
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=lesb20

Journal of Environmental Science and Health, Part B
Pesticides, Food Contaminants, and Agricultural Wastes

ISSN: 0360-1234 (Print) 1532-4109 (Online) Journal homepage: https://www.tandfonline.com/loi/lesb20

Validation of reliable and selective methods
for direct determination of glyphosate and
aminomethylphosphonic acid in milk and urine
using LC-MS/MS

Pamela K. Jensen, Chad E. Wujcik, Michelle K. McGuire & Mark A. McGuire

To cite this article: Pamela K. Jensen, Chad E. Wujcik, Michelle K. McGuire & Mark A. McGuire
(2016) Validation of reliable and selective methods for direct determination of glyphosate and
aminomethylphosphonic acid in milk and urine using LC-MS/MS, Journal of Environmental Science
and Health, Part B, 51:4, 254-259, DOI: 10.1080/03601234.2015.1120619

To link to this article:  https://doi.org/10.1080/03601234.2015.1120619

© 2016 The Author(s). Monsanto Published online: 19 Jan 2016.

Submit your article to this journal Article views: 3697

View related articles View Crossmark data

Citing articles: 21 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=lesb20
https://www.tandfonline.com/loi/lesb20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/03601234.2015.1120619
https://doi.org/10.1080/03601234.2015.1120619
https://www.tandfonline.com/action/authorSubmission?journalCode=lesb20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=lesb20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/03601234.2015.1120619
https://www.tandfonline.com/doi/mlt/10.1080/03601234.2015.1120619
http://crossmark.crossref.org/dialog/?doi=10.1080/03601234.2015.1120619&domain=pdf&date_stamp=2016-01-19
http://crossmark.crossref.org/dialog/?doi=10.1080/03601234.2015.1120619&domain=pdf&date_stamp=2016-01-19
https://www.tandfonline.com/doi/citedby/10.1080/03601234.2015.1120619#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/03601234.2015.1120619#tabModule


Validation of reliable and selective methods for direct determination of glyphosate
and aminomethylphosphonic acid in milk and urine using LC-MS/MS

Pamela K. Jensena, Chad E. Wujcika, Michelle K. McGuireb, and Mark A. McGuirec

aMonsanto Company, St. Louis, Missouri, USA; bSchool of Biological Sciences and Paul G. Allen School for Global Animal Health, Washington State
University, Pullman, Washington, USA; cDepartment of Animal and Veterinary Science, University of Idaho, Moscow, Idaho, USA

ARTICLE HISTORY
Received 9 September 2015

ABSTRACT
Simple high-throughput procedures were developed for the direct analysis of glyphosate [N-
(phosphonomethyl)glycine] and aminomethylphosphonic acid (AMPA) in human and bovine milk and
human urine matrices. Samples were extracted with an acidified aqueous solution on a high-speed shaker.
Stable isotope labeled internal standards were added with the extraction solvent to ensure accurate
tracking and quantitation. An additional cleanup procedure using partitioning with methylene chloride
was required for milk matrices to minimize the presence of matrix components that can impact the
longevity of the analytical column. Both analytes were analyzed directly, without derivatization, by liquid
chromatography tandem mass spectrometry using two separate precursor-to-product transitions that
ensure and confirm the accuracy of the measured results. Method performance was evaluated during
validation through a series of assessments that included linearity, accuracy, precision, selectivity,
ionization effects and carryover. Limits of quantitation (LOQ) were determined to be 0.1 and 10 mg/L (ppb)
for urine and milk, respectively, for both glyphosate and AMPA. Mean recoveries for all matrices were
within 89–107% at three separate fortification levels including the LOQ. Precision for replicates was �7.4%
relative standard deviation (RSD) for milk and �11.4% RSD for urine across all fortification levels. All
human and bovine milk samples used for selectivity and ionization effects assessments were free of any
detectable levels of glyphosate and AMPA. Some of the human urine samples contained trace levels of
glyphosate and AMPA, which were background subtracted for accuracy assessments. Ionization effects
testing showed no significant biases from the matrix. A successful independent external validation was
conducted using the more complicated milk matrices to demonstrate method transferability.
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Introduction

