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Chapter 1 Introduction: Police, Poison, and Chemical Warfare Agents

1. Introduction
1-1. Chemical detections and analyses as police activities

In large-scale poisoning cases, multiple persons are poisoned at once and the causative compound
of the poisoning is often unknown, resulting in a major social problem. Police and other first
responders rush to the scene of the poisoning, rescue the victims, and start an investigation if such a
case is suspected, and in this consequence management, prompt identification of the poisoning-
causing substance by on-site detection is required. The forensic science laboratory of the prefectural
police headquarters is in charge of the analysis of poisonous and harmful substances involved in
crimes, and the results of these analyses become scientific evidence to prove the crime in incident
management. In addition, the results of these analyses play a decisive role in the direction of the
initial investigation in the consequence management of poisonous and harmful substance cases, and
are essential in determining the treatment plan for victims.

> " Consequence
revention Management

l Personal |
otectin

Incident
Management

Figure 1-1. Police activities and objectives in poisoning and terrorism cases.

The chemistry division of the police force has a mission to respond to criminal cases, and it is
engaged in forensic investigation and forensic science technology development related to chemistry.
1 On the other hand, there is a security division whose mission is to deal with terrorist incidents and
large-scale accidents. Figure 1-1 relates the concepts and objectives of response to poisoning
incidents, terrorist attacks, and accidents in which toxic compounds are present.? In the "prevention"”
phase, chemical warfare agents are monitored from a defensive standpoint in public places, border
areas, airports, large-scale event sites, critical facilities, and chemical weapons processing facilities.
In the "consequence management™ phase, which is generally within one day of the occurrence of a
terrorist attack or mass poisoning, initial response teams (police task force, firefighting and rescue
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Chapter 1 Introduction: Police, Poison, and Chemical Warfare Agents

teams, Coast Guard) that come to the scene will conduct on-site detections for the purposes of
personal protection and damage minimization. The samples collected at the scene are transported to
specialized laboratories for analysis to contribute information to the initial investigation and
identification of hazardous and poisonous substances which in turn contributes to emergency rescue.
In "incident management," more accurate analysis is conducted, mainly by instrumental analysis, in
order to submit evidence supporting the guilt of the suspect to the trial court.

On-site Detection

Laboratory Analysis

gl?‘
=Is oL

Screening analysis for identification of causative
agents and toxicants

[ ot

Preparing evidence for trial

Figure 1-2. Toxicological analysis in terrorism cases and crime incidents.

Since it takes a long time to deliver field samples to specialized laboratories, it is essential to focus
on field detection in order to minimize damage (Figure 1-2). In the 20 years since 9/11, various
efforts have been made to protect the public, but the threat of chemical warfare agents was reaffirmed
in 2013 during the Syrian civil war, when sarin gas was used by government forces.* As with
forensic investigations, it is necessary to approach field operations objectively and rationally from a
chemical perspective.

In laboratory analysis (Figure 1-2), screening pre-testing of field samples and victims’ biological
samples, pre-treatment, and instrumental analysis centered on gas chromatography-mass
spectrometry (GC-MS) and liquid chromatography-mass spectrometry (LC—MS) are used for rapid
detection and identification of causative agents. Since chemical warfare agents are easily degradable,
it becomes difficult to detect the agents themselves in evidence samples over time, and instead,
detection of their metabolites and degradation products becomes effective. Related compounds such
as synthetic intermediates and by-products of chemical warfare agents are also effective indicators
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of the presence of chemical warfare agents. Instrumental analysis can be used not only as a highly
sensitive detection and identification method for chemical warfare agents, but also as a method to
prove exposure to chemical warfare agents by detecting adducts with biological target
macromolecules (e.g., enzymes). On the other hand, for monitoring and on-site detection of
hazardous materials, microfluidic devices and sensor technologies contribute to the rapid and simple
detection using portable or installed detectors.

1-1-1. Poisons
1-1-1-1.  Overview of toxicological analysis

The Matsumoto and Tokyo subway sarin gas incidents in the mid-1990s, as well as the 1998 chain
of poisoning incidents that followed the Wakayama poisoned curry case, exposed the inadequacy of
coordination and information transfer among local administrative agencies (fire departments,
emergency services, public health centers, police, etc.), and thus the inadequacy of Japan's crisis
management system. Therefore, after the 1998 incidents, the Cabinet Secretariat and other relevant
ministries (National Police Agency, Ministry of Health, Labour and Welfare, Fire and Disaster
Management Agency, Ministry of Defense, etc.) and related experts worked to establish a crisis
management system to deal with poisoning incidents>"8, Currently, in the event of a poisoning case
of unknown origin or contamination of food and beverages with foreign substances, regardless of
whether or not there is criminal involvement, biological samples and crime scene samples derived
from the victims as evidence samples are promptly sent to the responsible prefectural police forensic
science laboratory. The response system is maintained at the local administrative level. Information
on the crime scene investigation (police headquarters) and information on the victims’ poisoning
symptoms (e.g., emergency medical center) are necessary to improve the efficiency of the forensic
toxicology examination. On the other hand, information on the detection of poisoning-causing
substances obtained by the forensic science laboratory is very useful for medical institutions to decide
on treatment and initial investigation policies.

