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Summary

Methods to analyze toxic scheduled chemicals (TSC) and their decomposition products in environmental
samples have been developed and are widely used. However, methods for such analyses in biological sam-
ples have only recently been developed. Retrospective detection of exposure to TSC can be useful for various
reasons. First of all, such analytical methods can be used to establish firmly whether casualties have indeed
been exposed to these chemicals, whereas dosimetry of the exposure will be a starting point for medical
treatment of the intoxication. Second, these methods will be useful for verification of alleged non-adherence
to the Chemical Weapons Convention. Moreover, these methods can be used for health surveillance of wor-
kers in destruction facilities of chemical warfare agents and in forensic analyses in case of suspected terro-
rist activities. In this presentation an overview is given of the methods currently available for detection of
exposure to sulfur mustard, nerve agents, lewisite and phosgene.In this report an overview is presented of the
methods currently available for detection of exposure to sulfur mustard, nerve agents, lewisite and phosgene.

Introduction

Methods to analyze toxic scheduled chemicals
and their decomposition products in environmental
samples have been developed and are used, e.g., to
test the proficiency of laboratories to act as so-
-called designated laboratories for the OPCW. Ho-
wever, methods for such analyses in biological
samples have only recently been developed, while
the use or alleged use of chemical warfare (CW)
agents in war and terrorism has clearly established
an urgent need for biological markers of poisoning,
e.g., in blood and urine samples.

Retrospective detection of exposure to toxic
scheduled chemicals can be useful for various rea-
sons. First of all, such analytical methods can be
used to establish firmly whether casualties have
indeed been exposed to these chemicals, whereas
dosimetry of the exposure will be a starting point
for medical treatment of the intoxication. Second,
these methods will be useful for verification of
alleged non-adherence to the Chemical Weapons
Convention. Especially in this application it ap-
pears that maximal retrospectivity, preferably over
a period of several months, is essential. Moreover,
these methods can be used in a variety of other
applications, e.g., for health surveillance of wor-
kers in destruction facilities of CW agents and in
forensic analyses in case of suspected terrorist
activities.

In this report an overview is presented of the
methods currently available for detection of expo-
sure to sulfur mustard, nerve agents, lewisite and
phosgene.

Sulfur mustard

Sulfur mustard is a strong alkylating agent that
reacts readily with nucleophiles under physiological
conditions. The reaction products of sulfur mustard
with these nucleophiles are all potential biological
markers of human poisoning. Metabolites derived
from an initial reaction with water and glutathione
are excreted in urine (1-4). Adducts to DNA which
may be present in various tissues and blood can
conveniently be detected by using an immunoche-
mical assay (5). In this section we will focus on
adducts to hemoglobin and albumin, since it is ex-
pected that they are persistent and will allow retro-
spective detection.

Upon incubation of human blood with sulfur
mustard, it appears that 20-25% of the dose was
covalently bound to hemoglobin (6). The most
abundant adduct was the histidine adduct (7). In
addition, the adducts to cysteine, glutamic and as-
partic acid and to the N-terminal valine residues
were detected (7, 8). As a biological marker of poi-
soning, N-alkylated N-terminal valine has the ad-
vantage that it can be selectively cleaved from
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haemoglobin by a modified Edman procedure using
pentafluorophenyl isothiocyanate as reagent (9).
Analysis of the resultant pentafluorophenyl thio-
hydantoin, using negative ion GC-MS-MS after
further derivatisation with heptafluorobutyric an-
hydride, provided a very sensitive method for the
detection of the N-alkylated valine (10). In vitro
exposure of human blood to = 0.1 uM sulfur
mustard and in vivo exposure of guinea pigs could
be detected employing this method. Moreover, the
adduct could be detected in samples from victims
of accidental exposure to sulfur mustard and CW
casualties (11, 12). Recently, a standard operating
procedure (SOP) for determination of the sulfur
mustard adduct to the N-terminal valine in hemo-
globin was developed. By using this SOP, it was
found that the N-terminal valine adduct in globin
of hairless guinea pigs and marmosets subsequent
to i.v. administration of sulfur mustard (0.5 LD50)
is persistent for at least 56 and 94 days, respectively.
The SOP could be properly set up and carried out
at another institute (U.S. Army Medical Research
Institute of Chemical Defense, Edgewood, Md, USA)
within one working day.

