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Abstract

Aminomethylphosphonic acid (AMPA) is the main metabolite of glyphosate (GLYP) and phosphonic acids in detergents. GLYP
is a synthetic herbicide frequently used worldwide alone or together with its analog glufosinate (GLUF). The general public can
be exposed to these potentially harmful chemicals; thus, sensitive methods to monitor them in humans are urgently required to
evaluate health risks. We attempted to simultaneously detect GLYP, AMPA, and GLUF in human urine by high-resolution
accurate-mass liquid chromatography mass spectrometry (HRAM LC-MS) before and after derivatization with 9-
fluorenylmethoxycarbonyl chloride (Fmoc-Cl) or 1-methylimidazole-sulfonyl chloride (ImS-Cl) with several urine pre-
treatment and solid phase extraction (SPE) steps. Fmoc-Cl derivatization achieved the best combination of method sensitivity
(limit of detection; LOD) and accuracy for all compounds compared to underivatized urine or ImS-Cl-derivatized urine. Before
derivatization, the best steps for GLYP involved 0.4 mM ethylenediaminetetraacetic acid (EDTA) pre-treatment followed by SPE
pre-cleanup (LOD 37 pg/mL), for AMPA involved no EDTA pre-treatment and no SPE pre-cleanup (LOD 20 pg/mL) or 0.2—
0.4 mM EDTA pre-treatment with no SPE pre-cleanup (LOD 19-21 pg/mL), and for GLUF involved 0.4 mM EDTA pre-
treatment and no SPE pre-cleanup (LOD 7 pg/mL). However, for these methods, accuracy was sufficient only for AMPA (101—
105%), while being modest for GLYP (61%) and GLUF (63%). Different EDTA and SPE treatments prior to Fmoc-ClI deriv-
atization resulted in high sensitivity for all analytes but satisfactory accuracy only for AMPA. Thus, we conclude that our HRAM
LC-MS method is suited for urinary AMPA analysis in cross-sectional studies.
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Introduction

Glyphosate (GLYP; N-(phosphonomethyl)glycine) and
glufosinate (GLUF; pL-homoalanin-4-yl-(methyl)phosphinate)
are non-selective, synthetic post-emergence herbicides widely
used in agricultural, forestry, and urban settings [1, 2].
Aminomethylphosphonic acid (AMPA) is the main (70%)
GLYP degradation product of soil microbes [1, 3] and the
key metabolite of phosphonate-containing household and in-
dustrial detergents [4, 5]. GLYP, AMPA, and GLUF have been
detected in numerous foodstuffs and environmental water
sources [1, 2, 5-10], indicating avenues by which these
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compounds may come into contact with humans who would
otherwise not be exposed. Despite this, data on exposure to
these compounds via urinary measurement among non-
occupationally or toxically exposed individuals is scant
[11-16].

Various methods to analyze GLYP, AMPA, and GLUF
individually or together in human urine have been de-
scribed. They include immunoassays [13, 17, 18], high-
performance liquid chromatography (HPLC) with fluores-
cence [19] or ultraviolet [20] detection, LC with mass
spectrometry (MS) [15, 21-23] or tandem MS (MS/MS)
[16, 24-28] detection, and gas chromatography (GC) with
MS [29], MS/MS [11, 12, 30], or electron capture [31]
detection. GLYP, AMPA, and GLUF are ampbhoteric, po-
lar compounds with low molecular weights (169, 111, and
181, respectively) and poor volatility, which make their
detection at low levels very challenging. Therefore, deriv-
atization is frequently applied to improve detection sensi-
tivity as well as enable analysis by conventional reverse
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phase (RP) LC-MS methodologies. 9-
Fluorenylmethoxycarbonyl chloride (Fmoc-Cl) is a
derivatizing agent commonly used during amino acid
analysis due to its quick reaction with primary and sec-
ondary amines, and has been applied mainly to environ-
mental water and soil samples to increase the sensitivity
of GLYP, AMPA, and GLUF during LC-MS analysis
(reviewed in [32]). 1-Methylimidazole-sulfonyl chloride
(ImS-Cl) is a derivatizing agent used by us previously to
extensively improve (> 50-fold) the LC-MS sensitivity of
phenolic molecules including steroidal estrogens,
bisphenol A, triclosan, and parabens [33, 34]. However,
we are unaware of analytical methods using Fmoc-Cl or
ImS-CI to derivatize GLYP, AMPA, and GLUF for quan-
titation of GLYP, AMPA, or GLUF from human urine.

