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EXTRACTION METHODOLOGICAL CONTRIBUTIONS TOWARD
ULTRA-PERFORMANCE LIQUID CHROMATOGRAPHY-TIME-OF-FLIGHT MASS
SPECTROMETRY: QUANTIFICATION OF FREE GB FROM VARIOUS
FOOD MATRICES

1. INTRODUCTION

As recent events in Syria have demonstrated, the continued threat from traditional
chemical warfare agents (CWAS) such as isopropyl methylphosphonofluoridate (GB or sarin;
Figure 1) is evident on an almost-daily basis. Issues ranging from food and environmental safety
to treaty compliance reinforce the need for low-level GB detection and emphasize its importance.
The mere existence of these molecules in either the environment or the food supply could
indicate a compliance breach, even if the actual CWA levels were not high enough to cause
personal harm.

Numerous reviews have been published that describe low-level pesticide
detection,'*2 and those studies provide the best methods for detecting low levels of
organophosphorous pesticides and other molecules in food. By comparison, only limited
literature exists regarding actual CWASs, such as sarin or its breakdown products, in food or
beverages.> > The pesticide literature often includes sample-preparation techniques that are
commercially available and affordable, such as solid-phase extraction cartridges®2 or
QUEChERS systems (Quick, Easy, Cheap, Effective, Rugged, and Safe).?* However, the CWA
literature seems to focus more on new techniques and specialized equipment that may not be
readily accessible to every laboratory.

This document reports the efforts of the Agent Chemistry Branch from the
Research and Technology Directorate of the U.S. Army Edgewood Chemical Biological Center
(ECBC; Aberdeen Proving Ground, MD) in developing new extraction and analytical detection
methodologies using liquid chromatography—mass spectrometry (LC-MS). The objective of this
task was to provide development and laboratory support for extraction of GB nerve agents from
various food samples. This includes detection and quantitative and qualitative analysis of
complex matrices such as foods with high salt and fat contents. In support of this objective, we
examined five food samples. Apple juice, whole milk, whole egg, tomato sauce, and hot dogs
represented food types commonly associated with school lunch programs. The choice of food
types arose from collaborations and conversations with U.S. Department of Agriculture
personnel. Foods were tested using commercially available normal-phase separation columns.

The use of ultra-performance liquid chromatography—time-of-flight mass
spectroscopy (UPLC-TOF-MS), or comparable high-resolution LC-MS systems, has become
more common. From an affordability standpoint, these systems are currently within reach for
most laboratories. For this work, extracted agent was analyzed using UPLC-TOF-MS, and
percent recovery was calculated from an external calibration curve.
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Figure 1. Structure of nerve agent GB.

2. EXPERIMENTAL METHODS
2.1 Reagents and Chemicals

The nerve agent GB (>99% purity) was provided by ECBC. All reagents and
solvents were LC—MS grade. Acetonitrile, dichloromethane, dimethyl sulfoxide (DMSO), and
diethylmethylamine were purchased from Sigma-Aldrich (St. Louis, MO). Apple juice, whole
milk, whole egg, tomato sauce, and hot dog food samples were purchased from a local grocery
store (Food Lion; Edgewood, MD).

2.2 Instrumentation

All samples were characterized using an Acquity UPLC Synapt G2-S system
(Waters Corp.; Milford, MA) equipped with an electrospray ionization (ESI) interface. The
sampling cone voltage was 20 V. The source and desolvation temperatures were 120 and 500 °C,
respectively. The nitrogen desolvation gas flow rate was 800 L/h. The LC-ESI-TOF-multiple
reaction monitoring (MRM) and LC-ESI-TOF-MS data were acquired in positive-ion scan
mode over a mass range of 50-1200 Da. The leucine—enkephalin solution (1 ng/pL) was used as
a reference mass with a flow rate 10 pL/min. The LC separations for all extracted samples were
performed on a Waters Acquity UPLC HSS T3 column (100 x 2.1 mm, 1.8 pm). The mobile
phase consisted of 0.1% trifluoroacetic acid in water (mobile phase A) and 0.1% trifluoroacetic
acid in acetonitrile (mobile phase B) with a 10 uL sample volume. Separation was achieved
using an isocratic condition of 20/80 (v/v %) A/B with a flow rate of 0.4 mL/min. A
thermostatted sample-manager compartment was used to maintain the temperatures of the
column at 35 °C and the test samples at 5 °C.