On the other hand, as an organization in charge of analysis, the National Research Institute of
Police Science experienced a great deal of confusion in the inspection system during the 1998
poisoning-related incidents. In particular, a) unusual drugs (arsenite, azide, etc.) were used in the
cases, and it was difficult to quickly identify the substance causing the poisoning; b) there were
misjudgments about the detection of poisonous substances in the early stages of the cases (such as
the false detection of cyanide ion in the Wakayama poisoned curry case); and c) there were many
copycat crimes in which common commodities like liquid soap were added to food, and the number
of forensic appraisals temporarily exceeded the processing capacities of the forensic science
laboratories. In light of these past incidents, the police have been trying to establish a systematic
toxicological examination system that can detect poisoning-causing substances quickly and
accurately in order to respond appropriately to cases of poisoning with unknown causes. In this
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section, the author discusses the problems of the existing toxicological examination system from the
viewpoint of consequence, and he describes the direction of development of analytical technology
for accurate and rapid identification of substances causing poisoning with the aim of realizing a safe
and secure society. In the case of chemical terrorism such as a sarin gas attack, exposure to the
vaporized chemical warfare agent causes immediate poisoning. Therefore, in the immediate
aftermath of an incident, it is more important for the first responders to detect at the scene rather than
to transport the samples to a specialized analytical laboratory for instrumental analysis. The
development of sensors and other measurement technologies can make great contributions to on-site
detection. More information on the post-event response to chemical terrorism is provided in Section
1-2, “On-site detection for chemical warfare agents”.

1-1-1-2.  Poison chain incidents
1-1-1-2-1. Wakayama poisoned curry case

In forensic science laboratories prior to the 1998 poison chain incidents, based on the past expert
experiences, simple tests such as visual inspections of evidence samples, liquidity tests such as pH,
pre-tests for cyanide ion, and pre-tests for coloration of the herbicide paraquat were prioritized®. This
was because hydrogen cyanide was the best known to potential criminals and paraquat was common
and easily available at that time. Since hydrogen cyanide is also produced during fires and can cause
poisoning, the determination of cyanide in blood samples has been conducted in burned death cases.
The pyridine-pyrazolone method is still widely used for the determination of cyanide ions in blood.®
Although this method is relatively complicated, requiring about 3 hours of operation, it has high
specificity for cyanide ion and detection sensitivity of several tens of ng/mL. The pre-tests are
followed by organic solvent extraction of the samples, and the organic phase is subjected to GC-MS
to screen for non-polar pesticides and drugs. The solution samples are evaporated to dryness and
subjected to Fourier transform infrared spectroscopy (FT-IR) analysis for qualitative testing of the
major organic constituents in them. In addition, electron probe X-ray microanalysis (EPMA) is
performed to detect toxic metals contained in samples. In recent years, the widespread use of LC—
MS and the construction of data libraries have made it possible to detect polar substances, including
metabolites and degradation products of medicines and toxicants. Furthermore, X-ray diffraction
(XRD) equipment enables qualitative testing of crystalline substances.

Three years after the sarin gas incidents of 1994-1995, the Wakayama curry incident occurred on
July 25, 1998, in which a number of persons who ate curry and rice at the summer festival site of a
local community association in the Sonobe district of Wakayama City immediately complained of
nausea, diarrhea, and abdominal pain. The health center initially announced that it was food
poisoning, but the symptoms occurred so quickly that questions were raised, and the health center
retracted the first report. As the cause of the illnesses was therefore unknown and poisoning could
be suspected, the Wakayama Prefectural Police launched an investigation. A positive cyanide
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reaction was obtained by the pyridine-pyrazolone method for the leftover curry evidence samples
sent to the prefectural forensic science laboratory. Four persons died on July 26 and 63 others were
taken ill. On July 27, the Wakayama Prefectural Police Headquarters announced the detection of
cyanide, and the investigation and treatment proceeded along the lines of administering a cyanide
antidote to the patients and clarifying the cyanide distribution route. The symptoms were nausea,
diarrhea, and abdominal pain, and a day passed before the deaths, so there were some who doubted
this line of thinking.