In this study, we attempted to simultaneously detect GLYP,
AMPA, and GLUF by high-resolution accurate-mass
(HRAM) LC-MS in underivatized urine and in urine after
derivatization with Fmoc-Cl or ImS-Cl. Urine was chosen as
a matrix because it presents many important advantages com-
pared with blood including higher analyte concentrations,
non-invasive collection, and integration over longer periods
of exposure [35]. Urine pre-treatment with hydrochloric acid
(HCI) and ethylenediaminetetraacetic acid (EDTA) with and
without following SPE cleanup was tested as a means to re-
lease analytes from mineral complexation and to improve as-
say sensitivity and accuracy.

Materials and methods
Chemicals and instrumentation

GLYP, AMPA, GLUF, and AMPA-'C-'>N-d, were pur-
chased from Sigma-Aldrich (St. Louis, MO). GLYP-'"3C-'"N
was purchased from Cambridge Isotope Laboratory
(Tewksbury, MA); GLUF-d; was purchased from Medical
Isotopes (Pelham, NH). Sodium tetraborate and ammonium
hydroxide were purchased from Sigma-Aldrich (St. Louis,
MO). All other HPLC grade solvents including acetonitrile
(ACN), ethyl acetate (EtOAc), hexanes, acetone, dichloro-
methane (DCM), methanol (MeOH), concentrated HCI,
formic acid, potassium hydroxide, and EDTA were obtained
from Fisher Scientific (Waltham, MA). Analyte levels were
adjusted for urinary creatinine (determined using a Roche
Cobas MiraPlus clinical autoanalyzer) to account for differ-
ences in urine volume [35]. Isotope dilution electrospray ion-
ization (ESI) HRAM LC-MS analysis was performed with a
model Accela LC system including a CTC HTS PAL
autosampler coupled to an orbitrap model Q-Exactive mass
spectrometer, all controlled by Xcalibur software (all from
Thermo Scientific Inc., Waltham, MA). Deidentified urine
samples from pre- and post-menopausal women obtained
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from a previous discontinued study were pooled according
to menopausal status.

Sample preparation by SPE and LC-MS analysis with-
out derivatization

In total, 500 pL of urine were spiked with 5 uL of the authen-
tic standard mixture (GLYP, AMPA, and GLUF, 100 ng/mL
in water) or not spiked followed by mixing with 25 uL of the
three internal standards (ISs; GLYP-3 Cy, AMPA-'3 C—ISN—dz,
and GLUF-d;, 500 ng/mL of each in water) and diluting with
500 pL of water. The mixture was loaded onto a Strata-SAX
SPE cartridge (100 mg/1 cc; Phenomenex, Torrance, CA)
after preconditioning the cartridge with 1 mL of MeOH and
1 mL of water. The cartridge was then dried by air under
vacuum for 5 min, followed by washing with 1 mL of water
and drying by air under vacuum for another 5 min. The car-
tridge was subsequently washed with 1 mL of MeOH follow-
ed by air drying under vacuum. The residue was eluted with
1.2 mL of 1 M HCI in MeOH, dried under nitrogen at 45 °C,
then re-dissolved in 100 L of 20% aq. ACN. In total, 25 uL
of this re-dissolved extract was injected onto an Asahipak
NH2P-40 3E column (250 x 3.0 mm; 4 pm) connected to an
Asahipak NH2P-50G 3A (2.0 x 10 mm; 4 um) pre-column
(Shodex, New York, NY). Separation was performed with
mobile phases consisting of ACN (A) and 0.1 M aq. ammo-
nium hydroxide at pH 11 (B). The flow rate was 500 puL/min
with the following linear gradient (%B): from 0 to 5 min at
20%, from 5.1 to 15 min to 80%, then back to initial condi-
tions and equilibrate for 5 min. ESI-HRAM-MS analysis was
performed in negative mode with parallel reaction monitoring
(PRM) using the following high collision dissociation (hcd)
settings: GLYP (m/z 168.0054 — m/z 124.0153, m/z
149.99465; hed@15), GLYP-IS (m/z 170.0061 — m/z
126.01567, m/z 151.99505; hed@15), AMPA (m/z
109.9997 — m/z 62.96246, m/z 78.95734 hed@19), AMPA-
IS (m/z 114.0218 — m/z 62.96246, m/z 78.95734 hcd@19),
GLUF (m/z 180.0421 — m/z 119.02516, m/z 136.05169
hcd@22), GLUF-IS (m/z 183.0611 — m/z 122.044, m/z
139.07053 hcd @22).