2.3 Procedure for GB Extraction from Foodstuffs

A packed RediSep Rf normal-phase silica gel column (Teledyne Isco; Lincoln,
NE), as shown in Figure 2, was used to extract GB from the various food samples. For spiking, a
GB stock solution was prepared that contained 0.535 mg of GB in 5 mL of acetonitrile.

Apple juice samples (2 mL) were placed in glass vials and spiked with 50 pL of
GB stock solution. The RediSep Rf column was eluted with 50 mL of 1% diethylmethylamine,
1% DMSO, and 98% dichloromethane. In-house air was used to pass the solution through the
column. The GB-spiked apple juice was passed through the column, and the eluent was
collected. A 1 mL aliquot of a solution containing 0.1% diethylmethylamine, 1% DMSO, and
98.9% dichloromethane was passed into the column and pushed slightly into the silica gel until



1 mL had just cleared the top of the silica gel. This step was repeated three times. The remaining
47 mL of the solution containing 0.1% diethylmethylamine, 1% DMSO, and 98.9%
dichloromethane was added to the column and passed through the bed. A rotary evaporator was
used to evaporate the extracted solution to a volume of about 2 mL. A small aliquot of the
extracted solution was filtered through a 0.45 um poly(tetrafluoroethylene) membrane filter,
transferred to an autosampler vial, and analyzed using LC-MS.

A 2 mL sample of whole milk was spiked with 50 puL of GB stock solution and
diluted with 5 mL of acetonitrile. This mixture was centrifuged for 3 min at 10,000 rpm, and the
supernatant was decanted. Another 5 mL of acetonitrile was added, and the mixture was vortexed
or sonicated for 1 min and centrifuged for 3 min at 10,000 rpm. The supernatant was removed,
and the first and second portions were combined and passed through a RediSep Rf column. The
eluents were collected for LC—MS/MS analysis. For extraction of whole egg and tomato sauce,
approximately 3 g of each material was spiked with 50 pL of GB stock solution. Sample analysis
procedures were then identical to those described for the whole milk analysis.

A 3 g (0.1 g) sample of hot dog was spiked with 50 mL of GB stock solution and
diluted with 5 mL of acetonitrile. The entire sample was homogenized using a Polytron
homogenizer (Kinematica; Luzern, Switzerland) at 20,000 rpm for 1-2 min. The mixture was
then centrifuged for 3 min at 10,000 rpm, and the supernatant was removed. A second
5 mL portion of acetonitrile was added, and the sample was vortexed or sonicated for 1 min and
centrifuged for 3 min at 10,000 rpm. The supernatant was removed, and the first and second
portions were combined and passed through a RediSep Rf column. The eluents were evaporated
using a rotary evaporator and then collected for LC-MS/MS analysis. A total of 10 food samples
were weighed for each matrix, and the percent recoveries for GB with the relative standard
deviations (RSDs) were obtained by averaging values from 10 analysis runs.
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Figure 2. A RediSep Rf normal-phase silica gel column.



