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ABSTRACT: The COVID-19 pandemic has led to significantly increased human exposure to the widely used disinfectants
quaternary ammonium compounds (QACs). Xenobiotic metabolism serves a critical role in the clearance of environmental
molecules, yet limited data are available on the routes of QAC metabolism or metabolite levels in humans. To address this gap and
to advance QAC biomonitoring capabilities, we analyzed 19 commonly used QACs and their phase I metabolites by liquid
chromatography—ion mobility—tandem mass spectrometry (LC—IM—MS/MS). In vitro generation of QAC metabolites by human
liver microsomes produced a series of oxidized metabolites, with metabolism generally occurring on the alkyl chain group, as
supported by MS/MS fragmentation. Discernible trends were observed in the gas-phase IM behavior of QAC metabolites, which,
despite their increased mass, displayed smaller collision cross-section (CCS) values than those of their respective parent compounds.
We then constructed a multidimensional reference SQLite database consisting of m/z, CCS, retention time (rt), and MS/MS spectra
for 19 parent QACs and 81 QAC metabolites. Using this database, we confidently identified 13 parent QACs and 35 metabolites in
de-identified human fecal samples. This is the first study to integrate in vitro metabolite biosynthesis with LC—IM—MS/MS for the
simultaneous monitoring of parent QACs and their metabolites in humans.

KEYWORDS: quaternary ammonium compounds (QACs), disinfectants, xenobiotic metabolism,
ion mobility—mass spectrometry (IM—MS), biomonitoring, database, COVID-19

B INTRODUCTION COVID-19 pandemic has led to elevated usage of QAC-

Quaternary ammonium compounds (QACs) (Figure 1) are
cationic surfactants with varying alkyl chain lengths (i.e., Cg—
Cys) that exhibit broad-spectrum antimicrobial properties.’
QAG s are relatively stable in the environment and have
been detected in numerous settings, includin% wastewater
effluent,*™* sludge,5’6 indoor dust,”® and food.””"" Humans are
chronically exposed to QACs due to their ubiquitous presence
in cleaning solutions, medical products, and personal care
goods and their use in the food-processing industry. Recent
studies have revealed that QACs can be detected in virtually all
human blood samples. Our previous analysis of 43 human
blood samples collected pre-pandemic revealed that over 80%
contained detectable levels of QACs (10—150 nM)."” The
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containing disinfectants, and Zheng et al. reported that median
QAC levels in human blood have increased by 77% since the
start of the COVID-19 pandemic."” Furthermore, QACs have
been detected in human breast milk, suggesting that nursing
infants may potentially be exposed to these compounds.'*

Received: December 22, 2023
Revised: ~ March 6, 2024
Accepted: March 8, 2024

https://doi.org/10.1021/acs.est.3c10845
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryan+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryan+P.+Seguin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dylan+H.+Ross"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengyu+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sean+Richardson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+Liem"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yvonne+S.+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yvonne+S.+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Libin+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.3c10845&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10845?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10845?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10845?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10845?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10845?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10845?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10845?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10845?fig=tgr1&ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.3c10845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

owst,

DADMACs

et (et et

Cetylpyridinium (CTP) BACs ATMACs

‘ /@M |
©/\ N é\/o\/\o N é\(\/)“

Benzethonium (BZT) Ethyl BACs (EtBACs)

Figure 1. Chemical structures of commonly used quaternary
ammonium compounds (QACs): cetylpyridinium (CTP), benzalko-
nium compounds (BACs), alkyltrimethylammonium compounds
(ATMACs), dialkyldimethylammonium compounds (DADMACs),
benzethonium (BZT), and ethylbenzalkonium compounds (EtBACs).
The QACs investigated herein contain even-numbered alkyl chain
lengths that range from Cg to Cg.

These studies suggest that there is a high prevalence of chronic
exposure to QACs, especially as the COVID-19 pandemic
amplified the habitual use of disinfectants.

Concerns about QAC toxicity have increased in recent years.
The FDA has requested additional safety information on the
usage of benzalkonium compounds (BACs), a subgroup of
QACs commonly found in consumer and medical antiseptic
products.''® Last year, the Toxics Use Reduction Institute
(TURI) at the University of Massachusetts in Lowell
recommended that certain BACs and dialkyldimethylammo-
nium compounds (DADMACs) be added to the Toxic Use
Reduction Act List of Hazardous Substances, c1t1n§ their
associations with acute and chronic health effects.'” Both
BACs and DADMACs have been shown to disrupt
mitochondrial function'®'” and exacerbate inflammation in
vitro,'” and we previously demonstrated that short-chain BACs
potently inhibit 7-dehydrocholesterol reductase (DHCR?7), the
last enzyme in mammalian cholesterol biosynthesis.”® Alkyl-
trimethylammonium compounds (ATMACs), a group of
QACs commonly found in fabric softeners and hair
conditioners, are highly toxic to aquatic organisms.21
Furthermore, depressed skeletal muscle contractility was
observed in female rats that had sublethal intravenous
injections of C;,—C,, alkyltrimethylammonium bromides
administered to them.”” Respiratory effects have also been
reported in animal studies. Mice exposed to various aerosolized
QACs, for example, had reduced lung tidal volume and
pulmonary inflammation.”® Melin et al. demonstrated that
chronic BAC consumption (60 or 120 mg/kg/day) led to
significantly decreased fertility and fecundity in mice.”
Furthermore, QAC exposure in humans has been assoc1ated
with allergic-contact dermatitis,”> work-related asthma,?® and
increased risk of chronic obstructive pulmonary disease.”’

Despite the high prevalence of chronic exposure to QACs
among human populations and the wide range of reported
QAC toxicities, there is a major gap in knowledge regarding
the metabolism of these compounds in mammalian species.
Metabolism determines the fate of xenobiotic substances in the
body and their potential to cause adverse effects, primarily
through detoxification or bioactivation. Indeed, we previously
demonstrated that cytochrome P450 (CYP)-mediated metab-
olism of C,,-BAC mitigates its inhibition of DHCR7.*® This
finding suggests that metabolism is involved in regulating the
toxicity of QACs, yet, to date, biomonitoring studies of these
compounds have neglected to detect or report QAC
metabolite levels in humans.