Sample preparation and LC-MS analysis after deriva-
tization with 1-methylimidazole-sulfonyl chloride
(ImS-Cl)

In total, 50 uL of urine were diluted with 50 pL of water and
spiked with 10 puL of IS. The mixture was treated with 50 uL of
sodium phosphate buffer (0.1 M, pH 11) then derivatized with
20 pL of ImS-CI (20 mg/mL in ACN) and incubated at 65 °C
for 15 min according to our recently published methodology
[33, 34]. In total, 10 uL of the crude ImS adduct was injected
onto an Ascentis C18 analytical column (150 x 3.0 mm; 2.7
pum, Supelco, St. Louis, MO) and separated with a mobile phase
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consisting of 0.1% formic acid in water (A) and 0.1% formic
acid in ACN (B) at a flow rate of 400 pL/min with the follow-
ing linear gradient (%B): from 0 to 5 min 5% to 15%, increase
to 25% in 2 min, then 50% in 0.1 min, stay at 50% for 1 min,
then back to initial conditions of 5% and equilibrate for 5 min.
LC-MS analyses were performed under positive ESI mode,
with spray voltage at 4 kV, sheath gas flow rate at 30, and
Aux flow rate at 5. Capillary temperature was set at 320 °C.
ESI-HRAM-MS analysis was performed in negative mode with
targeted SIM at the monoisotopic masses of the deprotonated
analytes (£ 5 ppm to account for MS inaccuracies) [M-H] (m/
2): GLYP-ImS (312.00554), GLYP-IS-ImS (314.00593),
AMPA-ImS (254.00006), AMPA-IS-ImS (258.01300),
GLUF-ImS (324.04192), and GLUF-ImS (327.06075).

Sample preparation by SPE and LC-MS analysis after
derivatization with Fmoc-Cl and SPE purification

In total, 500 uL of urine were spiked with 10 uL of the au-
thentic standard mixture (GLYP, AMPA, and GLUF, 100 ng/
mL in water) or not spiked followed by mixing with 25 puL of
the three ISs (GLYP-'>C;, AMPA-'>C-'"N-d,, and GLUF-d;,
500 ng/mL of each in water) and diluting with 1 mL of water.
This solution was loaded onto a Strata-X polymeric RP SPE
column (60 mg/3 mL; Phenomenex) after preconditioning
with 2 mL of MeOH and 2 mL of water. The SPE cartridge
was washed with 700 puL of water. The combined pass-
through and wash fractions were vortex-mixed with 100 pL
of sodium borate buffer (2.6% in water) and 150 uL of Fmoc-
Cl (6 mg/mL in ACN) and incubated at 50 °C for 20 min.

OCCUPATIONAL CONTRIBUTION/EXPOSURE

"N

Commercial herbicide Herbicide application

% 6 T K

Soil microbial

After cooling to room temperature, 5 uL of formic acid was
added to the reaction mixture and centrifuged at 800xg for
5 min. The supernatant was then loaded onto a SepPak C18
RP SPE cartridge (50 mg/1 mL; Waters, Milford, MA) after
preconditioning with 1 mL of MeOH and 1 mL of water. The
SPE cartridge was dried under vacuum for 10 min followed by
washing with 700 uL. of DCM and drying under vacuum for
10 min. The analytes were eluted with 1 mL of MeOH and
400 uL of 0.1% formic acid in MeOH. Both eluent fractions
were combined, dried under nitrogen, then re-dissolved in
100 pL of 25% aq. ACN. In total, 50 puL of this extract was
separated on a Kinetex C18 analytical column (150 x 3 mm,
2.6 um, Phenomenex). The mobile phase consisted of (A)
5 mM ammonium acetate buffer pH 9 mixed with MeOH
and ACN (90/5/5), and (B) MeOH and ACN (50/50), and
was operated at a flow rate of 300 uL/min with the following
gradient (%B): starting with 0% to 15% in 7 min and increas-
ing to 30% in 6 min, then holding for 2 min at 30% and back
to initial conditions to equilibrate for 5 min. LC-MS analyses
were performed under positive ESI mode, with spray
voltage at 4 kV, sheath gas flow rate at 30, and Aux
flow rate at 5. Capillary temperature was set at 320 °C.
ESI-HRAM-MS analysis was performed in negative
mode with targeted SIM by monitoring the monoisoto-
pic masses of the protonated analytes (£5 ppm to ac-
count for MS inaccuracies): GLYP-Fmoc (m/z
392.08937), GLYP-'3C-!'>N-Fmoc (m/z 394.089760),
AMPA-Fmoc (m/z 334.083890), AMPA-'">C-"°N-d,-
Fmoc (m/z 338.09683), GLUF-Fmoc (m/z 404.12575),
GLUF-d;-Fmoc (m/z 407.14458).