3. RESULTS AND DISCUSSION
3.1 LC Separation and Analytical Figures of Merit

For LC—MS analysis of GB, the MS system was operated in two modes:
TOF-MS at m/z 50-1200 and TOF-MRM at m/z 141.1100 — 99.0010. The TOF-MS mode was
used to identify the presence of any hydrolysis products. No hydrolysis products of GB were
found in these extracted samples. TOF-MRM was used to determine the limits of detection
(LODs), limits of quantitation (LOQs), and linear dynamic ranges (LDRs) for GB. The
TOF-MRM for GB at m/z 141.1100 — 99.0010 was used to generate the calibration curves for
the LDRs. The calibration curve for GB (Figure 3) was plotted over a concentration range of
0.3-1.2 pg/mL with 10 pL injections at each concentration level. The LODs for the nerve agents
were calculated using 10 pL injections at concentrations as low as 300 ng/mL with a signal-to-
noise ratio of 3:1. The LOQs for the analyte were also calculated with a signal-to-noise ratio of
10:1. The linear regression equations were calculated by least-squares analysis with the LDRS,
LOD, LOQ, linear regression equation, and correlation coefficient, which are tabulated in
Table 1.

Table 1. Analytical Figures of Merit for GB

Nerve LDRs LOD LOQ Llnezér Ij:ﬁge;]ssmn Correlation
Agent (ng/mL) |(ng, on column)|(ng, on column) (r? - 10) Coefficient?
GBin _
- 50-1200 0.31 15 y=136.9x+2.976 | 0.9988
acetonitrile
Calculated over the calibration range 0.3—-1.2 pg/mL for GB.
200
180
160
140
© 120
<
g 100 y = 136.9x + 2.9755
K 80 Rz =0.9988
60
40
20
0
0.2 0.4 0.6 0.8 1 1.2 1.4
[GB], pg/mL

Figure 3. External calibration curve for GB in acetonitrile.



3.2 Extraction of GB from Foodstuffs

A commercially available normal-phase silica gel column was used to extract GB
from foodstuffs. Preconditioning of the column was required before the samples were loaded.
Various preconditioning solvents were considered, and we found that the solution of
1% diethylmethylamine, 1% DMSO, and 98% dichloromethane was the most suitable. In terms
of the extracting solvent, we used acetone, acetonitrile, ethyl acetate, and dichloromethane.
Acetone and acetonitrile were miscible in water, and all of the GB analyte came through the
silica gel column along with the water and organic layer. However, the process was time-
consuming: it took a long time to evaporate the water layer down to 1 mL or less for LC analysis.
We therefore eliminated these two solvents because of the insufficient pre-concentration process.
From a pre-concentration perspective, the ethyl acetate solvent performed much better than
either acetone or acetonitrile; however, the extraction efficiency with ethyl acetate was poor. For
these reasons, we started looking at solvent mixtures. Upon considering various mixtures, we
determined that the optimal extraction solvent for GB was a solution that contained
0.1% diethylmethylamine, 1% DMSO, and 98.9% dichloromethane. Figure 4 is a typical
TOF-MRM chromatogram for GB from various food matrices. No evidence of byproducts or
hydrolysis products was present. For each matrix, 10 samples were tested. The results showed a
>90% recovery of GB from apple juice, whole milk, and tomato sauce. Lower GB recoveries
were measured from whole egg and hot dog matrices (Table 2).
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Figure 4. A representative TOF-MRM chromatogram for GB extracted from various food
matrices using a normal-phase silica gel column.



Table 2. Results of GB Extraction from Various Food Matrices?

Foodstuff Recove((% )i RSD
Apple juice 94 + 3.7
Whole milk 95+4.1
Whole egg 73+4.1

Tomato sauce 90+4.3
Hot dog 56 £4.5

n = 10 samples per matrix.

4. CONCLUSION

An extraction technique for GB was successfully developed, and recoveries were
>90% for the less-complex food matrices and 50—75% for the higher-fat, more-complex samples.
This report details the extraction analysis and results of the validation study. This easy-to-use
extraction method can be used to determine GB amounts in complex food matrices.



Blank



10.

11.

12.

LITERATURE CITED

Rgen, B.T.; Sellevag, S.R.; Dybendal, K.E.; Lundanes, E. Trace Determination of
Primary Nerve Agent Degradation Products in Aqueous Soil Extracts by On-Line Solid
Phase Extraction-Liquid Chromatography-Mass Spectrometry Using ZrO2 for
Enrichment. J. Chromatogr. A 2014, 1329, 90-97.

