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Abstract

A method for determining two nerve gas hydrolysis products, alkyl (ethyl, isopropyl and pinacolyl) methylphosphonates
(RMPAs) and methylphosphonate (MPA), separately, in human plasma and urine samples was developed, using two different
deproteinization procedures. In the first method, the plasma sample was deproteinized by adding a fourfold volume of
acetonitrile, followed by passing the supernatant through a Bond Elut strong anion-exchange (SAX) cartridge [fluoride (F )
form). After washing the cartridge with water and methanol, the RMPAs were eluted with a 3% (v/v) solution of methanolic
ammonia, and analyzed by gas chromatography—mass spectrometry (GC—-MSleraftbutyldimethylsilyl (TBDMS)
derivatization. The detection yields of TBDMS derivatives of RMPAs were in the range of 69 to 99%, in contrast to the poor
yields obtained when only acetonitrile deproteinization pretreatment was used (yield: 13—26%). The yield of the TBDMS
derivative of MPA was very low (8%), however. In a the second method, a plasma sample was deproteinized by adding a
half volume of 10% (w/v) trichloroacetic acid (TCA), and the resulting supernatant was extracted with diethyl ether to
remove TCA, the aqueous fraction was then passed through a Bond Elut SAX cartridge. After washing the cartridge with
0.5% (v/v) methanolic ammonia, MPA was eluted with 3% (v/v) methanolic ammonia. The detection yield of the TBDMS
derivative of MPA was nearly quantitative. A pretreatment method using SAX solid-phase extraction was also developed for
the cleanup of a urine sample, in which the sample was directly applied to a Bond Elut SAX cartridge, followed by elution of
the RMPAs and MPA with 3% (v/v) methanolic ammonia, which were then derivatized and analyzed by GC-MS. The
detection yields of TBDMS derivatives of RMPAs and MPA were in the range of 61 to 97%.
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1. Introduction

Sarin gas attacks by a Japanese Cult occurred in
- , ) _ Matsumoto city and the Tokyo subway system in
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the general population. Sarin, soman, tabun and VX GC-MS method for the identification of various
are representative nerve gases that can be unleashed types of causative substances in poisoning cases. O
in the form of a vapor or aerosf®]. When dispersed laboratory has adopted this TBDMS derivatization

in public places, it is usually difficult to identify such method to identify polar compounds including the
substances directly using on-site detection because of hydrolysis products of nerve gases in forensic in-
their ready decomposition by hydrolysis to alkyl vestigation on sarin gas afta¢k

methylphosphonates (RMPAs): pinacolyl (PMPA), In cases of nerve gas attacks, various types of
isopropy!l (IMPA), and ethyl (EMPA) methylphos- environmental samples (air, soil and water) and
phonate. RMPAs can be further hydrolyzed to biological samples (blood, urine, mucosa, saliva and
methylphosphonate (MPA)F{g. 1) [3]. Tabun is gastric contents) are analyzed and we found a low
hydrolyzed via a different pathway. RMPAs and detectability of RMPAs and MPA in evidence sam-
MPA are all man-made compounds, and the de- ples. The detection of nerve gases and their related
termination of them provides indirect proof of the degradation products in soil samples is very difficult,
use or production of nerve gases. A number of and we consolidated a series of methods for the
analytical methods have been reported for the de- guantitative determination of RMPAs and MPA using
termination of RMPAs and MPA: gas chromatog- strong anion-exchange (SAX) solid-phase extraction

raphy (GC)[4,5], capillary electrophoresis (CH], (SPE) followed by GC—MS after TBDMS derivati-
ion chromatography[7], high-performance liquid zatiofil5,16]. This method can be also applied to

chromatography (LC)[8], CE—mass spectrometry various aqueous samples, including seawater and
(MS) [9], and LC-MSJ[10] and LC-MS-MS[11]. beverageg15].