When the prefectural forensic science laboratory could not detect cyanide in the evidence curry
samples again, the National Research Institute of Police Science was commissioned to conduct a
more sensitive analysis. However, no cyanide was detected using the HS-GC based cyanide
detection method (LOD: several ng/mL) that had been developed by the institute.>*° Although the
possibility of cyanide dissipation and decomposition in the curry samples was suspected, the fact that
no toxic concentration of cyanide was detected in the victim's blood sample was judged to be
conclusive, and it was presumed that the forensic cyanide detection was a false positive. However,
the institute workers failed to find any other poisonous substances in the samples. At that time, a
researcher who was working at the institute happened to receive a call about the loss of cyanide gold,
and if cyanide gold were the substance that caused the poisoning, it could explain the strong toxicity
and the detection of cyanide by the prefectural forensic science laboratory. Since the detection
sensitivity of the X-ray fluorescence spectrometry system (several tens of pg/mL) was not very high,
the analysis was conducted using a new ion chromatography-mass spectrometry (IC-MS) system.
On August 1, the National Research Institute of Police Science reported the detection of arsenic in
an evidence curry sample, and on August 4, the cause of poisoning was attributed to arsenite. 1C—
MS and inductively coupled plasma mass spectrometry (ICP—MS) are not only capable of analyzing
arsenic in different forms (oxidation degree), but also the m/z of the detected ion As. The advantage
of IC-MS and ICP-MS is that the m/z 75 of the targeted As ion can be detected without interference
from the aggregated ions of plasma gas Ar and chlorine CI (m/z 75).

1-1-1-2-2. Niigata poisoned tea incident

Following the poisoned curry case in Wakayama, 13 employees of a factory office in Ogishima-
cho, Niigata City, drank tea at around 8:00 a.m. on August 10 of the same year, after which they
complained of numbness in their hands and feet, dizziness, and nausea. Although cyanide and arsenic
acid were considered, both the medical institution and the forensic science laboratory of the Niigata
Prefectural Police reported the detection of cyanide in an emergency preliminary test before noon.
The police, who were cautious about cyanide detection after the false positive result in the Wakayama
poisoned curry case, immediately sent evidence samples to the National Research Institute of Police
Science, but cyanide was not detected in the stomach contents. The prefectural forensic science
laboratory continued the toxicological tests, but no specific poison was detected. EPMA did not
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reveal any characteristic metals other than Mg in the dried solids of the leftover tea and the pot of
hot water in the evidence samples. The prefectural forensic science laboratory observed the specific
absorption of azide in the dried solids by FT-IR and confirmed the match with the diffraction image
of sodium azide crystal by XRD, and the detection of sodium azide was reported on August 11.
However, if sodium azide had been added to a complex matrix sample such as curry, it would have
been impossible or very difficult to detect the poison. Currently, the pentafluorobenzyl-derivatized—
GC-MS method enables highly sensitive detection and quantification of azide regardless of the
sample matrix.!* During August of 1998, there were several cases of contamination of food and
beverages with paraquat, diquat, terebinth oil, dichlorobenzene, cresol, and tetramethrin throughout
Japan.*2

1-1-1-2-3. Nagano cyanide oolong tea incident

On September 1 of the same year, the manager of a supermarket in Suzaka City, Nagano Prefecture,
took a PET bottle of oolong tea from a display stand and sipped some of it; he noticed that the tea
gave off a strange odor and bitter taste. The prefectural forensic science laboratory detected cyanide
ions in the tea. A woman in the neighboring city of Obuse, who heard about the foreign substance
contamination case, called the police, and it turned out that her husband, who died early in the
morning of August 31 after being diagnosed with acute heart disease, had died after drinking oolong
tea purchased at that same supermarket. The victim had already been cremated, but his blood and the
remainder of his tea drink had been preserved, and the results of cyanide ion tests on the evidence
samples at the National Research Institute of Police Science and the prefectural forensic science
laboratory showed that the victim’s blood and drink samples had high concentrations of cyanide ions,
several pg/mL and about 1 mg/mL, respectively.

The cyanide-containing oolong tea bottle had a hole in the bottom and that hole was sealed with
adhesive. It was presumed that the perpetrator drilled a hole in the bottom of the unopened oolong
tea bottle, added cyanide ions, sealed the hole with glue, and returned the bottle to the store display
stand. Immediately after this incident, many people who purchased bottled drinks checked the bottom
of the container.