Glyphosate, N-(phosphonomethyl)glycine, is a broad-spectrum
herbicide that inhibits 5-enolpyruvylshikimate 3-phosphate syn-
thase (EPSPS), a key enzyme in the shikimate biosynthetic path-
way. This process reduces the production of certain amino acids
and subsequent protein synthesis affecting plant growth and vital-
ity. Glyphosate has become one of the world’s most widely used
herbicides due to its effectiveness and its positive environmental
and safety profile.[1] Its use with glyphosate tolerant crops offers
additional benefits including improved farming practices and envi-
ronmental sustainability, as well as the displacement of other less
favorable herbicide alternatives.[2,3] Aminomethylphosphonic acid
(AMPA) is the main environmental degradant of glyphosate and it
is formed to a lesser extent in plants.[4] As a result both glyphosate
and AMPA are often analyzed together when evaluating potential
glyphosate exposure.

While procedures exist for quantifying glyphosate residues in
blood and urine,[5–9] there are currently no published methods
for milk matrices using instrumentation and techniques that are
considered appropriate and acceptable for accurate measurement.
The high polarity and ionic nature of glyphosate and AMPA
have restricted most methods to more time intensive

derivatization-based approaches[5–8] to accommodate the chro-
matographic phase of the analysis. A simplified direct procedure
for human serum developed by Yoshioka et al.[9] utilizes a chlo-
roform protein precipitation with subsequent analysis of the
aqueous sample portion by liquid chromatography tandem mass
spectrometry (LC-MS/MS). Hydrophilic interaction chromatog-
raphy (HILIC) with an Obelisc N column was employed to
retain both analytes. A comparable approach was successfully
extended to more complicated matrices including rice, maize
and soybean,[10] but rapid degradation of the Obelisc N column
limits its utility and, ultimately, its cost-effectiveness. Similarly,
Nagatomi et al.[11] applied a direct detection method for analysis
of beer, barley tea, malt, and corn using an ion exchange column,
but required extensive cleanup steps prior to LC-MS/MS analysis.

We have developed and validated analytical methods for the
selective determination of glyphosate and AMPA in milk and
urine. These methods use relatively simple extraction and
clean-up procedures along with direct analysis by LC-MS/MS.
The chromatographic phase of the analysis employs an inex-
pensive Bio-Rad Cation-H guard column. Two quantitation
ion transitions (precursor-to-product ions) are used to ensure
and confirm the accuracy of the measurements. Selectivity and
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robustness of the two methods were evaluated using several
pools of human and bovine milk and several pools of human
urine. An additional independent external validation for the
more complicated milk matrices was conducted to demonstrate
method transferability.

Materials and methods

Standards and reagents

Analytical standards of glyphosate and AMPA were obtained
from Sigma-Aldrich (St Louis, MO, USA). Syntheses of stable
isotope labeled internal standards13C3

15N-glyphosate and
D2

13C15N-AMPA were performed in-house, although it is note-
worthy that comparable stable isotope labeled standards for
both glyphosate and AMPA are also commercially available
through Cambridge Isotope Laboratories (Andover, MA,
USA). The isotopic purity of both labeled reagents was at least
97%, which was adequate to minimize potential interference of
the isotopic peaks at the levels measured in these methods.
Reagents utilized were HPLC grade acetonitrile (Burdick &
Jackson, Muskegon, MI, USA), 85% o-phosphoric acid (VWR,
Radnor, PA, USA), 98% formic acid (Sigma-Aldrich), and
HPLC grade methylene chloride (EMD Millipore, Billerica,
MA, USA). Reagents used can be obtained from a variety of
commercial vendors as long as they are of high enough quality
for avoiding chromatographic interferences.

Matrices validated

Raw bovine milk was obtained from Genesis Midwest, LLC
(Neillsville, WI, USA). Human milk pools were created using
milk collected from healthy, lactating women living in the Pull-
man, WA/Moscow, ID area; all human milk collection proce-
dures were approved by the Washington State University and
University of Idaho Institutional Review Boards. Pooled normal
human urine was obtained from Innovative Research (Novi,
MI, USA). At least three unique pools of each matrix were used
for method validation.