RMPAs and MPA cannot be directly analyzed by In the human body nerve gases are readily hydro-
GC-MS because of their polar and water-soluble lyzed to RMPAs, and become partially bound to
nature. They can, however, be analyzed after de- proteins such as cholinesterases (ChEs), resulting in
rivatization to volatile compoundg,5,12,13]. Pur- the formation of nerve gas addu¢i¥,18]. There-

don et al.[12] reported thattert.-butyldimethylsilyl fore, to verify victims’ exposure to a nerve gas, it is
(TBDMS) derivatives are comparatively stable necessary to detect either hydrolysis products,
against hydrolysis and are also easily prepared. RMPAs and MPA, or nerve gas protein adducts

Japanese forensic laboratories have mainly utilized a [17—19]. The level of hydrolysis products and ad-
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Fig. 1. Hydrolysis pathway of nerve gases and their synthetic intermediates.
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ducts in biological fluids can reflect the extent of the in tightly capped glass vials2&°C. Working
exposure of nerve gases. Prior to the GC or GC-MS solutions (50 pgr8&ach, for GC-MS analysis)
analysis, a cleanup is needed in order to separate were prepared by diluting the acetonitrile stock
RMPAs and MPA from complex-matrix biological solution with additional acetonitrile. Stock solutions,

samples. Several reports have appeared relative to MPA, EMPA, IMPA and PMPA in water (3.0 mg/
GC-MS analysis from serurfi3,20—22]and urine ml) were also prepared and stored &€.ANorking
sampleq13,20,22—-24]In this respect, only RMPAs, solutions (15Qg each, for CE analysis) were

but not MPA, have been analyzed. The reason for prepared by diluting the aqueous stock solution with
this may be due to the technical difficulty in dealing distilled water.

with polar MPA and also that the detection of this Human plasma samples were prepared from out-
secondary hydrolysis product was not necessary, in dated transfusion blood obtained from Tokyo Met-
these cases. However, the determination of MPA is ropolitan Police Hospital (lidabashi, Tokyo, Japan).
important because it is not only an RMPAs hy- Human urine samples were collected from volunteers
drolysis product, but is also a degradation product of at our institute.

methylphosphonyl dichloride, methylphosphonyl
difluoride and dimethyl methylphosphonate, all of 2.2. Plasma sample pretreatment for solid-phase
which are intermediates used in the synthesis of extraction
nerve gase$l4].
We wish to report here on the quantitative de- A 1-ml volume of human plasma sample was
termination of RMPAs and MPA in human plasma spiked withp3M®f an aqueous solution of RMPAs
and urine samples. We examined the efficiency of and MPA (ig@ach, for CE analysis) or 35l of

deproteinization methods using organic solvents and an acetonitrile solution of RMPAs and MPA (75
acids on the recoveries of RMPAs and MPA from ng—21§ each, for GC—MS analysis), vortex-
plasma samples. In combination with SAX-SPE, two stirred, and allowed to stand at room temperature for
different deproteinization methods were developed 2 h. A 4-ml volume of acetonitrile was added to the
for use in GC-MS analysis after TBDMS deri- sample, and the suspension was vigorously mixed for
vatization. A simple SPE pretreatment method for 1 min. The mixture was centrifuged agi50®

urine samples is also described. min, and the resulting supernatant was concentrated

to less than 1 ml under reduced pressure &tG0n
a Model EC-57CS centrifugal evaporator (Sakuma

2. Experimental Seisakusho, Tokyo, Japan), and adjusted to 1 ml with
water. The resulting solution was subjected to SPE
2.1. Reagents treatment.

Alternatively, a 1-ml volume of human plasma
Bond Elut SAX cartridges, regular type, 500 mg/3 sample was spiked wifd 50an aqueous solution
ml, strong anion-exchange SPE cartridges, were of MPA (ig0for CE analysis) or 25-3(l of an
obtained from Varian (Harbor City, CA, USAN- acetonitrile solution containing MPA (50 ng—bg
Methyl-N-(tert.-butyldimethylsilyl)trifluoroacetamide for GC-MS analysis) and allowed to stand at room
(MTBSTFA) was obtained from Pierce (Rockford, temperature for 2 h. A 0.5-ml volume of 10% (w/v)
IL, USA). MPA, EMPA and PMPA were obtained trichloroacetic acid (TCA) was added to the sample,