To confidently detect and identify QAC metabolites in
human samples at the scale necessary for biomonitoring
studies, new analytical methods that are both rapid and
scalable must first be developed. We therefore developed a
novel analytical workflow based on ion mobility—mass
spectrometry (IM—MS).”>* In this technique, gas-phase
analytes are rapidly separated depending on their size and
shape as they are driven through a neutral buffer gas (such as
N,) under the influence of a static (i.e., drift-tube IM, DTIM)
or dynamic electric field (i.e., traveling wave IM, TWIM). Ions
with a smaller rotationally averaged surface area or collision
cross-section (CCS) exhibit greater mobility within the drift
tube (and therefore shorter drift times) than less structurally
compact gas-phase ions. IM—MS consequently enables three-
dimensional separation when coupled to polarity-based liquid
chromatography—tandem mass spectrometry (LC—MS/MS).
Unlike retention time (rt) values, CCS measurements are not
affected by differences in mobile phase composition, analytical
column type, or gradient method. While the reproducibility of
interday and interlaboratory "W™CCS measurements is high
(<1.5% relatlve standard dev1at10n) for analyte classes such as
steroids,** mycotoxms, drugs, and drug-like compounds,30
external calibrants are necessary to obtain CCS measurements
from drift times measured in TWIM due to the non-uniform
nature of the applied electric field. Although a small number of
large errors between some CCS values acquired on DTIM and
TWIM have been regorted the errors for the majority of the
data are less than 3%,””*** including environmental chemicals
and their metabolites.”* The identification of small organic
molecules in complex mixtures using IM—MS analytical
workflows is, therefore, feasible with appropriate CCS
tolerances, as we have shown in our previous work.””

To facilitate the detection and identification of QACs and
their metabolites with potential toxicological significance in
human biomonitoring studies, we developed the first reference
TWIMC(CSy, database, encompassing 19 commonly used QACs
and their 81 detected phase I hepatic metabolites. We utilized
two widely accepted sets of CCS calibrants [poly-pr-alanines,*
PolyAla, and a mixture of hexakis(fluoroalkoxy)-
phosphasphazines,®® HFAPs], as well as a custom mixture of
drug and drug-like CCS calibrants,’® to increase the
accessibility of our reference database across platforms. To
position the metabolite CCS as an orthogonal identifier in a
high-throughput metabolite identification workflow, we
coupled in vitro metabolite biosynthesis to LC—IM—MS
analysis and developed open-source software tools for post-
acquisition data processing and visualization. A second
reference database containing post-IM—MS/MS fragmentation
spectra was also collected to further investigate metabolite
structures and to improve the confidence of peak annotations
via MS/MS cosine similarity scoring of fragmentation spectra.
To demonstrate the feasibility of integrating LC—IM—MS
workflows into human biomonitoring studies, we analyzed de-
identified human fecal samples (n = S) for QACs and their
metabolites using our CCS reference database.

B MATERIALS AND METHODS

Materials. Optima LC/MS grade acetonitrile, methanol,
water, formic acid, and ammonium formate were purchased
from Fisher Scientific (Pittsburgh, PA). The following
chemicals were purchased from Sigma-Aldrich (St. Louis,
MO): molecular biology-grade dimethyl sulfoxide (DMSO),
poly-pL-alanine, acetaminophen (>98% purity), betaine hydro-
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Figure 2. Overview of the experimental workflow for constructing the QAC reference database. (A) QAC metabolites were generated in NADPH-
supplemented HLM and subsequently analyzed via LC—IM—MS/MS analysis with automated data extraction. (B) Data were manually reviewed
and annotated to compile a custom SQLite reference database encompassing parent QACs and their observed phase I hepatic metabolites.

chloride (>98% purity), ATMACs (Cy4—C,s), BACs (Cg—
Cyg), ethyl BACs (EtBACs; as a mixture of Cy, and Cyy),
DADMACs (C;y—Cy4), benzethonium chloride (BZT), and
cetylpyridinium chloride (CTP) (>97% purity). Alprenolol
hydrochloride, clozapine N-oxide, ondansetron, reserpine,
verapamil, and vancomycin were purchased from Cayman
Chemical (Ann Arbor, MI) with a purity of >98%. A mixture
of hexakis(fluoroalkoxy)phosphasphazines (HFAPs; ESI-L
low-concentration tuning mix) was purchased from Agilent
Technologies (Santa Clara, CA). Pooled human liver micro-
somes (HLM) from 20 liver donors (10 males/10 females)
were purchased from XenoTech, LLC (Kansas City, KS).
Nicotinamide adenine dinucleotide phosphate (NADPH)
cofactor was purchased from Oriental Yeast (Tokyo, Japan).

Poly-pL-alanine was prepared at 25 ug/mL in 1:1
acetonitrile/water with 0.1% formic acid. A mixture of drug
and drug-like compounds containing acetaminophen (10 uM),
betaine (10 xM), alprenolol (2 uM), clozapine N-oxide (2
uM), ondansetron (2 uM), reserpine (2 M), verapamil (2
uM), and vancomycin (2 M) was prepared in 1:1
acetonitrile/water with 0.1% formic acid. The ESI-L low-
concentration tuning mix was prepared by 1:4 dilution in 95%
acetonitrile in water. All QACs were diluted in DMSO to 10
mM, except for the ethyl BACs that were diluted to S mg/mL
in DMSO.

In Vitro QAC Metabolite Biosynthesis. QAC metabo-
lites were generated in vitro using pooled HLM in a 96-well
plate format following a protocol from our previous work.””*>
First, the HLM stock (20 mg/mL protein) was thawed on ice