Preparation of analytical standards

Stock solutions of analytical reference standards of either
glyphosate or AMPA were prepared in water at 1.0 mg/mL
(adjusted for purity) and sonicated briefly to ensure complete
dissolution. Stability for solutions ranging from 0.05 to
1000 mg/mL of glyphosate and AMPA prepared in water was
established to be at least 23 months when stored at approxi-
mately 4�C. Mixed glyphosate and AMPA working calibration
standard and fortification solutions were prepared by serial
dilution of the stock solutions with 0.1% formic acid in water.
The calibration standards prepared ranged from 0.0075 to
4.5 mg/mL (corresponding to a final matrix concentration of 5–
3000 mg/L or ppb) for analysis of milk samples and from
0.0012 to 24 mg/mL (corresponding to a final matrix concentra-
tion of 0.05–1000 mg/L or ppb) for analysis of urine samples.
Glyphosate and AMPA fortification solutions consisted of con-
centrations of 0.015, 0.0375 and 3.75 mg/mL used for milk sam-
ples and 0.0024, 0.048 and 19.2 mg/mL used for urine samples.

The working internal standard solutions containing both inter-
nal standards (D2

13C15N-AMPA and13C3
15N-glyphosate) in

0.1% formic acid in water were prepared from 1.0 mg/mL stock
solutions of each internal standard in water. The concentra-
tions of each internal standard in the working internal standard
solutions were 0.05 and 0.25 mg/mL for milk and urine analysis,
respectively. Stability of the analytes in working solutions pre-
pared in 0.1% formic acid in water and stored at approximately
4�C was demonstrated for at least 68 days.

Sample preparation

Sample processing
Milk and urine samples were stored at¡20�C and thawed prior
to use. In order to ensure representative subsamples, both urine
and milk matrices were homogenized prior to dispensing by
employing an ultrasonic water bath (Branson B-22-4 Ultra-
sonic Cleaner, Danbury, CT, USA) and applying gentle heating
(e.g. 37–40�C).

Extraction of milk matrices
Once homogenized, 150 mL of milk was dispensed into a
1.4 mL polypropylene Matrix tube (Thermo Scientific, Wal-
tham, MA, USA) and placed in the appropriate location of a
96-well plate. For tubes designated as standards, 150 mL of
0.1% formic acid in water was dispensed instead of matrix. The
following solutions were then added to the appropriate sample
types: 100 mL of 0.1% formic acid in water to test samples and
controls, 100 mL of working calibration standard solutions to
calibration standards, and 100 mL of fortification solutions to
QC samples. Next, 650 mL of the working internal standard
solution (0.05 mg/mL D2

13C15N-AMPA and13C3
15N-glypho-

sate) was added to each tube, including tubes designated for
calibration standards. The 96-well plate was sealed with a cap
mat (Sun-SRI, Rockwood, TN, USA) and then shaken on a
Geno/Grinder 2000 (Spex Sample Prep, Metuchen, NJ, USA) at
1200 cycles per minute for 5 min. The plate was centrifuged
using a Sorvall Legend XTR centrifuge (Thermo Scientific) at
6,000 £ g for 5 min or until suspended materials were cleared
from the liquid column. A 300 mL aliquot of each supernatant
was transferred to a clean 96-well plate, being careful to avoid
any lipid layer which may have formed on top of the liquid col-
umn, followed by addition of 300 mL of methylene chloride.
The plate was again sealed with a cap mat, then shaken and
centrifuged as above. Approximately 150 mL of the aqueous
(top) layer was transferred to a clean 96-well plate for analysis
by LC-MS/MS. Alternatively, if the lipid layer formed after the
initial centrifugation presents a challenge, the method can be
modified to include addition of the methylene chloride from
the start.