About 40 copycat incidents of contamination of food and beverages with foreign substances
occurred nationwide until they stopped at the end of 1998. The majority involved the contamination
of food and beverages with foreign, but common substances found in daily life, and most of them
were deranged acts or self-made contaminations without wide consequences. Pesticides and
bleaching agents were the main contaminants, but sodium azide was used in Mie, Aichi, and Kyoto
prefectures, causing multiple victims. Cadmium was also used in Kyoto. Suspicious food and
beverage samples were brought into various forensic science laboratories day and night, and a large
number of urgent toxicological analyses were conducted.
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1-1-1-3.  Toxicological inspection system
1-1-1-3-1. Toward the establishment of an inspection system

In order to solve the problems described in 1-1-1-1 that are associated with poisoning incidents,
three matters must be attended to from the viewpoint of analytical chemistry. First, it is necessary to
establish analytical methods for poisonous and deleterious substances that have been impossible
previously to test for by introducing new analytical technologies, such as the use of high-performance
analytical instruments. Second, it is necessary to consider three phases of chemical change: phase I,
from the time the toxicant is ingested or added to the time the evidence samples is collected; phase
I1, during transport and storage of the evidence samples; and phase Il1, during processing or analysis
in the laboratory. Considering that many chemical changes occur, the possible causes of
misjudgments should be clarified analytically, and accurate analytical methods that do not produce
artifacts should be developed based on an accurate understanding of the change processes of toxic
substances in biological or environmental samples. Third, it is necessary to establish a rapid and
high-throughput simple test method for screening to select samples for more detailed analyses.

Poisoning cases can be divided into two categories: large scale cases with a large number of
victims and cases involving foreign substances in food and drink with no clear victims. Evidence
samples can be divided into "field samples" such as leftover food and drink that the police obtain at
the scene and "biological samples" of the victims. The latter are organs and blood samples collected
during administrative autopsies at university forensic medicine departments in cases of death, and
they may be sent to a forensic science laboratory. When a victim is transported to a medical institution
such as an emergency medical center, biological samples such as blood and stomach contents are
subjected to urgent simple toxicological testing at the hospital laboratory, and in some cases, the
police may retain these biological samples and send them to the responsible forensic science
laboratory. Biological samples can be categorized as stomach contents (outside the body), where
food and drink have not yet been fully absorbed, and blood and organs (inside the body). In large-
scale poisoning cases, it is not difficult to detect poisoning-causing substances in the field samples,
unless the selected test method is wrong, because the information on the victims’ poisoning
symptoms may be available to some extent. In this case, the analyses of biological samples are
supplementary for proving poisoning and confirming the course of treatment. In cases where field
samples cannot be obtained, it is necessary to identify the substance causing the poisoning from
biological samples, which is technically more difficult. In the case of contamination of food and
drink with foreign substances, it is not always the case that a poisonous amount is mixed in, for
example, no poisonous substance is detected at all, and contaminated ingredients may be detected
from outside that were introduced during storage, transportation, and handling of evidence samples.

The evidence samples can be divided into three types: field samples, stomach contents, and blood.
Field samples are unspecified in terms of sample matrix, blood is constant, and stomach contents are
in between. The concentration of toxins in the samples is lower in the order of field samples, stomach
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contents, and blood. For field samples, decomposition and disappearance of toxicants can occur, for
stomach contents, toxicant stability under acidic conditions is an issue, and for blood, metabolism
and postmortem changes must be considered. Therefore, toxicological examination of field samples
is advantageous in identifying the poisoning-causing substances. Cyanide poisoning can be taken as
an example: if a lethal dose of potassium cyanide is mixed in 200 mL of coffee, the concentration is
more than 0.5 mg/mL, and if the coffee is drunk, the cyanide concentration in the stomach contents
will be about 0.1 mg/mL. The lethal concentration of cyanide ion in blood is about 3 pg/mL.
Detection and quantification of cyanide ion from field samples and stomach contents are relatively
easy, but detection from blood requires a highly sensitive analytical method.

1-1-1-3-2. Pre-test methods

In addition to the conventional Schdnbein method (for cyanide ion) and the Sep-Pak extraction-
dithionite reduction colorimetric method (for paraquat), the iron oxide colorimetric method for azide,
which is a poison that attracted attention in some of the poison chain incidents, and the Reinsch
method for arsenic have been confirmed to be useful and are now being used as preliminary test
methods.*® In addition, a preliminary test method that can detect cyanide and azide ions within one
hour was developed by employing microdiffusion extraction under heating and coloration under
heating.!* The capillary electrophoresis (CE) method® and the anion exchange IC method are used
for simultaneous detection of toxic anionic compounds by analytical instruments. However, while
these methods are suitable for toxicological testing of field samples and stomach contents, they are
not sensitive enough for detection in biological samples.

1-1-1-3-3. Conventional measurement techniques

X-ray fluorescence spectrometry is conventionally used in forensic science for the detection of
metals, and it is characterized by its ability for rapid measurements in any sample matrix. The
sensitivity is around several tens of pg/mL, but improvements in sensitivity have been made by using
small area X-ray systems and devising sample adjustments.

FT-IR, EPMA, and XRD were effective in detecting sodium azide in the Niigata poisoned tea case,
and they can be used not only for micro object analysis in forensic chemistry, but also in the appraisal
of toxicological cases. ICP-MS has a capability for high-sensitivity analysis of toxic metals, and it
is useful for testing evidence samples that contain only trace amounts of toxic metals, such as
biological samples.