and diluted with a buffer (0.1 M potassium phosphate, KPi at
pH 7.4) followed by the addition of a substrate from
concentrated DMSO stock (QAC at 10 mM; exceptions
were C,;-DADMAC and C,,/C,,-EtBACs, which were
prepared at 2 and S mg/mL, respectively). The mixtures
were distributed across 4 wells (180 uL/well) into a 96-well
plate resting on ice. The plate was then transferred to a 37 °C
water bath and equilibrated for 3 min before the first of the 4
wells was initiated with 20 L of KPi buffer (-(NADPH negative
control). The second, third, and fourth wells were initiated
with 20 uL of NADPH (10 mM in KPi buffer). The formation
of known NADPH-dependent BAC metabolites™® (Figure S1),
which served as positive controls, was manually confirmed. All
incubations were performed at final concentrations of 0.5 mg/
mL HLM protein and 50 uM substrate, except for the EtBACs,
which were incubated at a substrate concentration of 25 ug/
mL because they are sold as a mixture of C;, and C,,-EtBACs.
The percentage of DMSO (v/v) in the incubations was <0.5%.
For C3—C,3-ATMACs, C4—C;,-BACs, and CTP, incubations
were quenched after 15 and 30 min by addition of 1 volume
equivalent of ice-cold acetonitrile. For the remaining
compounds, incubations were quenched in the same manner
after 40 and 80 min. All quenched reactions were rested on ice
for 10 min to facilitate protein precipitation and centrifuged
(4000 rpm, 4 °C, 15 min). Finally, the supernatant was
transferred to a fresh 96-well plate and diluted 1:2 into a 2:1
mixture of water/methanol for subsequent LC—IM—MS/MS
analysis.
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LC-IM—MS/MS Analysis of Human Liver Microsome
QAC Incubations. HLM incubation samples (5 uL) were
injected and separated with a Waters Acquity UPLC, which
was equipped with a quaternary solvent pump and a
refrigerated autosampler (10 °C) coupled to a reversed-
phase Phenomenex Kinetex Cg column (100 X 2.1 mm, 1.7 ym
particle size). Due to the wide range of log K_,, values for the
selected compounds and their metabolites, we employed 4
chromatographic gradients consisting of varying compositions
of solvent A (0.1% formic acid, 2 mM ammonium formate in
water) and solvent B (acetonitrile) at a flow rate of 0.4 mL/
min, as outlined in Table SI. The eluted analytes were
detected in full-scan IM-MS mode over the range of 50—1200
m/z on a Waters Synapt XS Q-TOF mass spectrometer
(Waters Corp., Milford, MA) using nitrogen as the drift gas.
The ESI(+) conditions were set at a source temperature of 150
°C and a capillary voltage of 2.5 kV. Additional source
parameters were as follows: de-solvation temperature, 500 °C;
cone gas flow, 50 L/h; nebulizer gas flow, 6.5 bar; desolvation
gas flow, 1000 L/h; cone voltage, 30 V; and source offset, 10 V.
The mass analyzer was calibrated using sodium formate over
the range of 50—1200 m/z in “resolution” mode. IM
separations were achieved at a traveling wave velocity of 500
m/s and a height of 40 V. For post-IM fragmentation, a ramp
from 25 to 45 V was added to the transfer region. A leucine-
enkephalin lock mass ([M + H]+ = 556.2771 m/z) was
applied as a mass correction reference during data acquisition.
Each set of CCS calibrants (PolyAla, HFAPs, and the drug/
drug-like mixture) was analyzed at the beginning and end of
each plate analysis using flow injection analysis (FIA)
consisting of 10 L injections and a 0.4 mL/min flow of
95% water with 0.1% formic acid/5% acetonitrile. Calibrant
data were acquired for 1 min with a 0.5 s scan time over the
range of 50—1200 m/z. The 96-well plates containing
incubation extracts were analyzed on two separate occasions
over 9 months, with multiple injections of technical replicates
on each occasion, to assess intraday and interday variability.

TWIM CCS Calibration. To calibrate TWIM drift times
(dt) into ™™CCSy, values, we used the reference nitrogen
drift tube CCS values (°TCCSy;) of a series of singly charged
poly-pr-alanines™ (n = 2—14), a custom mixture of drug and
drug-like compounds™ (n = 7), and a mixture of HFAPs from
the Agilent ESI-L low-concentration tuning mix’® (n = 4), as
we have previously described.””*° First, custom Python scripts
were used to automatically extract mobilograms for CCS
calibrants from the raw data using an accurate mass window of
+0.01 Da. For each calibrant, drift times were calculated as the
mean from a least-squares fit of a Gaussian function on the raw
mobilogram and corrected for mass-dependent flight time to
obtain corrected drift times (¢;'). Reference CCS values were
also corrected for the ion charge state and reduced mass with
the drift gas to obtain corrected CCS values (CCS’). A CCS
calibration curve of the form CCS’ = A(ty' + t,)?, where A4, t,,
and B are fit parameters, was generated from the reference data
for each set of calibrants and manually inspected. Calibration
curves displaying randomly distributed fit residuals with a
maximal error of <3% were considered acceptable (Figure S2).

LC—-IM-MS/MS Data Processing. We adapted our
previously described IM—MS analytical workflow™ to extract
the retention times, CCS values, and MS/MS fragmentation
spectra for QACs and their metabolites (Figure 2).

Data processing was performed by using custom Python
scripts freely available on GitHub. First, target lists containing

the path to a raw data file, exact m/z, and the putative
compound name for known parent QACs and their expected
phase I metabolites were assembled to automatically extract m/
z-selected mobilograms from the raw data with a mass
tolerance of +0.025 Da. Only [M]+ ions were included in
the current study. The mobilograms were fit with a Gaussian
function to obtain drift times, which were converted to
calibrated CCS values by applying the CCS calibration curves
described above. All extracted mobilograms were manually
inspected for intensity (>1000), peak width (full width at half-
maximum between 0.06 and 1.77 ms), and quality of the
Gaussian fit (i.e., multimodality). Ions with mobilograms that
did not meet these empirical cut-offs were flagged and not
processed further. The drift times of the accepted mobilograms
were appended to the original target lists to automatically
extract m/z- and dt-selected LC ion chromatograms for parent
QACs and their observed metabolites. Retention time (rt) for
the peaks in the extracted LC ion chromatograms was detected
using the “find_peaks” function in SciPy (version 1.8.1).>” The
NADPH-dependence of all observed metabolites was manually
confirmed by comparing the extracted LC ion chromatograms
of control (—NADPH) incubations to those of experimental
(+NADPH) incubations (Figure S3). Finally, rt- and dt-
selected post-IM fragmentation spectra for parent QACs and
their NADPH-dependent metabolites were automatically
extracted from the raw data and scored against in silico
fragmentation spectra generated with MS-Finder’® (version
3.52) (Figure S4). Fragmentation spectra with a total score
(representing a combined weighting score that accounts for
mass accuracies, fragment linkages, hydrogen rearrangement
rules, and bond dissociation energies) of >S5 out of 10 were
considered acceptable.