Bao, Y.; Liu, Q.; Chen, J.; Lin, Y.; Wu, B.D.; Xie, J.W. Quantification of Nerve Agent
Adducts with Albumin in Rat Plasma Using Liquid Chromatography-Isotope Dilution
Tandem Mass Spectrometry. J. Chromatogr. A 2012, 1229, 164-171.

Koller, M.; Becker, C.; Thiermann, H.; Worek, F. GC-MS and LC-MS Analysis of Nerve
Agents in Body Fluids: Intra-Laboratory Verification Test Using Spiked Plasma and
Urine Samples. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2010, 878,
1226-1233.

Mawhinney, D.B.; Hamelin, E.I.; Fraser, R.; Silva, S.S.; Pavlopoulos, A.J.; Kobelski, R.J.
The Determination of Organophosphonate Nerve Agent Metabolites in Human Urine by
Hydrophilic Interaction Liquid Chromatography Tandem Mass Spectrometry.

J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2007, 852, 235-243.

Ciner, F.L.; McCord, C.E.; Plunkett, R.W.; Martin, M.F.; Croley, T.R. Isotope Dilution
LC/MS/MS for the Detection of Nerve Agent Exposure in Urine. J. Chromatogr. B
Analyt. Technol. Biomed. Life Sci. 2007, 846, 42-50.

Noort, D.; Fidder, A.; van der Schans, M.J.; Hulst, A.G. Verification of Exposure to
Organophosphates: Generic Mass Spectrometric Method for Detection of Human
Butyrylcholinesterase Adducts. Anal. Chem. 2006, 78, 6640-6644.

Tsuge, K.; Seto, Y. Detection of Human Butyrylcholinesterase-Nerve Gas Adducts by
Liquid Chromatography-Mass Spectrometric Analysis after In Gel Chymaotryptic
Digestion. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2006, 838, 21-30.
Crow, B.S.; Pantazides, B.G.; Quinones-Gonzalez, J.; Garton, J.W.; Carter, M.D.; Perez,
J.W.; Watson, C.M.; Tomcik, D.J.; Crenshaw, M.D.; Brewer, B.N.; Riches, J.R.; Stubbs,
S.J.; Read, R.W.; Evans, R.A.; Thomas, J.D.; Blake, T.A.; Johnson, R.C. Simultaneous
Measurement of Tabun, Sarin, Soman, Cyclosarin, VR, VX, and VM Adducts to
Tyrosine in Blood Products by Isotope Dilution UHPLC-MS/MS. Anal. Chem. 2014, 86,
10397-10405.

Knaack, J.S.; Zhou, Y.T.; Abney, C.W.; Prezioso, S.M.; Magnuson, M.; Evans, R.;
Jakubowski, E.M.; Hardy, K.; Johnson, R.C. High-Throughput Immunomagnetic
Scavenging Technique for Quantitative Analysis of Live VX Nerve Agent in Water,
Hamburger, and Soil Matrixes. Anal. Chem. 2012, 84, 10052-10057.

Feng, C.L.; Zhou, Q.X.; Hu, Q.Y. Analysis of 7 Chemical Warfare Agents in
Contaminated Grain by Gas Chromatography—Flame Photometric Detection. Chinese J.
Anal. Chem. 2000, 28, 1245-1247.

Klemm, M. Device for Extracting Electrically Charged Molecules. German Patent
DE10149875, 3 July 2003.

Chen, J.; Duan, C.F.; Guan, Y.F. Sorptive Extraction Techniques in Sample Preparation
for Organophosphorus Pesticides in Complex Matrices. J. Chromatogr. B 2010, 878,
1216-1225.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Han, Q.; Wang, Z.H.; Xia, J.F.; Zhang, X.Q.; Wang, H.W.; Ding, M.Y. Application of
Graphene for the SPE Clean-Up of Organophosphorus Pesticides Residues from Apple
Juices. J. Sep. Sci. 2014, 37, 99-105.