IC instruments are used for water quality analysis, and the suppressor type instruments have high
sensitivity (ng/mL level). These IC instrumental analyses are applicable to the examination of field
samples and stomach contents.

The head-space method is a pretreatment method for GC analysis and it is suitable for the analysis
of volatile substances.'® Because of its high sensitivity, the head-space method can be applied to all

10
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types of evidence samples in any sample matrix. It can detect organic solvents better than GC-MS
analysis using a polar column and MS detector. Cyanide and nitrile compounds can be detected by
GC analysis using a nitrogen-phosphorus detector (a type of flame photometric detector).

1-1-1-3-4. Derivatization for GC-MS method analysis

The GC-MS method is used for the analysis of non-polar pesticides and drugs that volatilize when
heated, but it can also be used for polar compounds that were previously unsuitable for analysis by
converting them to volatile compounds through derivatization reactions. Anionic toxicants have been
analyzed by IC, but GC-MS analysis is now possible by derivatization with pentafluorobenzyl
(PFB).111 Derivatization for a GC-MS method analysis (derivatized-GC-MS method) is a highly
sensitive approach and can be applied to almost all types of evidence samples, regardless of the
sample matrix.

1-1-1-3-5. New measurement technologies

LC-MS has recently become popular, but in 1998, its use was not widespread in forensic science.
LC-MS is essential for the analysis of organic toxicants with molecular weights of several hundred
or more, such as natural poisons, unstable medicinal toxicants, and their metabolites and conjugates.

CE is characterized by high resolution, high reproducibility, rapidity, and simplicity,*” and has
been used as a screening method for toxic anions. In addition, it is possible to separate and detect
toxic anions, cations, neutral molecules, non-polar molecules, and polar molecules using only one
capillary fused silica column by adjusting the phoresis conditions such as the phoresis buffer. CE has
also been proposed for use as an adjunct to the analysis of toxic substances themselves in forensic
chemical analysis. For example, in the case of cyanide contamination of beverages, the determination
of cyanide is absolutely necessary due to the lethal dose, but since cyanide volatilizes and disappears
under neutral and acidic conditions, the concentration of cyanide in potential evidence samples
decreases with time before they are collected. Since the counter cation of cyanide, e.g., potassium
ion, does not volatilize and disappear, its concentration can be quantified by analyzing it in a
swimming buffer system containing hydroxyisobutyric acid and 18-crown-6-ether to determine the
amount of potassium cyanide added. Since alkali metals and alkaline earth metals are contained in
beverages, it is necessary to evaluate the target beverage and subtract the background value. Absolute
quantification is possible with the CE method by selecting the phoresis conditions that minimize the
influence of the sample matrix. The lower detection limit is not as high as the pg/mL level, but it is
sufficient for rapid testing of field samples.

1-1-2. Chemical warfare agents
1-1-2-1.  Properties of chemical warfare agents
Most chemical warfare agents are low-molecular-weight synthetic compounds that are effective
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for suppression (suppression of insurgents, paralysis of enemy forces) at low exposure
concentrations. 8:19-20 According to their toxic effects and physicochemical properties, these
compounds are classified as: gaseous "blood agents" and "choking agents"; volatile "nerve agents"
and "blister agents"; and non-volatile "vomiting agents (sneezing agents)" and "tearing agents (mob
suppressants)”. Molecular weight, melting point, boiling point (vapor pressure), atmospheric
retention, lethal concentration, disabling concentration, odor, aqueous solubility, stability in water,
skin effects, and antidote efficacy vary greatly from agent to agent. Although there are some slow-
acting chemical warfare agents such as phosgene and mustard that become toxic after a long exposure
time, onset of action is generally rapid. Nerve agents, which are highly poisonous
organophosphorous compounds, and blister agents, which are chlorine-containing compounds, are
designated as scheduled chemicals by the Chemical Weapons Convention.?! In Japan, some
chemical warfare agents are treated in accordance with the Chemical Weapons Convention as the
Law Concerning the Prohibition of Chemical Weapons and the Regulation of Specified Chemical
Substances?® (effective June 7, 2020). Toxic substances used as chemical warfare agents and their
highly-likely-to-be-used raw materials are defined as "specified substances”; other toxic substances
and their raw materials that may be used in the manufacture of chemical weapons are defined as
"designated substances". The manufacture, possession, and use of both specified and designated
substances are legally restricted.

