Pushing the limits of standard-free PFAS screening

4D workflow including trapped ion mobility, Kendrick mass analysis, and in-silico fragment

and CSS value predictions

Abstract

Accurate and comprehensive screening
for the evergrowing number of per and
polyfluoroalkyl substances (PFAS) is challenged
by many factors, including a lack of reference
standards. A broad, standard-free approach
to directly screen for PFAS in water samples
was tested using the timsTOF Pro 2 system,
applying Kendrick mass analysis to filter the
data set. Paired with powerful MetaboScape®

Introduction

Per- and polyfluoroalkyl substances (PFAS)
have been a health and environmental
concern for more than 70 years, shortly

after their development for use in many
household and industrial products [1-3].

At present, nearly 5000 compounds are
included within the commercial PFAS family
[4], all with at least one perfluorinated methyl
group (-CF,) or at least one perfluorinated
methylene group (-CF,). As indicated by their
classification as persistent organic pollutants
(POPs) and so-called "“Forever Chemicals,”
many of these compounds readily migrate
and accumulate within the environment,
often within ground and surface waters, and
principally by this route have been found

in humans, animals, and plants. Safe and
effective means of removal and remediation
have been challenged by their unique
stability — a feature which initially led to their

data analysis tools, the 4D nature of the data
collected, with high mass accuracy, near
95% MS/MS fragmentation coverage, and
reproducible CCS ion mobility values, enabled
confident identification of targeted PFAS, along
with putative identification of untargeted PFAS.
The workflow offers a promising direction
for standard-free PFAS screening to support
environmental protection.

widespread use based on their water and
fire-retardant properties. Greater knowledge
and increasing awareness of the harmful
effects of the bioaccumulative exposure to
many of these compounds have led to more
stringent legislation for their use and disposal
and have expanded monitoring requirements
for an evergrowing list of PFAS, among other
exposomic targets, within the EU, the US,
and other parts of the world [5-9].

Successful PFAS screening may be
challenged by many factors (Table 1). Both
instrumental (hardware) and computational
(software) approaches can contribute to
addressing these challenges. The inclusion of
3D structure as a distinguishing feature has
led to the development of instrumentation
incorporating ion mobility spectrometry
(IMS), which has proven to be a powerful tool
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Table 1
Challenges to PFAS screening

The assessment of “total PFAS” requires the
analysis of thousands of compounds that are
highly diverse in mass and chemical properties,
such as functional groups.

Degradation products are not uncommon,
especially in longer PFAS.

Reference standards are not available for all
compounds.

PFAS molecular databases and tandem mass
spectral libraries are limited.

In addition to linear structures, PFAS isomers
occur that cannot always be separated by HPLC.

in the detection of PFAS and other POPs in
biofluids and environmental samples [10-15].
More recently, the convergence of (structure-
based) theoretical and experimentally-derived
identification characteristics has further
developed modern detection capabilities for
this growing class of hazardous pollutants.

A standard-free, 4D PFAS suspect screening
workflow using the timsTOF Pro 2 instrument
and MetaboScape software was tested for the
direct analysis of water samples. The timsTOF
Pro 2 system enabled multi-dimensional
accurate mass compound separation and
ultra-fast data-dependent MS/MS acquisition
powered by PASEF. The use of trapped ion
mobility separation improved resolution
quality within the MS and MS/MS data pools,
increasing the number of features detected
while providing characteristic collision cross-
section (CCS) values for each. PFAS signals
were filtered from the complex data sets by
applying Kendrick mass analysis. Based on
the molecular structures of an assembled

list of well-known and characterized PFAS
contaminants, in-silico fragmentation patterns
and CCS values were predicted and matched
against the observed data, and corresponded
to those which could be matched based on
analytical standards. The uniquely rich nature
of the data collected also enabled rapid

Experimental

Control and spiked (5 ng/mL) municipal

water samples were kindly provided by the
University of Amsterdam. Water samples

(10 pl) were analyzed in triplicate on the
timsTOF Pro 2 instrument, using a VIP-HESI
ion source (both Bruker Daltonics). Instrument