from Aldrich (Milwaukee, WI, USA). IMPA was the mixture was vortex-mixed for 1 min, and then

prepared as previously reportef@5]. All other centrifuged at 15009 for 5 min. The resulting

chemicals used were of analytical grade. All aqueous supernatant was transferred to another 10-ml screw-

solutions were prepared with distilled, deionized capped glass tube and 4 ml of diethyl ether was

water. added. The mixture was shaken for 5 min, cen-
Stock solutions, MPA, EMPA, IMPA and PMPA trifuged at 15Cfor 1 min, and the upper organic

were prepared in acetonitrile (1.5 mg/ml for MPA, layer was discarded. A 4-ml volume of diethyl ether

3.0 mg/ml for EMPA, IMPA and PMPA) and stored was added to the remaining lower layer, and this
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washing procedure was repeated a second time. The

residual aqueous layer was heated at@Sor 10
min to evaporate the remaining diethyl ether. After
cooling, the resultant solution was subjected to SPE
treatment.

2.3. Urine sample pretreatment for solid-phase
extraction

A 0.5-ml volume of human urine was spiked with
a solution containing RMPAs and MPA and was
vortex-stirred, and allowed to stand at room tempera-
ture for 2 h. Then the mixture was subjected to SPE
treatment. For CE and GC-MS analysis, the amount
of spiked solution of RMPAs and MPA were %0 of
aqueous solution (15Q.g each) and 25-3Qul of
acetonitrile solution (60 ng—4.g), respectively.

2.4. Solid-phase extraction procedure

SPE was performed according to a previously
described methofll5] with minor modifications. The
SPE cartridge was attached to a Waters Extraction
manifold (Waters, Milford, MA, USA), and con-
ditioned with 2 ml of methanol followed by 2 ml of
water, activated with 12 ml of a M sodium fluoride
solution and washed with 5 ml of water. The
pretreated human plasma or urine sample (0.5-1 ml)
described in Sections 2.2 and 2.3 were applied to the
cartridge. For the urine sample or the plasma sample
pretreated by acetonitrile deproteinization, the car-
tridge was washed with 3 ml of water followed by 2
ml of methanol, MPA and RMPAs were eluted with
5 ml of a 3% (v/v) methanolic ammonia solution.
For the plasma sample pretreated by TCA deproteini-
zation, the cartridge was washed with 3 ml of water,
2 ml of methanol and an additional 2 ml of 0.5%
(v/v) methanolic ammonia, and MPA was eluted
with 4 ml of 3% (v/v) methanolic ammonia. The
eluted fraction was concentrated and dried under
reduced pressure at 60 on a centrifugal
evaporator, and then subjected to CE and TBDMS
derivatization followed by GC-MS.

2.5. Capillary electrophoresis

For the quantitative determination of RMPAs,
MPA and TCA, CE was performed according to a
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previously described rfidihodsing a Quanta

4000E system (Waters). CE was fitted with a fused-

silica capillary (30x@® pm 1.D.). The voltage

was set at 30 kV with a positive power supply, and
the temperature was maintained at@5The elec-
trophoresis buffer was composed of 100nboric
acid containing 10 Ml benzoate (pH 6.0). Samples
were injected hydrostatically for 30 s, and indirectly
detected at 254 nm.

2.6. tert.-Butyldimethylsilylation and gas
chromatography—mass spectrometry

The SPE eluent was subjected to TBDMS de-
rivatization followed by GC-MS, according to a
previously described methofl5]. The SPE eluent