Extraction of urine matrices
For urine samples, 600 mL was dispensed into each tube for
matrix samples and 600 mL of 0.1% formic acid for tubes desig-
nated as standards. The following solutions were then added to
the appropriate sample types: 25 mL of 1.3% formic acid in
water to test samples and controls, 25 mL of working calibra-
tion standard solutions to calibration standards, and 25 mL of
fortification solutions to QC samples. Finally, 25 mL of the
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working internal standard solution (0.25 mg/mL D2
13C15N-

AMPA and13C3
15N-glyphosate) was added to each tube,

including tubes designated for calibration standards. As with
milk samples, the 96-well plate was sealed with a cap mat,
shaken at 1200 cycles per minute for 5 min, and then centri-
fuged at 6,000 £ g for 5 min or until suspended materials from
the liquid column were cleared. Approximately 150 mL of the
supernatant was transferred to a clean 96-well plate for analysis
by LC-MS/MS.

Analytical methods

Instrumentation employed for the LC-MS/MS determination of
glyphosate and AMPA consisted of a Shimadzu (Columbia,
MD, USA) Prominence 20A HPLC system (including autosam-
pler and column oven) coupled to a AB Sciex (Framingham,
MA, USA) API 5500 triple-quadrupole mass spectrometer via a
Turbo-V electrospray (ESI) source. Connections from injection
valve to column and from column to mass spectrometer were
made using PEEK tubing in order to reduce interaction of the
analytes with metal surfaces. Individual methods were devel-
oped for detection of the analytes in milk and urine matrices,
which employed slightly different conditions.

In both methods, separation of analytes was accomplished
using a Bio-Rad (Hercules, CA, USA) Cation-H guard column
(30 mm £ 4.6 mm) maintained at 40�C. Mobile phases for
both methods consisted of 0.1% formic acid in water as mobile
phase A and acetonitrile as mobile phase B. The LC effluent
was diverted from the mass spectrometer to waste for the first
1 min of the run to avoid fouling the source from non-retained
components.

For analysis of milk samples, separation was performed iso-
cratically using 80% mobile phase A and utilizing a flow ramp
from an initial flow rate of 500–1000 mL/min from 0 to 4 min,
and then held constant until 9 min. At this point, the LC efflu-
ent was again diverted to waste and the flow rate was decreased
back to 500 mL/min over the course of 0.5 min while at the
same time 0.1% phosphoric acid (mobile phase C) was intro-
duced at a flow rate of 300 mL/min (for a total flow of 800 mL/
min). These conditions were maintained from 9.5 to 11.5 min
to aid in washing the column. The column was then returned
to initial conditions and allowed to re-equilibrate for 2 min.

For urine analysis, a gradient separation was utilized, which
started with 80% mobile phase A and increased to 100% A
from 1.0 to 2.5 min. The same flow ramp from 500 to 1000 mL/
min from 0 to 4 min was also utilized and was then held until
7 min, at which point it reverted to the 500 mL/min flow rate.
At this time the LC effluent was again diverted to waste and an
additional flow of 0.2% phosphoric acid (mobile phase C) was
applied at a flow rate of 500 mL/min from 7 to 10 min to aid in
washing the column. The column was then returned to initial
conditions and allowed to re-equilibrate for 2.5 min.

Injection volumes were 5 mL for milk samples and 20 mL for
urine samples. After each injection, the injector needle was
washed using 0.2% phosphoric acid in water.

Detection and quantitation of glyphosate and AMPA were
performed using multiple reaction monitoring via collision-
induced dissociation, for which the fragmentation mechanisms
and resulting ions have been previously elucidated.[12] The ion

source was operated in negative ion mode with a spray voltage
of ¡4,500 V and a temperature of 600�C. Nitrogen was used
for all source and collision gases, which were set as follows (in
arbitrary units): Curtain gas, 15; Collision gas, 6; Gas 1, 80; and
Gas 2, 60. Two precursor-product ion transitions for each ana-
lyte and each stable label internal standard were monitored and
used for quantitation to ensure the selectivity of the method.
Each ion transition was carried out at unit resolution (Q1 and
Q3) using scan times of 150 ms. Precursor/product ion transi-
tions were as follows: glyphosate, m/z 168/63 (primary transi-
tion) and m/z 168/79 (secondary transition);13C3

15N-
glyphosate, m/z 172/63 and m/z 172/79; AMPA, m/z 110/63
(primary transition) and m/z 110/79 (secondary transition);
and D2

13C15N-AMPA, m/z 114/63 and m/z 114/79. Data were
acquired and processed using AB Sciex Analyst software.