Recently, sulfur mustard has been shown to al-
kylate a cysteine residue in human serum albumin
(13). The site of alkylation was identified in a tryp-
tic digest of albumin from blood exposed to
["CJsulfur mustard. A sensitive method for its
analysis was developed based on Pronase digestion
of alkylated albumin to the tripeptide S-[2-
-[(hydroxyethyl)thio]ethyl-Cys-Pro-Phe, and detec-
tion using micro-LC-MS-MS. In vitro exposure of
human blood to = 10 nM sulfur mustard could be
detected employing this method. The analytical
procedure was successfully applied to albumin
samples from Iranian casualties of the Irag-Iran war.

Nerve agents

Five approaches have been explored in order to

detect exposure to a nerve agent:

(i) measurement of acetylcholinesterase (AChE) in-
hibition (14,15),

(ii) detection of the intact agent,

(iii) detection of hydrolysis product of nerve agents,

(iv) analysis of phosphylated butyrylcholinesterase
(BuChE) and, more recently,

(v) determination of phosphylated serum albumin
(16).

In this paper we will focus on items (iii) and (iv).

Hydrolysis products of nerve agents

Metabolism of phosphonofluoridates and V
agents in mammals leads predominantly to hydro-
lysis products, i.e., the corresponding O-alkyl me-
thylphosphonic acid and a minor amount of me-
thylphosphonic acid. Methods for analysis of these
compounds are based on GC-MS (e.g., 17-19) or
on LC-MS (e.g., 20-22). For instance, the hydroly-
sis product O-ethyl methylphosphonic acid has been
determined by GC-MS, after derivatization, in serum
collected from a victim poisoned by VX (23). Re-
cently, a convenient and rapid LC tandem MS
method was developed for quantitative determina-
tion of O-isopropyl methylphosphonic acid (IMPA),
i.e., the hydrolysis product of sarin, in blood and
urine (24). Sample work-up was limited to a single
extraction step. This method could be successfully
applied to the analysis of serum samples from the
victims of the Tokyo subway attack by the Aum
Shinrykio sect and from an earlier incident at Mat-
sumoto. It is envisaged that this method can be
used for analysis of other hydrolyzed nerve agents
as well.

Advantageously, the determination of hydroly-
sis products identifies the nerve agent except for its
leaving group. However, the rather rapid elimination
rate of the hydrolysis product from the organism
(within several days) limits its use for retrospective
detection of exposure.

Analysis of phosphylated butyrylcholinesterase
(BuChE)

In principle, organophosphate-inhibited BuChE
in human plasma is a persistent and abundant sour-
ce for biomonitoring of exposure to organophos-
phate anticholinesterases. Polhuijs et al. (25) deve-
loped a procedure for analysis of phosphylated
BuChE in plasma or serum samples, which is
based on reactivation of the phosphylated enzyme
with fluoride ions: this converts the organophos-
phate moiety completely into the corresponding
phosphofluoridate, which is subsequently isolated
and quantitated. As for analysis of hydrolysis pro-
ducts this approach identifies the organophosphate
except for its leaving group. Moreover, the extent
of the organophosphate poisoning can be determined
in this way. Furthermore, based on the minimal
concentrations of phosphofluoridate that can be
analyzed in blood, it can be calculated that inhibi-
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tion levels = 0.01% of inactivated BuChE (i.e.,
trace level exposure) should be quantifiable. Evi-
dently, by analyzing the inhibited enzyme instead
of the uninhibited enzyme, inhibitor levels that are
several orders of magnitude lower can be quanti-
fied. The method is limited by spontaneous reactiv-
ation and ageing (i.e., loss of the alkyl moiety from
the alkoxy moiety of the phosphyl group) of the
phosphylated enzyme and by the natural life span
of the enzyme. Application of this method to serum
samples of the victims from the Tokyo subway
attack and of the Matsumoto incident yielded sarin
concentrations in the range of 0.2-4.1 ng/ml serum.
Evidently, these victims had been exposed to an or-
ganophosphate with the structure iPrO(CH;)P(O)X,
presumably with X = F (sarin). A more laborious
and qualitative method, reported by Nagao et al.
(26) and by Matsuda et al. (27), is based on isolat-
ion and trypsinization of inhibited cholinesterases,
subsequent treatment with alkaline phosphatase,
followed by isolation, derivatization and GC-MS
analysis of the released phosphyl moiety.