was concentrated under reduced pressure@t@0
a centrifugal evaporator, transferred to a 1-ml screw-
capped glass vial (Nichiden Rika Garasu, type MV-7,
Tokyo, Japan), and completely dried by centrifugal
evaporation. Al58lume of MTBSTFA and 50
wl of acetonitrile, which contained 2g/ml of
anthracene [internal standard (1.S.) for quantitative
analysis], were added, homogenized by sonication
for 5 min and incubated at’®0for 1 h. A 14l
volume of the mixture was applied to the GC system
described below. The GC-MS system consisted of
an HP 6890 series gas chromatograph combined with
a HP 5973 quadrupole mass selective detector
(Yokogawa Analytical Systems, Tokyo, Japan). The
stationary phase was a capillary column HP-5 MS
(30x@.25 mm [I.D., 0.25pm in thickness,
Yokogawa Analytical Systems). The carrier-gas
(helium) flow-rate and the splitter ratio were adjusted
at 0.8 ml/min and 50, respectively. The injection
port, transfer line and ion source were maintained at
250, 280 and “Z30respectively. Electron ioniza-
tion (ionization energy 69.9 eV, ionization current
34u8\) was used as the ionization mode. The oven
temperature was controlled by a program [starting at
90C (1 min hold), increasing to 29 at 20°C/
min (5 min hold)]. The acquisition mass range was
50-550, and the scan rate was 0.8 scans/s. Acquisi-
tion was started 4 min after sample injection. Total
ion chromatogram of standard TBDMS derivatives
of RMPAs and MPA is shown inFig. 2A. The
extracted ion chromatograms were obtaingd at
153 (BV (ert.-butyl)—(alkyl)+H]") for the



2000000
A) B
( ) ! ( )
14000005
M , z
S
1000000 Q
2
800000) %
ry
Q
P <
| B M :
e =y / i . &
Iy AA l A » et -~
ey BICT BAG A3 A0 al0 &do ek 80 0B 700 TH A0 78 M K aN ek a0 e wB ek s ok ek Time-> 550 600 650 700 750 800 850 900 050 1000 1080 1100 1150 1200 1250 1300 1350 1400 o
Abundance Abundance Q
2000000 2
1800000] sulfate o
phosphate é
1800000 / =
1600000) TCA D 8
/ 1600000) phosphate <Q
14000001 .
1400000) vs]
1200000
M 1200000 I B‘
1000000 a1
1000000) ~
N
- s i 8
<
- oo M =
s
400000
400000
E i
A | —
Titwe-> 550 600 650 700 750 800 650 900 850 1000 1080 1100 1150 1200 1250 1300 1350 - Time-» 550 600 650 700 750 800 650 900 950 1000 1080 1100 1450 1200 1250 1300 1350 1400

Fig. 2. Total ion chromatogram of standard TBDMS derivatives of RMPAs and MPA (A), serum (B and C) and urine (D) samples. () #&&@nitrile solution containing

25 pg/ml of RMPAs and MPA, 25.g/ml of anthracene (1.S.) and 50 of MTBSTFA was reacted at 6T for 1 h, and the resultant reaction mixture was subjected to GC-MS
as described in the Experimental section. (B) Serum (1 ml) spiked with.@.8f RMPAs and MPA was pretreated by deproteinization with acetonitrile and SPE. (C) Serum (1
ml) spiked with 3.0pn.g of MPA was pretreated by deproteinization with TCA and SPE. (D) Urine (0.5 ml) spiked with@ & RMPAs and MPA was pretreated by SPE.
Detailed conditions are described in the Experimental section. Peaks of TBDMS derivatives of EMPA (E), IMPA (1), PMPA (P), MPA (M), TCA, sulfatmsphdtp are
shown on the chromatograms.

XA



128 M. Kataoka, Y. Seto / J. Chromatogr. B 795 (2003) 123-132

TBDMS derivatives of EMPA, IMPA and PMPA, zation using an organic solvent was initially ex-
m/z 267 ([M—57 (ert-butyl)+H]") for the amined. Human plasma spiked with RMPAs and
TBDMS derivative of MPA,m/z 178 for the I.S., MPA were mixed with acetonitrile, a polar organic
respectively. The analyte concentrations were ob- solvent, and the supernatant was analyzed by CE. CE
tained from the peak area ratios of the analytes to was employed to quantify the true amount of RMPAs
I.S., using a standard calibration curve, prepared by and MPA in the aqueous biological samples. As
plotting the peak area ratios against the designated showralite 1B,the recovery of MPA was low