Liu, M.; Hashi, Y.; Song, Y.Y.; Lin, J.M. Simultaneous Determination of Carbamate and
Organophosphorus Pesticides in Fruits and Vegetables by Liquid Chromatography—Mass
Spectrometry. J. Chromatogr. A 2005, 1097, 183-187.

Pico, Y.; Fernandez, M.; Ruiz, M.J.; Font, G. Current Trends in Solid-Phase-Based
Extraction Techniques for the Determination of Pesticides in Food and Environment.

J. Biochem. Biophys. Methods 2007, 70, 117-131.

Picd, Y.; Molto, J.C.; Mafies, J.; Font, G. Solid Phase Techniques in the Extraction of
Pesticides and Related Compounds from Foods and Soils. J. Microcolumn Sep. 1994, 6,
331-359.

Schenck, F.J.; Donoghue, D.J. Determination of Organochlorine and Organophosphorus
Pesticide Residues in Eggs Using a Solid Phase Extraction Cleanup. J. Agric. Food
Chem. 2000, 48, 6412-6415.

Schenck, F.J.; Lehotay, S.J. Does Further Clean-Up Reduce the Matrix Enhancement
Effect in Gas Chromatographic Analysis of Pesticide Residues in Food?

J. Chromatogr. A 2000, 868, 51-61.

Schenck, F.J.; Podhorniak, L.V.; Hobbs, J.; Casanova, J.; Donoghue, D. Liquid
Chromatographic Determination of N-Methyl Carbamate Pesticide Residues at Low
Parts-per-Billion Levels in Eggs. J. AOAC Int. 2006, 89, 196-200.

Vidal, J.L.M.; Plaza-Bolanos, P.; Romero-Gonzalez, R.; Frenich, A.G. Determination of
Pesticide Transformation Products: A Review of Extraction and Detection Methods.

J. Chromatogr. A 2009, 1216, 6767-6788.

Bruzzoniti, M.C.; Checchini, L.; De Carlo, R.M.; Orlandini, S.; Rivoira, L.; Del Bubba,
M. QUEChERS Sample Preparation for the Determination of Pesticides and Other
Organic Residues in Environmental Matrices: A Critical Review. Anal. Bioanal. Chem.
2014, 406, 4089-4116.

Carneiro, R.P.; Oliveira, F.A.S.; Madureira, F.D.; Silva, G.; de Souza, W.R.; Lopes, R.P.
Development and Method Validation for Determination of 128 Pesticides in Bananas by
Modified QUEChERS and UHPLC-MS/MS Analysis. Food Control 2013, 33, 413-423.
Sinha, S.N.; Vasudev, K.; Rao, M.V.V. Quantification of Organophosphate Insecticides
and Herbicides in Vegetable Samples Using the “Quick Easy Cheap Effective Rugged
and Safe” (QUEChERS) Method and a High-Performance Liquid Chromatography—
Electrospray lonisation—Mass Spectrometry (LC—MS/MS) Technique. Food Chem. 2012,
132, 1574-1584.

Seiber, J.N.; Kleinschmidt, L.A. Contributions of Pesticide Residue Chemistry to
Improving Food and Environmental Safety: Past and Present Accomplishments and
Future Challenges. J. Agric. Food Chem. 2011, 59, 7536-7543.

Lehotay, S.J. QUEChERS Sample Preparation Approach for Mass Spectrometric Analysis
of Pesticide Residues in Foods. Methods Mol. Biol. 2011, 747, 65-91.

Fernandes, V.C.; Domingues, V.F.; Mateus, N.; Delerue-Matos, C. Determination of
Pesticides in Fruit and Fruit Juices by Chromatographic Methods. An Overview

J. Chromatogr. Sci. 2011, 49, 715-730.

10



27.

28.

29.

30.

31.

32.

33.

34.

35.