Although chemical warfare agents can be taken up through skin contact or oral ingestion, vapor
inhalation is the primary route of ingestion in chemical terrorism and accidents, and major on-site
detection technologies target chemical warfare agents in vapor form. Lethal loading values (LCtso,
mg-min/m?®) are used as the values to determine toxicity.%

There are four main ways in which chemical warfare agents may be released at terrorist sites: 1)
artillery shells are fired and land on the site and explode, scattering chemical warfare agents; 2)
chemical warfare agents are dispersed as aerosols by sprayers; 3) chemical warfare agents are sprayed
and spread by natural evaporation; and 4) chemical warfare agents are added to food and drink. These
forms of chemical warfare agent vapors or aerosols can be inhaled through the respiratory tract,
absorbed through the skin, or ingested through the digestive tract, resulting in poisoning. Since
inhalation of a chemical warfare agent diffused over a wide area can lead to large-scale poisoning,
the volatilization (mg/m?®) and half lethal concentration (LCtso, mg-min/m?3) are important. Figure 1-
3 shows the chemical structures of major chemical warfare agents, and lists their LCtso values, and
volatilization (mg/m?3) at 20°C.

The volatilization and LCtso values for sarin are 23,000 mg/m?® and 150 mg-min/m3, respectively.
Sarin, which has a volatility higher than its lethal concentration, caused deaths and thousands of
injuries to people in the Tokyo subway sarin gas attack that showed how dangerous exposure to it is
for unprotected humans. On the other hand, VX and Novichok, which are less volatile and more toxic,
are often used for assassination purposes targeting individuals.
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Chemical warfare agents that act by inhibiting the cholinesterase (ChE) activity of nerve synapses,
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Figure 1-3a. Structure, volatilization, and LCts, of major chemical warfare agents

causing accumulation of acetylcholine and inhibiting neurotransmission include sarin, VX, and
Novichok. Blister agents that act on the skin, eyes and respiratory organs, causing erosion of their
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contact surfaces include mustard gas, nitrogen mustard, and Lewisite 1. Phosgene is an example of
choking agents that injure the respiratory system, including the nose, throat, and lungs, making
breathing difficult. Hydrogen cyanide is an example of blood agents that interfere with the normal
oxygen consumption of cells. 2-Chloroacetophenone is an example of vomiting agents that irritate
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Figure 1-3. Structure, volatilization, and LCtso of major chemical warfare agents
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the mucous membranes of the eyes, nose, and pharynx, causing tearing, sneezing, and coughing.
Finally, 3-quinuclidine benzilate is an example of tearing agents that temporarily render persons
physically or mentally inactive. Except for capsaicin and biotoxins (Figure 1-3), all the above are
synthetic chemicals. The nerve agents, blister agents and sheezing agents have only chemical warfare
applications, while blood agents and choking agents have industrial applications, as well.

1-1-2-2.  Cases in which chemical warfare agents were used

The Iran-lraq War in the 1980s is a well-known case in which the chemical warfare agents, sarin
gas and sulfur mustard, were used.?* In 1992, the United Nations adopted the Chemical Weapons
Convention® and in 1994, the Japanese government enacted, the Law Concerning the Prohibition
of Chemical Weapons and the Control of Certain Chemical Substances.?? In 2013, the Organization
for the Prohibition of Chemical Weapons (OPCW) was awarded the Nobel Peace Prize.

In Japan, members of the Aum Shinrikyo religious cult manufactured sarin gas in the early 1990s,
and released it in incidents in Matsumoto in 1994 and in the Tokyo subway system in 1995, together
causing 19 deaths and injuries to more than 5,000 persons.26:2728293031 | addition, the group carried
out personal terrorism (using VX) and small-scale terrorism (cyanide gas use was attempted). The
Tokyo subway sarin gas attack prompted other countries to put efforts into building a system to deal
with chemical terrorism. In Japan, after the poisoned curry incident in Wakayama in 1998,%2% the
criticality accident at Tokai Village in 1999 (this was not a terrorist attack but an industrial accident
that caused the release of radioactive materials, contaminating areas outside the plant), and the 2001
9/11 terrorist attacks and the sending of anthrax-contaminated objects in the mail, the government
begun to develop a system to deal with weapons of mass destruction: that is, chemical warfare agents,
biological agents, explosives, and radiological and nuclear materials(CBERN).?

In the event of a terrorist attack using chemical warfare agents (chemical terrorism), the most
important crisis management measure is to detect and identify the causative agent. As indicated
earlier in Figure 1-1, achieving this means 1) carrying out monitoring and security checks of
hazardous materials at large-scale events, important facilities, etc., to prevent terrorist attacks before
they occur (pre-terrorism management); 2) carrying out on-site detection by police and other special
teams; and 3) implementing laboratory analysis by transporting on-site samples to specialized
analysis laboratories (e.g., toxicological analysis) to deter recurrence from the perspective of proving
crimes after a terrorist attack (incident management).