NON-OCCUPATIONAL CONTRIBUTION/EXPOSURE

A
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Use of phosphonate-
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Fig. 1 Potential sources of glyphosate (GLYP), aminomethylphosphonic acid (AMPA), and glufosinate (GLUF) to occupationally exposed individuals

and the general population
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Sample preparation with acid and base treatment
followed by SPE and LC-MS analysis after derivatiza-
tion with Fmoc-Cl and SPE purification

In total, 500 puL of urine spiked with an authentic standard
mixture (GLYP, AMPA, and GLUF, 100 ng/mL in water)
at 0.5 ng/mL and 2 ng/mL in duplicate were combined with
25 pL of the three ISs (500 ng/mL). The mixture was
acidified with 5 pL of 6 M HCI to pH 1, then vortexed
and equilibrated at room temperature for 1 min. The mix-
ture was neutralized to pH 6~7 with 6.6 uL of 6 M KOH
then diluted with 1 mL of water. This solution was loaded
onto a Strata-X SPE column (60 mg/3 mL; Phenomenex)
after preconditioning with 2 mL of MeOH and 2 mL of
water. The SPE cartridge was washed with 700 puL of wa-
ter. The combined wash fractions were then subjected to
derivatization with Fmoc-Cl, SepPak C18 SPE purifica-
tion, and LC-MS analysis as described above.

Fig. 2 Work flow scheme
showing different urine pre-
treatment and SPE steps to im-
prove recovery and accuracy of
all analytes derivatized with
Fmoc-Cl. IS, internal standard;
ACN, acetonitrile; DCM, dichlo-
romethane; RT, room tempera-
ture. All steps are detailed in the
“Materials and methods” section

Urine + Water
« Dilute w/1 mL H20
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Sample preparation with EDTA treatment followed by
SPE and LC-MS analysis after derivatization with
Fmoc-Cl and SPE purification

In total, 500 uL of urine spiked with an authentic standard
mixture (GLYP, AMPA, and GLUF, 100 ng/mL in water) at
0.5 ng/mL and 2 ng/mL in duplicate were combined with
25 uL of the three ISs (500 ng/mL). The mixture was treated
with EDTA to reach a final concentration of 0.2 mM (60 pL of
I mMEDTA), 0.4 mM (150 uL of | mM EDTA), and 28 mM
(80 pL of 100 mM EDTA). The mixture was vortexed and
equilibrated at room temperature for 30 min. The mixture was
then neutralized to pH 6~7 with 0~2 pL of 1 M KOH then
diluted with 1 mL of water. This solution was loaded onto a
Strata-X SPE (60 mg/3 mL; Phenomenex) after precondition-
ing with 2 mL of MeOH and 2 mL of water. The SPE cartridge
was washed with 700 uL of water. The combined wash frac-
tions were then subjected to derivatization with Fmoc-Cl,

0.5 mL urine + IS

U

/ PRE -TRLEATMENT —
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+ Mix with EDTA solution
(0.2 mM — 28 mM)
* Incubate @ RT, 30 min

/ * Dilute w/1 mL H20
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+ Collect flow-through and wash fractions
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+ Dilute w/1 mL H20

PRE -CLEANUP
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o
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i o
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SPE #2 (SepPak C18)
o + Precondition w/MeOH+H20

* Load sample

* Dry SPE cartridge for 10 min under vacuum
+ Wash with DCM

+ Dry SPE cartridge for 10 min under vacuum
* Elute w/MeOH + 0.1% formic acid in MeOH
* Dry under N2

« Redissolve in 100 uL 25% aq. ACN
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l °

LCMS
Q-Exactive orbitrap
* Inject 25 uL into LCMS
Uy « Analytical Column: Kinetex-C18-EVO
/ N * Mobile phase: 5 mM ammonium acetate; MeOH; ACN
\/z + ESI(+)-HRAM-MS [targeted SIM]
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SepPak C18 SPE purification, and LC-MS analysis as de-
scribed above.