Results and discussion

Accuracy and fit of calibration curve

Linearity of the method was tested using analytical standard
solutions of glyphosate and AMPA and employing stable iso-
tope labeled internal standards. Calibration curves for milk
analysis used ten standard levels covering a range from 0.0075
to 4.5 mg/mL (corresponding to final matrix concentrations of
5–3,000 mg/L) for both glyphosate and AMPA. A total of
twelve standard levels ranging from 0.0012 to 24 mg/mL (corre-
sponding to final matrix concentrations of 0.05–1000 mg/L)
were used in the urine method. A linear fit with 1/x weighting
provided coefficients of determination (R2) values >0.999 for
both transitions of glyphosate and AMPA in all matrices. All
calibration curve points were within §20% of their respective
nominal concentrations.

Limit of quantitation and detection

The limit of quantitation (LOQ) for glyphosate and AMPA in
each method was established through fortifications of matrix
samples. Two ion transitions (precursor-to-product ions) were
quantitated for both glyphosate and AMPA. The LOQ for each
analyte (per matrix) was set as the lowest fortification concen-
tration tested in which both ion transitions had mean accura-
cies between 70 and 120% and precision �20% relative
standard deviation (RSD), based on at least five replicates. The
raw bovine milk and human milk matrices obtained for valida-
tion did not contain any glyphosate or AMPA at the levels
being evaluated. However, the urine samples purchased for
method validation did contain trace amounts of the analytes of
interest. Therefore, background subtraction was used in order
to calculate accuracy of the fortifications when determining the
LOQ. The LOQ was determined to be 10 mg/L (ppb) for both
ion transitions of glyphosate and AMPA in milk matrices and
0.10 mg/L (ppb) for both ion transitions of glyphosate and
AMPA in urine. Example chromatograms showing a typical
response for the more sensitive primary ion transition for
glyphosate and AMPA in a control sample and one fortified at
the LOQ can be found in Figures 1 and 2 for human milk and
urine, respectively. Improvements in the LOQ for urine were
realized through enhancements in the chromatography method
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as well as the ability to limit the amount of dilution required
during sample preparation. Milk required more dilution in
order to prevent fouling of the HPLC column and maintain
good recoveries, especially at the LOQ. Various sample cleanup
techniques were tested for milk, such as heating, liquid-liquid
partitioning with various solvents, and protein precipitation. It
was determined that partitioning with methylene chloride
afforded the best combination of glyphosate and AMPA recov-
ery coupled with column longevity.

The limit of detection (LOD) for each transition of glypho-
sate and AMPA for all matrices was estimated using the stan-
dard deviation (STDEV) of recovery measurements for
replicate samples fortified at the LOQ and applying Equation 1.

LOD D STDEV £ t0:99 (1)

In this equation, t0.99 is the one-tailed t test value at the 99%
confidence interval for N¡1 degrees of freedom, where N is the
number of replicates. The LOD and LOQ values for each
matrix can be found in Table 1.

Accuracy and precision

Assessment of the accuracy and precision of each method was
performed through calculation of recoveries for control matrix
samples fortified at three different concentration levels, includ-
ing the LOQ. Both bovine and human milk samples were forti-
fied at 10, 25 and 2,500 mg/L (ppb), with five replicates at each
level. Human urine was fortified at 0.1, 2 and 800 mg/L (ppb),
with six replicates each. For all three matrix types evaluated,
the average recovery values at each fortification level were
within the range of 89–107% with precision �7.4% RSD for
milk and �11.4% RSD for urine. A summary of the results can
be found in Table 2.