concentration of the analytes (0.2-30g/ml in (31%) compared to the RMPAs (77—-90%). MPA is
TBDMS reaction mixture, triplicate). The standard more polar than RMPAs. RMPAs have aédic p
calibration curve was prepared in every series of values, and MPA hasKywgtues of 2.2 and 7.7
analyzing samples by GC-MR5]. [26]. It is assumed that part of the precipitate
contained protein-bound MPA, since protein denatu-
ration using an organic solvent failed to completely
3. Results and discussion disrupt the binding interaction between MPA and
proteins. The detection yields of both RMPAs and
3.1. Deproteinization of human plasma samples for MPA by GC—-MS were low £26%, Table 1B. This

the extraction of RMPAs and MPA can be attributed to the suppressive effect of divalent
cations and neutral compounds in the plasma on
Blood plasma contains high concentration of TBDMS derivatization, as was observed in the case
proteins which interfere with a GC-MS analysis. of soil samikes27,28].Further purification using
Moreover, the adsorption of RMPAs and MPA to SAX-SPE is necessary to achieve satisfactory yields
proteins prevents their quantitative recovery. There- in the TBDMS derivatization of RMPAs.
fore, a deproteinization step is essential. Deproteini- Acetone and methanol were also examined as
Table 1
Recoveries and detection yields of alkyl methylphosphonates and methylphosphonate in human plasma
(A) Non-pretreatment, (B) Deproteinization with acetonitrile (C) Deproteinization and SPE
GC-MS' ce GC-MS cEe GC-MS
PMPA 0.15-0.27 77.4:11.2 25.6:4.1 79.9:7.1 98.8-5.4
IMPA 0.27+0.16 89.9-9.1 13.8-0.53 74.5:1.2 71.3:3.9
EMPA 0.32£0.16 79.3:7.3 13.10.95 69.4-2.8 69.3-5.3
MPA 0.18+0.13 30.9-5.0 1.58-0.25 20.4:3.7 7521

#Human plasma containing MPA and RMPAs (eachd), was directly treated biert.-butyldimethylsilylation, and analyzed by GC-MS.

The detection yield is defined as the percentage value of the peak area ratio of TBDMS derivatives to the internal standard, compared to the
value for acetonitrile solution containing the same concentrations of MPA and RMPAs. Values represent an average of three
determinations standard deviation.

® Human plasma containing MPA and RMPAs (each 15f) was pretreated by deproteinization with acetonitrile, and analyzed by CE.

The recovery is defined as the percentage value of the peak area of MPA and RMPAs, compared to the value for an aqueous solution
containing the same concentrations of MPA and RMPAs. Values represent an average of three determ#tatidasd deviation.

“Human plasma containing MPA and RMPAs (eachpd) was pretreated by deproteinization with acetonitrile, subjected to
tert.-butyldimethylsilylation and analyzed by GC-MS. The detection yield is defined as the percentage value of the peak area ratio of
TBDMS derivatives to the internal standard, compared to the value for acetonitrile solution containing the same concentrations of MPA and
RMPAs. Values represent an average of three determinat&tasdard deviation.

Y Human plasma containing MPA and RMPAs (each 1%f), was pretreated by deproteinization with acetonitrile and SPE, and analyzed
by CE. The recovery is defined as the percentage value of the peak area of MPA and RMPAs, compared to the value for an aqueous solution
containing the same concentrations of MPA and RMPAs. Values represent an average of three determstatidasd deviation.

°Human plasma containing MPA and RMPAs (eachu@), was pretreated by deproteinization with acetonitrile and SPE subjected to
tert.-butyldimethylsilylation and analyzed by GC-MS. The detection yield is defined as the percentage value of the peak area ratio of
TBDMS derivatives to the internal standard, compared to the value for acetonitrile solution containing the same concentrations of MPA and
RMPAs. Values represent an average of eight determinatistasmdard deviation.
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deproteinization solvents. The recovery values of
RMPAs and MPA were similar to those in acetoni-
trile pretreatment (data not shown). However, the
supernatant was slightly turbid. Therefore, acetoni-
trile was chosen as a deproteinization solvent for
pretreating plasma for extracting RMPAs.