Results and discussion

Humans can be exposed to GLYP, AMPA, and GLUF in
many ways (Fig. 1) since these compounds have been detect-
ed in numerous foodstuffs [6, 7, 36-39] and also in surface [5,
40-42] and ground waters [5], which supply the majority of
drinking water to US households [43]. AMPA is the major
metabolite (70%) of GLYP formed from soil microbial deg-
radation [1, 3], and is the key metabolite of phosphonates—
functional agents of household and industrial laundry and
cleaning detergents [4, 5] that can inadvertently enter surface
waters [4]. In 2015, GLYP and GLYP-based herbicides
(GBH) were deemed “probable human carcinogens” (catego-
ry 2A) by the International Agency for Research on Cancer
(IARC) due to strong evidence demonstrating their ability to
induce DNA damage and oxidative stress [44]. IARC also
cited evidence from in vitro and animal studies showing that
AMPA can induce oxidative stress—a situation that can lead
to cancer in humans [45]. Thus, examination of AMPA expo-
sure deserves close attention as this metabolite may have
many underlying health implications. The use of GLYP and
GBH will likely continue or even increase around the world
[45]. Due to the high global use and current controversial

Fig. 3 Applied derivatizations of
AMPA and GLYP to improve
assay sensitivity. GLUF reacted
analogously with its primary
amine

I
HO—T\/
OH
AMPA: R, = H

GLYP: R, = CH,-COOH

NHR; —]

carcinogenicity status of GLYP, monitoring of this compound
and particularly its metabolite AMPA to the general public is
urgently warranted.

GLYP, AMPA, and GLUF are very small and polar com-
pounds that lack chromophores or other heteroatoms that can
facilitate their sensitive detection. In addition, the amphoteric
nature of these agents makes their concentration and purifica-
tion by normal phase or RP SPE very difficult. For these
reasons, Fmoc-Cl derivatization has been frequently applied,
mainly to environmental water and soil samples [32], to in-
crease lipophilicity thereby allowing for better RP SPE reten-
tion and increased sensitivity during MS analysis. In this
study, we tested Fmoc-Cl and ImS-Cl as derivatization re-
agents to increase the lipophilicity of GLYP, AMPA, and
GLUF and thereby enhance retention during RP SPE and
sensitivity during LC-MS analysis of human urine.

Urine analysis without derivatization

We evaluated various SPE cartridges to extract and purify
GLYP, AMPA, and GLUF from urine samples. These car-
tridges included RP (Strata-X, SepPak C18), cation exchange
(Strata-X-C), anion exchange (Strata-X-A, Oasis-MAX), and
silica-based weak anion exchange (Strata-SAX). Aqueous
standards of these analytes were not retained on the RP car-
tridge (Strata-X) and the majority was found in the loading
pass-through. We were also unable to obtain good recovery

I \ N
O TS,
) Rl
ImS-Cl : HO—P N'—s N
NaHCO3, 65°C, 15 min |\/ I \

o} CH,
OH

AMPA-ImS: R;=H

GLYP-ImS: R, = CH,-COOH
o)
Ind

Fmoc-Cl
Borate buffer, 50°C, 20 min
AMPA-Fmoc: R;=H

GLYP-Fmoc: Ry = CH,-COOH
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<« Fig. 4 LC-MS traces of (a) analyte adducts and their corresponding
internal standards (b) AMPA monitored at their monoisotopic masses
of m/z 334.08389 and m/z 338.09683, respectively. The upper 2, middle
2, and lower 2 traces show authentic standard (20,000 pg/mL), spiked
urine (final 2000 pg/mL), and un-spiked urine (230 pg/mL), respectively.
RT, retention time; NL, absolute abundance of the peak size

for the analytes using the cation exchange SPE. While the
anion exchange SPEs could retain GLYP with relatively good
yield (>40%), the recoveries for AMPA and GLUF were poor
(< 1%). The silica-based weak anion exchange SPE (Strata-
SAX) showed the best recovery compared with other SPEs
with more than 40% recovery for all analytes.

LC separations were found to be selective and with good
peak shapes using the poly-amino-based Asahipak NH2P-40
3E column, which functions with a mixed chromatographic
mechanism of both hydrophilic interaction and ion exchange.
Using the Asahipak column, we were able to separate the
analytes with good retention (9~10 min) and good resolution.
Other conventional HILIC columns we tested (Luca-HILIC,
or zic-c-HILIC) did not provide good retention or better peak
shapes. The mobile phase was also optimized by using 0.1 M
ammonium hydroxide and ACN. These chemicals yielded
better peak shapes and MS sensitivity than using ammonium
bicarbonate.