Table 2
Instrument parameters

MS timsTOF Pro 2
Source VIP-HESI
lonization ESI negative mode

PASEF MS/MS, 100 ms ramp time, 2 PASEF MS/MS

Acquisition mode
ramps per cycle

Automatic data recalibration using sodium formate for

Calibration mass calibration and Agilent Tuning Mix for mobility
calibration

LC Elute UHPLC with column oven (heat/cool),
using Elute PFAS Kit*

Column Bruker Intensity Solo 1.8 C18-2 (2.1 x 100 mm)

Column oven temp. 40°C

Flow rate 0.4 mL/min

Injection volume 10 ul

A:H,0/MeOH (99:1) + 5 mM ammonium acetate

Mobile phase )
B: MeOH + 5 mM ammonium acetate
Time Flow rate Composition
0.00 min 0.200 mL/min 4.0% B
0.10 min 0.200 mL/min 4.0% B
1.00 min 0.200 mL/min 18.3% B
2.50 min 0.223 mL/min 50.0% B
Gradient 14.00 min 0.400 mL/min 99.9% B
16.00 min 0.480 mL/min 99.9% B
16.10 min 0.480 mL/min 4.0% B
19.00 min 0.480 mL/min 4.0% B
19.10 min 0.200 mL/min 4.0% B
20.00 min 0.200 mL/min 4.0% B

* The Elute PFAS Kit (Bruker Daltonics part no. 1894795) includes a Restek PFAS
delay column and PEEK tubing to improve the integrity of aqueous sample
analysis, avoiding system-related PFAS contamination

segregation and putative identification of
untargeted PFAS in spiked water samples,
using MetaboScape tools to mine public
databases for candidate compounds for
comparisons of elemental compositions,
fragmentation patterns, and CCS values.
This high-resolution approach combines both
speed and analytical separatory power with
MetaboScape data handling and processing
tools with great potential for broad screening
of PFAS pollutants.

parameters are detailed in Table 2. All data
analyses were made within MetaboScape
(Bruker Daltonics).

The complete data curation workflow is
shown in Figure 1.
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Overview of timsTOF
Pro 2 and MetaboScape
workflow for standard-
free PFAS screening.
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via Kendrick mass
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TIMS and the power of PASEF for high-quality MS and MS/MS

Trapped ion mobility spectrometry (TIMS)

has changed the landscape for proteomic,
metabolomic, and lipidomic screening and
discovery workflows [10,11], and its potential
utility for environmental analysis is clear within
this exploratory study. The extra dimension

of orthogonal compound separation based

on ion mobility enables short LC run times
with no loss in peak capacity, and its Parallel

Accumulation Serial Fragmentation (PASEF)
acquisition method [12] enables ultra-fast
(>100 Hz) data-dependent MS/MS collection,
with unsurpassed coverage from single
injections. More than 1500 MS features
were detected in the tested water samples,
along with (automatically collected) MS/MS
fragmentation data for nearly 95% of these
MS signals.

Data filtering by Kendrick mass analysis — a legacy approach reapplied

Kendrick mass analysis [16], originally used
for the analysis of petroleum hydrocarbons,
capitalizes on the CF, moiety shared within
PFAS. Kendrick mass analysis “redefines”
the mass of the CF, repeating unit (exact
mass 49.9968 amu) as an integer value

(50 amu), resulting in a mass defect relative

Detected features

Survey view | ol f (Bt 0

x“)s
a0 o 45

e 0 1 2 3 4 5 6 7 8 9 10 M 12 13 14 15 16 17 18 Riimin] | Color

Application of KMA *

Intensites Correltions Data Caliration Traces_Structure [Kencrick Mass Plot [Seie Pt Van Krevelen Plot KD Plot Settings = 01

ccs (A
© max 3324

10 150 200 250 300 30 40 450 500 50 60 60 700 750 80

Selection of -CFZ-’ as repeating unit

to the true (IUPAC) mass. Homologous
compounds differing only by the number

of repeating CF, units have an identical
Kendrick mass defect (KMD), and those

within the same greater fluorohydrocarbon
family have similar KMD values. Applying this
recalibration to the collected data pool, the
PFAS fluorohydrocarbons have similar Kendrick
mass defects (between -0.25 and +0.1) and
align horizontally when KMD is plotted against
my/z (Figure 2). Of the ~1500 features detected
in the tested water samples, ~200 candidate
PFAS signals were indicated following this
data filtering. All other features (from other
compound classes) were deselected and
excluded from further analysis.