Deproteinization with strong acid was also ex-
amined. Our laboratory had adopted a deproteiniza-
tion procedure using perchloric acid (HCJO ) for the
determination of RMPAs and MPA in blood samples
by TBDMS GC-MS[14], and we experienced low
reproducibility in this procedure. Instead of blood
samples, a plasma sample was examined for HCIO
deproteinization. A 0.5-ml volume of an aqueous
solution of 3.5% (v/v) HCIQ was added to 1 ml of
a human plasma sample spiked with RMPAs and
MPA, and the solution was vortex-mixed, followed
by neutralizing the supernatant with Vb potassium
hydroxide to remove excess perchlorate ion by the
precipitation as potassium perchlorate. The re-
coveries of RMPAs and MPA in the supernatant were
quantitative (as evidenced by CE), but the detection
yields by GC-MS were not reproducible:80% for
RMPA, 50-150% for MPA). Further pretreatment
using SAX-SPE was examined (Section 3.2).

We also examined the efficiency of TCA de-
proteinization on the quantitative extraction of
RMPAs and MPA from a plasma sample. A 0.5-ml
volume of 10% (w/v) TCA was added to 1 ml of
plasma, and the resulting mixture was vortex-mixed
and centrifuged. RMPAs and MPA were quantitative-
ly recovered in the supernatant fraction (verified by
CE, data not shown). However, neither the TBDMS
derivatives of RMPAs nor MPA were detected,
because the large quantity of TCA interfered with the
TBDMS derivatization. In order to remove the TCA
included in the deproteinized fraction, diethyl ether
extraction was examined and the quantity of the
remaining TCA in deproteinized fraction was de-
termined by CE analysis. About 33 mg of TCA was
estimated to be present in 1 ml of the deproteinized
supernatant, and nearly 70% of the TCA (23 mg)
was removed by extraction with diethyl ether. The
pK, value of TCA is 0.7 at 28C [29], and the, pH
values of the TCA deproteinized supernatant before

and after ether extraction were less than 1 and about

4, respectively. In spite of the very low pH con-
ditions, MPA was not extracted by ether during the

129

Table 2
Recoveries and detection yields of methylphosphonate in human
plasma

(A) Deproteinization (B) Deproteinization

with TCA, and SPE
CE? CE® GC-MS
MPA  100.9+5.2 79.4:4.1 114.7-9.0

“Human plasma containing MPA (150g), was pretreated by
deproteinization with TCA, and analyzed by CE. Value represents
an average of three determinatigrstandard deviation.

® Human plasma containing MPA (150g), was pretreated by
deproteinization with TCA and SPE, and analyzed by CE. Value
represents an average of eight determinaticstandard deviation.

“Human plasma containing MPA (4g) was pretreated by
deproteinization with TCA and SPE, subjected tet.-butyl-
dimethylsilylation and analyzed by GC-MS. Value represents an
average of eight determinatiahstandard deviation.

TCA extractionT@ble 2A. In contrast, RMPAs,

especially PMPA, were transferred to the ether layer,

and the recoveries of RMPAs in the extracted
aqueous fraction were low.

3.2. Solid-phase extraction of the deproteinized
fraction of human plasma samples

It was impossible to quantitatively determine
RMPAs and MPA by TBDMS GC-MS, for the

deproteinized plasma fraction examined in Section
3.1, even though quantitative recoveries were
achieved (verified by CE). Therefore, we investi-
gated the usefulness of purifying the RMPAs and
MPA by SAX-SPE. We adopted a cleanup pretreat-
ment method using a Bond Elut SAX cartridge,
which has been successfully applied to soil and other
forensic sanjpigs
Acetonitrile deproteinization enabled the quantita-
tive extraction of RMPAs but not MPA from a
human plasma saffipide(1B. In contrast, the
detection yields by TBDMS GC-MS were low for
RMPAs. We applied the above-mentioned SAX-SPE
procedure for the cleanup of the acetonitrile-de-
proteinized fraction. As a result, many unknown
peaks were observed on TBDMS GC-MS which

interfered with the detection of the TBDMS deriva-

tives (data not shown). The reason for this severe
interference is as follows. In our original SAX
proced{t8], the cartridge was washed with only
5 ml of water after loading the samples. This amount