Selectivity determination

The selectivity of the method was demonstrated through the
analysis of at least three independent sources of matrix deter-
mined to be free of both analytes. Both the primary and sec-
ondary quantitation ion transitions were used to determine the
selectivity of each analyte. No significant interferences (>30%
of the LOQ) were observed within the retention window for all
glyphosate and AMPA transitions for all three matrices (see
Figs. 1 and 2).

Ionization effects

Ionization effects were assessed by comparing the instrument
response ratio of the analyte and its associated stable label
internal standard in fortifications of diluent (no matrix extract)
to fortifications of control matrix extracts. A total of three inde-
pendent sources were tested for each matrix. No significant dif-
ferences were observed between the fortified diluent and
fortified control matrix extracts for glyphosate and AMPA.
Control matrix fortifications were within 6.5% of the diluent
spiked samples for both the primary and secondary ion transi-
tions of glyphosate and AMPA across all matrices tested, indi-
cating the methods do not contain significant bias from
ionization effects. Since no significant ionization effects or
interferences were observed in these matrices it was determined
that the use of matrix matched standards is not required for
accurate quantitation of glyphosate and AMPA.

Carryover

Carryover was evaluated by placing an appropriate diluent
blank directly after the highest concentration calibration stan-
dard. All analyte responses (including primary and secondary
ion transitions) in the carryover sample were below the detec-
tion limit.

Stability of processed samples

In order to establish a period of time for which samples that
have been extracted and prepared for analysis may be stored
without affecting the accuracy of the determination, a proc-
essed set of fortification samples and calibration standards were
analyzed, stored at 4�C for several days, and then re-injected.
Stability was ascertained by demonstrating that the fortification

Figure 1. Representative chromatogram of a control human milk sample and sub-
sequent fortification of glyphosate and AMPA at LOQ of 10 mg/L using the primary
quantitation transitions.

Figure 2. Representative chromatogram of a control human urine sample and sub-
sequent fortification of glyphosate and AMPA at LOQ of 0.1 mg/L using the primary
quantitation transitions.
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sample results still met the criteria for accuracy and precision.
The processed sample stability was determined to be a mini-
mum of 6, 8 and 10 days for bovine milk, human urine and
human milk, respectively.

Transfer and validation by a secondary lab

The method for analysis of glyphosate and AMPA in milk
matrices was provided to Covance Laboratories Inc. (Madison,
WI, USA) for verification of the transferability of the method
and to perform extended stability testing. The Covance facility

used similar equipment including an AB Sciex QTrap 5500 tri-
ple-quadrupole mass spectrometer for detection. Due to differ-
ences in instrumentation, the method at Covance attained a
slightly higher LOQ of 25 mg/L (ppb) for both transitions of
glyphosate and AMPA in human and bovine milk. Using the
same equation as earlier (Equation 1), the LOD for the more
sensitive, primary ion transition of glyphosate and AMPA were
estimated to be 6 and 9 mg/L (ppb), respectively. Six replicates
of three fortification levels, including the LOQ, for both bovine
and human milk were analyzed in each of three separately pre-
pared analytical batches. The resulting inter-assay mean

Table 1. LOQ and LOD values for glyphosate and AMPA in milk and urine matrices.

Matrix Analyte (precursor/product ions) LOQ (mg/L, ppb) LOD (mg/L, ppb)

Bovine milk Glyphosate primary (168/63) 10 0.58
Glyphosate secondary (168/79) 10 1.9
AMPA primary (110/63) 10 0.64
AMPA secondary (110/79) 10 1.7

Human milk Glyphosate primary (168/63) 10 0.92
Glyphosate secondary (168/79) 10 2.8
AMPA primary (110/63) 10 1.2
AMPA secondary (110/79) 10 1.6

Human urine Glyphosate primary (168/63) 0.10 0.023
Glyphosate secondary (168/79) 0.10 0.038
AMPA primary (110/63) 0.10 0.033
AMPA secondary (110/79) 0.10 0.041

Table 2. Accuracy and precision results for glyphosate and AMPA in milk and urine matrices.