The molecular weights of GLYP, AMPA, and GLUF are
low (<200) and in the same range as the inherent MS noise. In
order to achieve selective MS detection, we applied PRM in
negative mode and scanned the product ions formed in the high
collision cell of the mass spectrometer. The collision energy for
each analyte was optimized accordingly as described in the
“Materials and methods” section. The LODs in standards were
500 pg/mL for GLYP and AMPA, and 1000 pg/mL for GLUF
while the LODs in urine were much higher (> 5000 pg/mL) due
to urinary interferences that were not removed by chromatog-
raphy. Due to these high LODs, we decided to pursue deriva-
tization methods to increase MS sensitivity.

Urine analysis after derivatization with ImS-Cl

We previously succeeded in using ImS-ClI to derivatize
a variety of molecules (including steroids and bisphenol
A) to products with improved chromatographical fea-
tures and obtained more than 50-fold increases in LC-
MS sensitivity compared with their educts [33, 34]. In
this study, we used the ImS tag again in hopes of im-
proving both SPE recovery and MS sensitivity by in-
creasing the lipophilicity of the highly polar GLYP,
AMPA, and GLUF analytes. After derivatization, the
ImS adducts retained their zwitterionic characteristic
and could, therefore, be detected in both negative and
positive ESI modes with a similar intensity, but with
less noise in negative mode, which was subsequently

applied for all analyses. The LODs of these adducts in
neat standards were 100 pg/mL. However, the LODs in
urine were much higher (100 ng/mL), which was most
likely due to interferences in the urine matrix. Diluting
the urine two-fold with water prior to derivatization im-
proved sensitivity two-fold to 50 ng/mL, while increas-
ing the dilution another four-fold improved the sensitiv-
ity an additional 50-fold to 1 ng/mL.

We attempted to further improve the sensitivity of this
method in urine by (1) pre-cleaning urine by SPE before de-
rivatization and (2) applying liquid-liquid extraction (LLE) or
SPE to purify the ImS-adducts after derivatization. Several
different cartridge types were used for SPE including RP
(Oasis HLB, Waters), anion exchange (Oasis-MAX) and
Strata X-A, and weak anion exchange (Strata X-AW).
However, neither LLE nor any tested SPE method was able
to lower the method LOD and produce satisfactory recoveries.
We also tested other sulfonyl chloride reagents including
dansyl chloride and biphenyl sulfonyl chloride; however,
these products also failed to improve method sensitivity.
Due to these unsatisfying results, we decided to apply Fmoc-
Cl as a derivatizing agent.

Urine analysis after derivatization with Fmoc-Cl

The Fmoc group was previously reported to be a good tag for
GLYP, AMPA, and GLUF analysis in water, soil, and/or
foodstuff [46—49] to increase MS sensitivity. However, to
our knowledge, derivatization with Fmoc-Cl for the simulta-
neous sensitive analysis of these analytes in human urine has
not been reported. In this study, the Fmoc group was able to
increase the lipophilicity of the very polar GLYP, AMPA, and
GLUF compounds (Fig. 2 and Fig. 3), which resulted in better
retention during SPE with the RP material and, correspond-
ingly, better sample purification compared with not applying
derivatization. In addition, GLYP, AMPA, and GLUF were
better retained on the RP Kinetex EVO C18 column during
analytical chromatographic separations (Fig. 4a) compared
with the ImS-adducts, which improved MS sensitivity due to
the presence of sharper and very symmetrical peaks.

To further improve the assay, we applied SPE to purify the
Fmoc adduct. The SepPak C18 cartridge showed the best
recovery for all analyte adducts compared with other tested
cartridges (polymer-based Strata-X, mixed-mode Oasis-
MAX). Using the SepPak C18 SPE cartridge, we obtained
satisfactory LODs from urine of 2000 pg/mL, 500 pg/mL,
and 1000 pg/mL for GLYP, AMPA, and GLUF, respectively.
However, these LODs were still much higher compared to the
Fmoc-adducts in standards without SPE (4~18 pg/mL based
on S/N =5). We attributed the higher LOD to ion suppression,
which we assumed was due to the analytes getting lost during
sample workup or remaining unreacted during the derivatiza-
tion process. Therefore, we further optimized this procedure
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Analysis of glyphosate, aminomethylphosphonic acid, and glufosinate from human urine by HRAM LC-MS