Testing the standard-free

screening workflow

One well-known list of PFAS contaminants of
concern within drinking water was defined in
2019 by US EPA Method 533 [17]. Reference
data exists for these 25 compounds using
many common analytical methods, typically
including retention times (RTs), MS/MS data,
and, in some cases, ion mobility-based CCS
values.

As discussed, separation of compounds by
ion mobility capitalizes on differences in the
3D size and shape of molecular species of



interest. This physical property is an identifying
characteristic that can also be predicted

based on the spatial arrangements of the
elements within. The recognition of the unique
utility of ion mobility and the development of
systems such as the timsTOF Pro 2, capable
of reliable and reproducible assessment of
this characteristic, has recently led to dramatic
growth in reference databases and the
inclusion of CSS values in public databases
(e.g., PubChem) [13,18-20].

To test the feasibility of a standard-free
screening approach, two so-called “Target
Lists” were created within MetaboScape
based on the PFAS listed with EPA Method
533. While both lists included compound
names and molecular formulae, only one
included experimentally-derived reference
values for RT and CCS for each PFAS target.
The other included the IUPAC International
Chemical Identifier (InChl, https://www.
inchi-trust.org/) for each, providing the
3-dimensional structural information necessary
to generate in-silico fragments and to predict
CCS values within MetaboScape using
MetFrag and CCSPredict Pro, respectively
(Figure 3). Using automated interrogation of
the collected data pool, the same 19 PFAS
were detected within the water samples using
the experimentally derived or the “theoretical”
Target List. The multi-dimensional nature

of the data collected enabled confident
identification with either approach, supporting
further standard-free analyses within the data
set (Figure 4).
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Extending standard-free suspect screening for PFAS

Beginning with the PFAS defined within

US EPA Method 533, an expanded Target
List of 52 commonly monitored PFAS was
created within MetaboScape. As in the
feasibility test, InChl identifiers were included
along with the target compound names

and molecular formulae to enable in-silico
derivation of identification parameters. A
total of 46 monitored and regulated PFAS
were detected within the water samples
based on the analytical parameters of parent

mass deviation, isotopic pattern fit, MS/MS
fragmentation, and CCS values.

Isomeric forms of several PFAS were also
detected with this screening approach, as
evidenced by the annotation of multiple
features as the same PFAS, although differing
in CCS values and fragmentation patterns, for
example, PFOS, as shown in Figure 4, Section 2
(see Discussion).



Figure 4

Comparison of
experimentally and
theoretically derived
feature annotation.
Both annotations use
chemical formulas

for accurate mass
determination (deviation
noted as Am/z) and
isotopic pattern prediction
(isotopic pattern quality
guantitated as mSigma).
The standard workflow
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data for ART and ACCS
calculations, while in-silico
MS/MS fragmentation
patterns (MetFrag) and
CCS values (CCS-Predict
Pro) are used for the
standard-free workflow.
AQ (Annotation Quality)
score thresholds may be
customized by the user.
ACCS values are slightly
higher* for the standard-
free workflow.
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Untargeted PFAS identification via MetaboScape

The putative identification of additional
PFAS within the remaining (unannotated,
filtered) signals focused on mass features
of statistical significance between the
two groups of water samples (spiked and
control). Within MetaboScape, automated
t-test based comparisons enabled
feature prioritization in support of a PFAS
suspect discovery workflow. Elemental
compositions of features of interest were
calculated using SmartFormula, considering
mass accuracy and the isotopic pattern
observed. CompoundCrawler was then
used to search public databases (including
PubChem, ChemSpider, and ChEBI) for

structures matching the calculated elemental
compositions. As with the known Target List,

Discussion

A four-dimensional approach to find “forever”