Matrix
Analyte (precursor/product ion)

(amu)
Fortification level

(mg/L, ppb) N
Individual recoveries

(%)
Average recovery

(%)
STDEV
(%)

RSD
(%)

Bovine milk Glyphosate primary (168/63) 10 5 95, 100, 102, 100, 98 99 2.5 2.5
25 5 98, 99, 102, 103, 94 99 3.5 3.6

2,500 5 97, 98, 97, 99, 98 98 0.8 0.8
Glyphosate secondary (168/79) 10 5 101, 108, 113, 105, 106 107 4.4 4.1

25 5 95, 91, 92, 93, 101 94 4.1 4.4
2,500 5 101, 97, 106, 99, 105 102 3.7 3.7

AMPA primary (110/63) 10 5 94, 108, 98, 104, 98 101 5.4 5.4
25 5 97, 85, 96, 101, 100 96 6.2 6.5

2,500 5 102, 100, 98, 102, 99 100 1.7 1.7
AMPA secondary (110/79) 10 5 106, 92, 102, 105, 103 102 5.5 5.4

25 5 94, 89, 97, 103, 95 96 5.1 5.3
2,500 5 101, 99, 101, 104, 102 101 1.8 1.8

Human milk Glyphosate primary (168/63) 10 5 100, 95, 100, 102, 99 99 2.4 2.5
25 5 100, 99, 96, 99, 98 98 1.5 1.5

2,500 5 100, 101, 97, 99, 99 99 1.4 1.5
Glyphosate secondary (168/79) 10 5 96, 109, 91, 105, 104 101 7.5 7.4

25 5 95, 96, 104, 95, 99 98 3.9 3.9
2,500 5 97, 97, 98, 98, 99 98 0.7 0.7

AMPA primary (110/63) 10 5 96, 102, 99, 98, 104 100 3.2 3.2
25 5 98, 93, 102, 98, 94 97 3.8 3.9

2,500 5 95, 96, 99, 96, 96 97 1.2 1.3
AMPA secondary (110/79) 10 5 103, 102, 99, 95, 106 101 4.4 4.4

25 5 99, 99, 95, 92, 98 97 3.0 3.1
2,500 5 98, 100, 98, 103, 100 100 2.1 2.2

Human urine Glyphosate primary (168/63) 0.10 6 95, 87, 80, 94, 99, 94 92 6.8 7.5
2 6 102, 99, 102, 105, 104, 101 102 2.0 2.0

800 6 93, 94, 94, 102, 96, 96 96 3.3 3.4
Glyphosate secondary (168/79) 0.10 6 83, 102, 83, 107, 103, 106 97 11.3 11.6

2 6 102, 94, 98, 102, 102, 98 99 3.2 3.2
800 6 94, 93, 94, 99, 97, 100 96 3.0 3.0

AMPA primary (110/63) 0.10 6 92, 97, 79, 86, 101, 77 89 9.7 10.9
2 6 101, 99, 99, 97, 97, 99 99 1.5 1.5

800 6 93, 94, 95, 97, 96, 95 95 1.5 1.6
AMPA secondary (110/79) 0.10 6 126, 98, 105, 110, 91, 113 107 12.2 11.4

2 6 97, 97, 97, 96, 97, 94 96 1.0 1.0
800 6 92, 92, 93, 97, 94, 94 94 1.8 2.0
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accuracies at each fortification level across both matrices fell
between 88 and 99% including both transitions of glyphosate
and AMPA, with RSD values �10.4%. Additionally, there were
no interferences, carryover or matrix effects observed for either
analyte.

Matrix stability

Stability of the analytes in matrix at various storage conditions
was also examined at Covance Laboratories. Aliquots of human
milk fortified at 25 mg/L (LOQ) and 2,500 mg/L were stored in
either a refrigerator held at approximately 5�C or a freezer
maintained at approximately ¡20�C. Samples maintained in
the refrigerator had acceptable recoveries for both analytes after
24 h of storage. Acceptable recoveries were also obtained for
samples stored in the freezer for at least 3 months and for ali-
quots that underwent three freeze/thaw cycles.