Table 2 Analysis of glyphosate (GLYP) and aminomethylphosphonic acid (AMPA) previously reported in urine from non-occupationally exposed

individuals
n, population Technique, LODY% LLOQ® Urine concentration (pg/mL) Fraction > LOD/ Reference
derivatization LOQ
Healthy volunteers LC-Ms, no GLYP 3000%; GLYP not stated Not stated [21]
6000°
AMPA 1000°, AMPA not stated
2500°
50 healthy adults LC-MSMS, GLYP 500¢ GLYP 800-1350 GLYP 20% [52]
none
399 healthy adults GC-MSMS, GLYP 100° GLYP <LOQ-2800 GLYP 31.8% [11]
TFE/TFAA  AMPA 100° AMPA <LOQ-1880 AMPA 40 1%
23 fathers; 24 FCMIA, yes®  GLYP 900" GLYP fathers: 130-5400. Mothers: 62-5000. GLYP fathers: [17]
mothers; 51 Children: 100-9400 66%.
children all living Mothers:
on non-farms 65%.
Children: 88%
182, unknown GC-MSMS, GLYP 150° GLYP <LOQ-1820 GLYP 44% [12]
population TFE/TFAA  AMPA 150° AMPA <LOQ-2630 AMPA 36%
10 healthy, ELISA® GLYP 600 GLYP 1200-5500 Not stated [13]
non-occupationally
exposed adults
Pooled commercial LC-MSMS, no GLYP 23-38", GLYP not stated Not stated [26]
urine 100°
AMPA 33-41¢ AMPA not stated
100°
Healthy volunteers, LC-MSMS, no GLY =200 GLYP not stated Not stated [22]
not stated AMPA =100 AMPA not stated
GLUF not stated
14, unknown ELISA and GLYP not stated GLYP mean 9,000,000 + 15,000,000 (ELISA), mean Not stated [30]
population GC-MSMS, 5,400,000 + 11,500,000 (GC-MSMS)
TFE/TFAA
40 lactating women ~ LC-MSMS®,  GLYP 20°, 100° GLYP <LOD-1930 GLYP 73% [14]
no AMPA 309, 100° AMPA <LOD-1330 AMPA 95%
100 elderly healthy LC-MS* GLYP 30¢ GLYP years 1993-1996, 151-255; years GLYP 12-70% [15]
adults AMPA 40° 1999-2000, 136-222; years 2001-2002, 197-317, AMPA 5-71%
years 2004-2005, 213-370; years
20142016, 352-547.
AMPA years 1993-1996, 114-222; years 1999-2000,
205-384; years 2001-2002, 185-339; years
20042005, 164-290; years 2014-2016, 319482
71 pregnant women ~ LC-MSMS* GLYP 1004, 500° GLYP 5007200 GLYP 93% [16]
Normal volunteers LC-MSMS, GLYP 100,0009, GLYP not stated Not stated [27]
TMOAA 400,000°
GLUF 100,000°, GLUF not stated
200,000°

# Sample preparation details not stated to determine whether derivatization was used or what derivatization reagent was used
®Same method as that of Jensen, 2016 [26]

¢ Taking into account only the number of participants with levels above lower limit of detection

91imit of detection

¢ limit of quantitation

LOD lower limit of detection, LOQ lower limit of quantification, AMPA aminomethylphosphonic acid, ELISA enzyme-linked immunosorbent assay,
FCMIA fluorescence covalent microbead immunoassay detector, GC-MS gas chromatography with mass spectrometry detection, GC-MSMS gas
chromatography with tandem mass spectrometry detection, GLUF glufosinate, GLYP glyphosate, LC-ICP-MS liquid chromatography with inductively
coupled plasma mass spectrometry detection, LC-MS liquid chromatography with mass spectrometry detection, LC-MSMS liquid chromatography with
tandem mass spectrometry detection, TFE 2,2,2-trifluoroethanol, TFAA trifluoroacetic anhydride

by including an initial SPE pre-cleanup step before derivati-
zation using a Strata-X SPE column. The Strata-X column
was able to bind the colored pigments and possibly other

interferences and did not irreversibly retain the analytes. The
resulting colorless wash fraction from the SPE pre-cleanup
step which was then derivatized with Fmoc-CI.