Chung, S.W.; Chan, B.T. Validation and Use of a Fast Sample Preparation Method and
Liquid Chromatography-Tandem Mass Spectrometry in Analysis of Ultra-Trace Levels
of 98 Organophosphorus Pesticide and Carbamate Residues in a Total Diet Study
Involving Diversified Food Types J. Chromatogr. A 2010, 1217, 4815-4824.

Schenck, F.; Wong, J.; Lu, C.S.; Li, J.; Holcomb, J.R.; Mitchell, L.M. Multiresidue
Analysis of 102 Organophosphorus Pesticides in Produce at Parts-per-Billion Levels
Using a Modified QUEChERS Method and Gas Chromatography with Pulsed Flame
Photometric Detection. J. AOAC Int. 2009, 92, 561-573.

Nguyen, T.D.; Yu, J.E.; Lee, D.M.; Lee, G.H. A Multiresidue Method for the
Determination of 107 Pesticides in Cabbage and Radish Using QUEChERS Sample
Preparation Method and Gas Chromatography Mass Spectrometry. Food Chem. 2008,
110, 207-213.

Kolakowski, B.M.; D’Agostino, P.A.; Chenier, C.; Mester, Z. Analysis of Chemical
Warfare Agents in Food Products by Atmospheric Pressure lonization-High Field
Asymmetric Waveform lon Mobility Spectrometry-Mass Spectrometry. Anal. Chem.
2007, 79, 8257-8265.

Kanamori-Kataoka, M.; Seto, Y. Laboratory Identification of the Nerve Gas Hydrolysis
Products Alkyl Methylphosphonic Acids and Methylphosphonic Acid, by Gas
Chromatography—Mass Spectrometry after tert-Butyldimethylsilylation. J. Health Sci.
2008, 54, 513-523.

Karpas, Z. Applications of lon Mobility Spectrometry (IMS) in the Field of Foodomics.
Food Res. Int. 2013, 54, 1146-1151.

Simonian, A.L.; Flounders, A.W.; Wild, J.R. FET-Based Biosensors for the Direct
Detection of Organophosphate Neurotoxins. Electroanalysis 2004, 16, 1896-1906.
Vautz, W.; Zimmermann, D.; Hartmann, M.; Baumbach, J.I.; Nolte, J.; Jung, J. lon
Mobility Spectrometry for Food Quality and Safety. Food Addit. Contam. 2006, 23,
1064-1073.

Lumor, S.E.; Diez-Gonzalez, F.; Labuza, T.P. Detection of Warfare Agents in Liquid
Foods Using the Brine Shrimp Lethality Assay. J. Food Sci. 2011, 76, T16-T19.

11



Blank

12



CWA
DMSO
ECBC
ESI
GB
LC
LDR
LOD
LOQ
MRM
MS
QUEChERS
RSD
TOF
UPLC

ACRONYMS AND ABBREVIATIONS

chemical warfare agent

dimethyl sulfoxide

U.S. Army Edgewood Chemical Biological Center
electrospray ionization

isopropyl methylphosphonofluoridate, sarin
liquid chromatography

linear dynamic range

limit of detection

limit of quantitation

multiple reaction monitoring

mass spectroscopy

Quick, Easy, Cheap, Effective, Rugged, and Safe
relative standard deviation

time-of-flight

ultra-performance liquid chromatography

13






DISTRIBUTION LIST

The following organizations were provided with one Adobe portable document

format (pdf) version of this report:

U.S. Army Edgewood Chemical
Biological Center (ECBC)
RDCB-DRC-C
ATTN: Bae, S.

Winemiller, M.

Berg, F.

ECBC Technical Library

RDCB-DRB-BL

ATTN: Foppiano, S.
Stein, J.

Defense Technical Information Center
ATTN: DTIC OA

G-3 History Office
U.S. Army RDECOM
ATTN: Smart, J.

Office of the Chief Counsel
AMSRD-CC
ATTN: Upchurch, V.