Conclusion

Sensitive and selective LC-MS/MS methods for the determina-
tion of glyphosate and AMPA in bovine milk, human milk and
human urine matrices were developed. Both methods are simi-
lar in nature requiring simplified extraction procedures that
can be prepared and analyzed in a high-throughput 96-well
plate format. The milk method requires an additional cleanup
step to sequester and minimize matrix components that can
reduce the longevity of the analytical column. Chromatography
utilizes a cost-effective Bio-Rad Cation-H guard column where
extracts are analyzed directly without the need for
derivatization.

The use of two independent quantitation ion transitions for
both glyphosate and AMPA ensures the accuracy and provides
confirmation of any measured result. Validated recoveries for
milk matrices (human and bovine) were within 88–114% with
RSD for replicate values �7.4% at fortification levels of 10, 25
and 2,500 mg/L (ppb). Recoveries for human urine were
between 82 and 127% with RSD values �11.4% for replicate
fortifications at 0.1, 2 and 800 mg/L (ppb). Due to the presence
of trace levels of glyphosate in some human urine samples,
background subtraction was employed to adjust recoveries to
better assess the accuracy of the procedure. All human and
bovine milk samples used in this study were completely free of
any detectable levels of glyphosate and AMPA. Assessment of
ionization effects in all matrices showed no significant biases
present within the procedures to impact the accuracy of mea-
sured results.

Transferability of the procedures was demonstrated for the
more complicated bovine and human milk matrices. Differen-
ces in the sensitivity of the instrumentation used at the second
laboratory resulted in a slight increase in the LOQ from 10 to
25 mg/L (ppb). Recoveries and precision were similar to the

originating validation over the course of three separate batch
runs. Additional stability assessments show analytes are stable
in milk for over 24 h at 5�C, 3 months at ¡20�C and three
freeze thaw cycles.
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Determination of glyphosate and AMPA in blood and urine from
humans: About 13 cases of acute intoxication. Forensic Sci. Int.
2013, 226(1), e20–e25.

[9] Yoshioka, N.; Asano, M.; Kuse, A.; Mitsuhashi, T.; Nagasaki, Y.;
Ueno, Y. Rapid determination of glyphosate, glufosinate, bialaphos,
and their major metabolites in serum by liquid chromatography–tan-
dem mass spectrometry using hydrophilic interaction chromatogra-
phy. J. Chromatogr. A. 2011, 1218(23), 3675–3680.

[10] Botero-Coy, A.M.; Ib�a~nez, M.; Sancho, J.; Hern�andez, F. Direct liquid
chromatography–tandem mass spectrometry determination of
underivatized glyphosate in rice, maize and soybean. J. Chromatogr.
A. 2013, 1313, 157–165.

[11] Nagatomi, Y.; Yoshioka, T.; Yanagisawa, M.; Uyama, A.; Mochizuki,
N. Simultaneous LC-MS/MS analysis of glyphosate, glufosinate, and
their metabolic products in beer, barley tea, and their ingredients.
Biosci. Biotechnol. Biochem. 2013, 77(11), 2218–2221.

[12] Goodwin, L.; Startin, J.R.; Goodall, D.M.; Keely, B.J. Negative ion
electrospray mass spectrometry of aminomethylphosphonic acid and
glyphosate: Elucidation of fragmentation mechanisms by multistage
mass spectrometry incorporating in-source deuterium labelling.
Rapid Commun. Mass Spectrom. 2004, 18(1), 37–43.

JOURNAL OF ENVIRONMENTAL SCIENCE AND HEALTH, PART B 259


	Abstract
	Introduction
	Materials and methods
	Standards and reagents
	Matrices validated
	Preparation of analytical standards
	Sample preparation
	Sample processing
	Extraction of milk matrices
	Extraction of urine matrices

	Analytical methods

	Results and discussion
	Accuracy and fit of calibration curve
	Limit of quantitation and detection
	Accuracy and precision
	Selectivity determination
	Ionization effects
	Carryover
	Stability of processed samples
	Transfer and validation by a secondary lab
	Matrix stability

	Conclusion
	Acknowledgments
	References