@ Springer



8322

Franke A.A. etal.

Derivatization was followed by another SPE step with SepPak
C18 to purify the reaction adduct (Fig. 2). This procedure (i.e.,
SPE pre-cleanup—derivatization—SPE for adduct purification)
greatly improved the reaction yield, however, resulted in poor
GLYP recovery in urine (31%). Recovery improved slightly
(34-54%, Table 1 method #1) when the SPE pre-cleanup step
was removed but, overall, was still poor. This poor GLYP
recovery may have been due to the formation of a complex
between urinary substances and/or metal ions with GLYP
resulting in less free GLYP available for derivatization [50].

To improve GLYP recovery in urine, we attempted differ-
ent pre-treatment methods of the crude urine sample with or
without subsequent SPE pre-cleanup followed by Fmoc-Cl
derivatization (Fig. 2, Table 1). These pre-treatment methods
included acidifying urine to pH 1 using HCI to prevent the
formation of GLYP-metal ion complexes [50] (Table 1; meth-
od #2), and pre-treating urine with EDTA to have it act as a
proxy ligand for GLYP and, therefore, keep GLYP in its free
form and thereby available for derivatization [51] (Table 1,
methods #3-5).

Pre-treating urine with HCI prior to derivatization, as pre-
viously suggested to improve recovery of GLYP in ground-
water [50], resulted in very poor recoveries for all three com-
pounds with or without a subsequent SPE pre-cleanup step
(Table 1, method #2). Moreover, the LOD for GLYP with
HCI pre-treatment led to LODs more than twice that without
pre-treatment (130—155 pg/mL with HCI pre-treatment vs.
60-75 pg/mL without pre-treatment, Table 1). Thus, we fo-
cused on pre-treatment methods using EDTA (Table 1,
methods #3-5).

The best method for GLYP involved 0.4 mM EDTA pre-
treatment and subsequent SPE pre-cleanup (LOD 37 pg/mL).
The best method for AMPA involved no EDTA pre-treatment
and no SPE pre-cleanup (LOD 20 pg/mL) or 0.2-0.4 mM
EDTA pre-treatment with no SPE pre-cleanup (LOD 19—
21 pg/mL). The best method for GLUF (LOD 7 pg/mL) in-
volved 0.4 mM EDTA pre-treatment and no SPE pre-cleanup.
However, for these stated methods, accuracy was sufficient
only for AMPA (101-105%), while being modest for GLYP
(61%) and GLUF (63%).

Overall, among the different combinations of EDTA pre-
treatment and SPE pre-cleanup steps, we found that the com-
bination that worked best for one analyte typically compro-
mised the LOD and/or recovery of another analyte. No single
pre-treatment/SPE pre-cleanup combination could be found
that resulted in the best outcome for all three compounds
(Table 1, method #1, 3-5). Thus, we found that the simulta-
neous analysis of GLYP, AMPA, and GLUF in urine in one
procedure was not possible if both sensitivity and accuracy are
to be maximized. Due to the high sensitivity and excellent
recovery of AMPA, we conclude that our optimized HRAM
LC-MS method is well suited for urinary AMPA analysis
(Fig. 4b). Using this method, we were able to detect AMPA

@ Springer

in un-spiked urine (n = 122) up to approximately 400 pg/mL
from an ongoing study of post-menopausal women
(manuscript under review ). Our AMPA values are in the
range reported by Mills et al. (2017) [15], who used LC-MS
without disclosing method details and detected between 114
and 482 pg/mL from elderly adults, but on the lower end of the
range compared to Conrad [11] and Hoppe [12] who mea-
sured < 100—1880 pg/mL and < 150-2630 pg/mL, respective-
ly, by GC-MS/MS (Table 2).

Conclusion

In our study, urine derivatized with Fmoc-Cl achieved
the best combination of method sensitivity (LOD) and
accuracy for all three analytes (GLYP, AMPA, and
GLUF) compared with underivatized urine or urine
derivatized with ImS-Cl or other tested sulfonyl-based
reagents. Different combinations of EDTA pre-
treatment and/or subsequent SPE pre-cleanup steps were
needed for each analyte to selectively improve assay
performance. Using the optimized method for each ana-
lyte, accuracy was modest for GLYP (61%) and GLUF
(63%) but excellent for AMPA (101-105%). For this
reason, we conclude that our HRAM LC-MS method
in urine is suited only for AMPA analysis in cross-
sectional studies.
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