Lewisite

Substantial stockpiles of the organoarsenical
vesicant lewisite are present in the U.S.A. and in
Russia. This may constitute a potential hazard for
public health. The most generally applied method
for determination of an arsenical is by atomic ab-
sorption spectrometry (AAS) after reduction of the
compound to AsH;. However, this will only provide
an indication for the presence of the element As.

Lewisite will rapidly hydrolyze to 2-chlorovinyl-
arsonous acid (CVAA) in aqueous environment
such as blood plasma. Consequently, analytical
methods mainly focus on the determination of
CVAA. For instance, it was shown (28-30) that
CVAA could be isolated from serum and urine
after addition of 1,2-ethanedithiol, followed by ex-
traction of the resulting complex, which could be
analyzed by GC-MS. These methods, however, do
not allow retrospective verification of exposure,
since CVAA is rapidly excreted into the urine.

In view of the high affinity of arsenic for thiol
functions, it can be expected that lewisite, as well
as CVAA, binds to cysteine residues of proteins. It
was found that 25-50% of the dose was associated
with globin, after treatment of human blood with
20 nM to 0.2 mM of ['*C]lewisite (31). The CVAA

residues could be isolated from globin after addition
of 2,3-dimercaptopropanol (BAL), followed by ex-
traction of the resulting lewisite-BAL complex,
which could be sensitively analyzed by GC-MS
after additional derivatization. The lowest detec-
table concentration of lewisite for in vitro exposure
of human blood was determined to be 1 nM. A
preliminary in vivo exposure was performed with
guinea pigs. The amount of L1-BAL isolated from
blood samples clearly decreased with increasing
time after exposure, as should be expected. In the
blood sample taken 10 days after exposure the
amount of isolated BAL adduct had decreased to
10% of the amount at one day after exposure. The
compound could only be detected in urine during
the first 12 h after exposure, indicating the rapid
excretion of unbound CVAA.

Phosgene

The pulmonary agent phosgene was used as a
chemical weapon for the first time in WW 1. No-
wadays, it is an important intermediate for indu-
strial production of insecticides, isocyanates, plas-
tics, aniline dyes and resins, with an estimated
yearly production of almost 1 billion pounds. Reli-
able diagnosis of exposure to phosgene other than
observation of the developing edema by means of
chest roentgenology is not available. It was recently
found that phosgene binds effectively to albumin
and haemoglobin upon in vitro exposure of human
blood to [14C]phosgene (32). Inter alia, phosgene
appears to crosslink the lysine residues 195 and 199
in human serum albumin. A mass spectrometric
method was developed for analysis of the tryptic
digest containing this intramolecular lysine-lysine

‘adduct, which enabled the detection of exposure of

human blood to 2 1 pM phosgene in vitro. Whe-
ther this method can be used for assessment of in
vivo exposure will be determined in due course.

Conclusions

¢ Adducts with macromolecules such as proteins
offer long lived biological markers of exposure,
possibly up to several months.

* Gas or liquid chromatography combined with
tandem mass spectrometry are the methods of
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choice for unequivocal identification at trace
levels.

The discussed analytical methods, with the ex-
ception of ChE inhibition measurements and
immunoassays, cannot easily be performed, re-
quire expensive equipment and strongly deviate
from methods for analyis of environmental
samples.
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