15



Chapter 1 Introduction: Police, Poison, and Chemical Warfare Agents

1-2.  On-site detection for chemical warfare agents
1-2-1. Overview of on-site detection

In Japan, the administrative departments that deal with chemical weapons are the Ministry of
Economy, Trade and Industry (in charge of domestic laws), the Ministry of Foreign Affairs (treaties),
the Ministry of Defense (defense), the Cabinet Office (disposal of abandoned chemical weapons in
China), and the National Police Agency, the Fire and Disaster Management Agency, and the Japan
Coast Guard (counter-terrorism). From the perspective of on-site detection of chemical warfare
agents, there are various activities: in the case of disposal of abandoned chemical weapons,
monitoring of limited chemical warfare agents at excavation and disposal sites is undertaken; in the
case of defense, detection of chemical warfare agents that are expected to be present on the battlefield
to some extent is done;** and in the case of counter-terrorism, detection of suspicious substances at
the border, important facilities, and event sites is done.®® Although this thesis is limited to chemical
terrorism countermeasures, the technology is also common to the disposal of abandoned chemical
weapons and defense. Except for obvious cases, such as a statement of intent, the possibility of
dispersal of various types of chemical warfare agents, including toxic industrial chemicals (TICs),
must be considered. If the symptoms of a victim exposed to a chemical warfare agent are clearly
visible, it is possible to narrow down the agent to be detected. Although the rapid onset of toxicity
of chemical warfare agents makes it difficult to rescue victims exposed to high concentrations, rapid
on-site detection is of paramount importance to prevent the spread of exposure damage, minimize
the scale of injuries to victims and damage, and provide effective medical treatment if victims are
still alive. However, the performance requirements for on-site detection technology have not been
clearly defined, and they are based solely on experience. Hence, they lack sufficient consideration of
how first responders can detect chemical warfare agents in the field. The requirements for on-site
detection include the types of chemical warfare agent for which an alarm can be made, alarm output,
response time, start-up time, recovery time, robustness, alarm portability, operability, maintenance
requirements, and installation and maintenance costs. In addition, the working conditions and
performance sustainability should also be considered.

There is an opinion that it is important to issue an alarm within one minute for vapor concentrations
below 1/100 of the 50% lethal concentration (LCso), based on the diversity of toxicity statement times
and dispersal situations in terrorism incidents.>*¢37383% |n the case of sarin, the required detection
concentration is 1.5 mg/m?, and at this level humans show few symptoms and cannot smell the gas.
In chemical weapons processing, a time-weighted average (TWA) value (roughly 1/100,000 of the
lethal concentration) is an acceptable monitoring indicator in a working environment because
workers remain on site for long periods of time.?® There is a trade-off between alarm sensitivity,
alarm time, alarm accuracy, and operability; for example, increasing the alarm sensitivity of a given
detector results in longer alarm times and higher false positive rates.

When the initial response team arrives at the scene, the members first assess the damage and the
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symptoms of the injured, but these are empirical, relying on their senses. At the time of the sarin gas
incident, field samples and victim samples were transported to specialized laboratories, and chemical
warfare agents were identified through laboratory analysis. In order to minimize the effects of
incidents, the ability to obtain information on the type and concentration of chemical warfare agents
dispersed as soon as possible is crucial to the success or failure of the response. Science and
technology have advanced significantly since 1995, and it is now possible to prove the use, poisoning,
and exposure of chemical warfare agents quickly and accurately.23940414243 |n terms of facilities,
a safe handling environment for scrubber draughts, decontaminants, etc., and skills and experience
in handling chemical warfare agents are required for inspectors. One of the major changes is that
field air samples can now be collected and concentrated on Tenax adsorbent and analyzed in the
laboratory by thermal desorption GC-MS.*4546 The detection of biomacromolecule-agent adducts,
which have a long half-life in vivo, is an effective way to prove exposure to chemical warfare
agents.*” For the serum samples of victims exposed to nerve gas, fluorinated products released by
sodium fluoride treatment of ChE adducts are analyzed by GC,*4% ChE-albumin adducts of nerve
agents, albumin or keratin adducts of mustard gas are enzymatically digested, and fragmented
peptides are analyzed by LC-MS/MS.#?