Development of a QAC and Metabolite Reference
Database. We developed a custom SQLite database to store
experimental data and associated metadata for parent QACs
and the detected metabolites included in this study. The
database was constructed in an automated fashion using
custom Python scripts and contains a single table, called
qacs_rt_ccs, with the following columns: compound name,
exact_mz, rt, average ccs, ccs_calibrant, gradient, column_type,
and notes. As discussed above, the CCS values and retention
times from the LC—IM—MS/MS analyses were automatically
extracted from the raw data and manually reviewed. The CCS
value reported for each parent QAC and metabolite in the
database represents the average measurement (n = 3—6) of
biological replicates (i.e, independent + NADPH reaction
mixtures). For each compound, the average CCS value was
calculated after identifying and removing outliers, which were
defined as observations falling outside 1.5 times the
interquartile range. Replicates displaying relative standard
deviations (RSDs) below 1.5% were considered acceptable
for inclusion in the database on the basis that similar RSDs
have been reported for ™W™MCCSy, values measured on the
same instrument over time.”' The total number of measure-
ments used to calculate the average CCS value for each
compound as well as the associated time points for each
reaction mixture and observed relative standard deviations are
reported in the Supporting Information. Metabolite annota-
tions were validated for NADPH-dependence and similarity to
the in silico fragmentation spectra. The database was first
initialized with the empty qacs_rt ccs table, and the
experimental data and associated metadata were added to
the table. Two additional databases were initialized to store the
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experimental (i.e., previously collected) and theoretical (i.e., in
silico) rt- and dt-selected post-IM fragmentation spectra for the
parent QACs and their observed metabolites. The exper-
imental and theoretical MS/MS databases contain a single
table, called experimental msms_data and theoretical msms_-
data, respectively, with the following columns: compound -
name, mz, and normalized_intensity. Fragmentation spectra for
the experimental MS/MS database were extracted from the
raw data as described above and normalized to the most
intense m/z peak. For the theoretical MS/MS database, in
silico fragmentation spectra were generated with MS-Finder
and then automatically extracted from the output text files by
using a custom Python script.

Human Fecal Sample Collection. Healthy volunteers
between the ages of 18 and 49 years with a BMI between 18
and 27 kg/m?* were recruited for a study to collect fecal, urine,
and blood samples. The study was approved by the University
of Washington Institutional Review Board. Study participants
completed an online screening questionnaire with the
following exclusion criteria: diagnosis of any significant medical
conditions, including cardiac, hepatic, gastrointestinal, renal, or
autoimmune disease, diabetes, or other metabolic diseases;
taking medication or supplements within the last 2 weeks that
might affect cholesterol or lipid levels; or currently pregnant or
breast-feeding. Following online consent, participants were
given a commercially available fecal collection kit (Easy-
Sampler Stool Collection Kit, ALPCO, Salem, NH).
Participants were instructed to collect fecal samples within
24 h of a scheduled visit, aliquot fecal samples into 4 screw-top
tubes (~2 mL per tube), and store their samples in provided
sealable bags in their freezers before their scheduled visit.
Upon receipt of the fecal samples, samples were stored at —80
°C until analysis.

Preparation of Human Fecal Samples. Aliquots of ice-
cold human fecal samples (SO0 mg wet weight, n = S) were
weighed into Eppendorf tubes and immediately treated with
200 uL of ice-cold 3:1 water/ethanol. The samples were
vortexed and sonicated on ice for 30 min. Next, 20 uL of
acetonitrile containing a mixture of deuterated (d,-benzyl)
BAC:s as internal standards (10 pmol each of d,-C;,—C;4 BACs
and d;-C4-BAC, which is not commercially produced) was
added to each sample, followed by continuous vortexing for 5
min. An additional 750 uL of pure acetonitrile was added, and
the samples were vortexed for 20 min before being centrifuged
at 16,000g for 10 min at ambient temperature. After
centrifugation, 750 uL of the supernatant from each sample
was transferred to glass vials. The remaining pellet from each
sample was re-suspended in 750 uL of 9:1 methanol/
chloroform, followed by centrifugation at 16,000¢ for 10 min
at ambient temperature. The two supernatants were combined
in glass vials and evaporated overnight in a chemical fume
hood. After evaporation, the residue from each sample was
reconstituted in 500 uL of 4:1 acetonitrile/water, transferred to
0.22 pm spin filter tubes, and centrifuged at 16,000g for S min.
Finally, the filtrate from each sample was transferred to glass
LC vials for subsequent LC—IM—MS/MS analysis. Blank
water controls (extraction of SO uL of H,O in place of 50 mg
of feces) were also prepared alongside the fecal samples using
an identical procedure. To demonstrate our analytical
workflow, we began by pooling the 5 human fecal extracts
(50 uL each) and analyzed the sample via LC—IM—MS/MS
(see below). The five individual human fecal samples were
subsequently analyzed using the same procedures.

LC-IM—MS/MS Analysis of Human Fecal Samples.
Human fecal extracts (5 uL) were injected and separated with
a Waters Acquity UPLC coupled to a reversed-phased
Phenomenex Kinetex Cq column (100 X 2.1 mm, 1.7 pm
particle size). Bach sample was eluted with the four
chromatographic gradients described above (LC—IM—-MS/
MS Analysis of Human Liver Microsome QAC Incubations).
The eluted analytes were detected in full-scan IM-MS mode
over the range of 50—1200 m/z on a Waters Synapt XS Q-
TOF mass spectrometer (Waters Corp., Milford, MA) using
nitrogen as the drift gas. The ESI(+) conditions were set at a
source temperature of 110 °C and a capillary voltage of 2.5 kV.
Additional source parameters were as follows: desolvation
temperature, 200 °C; cone gas flow, 10 L/h; nebulizer gas flow,
S bar; desolvation gas flow, 800 L/h; cone voltage, 30 V; and
source offset, 10 V. The mass detector was calibrated using
sodium formate over the range of 50—1200 m/z in “resolution”
mode. IM separations were achieved at a traveling wave
velocity of 500 m/s and a height of 40 V. For post-IM
fragmentation, a ramp from 20 to 30 V was added to the
transfer region. A leucine-enkephalin lock mass ([MH]* =
556.2771 m/z) was applied as a mass correction reference
during data acquisition. Each set of CCS calibrants (PolyAla,
HFAPs, and the drug/drug-like mixture) was analyzed at the
beginning of each plate analysis using flow injection analysis
(FIA), as described above. Automated CCS calibration, peak
picking of the raw data files, and subsequent queries against the
QAC reference database were performed by using custom
Python scripts. Briefly, a target list containing the exact m/z
values of parent QACs and their observed phase I hepatic
metabolites was compiled and used to extract m/z-selected LC
ion chromatograms from the raw data files (+0.025 Da from
theoretical values). Only [M]* ions were included. The
extracted LC chromatogram peaks were (1) automatically
smoothed using Gaussian convolution, (2) picked, (3) fitted to
a multi-Gaussian function, and (4) integrated to obtain peak
areas before being applied to extract m/z- and rt-selected
mobilograms from the raw data files (£0.1 min from the
picked LC chromatogram peak). The extracted m/z- and rt-
selected mobilograms were fitted to a Gaussian function to
obtain drift times, which were converted to calibrated CCS
values as described above (see TWIM CCS Calibration). This
process generated a list of extracted spectral features, which
was automatically compared against the spectral features
extracted from a gradient-matched blank control to remove
non-unique entries. Finally, the list of unique spectral features
containing the exact m/z and rt LC ion chromatogram peak
area and calibrated CCS value was queried against the QAC
reference database using various selection criteria, including
(1) m/z, (2) m/z and rt, (3) m/z and CCS, (4) m/z, rt, and
CCS, and (5) m/z, rt, CCS, and MS/MS spectral cosine
similarity to reference spectra. Search tolerances of 0.025 Da,
0.2 min, and 3% were applied for m/z, rt, and CCS,
respectively. We previously demonstrated that these tolerance
values generate highly reproducible and accurate lipid
identifications in LC-IM-MS data sets.”” All returned potential
matches were manually investigated to confirm the peak shape,
quality of fit, and presence of sufficient intensity above the
blank control. Semiquantitation of C,4-, Cj,-, Cyiy-, and Ci4
BAC concentrations identified in the human fecal extracts was
performed using the peak area ratio of the corresponding
internal standard (IS) d,-labeled BAC*
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peak areag,

