performing a feasibility study, calculated concentrations were determined for three
PFOS isomers detected in anonymised human serum samples (see Figure 6). Using the waters_connect
ion mobility data viewer, the response of the chromatographically coeluting PFOS isomers obtained at
(R~145) was determined by manually generating each respective extracted mass chromatogram. The
extracted mass chromatogram intensities were used to produce linearity curves, for a dilution series of
L-PFOS standard (range 0.1 ng/mL to 50 ng/mL in vial) and subsequently calculate the PFOS isomer
concentrations in human serum samples (calculated concentrations were determined using Excel™
spreadsheet). The expected working range was predetermined in a parallel comparative targeted
analysis study, 4.5 orders of dynamic range have previously been illustrated.! The L-PFOS standard
(78.8% L-PFOS, 10% P6MHPS (perfluoro-6-methylheptanesulfonic acid) and 4.5% P5MHPS (perfluoro-5-
methylheptanesulfonic acid) and 7.7% (other), facilitated generation of three respective correlation
curves, corresponding to the individual PFOS isomer concentrations in vial. Each human serum sample
exhibits a different isomer concentration profile and summed PFOS isomer concentration,
(Human1(4.71 ng/mL)), Human2(0.80 ng/mL)), Human3(1.28 ng/mL)). At the concentrations observed,

sufficiently distinguishing PFOS isomer fragmentation spectra were not obtained. However, CCS values
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provide an additional identification descriptor at low ion intensities where the mass spectra may exhibit
insufficient characteristic product ion information, may be weak or unobserved.19 CCS values of linear
PFOS and branched PFOS isomers have been characterised, enabling identification of individual PFOS
isomers in human serum samples. Subsequently, it was possible to use a single linear L-PFOS standard
(containing known percentages of PSMHPS and P6MHPS) to produce a dilution series to quantify
chromatographically coeluting branched PFOS isomers and linear PFOS. Using relative retention time
and CCS values the PFOS isomers detected in the human serum samples are identified as PSMHPS (CCS
A0.8%), PEMHPS (CCS A0.4%) and linear PFOS (CCS A1%).
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Figure 4. 1) 75% reduction in analysis time using scaled and shortened reversed phase
LC gradients for analysis of human serum samples. Il) LC-IM-MS resolution (R~145),
illustrating separation/differentiation of coeluting L-PFOS linear and PFOS branched
isomers and separation/differentiation of coeluting cholic acid biomarkers. 111)

waters_connect ion mobility data viewer 3D visualisation of ion mobility PFOS isomers
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separation and cholic acid biomarker isomers separation.

A: Tauroursodeoxycholic acid
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Figure 5. LC-IM of isomeric cholic acid biomarkers using resolution R~250. A:B A

ATD~0.5 ms and B:C A ATD 1.5 ms.
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L-PFOS isomer 1 P6MHPS isomer 2 P5MHPS isomer 2

Sample name

ng/mL ng/mL ng/mL
Human serum 1 3.4 0.57 O3
Human serum 2 0.40 0.25 0.16
Human serum 3 0.71 0.34 0.24

Figure 6. PFOS isomer linearity curves and single component calculated
concentrations of chromatographically coeluting PFOS isomers detected in human

serum samples.
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Conclusion

With worldwide concern of PFAS contamination and human exposure, it is inevitable that PFAS sample
analysis will continue to increase. LC-IM-MS can be used to perform non-targeted screening analysis, to
not only detect and identify unknown and known PFAS but also for complex concentration calculations

regarding isomer patterns where standards are available.

LC-IM-MS provides specificity using a combination of chromatographic, m/z and ion mobility resolution.
The combined resolution can be used to differentiate, isobaric, and isomeric analytes. Additionally,
analysis times can be reduced by 75% while simultaneously retaining resolution of chromatographically
coeluting PFOS isomers and maintaining resolution of isobaric cholic acid isomers. The approach
illustrates a complementary strategy to EPA 1633 to differentiate isomeric PFOS and isobaric isomeric

cholic acid biomarkers.

Utilizing LC-IM-MS as an analytical strategy provides flexibility and enhanced specificity simultaneously,
this is highlighted by the first illustration that it is possible to quantify chromatographically coeluting
PFOS isomers. Thereafter the opportunity exists to cross corelate the calculated concentrations of PFOS

isomers with observed biological effect.
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