130 M. Kataoka, Y. Seto / J. Chromatogr. B 795 (2003) 123-132

is inadequate for completely removing interferents HCIO deproteinization is unsuitable for the cleanup
during the washing step. Therefore, instead of wash- of RMPAs and MPA.

ing 5 ml of water, the cartridge was washed with a  TCA deproteinization enabled the quantitative
solution of 3 ml of water and 2 ml of methanol. extraction of MPA but not RMPAs from human
Additional methanol washing could efficiently re- plasma samples. In contrast, the detection yield for
move hydrophobic interferents remaining in the MPA by TBDMS GC-MS was low. As a result, the
deproteinized fraction, and the GC-MS detection SAX-SPE procedure was adopted for the cleanup of
was significantly improved. Both the recoveries and the TCA deproteinization fraction. TCA has a
the detection yields of RMPAs were in excess of weaker ionic strength than MPA, and MPA is,
69% (Table 1Q. Human plasma contains large therefore, retained more strongly by the SAX-SPE
guantities of inorganic anions: 10-38g of sulfate cartridge. To remove residual TCA from the ether-
(SO, and HSQ ) and 32-5g of phosphate  washed fraction, the concentration of ammonia and
(H,PO, and HPG ) per mI30]. TBDMS-deriva- the volumes of the washing and eluting solution were

tives of phosphate and sulfate were observed as

peaks in GC—MS of the acetonitrile deproteinization-
SAX-SPE fraction, but they did not interfere with the
detection of TBDMS derivatives of the RMPAFi().
2B). Accordingly, a pretreatment method involving
acetonitrile deproteinization combined with SAX-
SPE appears to be suitable for the quantitative
cleanup of RMPAs from plasma samples. Using this
method, the detection limits of RMPAS/N=3 on
the extracted ion chromatogram mofz 153) were 30
ng per 1 ml of plasma, and the calibration curves
were linear in the concentrations range of 75 ng to
2.6 pg per ml of plasma. The above mentioned
determination level corresponds to the toxic level
(43-136 ng/ml) of IMPA in the case of sarin gas
attack [31]. If splitless injection or selected ion
monitoring mode is adopted in GC—-MS analysis, the
exposure level can be determined.

We examined the efficiency of the SAX-SPE
method on the removal of HCIO from the de-
proteinized plasma fraction. The supernatant was
passed through the Bond Elut SAX cartridge, and
RMPAs and MPA were eluted with 5 ml of 3% (v/v)
methanolic ammonia. Although RMPAs and MPA
were quantitatively recovered from the plasma sam-
ples, as evidenced by the CE method, the TBDMS
derivatives of RMPAs and MPA were not detected by
GC-MS. This is attributed to interference by a huge
peak derived from unknown compounds. The same
interference was observed for the plasma blank
solution, and it is assumed that the surface of the
SPE cartridge was partially decomposed by HCIO
and the unknown compounds were eluted with
methanolic ammonia, thus interfering with the de-
tection of the TBDMS derivatives. Accordingly,

modified. TCA was removed by elution with 2 ml of
0.5% (v/v) methanolic ammonia, and MPA was
nearly quantitatively eluted with 4 ml of 3% (v/v)

methanolic ammoniaTable 2B. On GC-MS of a

TBDMS derivatized solution of the SAX-SPE frac-

tion from TCA deproteinized plasma, three main
peaks appeared, which were derived from TBDMS-
derivatized TCA, TBDMS-derivatized phosphate and

TBDMS-derivatized unknown compoundsd. 20),
but these peaks did not overlap with the peak

corresponding to the TBDMS derivative of MPA.
The detection limit of MBPN=€3 on the extracted
ion chromatogram/af267) was 33 ng per ml of
plasma. The calibration curve was linear in the
concentration range of 50 ng ji@ Per ml of

plasma. The detection yield of MPA was quantitative
Talle 2B. Somewhat higher yield value (115%)

may be ascribed to the interference from background

contaminants. Accordingly, a pretreatment method

including TCA deproteinization, ether extraction
combined with SAX-SPE is suitable for the cleanup
of MPA from plasma samples.