[BAC] = [IS]

peak areag

This data processing workflow is summarized in Figure SS.

Code and Data Availability. All code for generating the
QAC reference database and processing human samples is
available on GitHub (https://github.com/libinxulab/xulab_
software.git). Experimental fragmentation data and the
associated SQLite database files are also available on GitHub
for download. Raw mass spectrometry data are available at
MassIVE under MSV000093621. The QAC reference database
can also be queried on CCSbase.

B RESULTS AND DISCUSSION

In Vitro QAC Metabolite Biosynthesis. A total of 19
commonly used QACs were incubated in NADPH-supple-
mented HLM. We identified NADPH-dependent mono- and
dihydroxylated metabolites (+10 and +20) (Figure S3), in
addition to further oxidized and desaturated metabolites
(+10,—2H, + 20,—2H, and +30,—2H), as summarized in
Table 1.

Table 1. Summary of Observed QAC Microsomal
Metabolites (\/ , Observed; X, Not Observed)

MR R KR

+10,—  +20,— +30,— = N-
+10 +20 2H 2H 2H 2H  dealkylation
ATMAC
« vV v x vV v ox
w Vv v Y x V x
.. VoV Y v X X X
G VoV Y v X X X
G VoV v X X X
G VoV Y v X X X
DADMAC
G VoV Y v voox X
o v v v v vV ox x
cw V. VY v voox X
BAC
& VoV v v X
G VoV Y v X X
c V. VoV v X X
cw VoV v X X
VAN x X
v v v X X
EtBAC
c.. VoV oV v v X
cw V. VY v X X
BzT v VY v v X
VARV vooox

Metabolites were consistently detected across biological
replicates and time points, with all metabolites present from
the initial time point measured in the reaction (ie., 15 or 40
min, see In Vitro QAC Metabolite Biosynthesis). Basic
experimental data, including observed mass accuracies,
retention times, detection frequencies, and characteristic
fragments, are available in the Supporting Information.

For each ATMAC, we consistently observed two major +10
metabolite peaks in the LC chromatograms. A representative
example of ATMAC metabolite characterization is shown in
Figure 3A for C,;-rATMAC metabolism.

These findings suggest that ATMAC metabolism followed a
similar pathway to that of BACs, which we have previously
shown are oxidized exclusively along the alkyl chain region by
cytochrome P450 (CYP) enzymes to @-hydroxy (terminal)
and (@-1)-hydroxy metabolites.”® As such, the observed
sequential oxidation products in our microsomal ATMAC
incubations are likely dihydroxy (+32 Da), ketones (+14 Da),
and w-carboxylic acid (COOH) (+30 Da) metabolites. We did
not observe metabolite m/z values associated with N-
dealkylation for any of the investigated QACs. Moreover, the
presence of an intact trimethylamine fragment (60.084
observed m/z; 60.081 theoretical m/z) in the MS/MS
fragmentation spectra of both the parent ATMACs and the
observed ATMAC metabolites indicates that these oxidation
and desaturation reactions occurred along the alkyl chain
region (Figures 3B—F and 4).

Similar trends were observed for C,;-DADMAC, which
appeared to form at least two major +10- and +20
metabolites and multiple sequentially oxidized metabolites
(+10,—2H and +20,—2H) (Figures S6 and S7). Additional
+10 metabolites present in lower abundance were also
observed, which suggests that oxidation could also occur at
further internal carbon positions (e.g., w-2, @-3, etc.). Our data
indicate that the second addition of oxygen to C;;-DADMAC
occurred at various carbon positions, leading to dihydrox-
ylation on a single alkyl chain (Figure S7C, C;,H,sNO*
fragment) or distributed across both alkyl chains (Figure
S7D, C;,H,NO," fragment) for the dialkyl series of QAC
substrates. Similarly, both C,-EtBAC and C,,-EtBAC formed
at least two structurally distinct NADPH-dependent +10
metabolites, leading to numerous +20 and further oxidized
metabolites (Figures S8 and S9). In the extracted ion
chromatogram of +10-C,,-EtBAC, a metabolite eluting at
4.14 min displayed an unmodified ethylbenzyl cation fragment
with an observed m/z of 119.088 (119.086 theoretical m/z),
indicating that oxygen insertion occurred at the C,, alkyl chain.
For the metabolite eluting at 5.78 min, the ethylbenzyl cation
contained a +16 Da modification with an observed m/z of
135.082 (135.081 theoretical m/z), indicating that oxygen
insertion likely occurred on the ethylbenzyl group in this
instance (Figure S9).