Accurate and comprehensive screening of
the diverse and growing classes of PFAS
present within environmental samples is
challenged by many factors, including a
lack of reference standards. The physical
(hardware-driven) separatory dimensions
of the timsTOF Pro 2 system combine to

deliver highly resolved and accurate mass MS

signals along with excellent MS/MS quality

and coverage, while reliably and reproducibly

providing characteristic CCS values for the
PFAS pollutants. Coupled with the data

curation capabilities within the MetaboScape
software - including the use of Kendrick mass

deviation

T
Individual scoring elements

ACCS

Higher
confidence
Lower
confidence

MS/MS
score

- Name 4 Molecular Formula Annotations AQ AQ Details | Am/z [ppm]
= Reference 167 6308891 6318964 ‘ol Mu 1856 T1CIPF30US | C1oHCIF200:S PFAS_EPA 533 Formula+RT+CCS... -0122| 001
o standard—based 722 3269745 3279818 ‘ao| ha 1494 42FTS CeHsFs035 PFAS_EPA 533_Formula+RT+CCS... 0294 -001
.; . )48 5308958 531.9031 *g ' 169.8 9CI-PF3ONS CgHCIF160:5 PFAS_EPA 533_Formula«+RT+CCS... 0595 0.02
8 (expe”menta”\" 845 3769690 37I.9783 ‘a| 1509 ADONA CHiF120: PFAS_EPA 533_Formula+ RT+CCS... 038 -001
n derived)
annotation InChl structures included Annotated from  AQscore Indicating in-silico fragment #
within created Target List Target List '/ and CCS value predictions .-
RT[min] m/zmess. Mmeas. lons MS/MS CCS(AY) Structure Name 4 Molecular Formula Annotations AQ Annotation Source AQ ils
Standard—free 1167 6308891 631.8964 ‘g 1856 B 11CI-PF30UdS | CyoHCIF200:S Tl PFAS_EPA 533_Formula+InChl 4
eoretically- 722 3269745 3279818 ‘ol bu 1494 B a2fTs CeHsFs035 PFAS_EPA 533_Formula+InChl 0294 2
Y
derlved) 1048 5308958 531.9031 ‘a| A 1698 B 9CI-PF30NS CgHCIF160:5 PFAS_EPA 533_Formula+InChl 0595 it
> 845 3769690 377.9763 | *ul | hu 1509 @ ADONA CrHF120: 3] PFAS_EPA 533_FormulasInChl 0386
annotation * T ! ! — ! _ L
Measured data Identification Target List used
o~
5 Standard-free annotation of PFOS isomers AQ Score summary
= .
$ Precursor Isotopic
|  RT[min] m/zmeas. M meas. lons MS/MS CCS (A% Name & Molecular F.. Annotations AQ ! mass  pattern
956 4989308 4999381 ‘ol M 160.7 L-PFOS CaHF17038 ) devwatl\oT qufhty /
979 4989306 499.9378 . N 163.6 L-PFOS CeHF17035 \ >
1007 4989307 4999380 ‘sl M 166.7 L-PFOS CgHF17035 & )i ] I I I
| T30 aaoasan sannaTa - - TAnE 1 nenac Ut Em = IIIII
e
* With the inclusion of PFAS in the CCS-Predict Pro training set (future module), Retention time
ACCS values are expected to be 2-3% i

in-silico fragmentation data and theoretical
CCS values for candidate structures were
generated using MetFrag and CCSPredict Pro,
respectively. By following this 4D workflow,
additional PFAS that were not included in

the suspect Target List can be putatively
identified (Figure 5). A secondary screening
using characteristic PFAS fragments (e.g., for
branched or linear forms) can support further
target discernment.

The described MetaboScape-driven
comparative analyses could be used to
survey PFAS profiles at different collection
points or over time, assess incident-driven
contaminations, or to evaluate the efficacy of
PFAS removal and remediation schemes.

PFAS - today and tomorrow

analysis and tools for in-silico prediction - both
suspected and unexpected PFAS could be
detected within the tested water samples.