3.3. Pretreatment of urine samples

We attempted to detect TBDMS derivatives of
RMPAs and MPA directly from the urine samples,
but under the dry-up conditions used for drying, the
urine sample could not be dissolved in the TBDMS
reagent. Therefore, a cleanup method using SAX-
SPE prior to GC-MS analysis was examined. For
urine samples, a deproteinization procedure was not
necessary prior to SPE cleanup. The Bond Elut SAX
cartridge used in this investigation has an anion-

exchange capacity of g&quiv. [30], and all the
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Urine 0.5 ml

Deproteinization

Deproteinization
(TCA)

(Acetonitrile)

Extract with diethyl ether

SPE

(Bond Elut SAX 500 mg/3 ml, F~ form)
+washing

{ 3 ml H,0, 2 ml MeOH
-elution
5 ml 3 % (v/v) NH,OH in MeOH

SPE
(Bond Elut SAX 500 mg/3 ml, F” form)
= washing
3 ml H,0, 2 ml MeOH,
2 ml 0.5 % (v/v) NH,OH in MeOH
*elution
5 ml 3 % (v/v) NH;OH in MeOH

TBDMS GC-MS
analysis

RMPAs (Plasma)

RMPAs & MPA (Urine)

TBDMS GC-MS
analysis

MPA

Fig. 3. The schemes showing the methodology used in sample
preparation.

anion compounds present in 0.5 ml of the urine
sample were retained on the SPE cartridge. The urine
sample was directly applied to SPE, under the same
conditions as were used in the acetonitrile deproteini-
zation procedure. As shown ifiable 3A, RMPAs
and MPA were nearly quantitatively recovered (73—
88%), as verified by CE, and the TBDMS derivatives
of RMPAs and MPA in urine were quantitatively
detected. Various types of organic and inorganic
compounds in urine samples were detected by GC—
MS as TBDMS-derivatives. In particular, two main
peaks corresponding to TBDMS-derivatized sulfate
and phosphate were observded. 2D). In humans,
the volume of urine excreted is in the range of 1000

Table 3
Recoveries and detection yields of alkyl methylphosphonates and
methylphosphonate in human urine

(A) SPE and CE

(B) SPE and GC-MIS

c

PMPA - 75.6:10.4
IMPA 75.9+2.6 60.6-8.2
EMPA 87.5-1.7 70.3:8.5
MPA 73.2-1.4 96.8£15.9

#Human urine containing MPA and RMPAs (each 15§), was
pretreated by SPE and analyzed by CE. Values represent an
average of three determinationstandard deviation.

® Human urine containing MPA and RMPAs (each 1.§) was
pretreated by SPE, treated Hgrt.-butyldimethylsilylation, and
analyzed by GC-MS. Values represent an average of eight
determinations standard deviation.

°Not determined.
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to 1600 ml/day, and the quantities of inorganic
sulfate and phosphate in human urine are 1.4-3.3
and 1.9-2.3 g/day, respective[30]. TBDMS-de-
rivatized sulfate was eluted close to the elution
position of TBDMS-derivatized MPA, and the base
peaks of TBDMS-derivatized sulfate and MPA are
m/z 269 and 267, respectively. Accordingly, the
detection yield of MPA was influenced by the
presence of sulfate, and, as a result, so the detection
limit of MPA (S/N=3 on the extracted ion chromato-
gram ofm/z 267) was 700 ng per ml of urine. The
detection limits of RMPAs were 60 ng per ml of
urine. The calibration curve was linear in the con-
centration range of 140 ng—54y (for RMPASs) and
700 ng—>5.5pg (for MPA) per ml of urine.

4. Conclusion

A quantitative determination of both RMPAs and
MPA in plasma and urine by GC-MS after TBDMS
derivatization was established, and is shown
schematically inFig. 3. RMPAs in plasma samples
were determined after acetonitrile deproteinization
followed by SAX-SPE. MPA in the plasma sample
was determined after TCA deproteinization, ether
extraction followed by SAX-SPE. RMPAs and MPA
in urine sample were determined after SAX-SPE.
This is the first report describing the quantitative
determination of MPA in plasma samples by
TBDMS GC-MS.
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