In addition to these oxygenated metabolites, we identified
multiple desaturated (parent-2H) metabolites of BAC, EtBAC,
ATMAC, CTP, and BZT without the addition of oxygen,
suggesting that these QACs undergo atypical phase I
metabolism (Figures S10—S12). In the case of BZT,
chromatographic separation on the LC column resolved at
least 6 unique BZT + O and 4 BZT-2H metabolite peaks
(Figure SI11A). Although it is plausible that BZT could
undergo O-dealkylation at its ether linkages, we did not
observe the expected m/z values associated with these
reactions in our microsomal incubations. Moreover, the
presence of an unmodified benzyl cation (91.056 observed
m/z; 91.054 theoretical m/z) in the MS/MS fragmentation
spectra of the parent BZT and its metabolites (Figure S11B—
F) suggests that the observed modifications occur on the 2,4,4-
trimethyl-pentan-2-yl (TMP) moiety. However, the lack of
vicinal C—H groups on TMP precludes direct desaturation.
The observed BZT-2H metabolites could therefore be alkene
products that form after intramolecular rearrangement of TMP
brings two C—H groups into vicinal positioning, as would be
possible in a CYP-mediated methyl shift reaction. Additional
mechanistic and structural studies of these novel metabolites
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Figure 3. Identification of C;;-ATMAC microsomal metabolites. (A) LC—MS extracted ion chromatograms (+0.025 Da from theoretical values)
displaying parent (gray), monohydroxylated (red), dihydroxylated (green), and further oxidized (+10,—2H and +20,—2H) C,;;-ATMAC
metabolites (blue and black, respectively). Peaks are labeled with observed m/z values and retention times. MS/MS fragmentation spectra of (B)
parent C,pATMAC, (C) + 10-C,pATMAC, (D) + 20-C;;ATMAC, (E) + 10,2H-C;ATMAC, and (F) + 20,2H—C,, ATMAC
demonstrating the consistent loss and detection of a trimethylamine fragment (60.081 theoretical m/z).

I
( . —III A OH
| -
_ W OH ®-COOH
| n
w-OH
| |
—NéM;\/ —NWOH
| | OH
w, w-1)-dihydroxy
(w-1)-0H ¢
A
—— —N
| n
OH

(R
| W
(w-1)-ketone

Figure 4. Summary of proposed ATMAC metabolism by NADPH-
supplemented HLM. Metabolite structures are based on the
consistent observation of two peaks in the LC—MS extracted ion
chromatograms of +10-ATMACs. Tentative assignment of the @ and
-1 oxidized carbon positions is based on our previously reported
findings on BAC metabolism.*®

are ongoing. While these desaturated metabolites were
relatively minor in comparison to the most abundant +10
oxygenated metabolites (~17% relative peak area), they have
the potential to be toxicologically relevant given the ability of

bioactivated alkenes to form adducts with cellular molecules.""
For example, the hepatotoxicity of valproic acid (VPA), an
anticonvulsant drug used for the treatment of epilepsy, is a
consequence of the CYP-mediated desaturation of VPA to a
terminal alkene (A*-VPA).*>* In addition to being a potent
mechanism-based inhibitor of CYP enzymes, A*-VPA is a
strong inducer of steatosis due to its disruption of fatty acid -
oxidation."”

The detection of desaturated metabolites in our microsomal
incubations, combined with the oxygenated metabolites
described above, demonstrates the eflicacy of in vitro
biosynthesis as a tool for generating a large and structurally
diverse set of metabolites. Experimental MS/MS fragmentation
spectra of the parent QACs and QAC metabolites can be
downloaded as a database file on GitHub (https:/ /github.
com/libinxulab/xulab_software.git).

IM—MS Analysis of Human Liver Microsome QAC
Incubations. We analyzed each HLM reaction mixture via
LC-IM-MS/MS. ™MCCS,, values were calibrated using a
series of singly charged poly-pL-alanines (n = 2—14), a custom
mixture of drug and drug-like compounds (n = 7), and a
mixture of HFAPs from the Agilent ESI-L low-concentration
tuning mix (n = 4) as previously described.””** To assess the
reference "V™MCCSy;, values reported herein, we compared our
data to previously published literature values®**** (Table S2
and Figure 5).
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Figure 5. Comparison of measured "™W™CCSy, values with published literature values.
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of measured percentage errors (PEs), see Table S2.

For a complete list of experimental ™™CCSy, values
obtained in this study, see the Supporting Information.
Compared to the PTCCSy, values recently reported by Belova
et al,” the observed absolute percentage errors (APEs) for our
reported TV™MCCSy, values ranged from 0.02% (Cs-ATMAC,
drug mixture calibration) to 5.5% (C,;-ATMAC, drug mixture
calibration). Belova et al.” reported an increase in the observed
APEs of BACs as the alkyl chain lengths increased, which was
attributed to differences in the correlation trends between the
TWIMCCSy, values and m/z ratios. We have previously used
computational modeling to show that for a series of parent
BACs (C,—Cg), distributions of the intramolecular distance
between the quaternary ammonium nitrogen and the w-carbon
of the alkyl chain generally increase in magnitude and spread
with increasing alkyl chain length.”” BACs with longer alkyl
chains are therefore more dynamic and exhibit a greater
number of gas-phase conformations than short-chain BACs,
leading to broader mobiligrams and more inherent variance in
the CCS calculations. This trend was generally recapitulated in
our reported "W™MCCSy, data for the ATMACs and BACs
investigated across all CCS calibrant sets, with the highest
APEs observed for C;3-ATMAC. While we did not observe a
discernible pattern within the DADMAC series, the relatively
high observed APEs for all alkyl chain lengths and CCS
calibrants investigated likely reflect the broad mobilograms of
these compounds. These differences could also be explained by
our selection of external calibrants, which are known to
influence "YIMCCS,, interplatform reproducibility,* as well as
fundamental differences in ion transport between DTIM and
our TWIM platform.** On average, the observed APEs ranged
from 1.0% (PolyAla calibration) to 2.2% (Agilent calibration).
These values align with interlaboratory deviations reported in
the literature.*>** Furthermore, the low APEs (<2.2%)
observed for the + O BAC metabolites, in comparison with

our previously reported "“™CCSy, data,” indicate the high
reproducibility of these measurements.

Measurements for all 19 parent QACs and their phase I
hepatic metabolites included in this study were obtained on
multiple occasions (n = 3 to 6) over a period of 9 months, with
high reproducibility (<2% interday and intraday RSD). A total
of 81 NADPH-dependent metabolites were generated from the
19 parent QACs, representing oxidation (+10 and +20), a
combination of oxidation and desaturation (+10,—2H, +
20,—2H, and +30,—2H), and desaturation (—2H) modifica-
tions (Table 1). Among the 75 observed oxygenated QAC
metabolites (+10, + 20, + 10,—2H, + 20,—2H, and +30,—
2H), 9 metabolites did not meet the extracted mobilogram
intensity cutoff (specified in Materials and Methods) and were
excluded from the QAC reference database. The T™WMCCSy,
(PolyAla calibration) vs m/z values for parent QACs and their
metabolites are displayed in Figure 6A.