This standard-free workflow offers a promising
approach for rapid PFAS screening in various
environmental samples, with the added

advantage of supporting high-throughput

sample analyses with short gradient times
and ultra-rapid MS/MS data collection. This
study was designed for a qualitative evaluation
rather than a quantitative approach; however,
preliminary sensitivity assessments indicate

detection sensitivity for most PFAS between
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2 and 100 ng/L in direct analyses of higher
sample volumes (200 pL). Sample enrichment /
concentration, for example, via on-line
extraction (OLE), prior to analysis is common
practice in many pollutant detection schemes.
This enables even larger sample volumes
(e.g., 1 mL) and thus higher sensitivity.

As could be expected from such a broad class
of compounds, the detection of all PFAS using
a single set of instrument conditions may be
a challenging task, however, the collection
speed and data-rich nature of every potential
iteration of analysis, and the multiple data
mining tools within MetaboScape, easily
support exploratory screening schemes.

As previously mentioned, isomeric forms

are detected using this multi-dimensional
workflow (e.qg., Figure 4, Section 2, left).

As isomers share multiple fragment ions,
however, a high peak resolution is mandatory
to obtain clean, compound-specific, MS/MS
data required for confident fragment pattern
matching against in-silico fragments or
spectral libraries. Alternate instrument
conditions with higher mobility resolution

Conclusions

® A standard-free screening workflow using
trapped ion mobility spectrometry enabled
the detection of multiple PFAS pollutants in
tested water samples.

® Separation by trapped ion mobility using
PASEF provided a broad pool of high-
quality MS and MS/MS data, with MS/MS
coverage ~ 95%. Further, the CCS values
determined provided a valuable compound
characteristic for identification.

® The application of Kendrick mass analysis,
filtering the data pool for mass defects due
to the shared CF, moieties, reduced data
complexity and has utility for unknown and
exploratory PFAS screening.

® |n targeted searches for the PFAS included
within EPA Method 533, the same PFAS
could be identified using Target Lists
created with experimentally-derived
(standard-based) and in-silico (standard-free)
reference data, demonstrating the
feasibility of the workflow.

have previously been demonstrated to be
successful for the separation of co-eluting
PFOS isomers [21].
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® Forty-six governmentally monitored PFAS
were rapidly identified in the tested water
samples from an extended Target List
created using structural information
derived from InChl coding, with confident
identification based on 4D feature
differentiation.

® Statistical analyses using t-tests within
MetaboScape permitted clear differentia-
tion between the control and spiked water
samples for the putative identification
of additional PFAS using calculation of
elemental compositions, structure search,
and prediction of in-silico fragments and
CCS values.

® This workflow shows excellent potential to
push the analytical limits for standard-free
PFAS screening to support improved
environmental protection.



References

[11 https://www.atsdr.cdc.gov/pfas/docs/clinical-guidance-12-20-2019.pdf

[2] Evich MG, Davis MJB, McCord JR, et al. (2022). Per- and polyfluoroalkyl substances in the environment. Science
375(6580):eabg9065.

[3] Brase RA, Mullin EJ, Spink DC (2021). Legacy and Emerging Per- and Polyfluoroalkyl Substances: Analytical Techniques,
Environmental Fate, and Health Effects. Int J Mol Sci 22(3):995

[4] Organisation for Economic Co-operation and Development (2018), “ Toward a new comprehensive global database
of per and polyfluoroalkyl substances (PFASs): Summary report on updating the OECD 2007 list of per and
polyfluoroalkyl substances (PFASs)," (OECD Series on Risk Management 39,[5] EPA CompToxChemicals Dashboard,
https://comptox.epa.gov/dashboard/chemical_lists/PFASSTRUCTVS.

[6] Directive (EU) 2020/2184 of the European Parliament and of the Council of 16 December 2020 on the quality of water
intended for human consumption.

[7]1 https://www.epa.gov/sdwa; https://www.epa.gov/newsreleases/epa-takes-action-address-pfas-drinking-water
[8] Stockholm Convention. COP and POPRC Decisions on PFOS, Its Salts and PFOSF. 2019.