In general, parent QACs displayed a larger CCS than that of
their phase I hepatic metabolites. To measure the extent of the
structural compaction/expansion of these metabolites relative
to that of their corresponding parent compounds, a
dimensionless compaction factor (C) was calculated using eq
1, as previously described”’

parent mass parent

CCS 23
— | =C X|——m@m—
CCSmetabolite MASS 1 etabolite

Here, a value of C < 1 indicates that the metabolite becomes
less compact than the parent, while a value of C > 1 indicates
that the metabolite becomes more compact than the parent.
Remarkably, despite their increased mass, each of the + O
metabolites in the ATMAC series (Cy—C,s) displayed a
consistent linear decrease in CCS compared to their respective
parent compounds (Figure 6B). Furthermore, the compaction
factors for these metabolites were greater than 1, and the

(1)
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Figure 6. IM-MS conformational space plots. (A) Measured ™"™CCSy, (PolyAla calibration) vs m/z values for (A) all 19 parent QACs and their
75 observed phase I hepatic metabolites (excluding +30-2H metabolites), (B) ATMACs (C3—C,4) and +10 metabolites, (C) DADMACs (C,—
C,4) and +20 metabolites, (D) EtBACs (C,, and C,,) and observed phase I hepatic metabolites, (E) BZT and observed phase I hepatic

metabolites, and (F) CTP and observed phase I hepatic metabolites.

degree of compaction increased with the lengthening of the
alkyl chain (Table S3). This trend was also generally observed
within the series of +20-DADMAC metabolites (Figure 6C)
and for all oxygenated metabolites of C,,- and C,,-EtBAC
(Figure 6D). We have previously reported that BACs exhibit

similar yet unusual CCS behavior upon CYP-mediated w-
hydroxylation.”” Strong intramolecular ion—dipole interactions
are formed between the positively charged quaternary
ammonium center and the oxygen atom at the opposite end
of the metabolite. These interactions effectively restrict the
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Figure 7. Application of the QAC and metabolite reference database. (A) Total number of extracted and filtered spectral features from the pooled
human fecal extract, as well as total number of compound identifications with varying levels of selection criteria. (B) Average number of compound
identifications per spectral feature with varying levels of selection criteria. (C) Extracted m/z-selected LC ion chromatogram (348.3261 + 0.025
Da) demonstrating the use of MS/MS cosine similarity scoring for ranking potential compound identifications at the m/z, CCS, and rt selection

criteria level.

dynamics of the alkyl chain, thereby promoting structural
compaction. On average, the C values of the +O ATMAC
metabolites were 2.6% higher than those of the w-OH BAC
metabolites with equal alkyl chain length, indicating an
increased degree of compaction in ATMACs compared to
BACs following hydroxylation. This observation could be
explained by the substitution of a benzyl moiety with a less
bulky methyl group on the ATMAC structure, which likely
reduces interactions with the drift gas.

Similarly, the +O metabolites of BZT (Figure 6E) and CTP
(Figure 6F) displayed CCS values that were smaller than those
of their respective parent compounds, indicating structural
compaction. The degree of compaction was greater in the +O
metabolites of CTP (C = 1.10) compared to the +O
metabolites of BZT (C = 1.05), which suggests that the
conformational changes induced by hydroxylation are
influenced by the structure of the parent compound.
Furthermore, the +20, + 10,—2H, and +20,—2H metabolites
of BZT and CTP all displayed C values greater than 1. The
extent of compaction, however, was more pronounced in the
desaturated (—2H) metabolite of CTP (C = 1.10) compared
to the desaturated metabolite of BZT (C = 1.02). This
observation could be attributed to the putative formation of a
double bond along the alkyl chain region of CTP and the TMP
moiety of BZT. The presence of such a double bond would
introduce an electron-z system within the molecule, leading to
electrostatic interactions with the positively charged quaternary
ammonium center. These findings highlight the complex and
distinct gas-phase conformational changes induced by different
metabolic routes.

LC—-IM—MS/MS Analysis of Human Fecal Samples. To
demonstrate the utility of our QAC reference database, we first
analyzed a pooled human fecal extract derived from five fecal
samples (two samples from the same individual and three
samples from three other individuals) using LC—IM—MS/MS
(see LC-IM-MS/MS Analysis of Human Fecal Samples).
Several recent studies support the suitability of feces for the
biomonitoring of QACs and QAC metabolites. As shown by
Luz et al, orally administered '*C-radiolabeled BACs (C,,,
Cuy and Ci4) and C;;-DADMAC in rats led to 88—98%
recovery of radioactivity in feces, with approximately one-third
of BACs and one-half of C,-DADMAC recovered as oxidized
metabolites.”® In the same study, rats given a single IV dose of
'C-radiolabeled BACs excreted 45—55% of radioactivity to
feces, with 20—30% excreted to urine and 30—35% remaining
in tissues at 7 days post-administration, suggesting that feces is
a major excretion route regardless of the exposure routes.
While w-hydroxy and w-carboxylic acid BAC metabolites have
been detected in human urine and serum,*” parent BACs are
not typically found in urine and QAC metabolite levels in
serum are relatively low (0.03—0.04 ng/mL for +10-C4-BAC
and 0.01 ng/mL for +20,—2H-C,;-BAC). Fecal samples are,
therefore, logical for the simultaneous detection of parent
QACs and QAC metabolites. Additionally, the highly complex
and heterogeneous composition of feces provides an excellent
opportunity to demonstrate the advantages of IM—MS-based
analytical platforms.

A target list containing the exact m/z values of all parent
QACs and their observed phase I hepatic metabolites (96 total
entries) was compiled and used to automatically process the
raw data files. This workflow generated a list of extracted
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spectral features, which was compared against the spectral
features extracted from a gradient-matched blank water control
to remove non-unique entries. As shown in Figure 7A, the
filtering step removed 17 non-unique spectral features from the
list, and the remaining extracted spectral features were queried
against the QAC reference database with various selection
criteria (m/z tolerance: 0.025 Da; rt tolerance: 0.2 min; CCS
tolerance: 3%). The total number of annotated spectral
features was reduced from 753 to 320 with the inclusion of
the CCS, suggesting that drift time filters can be used to
efficiently remove false positives. IM separation proved to be a
valuable tool for reducing the number of putative annotations
for coeluting analytes with identical m/z values. For example,
distinguishing between the isobaric, coeluting +30,—2H
metabolites of C,,-BAC and C,,-EtBAC was only possible by
leveraging the CCS values of these compounds (Figure S13).
Furthermore, the inclusion of rt reduced both the total number
of annotated spectral features from 320 to 90 and the average
number of annotations per feature from 1.38 to 1.24 (Figure
7B). These results suggest that the tandem use of m/z, CCS,
and rt criteria improves the confidence of compound detection
in complex biological matrices by reducing the average number
of annotations per spectral feature. The decrease in total
annotations also reduces the occurrence of false positives and
thus could facilitate downstream analysis of large-scale human
biomonitoring studies.

Out of the 90 spectral features with matches based on the
m/z, CCS, and rt criteria, we identified a total of 13 unique
parent QACs and at least one compound from each subclass
represented in the reference database (ie., ATMACs, BACs,
EtBACs, DADMACs, BZT, and CTP) (Figure S14). Using the
extracted retention and drift times for each annotated spectral
feature, we also extracted rt- and dt-selected post-IM
fragmentation spectra from the pooled human fecal extract
raw file to calculate MS/MS cosine similarity scores with
previously collected reference spectra (see LC-IM-MS/MS
Analysis of Human Fecal Samples).

Cosine similarity is a well-established metric in the field of
mass spectrometry.””*” This method quantifies the similarity
between two mass spectra by calculating the dot product of
their respective vectors, which are constructed from m/z values
and the corresponding intensity levels. The cosine similarity
score between two mass spectra can range from 0 to 100, with
higher values denoting greater similarity. As shown in Figures
S14 and S15, we obtained similar MS/MS cosine similarity
scores for the detected parent QACs and QAC metabolites
using experimental (ie., previously collected on the same
instrument) and theoretical (i.e., in silico) reference
fragmentation spectra. These results indicate that when
samples and reference mixtures are analyzed on the same
instrument, both experimental and theoretical fragmentation
spectra are appropriate for constructing reference databases.

We identified a total of 35 QAC metabolites with matches
based on the m/z, CCS, and rt criteria in the pooled human
fecal extract, including monohydroxylated (+10) and further
oxidized (+10,—2H, + 20,—2H, and +30,—2H) metabolites
for each QAC subclass. Dihydroxylated (+20) ATMAC, BAC,
and DADMAC metabolites were also identified. Collectively,
these findings indicate that IM analysis can be used to profile
the exposure of both hydrophobic parent compounds and their
polar metabolites in a complex biological matrix. The
utilization of MS/MS cosine similarity scoring was particularly
useful for increasing the confidence of QAC metabolite

annotations with identical m/z values. As shown in Figure
7C, the +10 metabolites of C;,-BAC and C,,-EtBAC are
constitutional isomers with similar measured CCS values and
retention times. Applying the selection criteria described above
(m/z tolerance: 0.025 Da; rt tolerance: 0.2 min; CCS
tolerance: 3%), the spectral feature identified in the pooled
human fecal extract at 4.22 min and 190.73 A’ was
ambiguously annotated as both +10-C,-BAC and +10-C,,-
EtBAC, two structurally distinct QAC metabolites with
identical molecular formulas. The inclusion of MS/MS cosine
similarity scoring, however, enabled the clear assignment of
+10-C4-BAC to this spectral feature given its significantly
higher similarity to the metabolite’s reference fragmentation
spectrum. Taken together, these data indicate that MS/MS
cosine similarity is a valuable tool for ranking the putative
annotations of spectral features with multiple compound
matches.

To further investigate the distribution of QACs in human
feces, we analyzed the 5 individual fecal samples via LC—IM—
MS/MS. Using the selection criteria described above, we
detected a total of 14 unique parent QACs across the S
samples, including all 13 compounds originally identified in the
pooled extract with the addition of C,-BAC (Figure S16). The
Supporting Information summarizes all extracted and filtered
spectral features and identifications from these samples. The
lack of detection of C,,-BAC in the pooled extract could be
due to the effective S-fold dilution when the samples were
combined, which potentially lowered the compound’s
concentration below the detection limit of the instrument.
Out of the 13 parent QACs, S compounds (C;,-ATMAC, C,,-
BAC, C,,-BAC, C,-BAC, and C,,-DADMAC) were identified
in all 5 samples and 4 compounds (C,;-ATMAC, C,,-EtBAC,
C,4+-EtBAC, and CTP) were identified in 80% (4 out of 5) of
the samples. Notably, we did not observe short-chain
ATMACs (Cg—C,y) or Cg-BAC in any of the human fecal
samples, which could potentially be explained by their
relatively lower abundance in commercial products,” lower
bioaccumulation potential,’ and/or decreased metabolic
stability relative to those of longer-chain QACs.”® To assess
the reproducibility of our method, we independently analyzed
two aliquots of human feces derived from a single sample from
the same donor (samples 1A,B in Figure S16). A total of 13
unique parent QACs were identified in the first replicate. Of
these, 12 were also present in the second replicate; the only
exception was BZT, which is likely explained by its low
abundance in the fecal sample. This consistency indicates the
high reproducibility of our experimental workflow.

Using d,-labeled internal standards, BAC (C;,—C)
concentrations were semiquantified in the human fecal samples
(Figure S17 and Table S4). The relative abundance of each
BAC was strikingly similar across the 3 fecal samples that
contained all 4 identified compounds in the following order,
Cy < Cig < Cy, < C14 (samples 1A,B, and 2 in Figure S17).
Notably, C10-BAC was not detected based on m/z, CCS, and
rt selection criteria in 2 of the fecal samples. These results are
consistent with the relative abundances of BACs in many
commercial products that contain a mixture of BACs with
varying alkyl chain lengths.'! The BACs with the highest
relative abundance in all S fecal samples were C12 and C14.
Because these two BAC compounds have the highest biocidal
activity,”® they typically represent the greatest proportion
within commercial mixtures. The median BAC levels in feces
reported herein are significantly higher (>10-fold) than median
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blood levels for each alkyl chain length.'” The relatively large
quantity of BACs in feces could reflect the use of BACs in
food-processing settings and subsequent oral intake. If BAC
exposure occurs by inhalation, possible explanations include
relatively brief plasma half-lives (1.8—3.7 h for C,,, C,,, and
Cis BAC in rats)’' and/or formation of BAC—bile acid ion
pair complexes” that undergo P-glycoprotein efflux transport
at the bile canalicular membrane of hepatocytes and ultimately
deposit into the intestinal lumen. Additional studies, however,
are required to further characterize the various transport and
excretion pathways involved in the QAC disposition.

Collectively, our results indicate that QACs and many of
their phase I hepatic metabolites are detectable in human feces
and that these compounds can be confidently assigned to
spectral features with the tandem utilization of CCS, rt, and
MS/MS fragmentation reference databases in biomonitoring
efforts. The experimental workflow and data processing tools
developed in this study may be applied to other classes of
environmental contaminants and in vitro-generated metabo-
lites.
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