[9] COMMISSION REGULATION (EU) 2017/1000 of 13 June 2017 Amending Annex XVII to Regulation (EC) No 1907/2006
of the European Parliament and of the Council Concerning the Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH) as Regards Perfluorooctanoic Acid (PFOA), Its Salts and PFOA-Related Substances.

[10] Vasilopoulou CG, Sulek K, Brunner AD, et al. (2020). Trapped ion mobility spectrometry and PASEF enable in-depth
lipidomics from minimal sample amounts. Nat Commun 11(1):331.

[11] Meier F, Park MA, Mann M, (2021). Trapped lon Mobility Spectrometry and Parallel Accumulation-Serial Fragmentation
in Proteomics. Mol Cell Proteomics 20:100138.

[12] Meier F, Beck S, Grassl N, et al. (2015). Parallel Accumulation-Serial Fragmentation (PASEF): Multiplying Sequencing
Speed and Sensitivity by Synchronized Scans in a Trapped lon Mobility Device. J Proteome Res 14(12):5378-5387.

[13] Belova L, Caballero-Casero N, van Nuijs A, Covaci A (2021). lon Mobility-High-Resolution Mass Spectrometry
(IM-HRMS) for the Analysis of Contaminants of Emerging Concern (CECs): Database Compilation and Application to
Urine Samples. Anal Chem 93(16), 6428-6436.

[14] Celma A, Ahrens L, Gago-Ferrero P Herndndez F, Lépez F, Lundqvist J, Pitarch E, Sancho JV, Wiberg K, Bijlsma L (2021).
The relevant role of ion mobility separation in LC-HRMS based screening strategies for contaminants of emerging
concern in the aquatic environment. Chemosphere 280, 130799.

[15] Foster M, Rainey M, Watson C, Dodds JN, Kirkwood KI, Fernandez FM, Baker ES (2022). Uncovering PFAS and Other
Xenobiotics in the Dark Metabolome Using lon Mobility Spectrometry, Mass Defect Analysis, and Machine Learning.
Environ SciTechnol 10.1021/acs.est.2c00201. Advance online publication.

[16] Kendrick E (1963). A Mass Scale Based on CH2 = 14.0000 for High Resolution Mass Spectrometry of Organic Compounds.
Anal Chem 35(13), 2146-2154.

[17] US EPA: Method 533: Determination of per- and polyfluoroalkyl substances in drinking water by isotope dilution anion
exchange solid phase extraction and liquid chromatography/tandem mass spectrometry; EPA 815-B-19-020; Office of
Water: Cincinnati, OH, November 2019.

[18] Zhou Z, Luo M, Chen X, YinY, Xiong X, Wang R, Zhu ZJ (2020). lon mobility collision cross-section atlas for known and
unknown metabolite annotation in untargeted metabolomics. Nat Commun 11(1), 4334.

[19] Celma A, Sancho JV, Schymanski EL, et al. (2020). Improving Target and Suspect Screening High-Resolution Mass
Spectrometry Workflows in Environmental Analysis by lon Mobility Separation. Environ SciTechnol 54(23):15120-15131.

[20] Dodds JN, Hopkins ZR, Knappe DRU, Baker ES (2020). Rapid Characterization of Per- and Polyfluoroalkyl Substances
(PFAS) by lon Mobility Spectrometry-Mass Spectrometry (IMS-MS). Anal Chem 92(6):4427-4435.

[21] Bodendiek S, Wendt K, Kiehne A (2020). Environmental screening via timsTOF MS: A new dimension for discrimination
and improved sensitivity in the detection of PFOS pollutants. FN-13, Bruker Daltonics GmbH & Co KG.

to change specifications without notice. © Bruker Daltonics 08-2022, LCMS-199, 1899658

Bruker Daltonics is continually improving its products and reserves the right

For Research Use Only. Not for use in clinical diagnostic procedures.

Bruker Switzerland AG Bruker Scientific LLC

Fallanden - Switzerland Billerica, MA - USA
Phone +41 44 825 91 11 Phone +1 (978) 663-3660

ms.sales.bdal@bruker.com — www.bruker.com Learn more at www.bruker.com/massspectrometry