1-2-2. Classification of on-site detection methods by activity type and purpose

Upon arrival at the scene, first responders may suspect chemical warfare agent dispersion based
on visual observations. If abnormal conditions are observed at the scene (large numbers of casualties
without external injuries and bleeding, suspicious objects, etc.), chemical terrorism is assumed to
have occurred, and the type of chemical warfare agent is estimated from the poisoning symptoms of
the victims. In the past, when equipment was scarce, the five senses were used to make decisions.
However, odor sensitivity and perception vary greatly from person to person, and past reports
indicate that some odors are not from the chemical warfare agent itself, but from impurities in the
manufactured chemical weapons. Cyanide gas is considered to have an almond odor, but in reality
such a description is not appropriate. For chemical warfare agents, in addition to confirming the
damage by sensory perception, chemical components are measured by equipment, and various
detection techniques are employed depending on the target compound.® The level of alarm
identification varies between "screening” (broad classification) and "identification" (substance
identification). At present, detector papers, gas detector tubes, and ion mobility spectrometry (IMS),
flame photometric (FPD), photoionization detection (PID), surface acoustic wave (SAW) detection,
FT-IR, GC, MS, and GC-MS devices are used. In addition, chemical sensors, biosensors, and
microfluidic analytical systems (UTAS) are actively being developed. With the exception of
advanced discrimination techniques such as chromatography and spectrometry measurements, most
detection instruments only give alerts for limited types of chemical warfare agents. Typical agents
for which alarms are possible are nerve, blister, choking and blood agents, and TICs. VVomiting
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agents and tearing agents are in principle undetectable due to their volatility, but they have a low
priority for detection due to their low toxicity. Nerve agents are the highest priority targets for
detection. Although detection equipment and materials have been developed, manufactured, and sold
mainly by defense agencies,® there is no guarantee that they can be used in the field without any
modification to protect the public.

1-2-3. Classification of on-site detection methods by device type and detection
principle

“Remote detection" is a way to detect chemical warfare agents from a remote location using
spectroscopic techniques. The techniques are divided into "passive detection", which detects infrared
light emitted from the target, and "active detection”, which detects secondary light (ultraviolet,
visible light, infrared light, etc.) emitted from the target after primary light (laser light, etc.) is emitted
from a device installed near the site. If a terrorist attack occurs in a space filled with various
interfering substances, it is difficult for remote detection to provide the performance needed for on-
site detection.

“Aspiration detection” methods represent another way to detect chemical warfare agents in the air
and they are of two types: "continuous detection™ (continuous monitoring), in which a fixed or mobile
device is used to continuously aspirate air, and "individual point detection", in which a mobile device
is brought to the site. Continuous detection is a cycle of collecting air and measuring the concentrated
components to raise an alarm. In the case of "collection off-site analysis," the collected samples are
transported from the site to a specialized laboratory for analysis. Liquid and solid samples on a
sprayed surface are detected by contacting them with a detector or by collecting a portion of the
sample from the contaminated surface and setting it on the measurement unit of the device. It is also
possible to incorporate a mobile laboratory into a large trailer and visit the site for analysis.

Judgment of dangerous situations in terrorist attacks must be prompt. If a victim who is leaving,
or approaching from, a hazardous area is disabled or affected, appropriate first-aid measures, such as
securing the airway and administering antidotes, should be taken. The duty of the first responders is
to determine the hazardous area where protective masks and protective clothing are needed. Rapid
raising of alarms, and automatic and simple operation of devices are the most important items for
field detection, and low frequency of false positive alarms is next in importance. Frequent false
positive alarms during measurement hinders proper and timely field activities. A variety of detection
instruments are used by military and defense agencies,® and some of them have been introduced
into riot police, fire and rescue services, and the Japan Coast Guard for the purpose of protecting the
public.
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1-2-4. Current status of on-site detection technology
1-2-4-1.  Classical methods

Manual detection devices are still used in the field. Their operating principle is detection of
chemical warfare agents by visually judging the color change caused by the reaction between an
agent and a reagent. A "detection paper" immediately changes color when it comes into contact with
the chemical warfare agent liquid, and the sensitivity is at the p—-GCm? level (e.g., Toyobo (Japan)
detection paper and the US military M8 and M9 detection papers). In the case of Toyobo detection
paper, two types of dyes and a pH indicator are incorporated into cellulose paper, which turns brown
or orange on contact with droplets of a G-agent (sarin (GB), soman (GD), tabun (GA), etc.), brown
or orange on contact with an H-agent (HD, L1, etc.), and black or dark green on contact with a V-
agent (VX, RVX, etc.). The reaction is based on the solubility of the chemical warfare agent and
most solvents other than water will give false positives. Dimethyl methylphosphonate (DMMP),
acetone, toluene, ethyl acetate, etc. are false positives for G-agents, 2-mercaptoethanol, carbon
tetrachloride, aniline, etc. are false positives for H-agents, and diethylamine is a false positive for V-
agents. Due to the high possibility of these false positive occurrences, their use in civil defense is not
practical.

"Gas detector tubes" show a color change when chemical warfare agent vapors are drawn into
them, and the sensitivity is generally at the mg/m? level. Reagents that exhibit compound-specific
color change are fixed to a silica gel in the tube. At the time of use, the test tube is cut at both ends
and a predetermined amount is drawn in. Industrial gas detector tubes (e.g. Kitagawa detector tubes
from Komyo Rikagaku Kogyo (Japan) and Gastech detector tubes (Australia)) can be used to detect
blood agents and asphyxiants, but for chemical warfare agents, Draeger Safety gas detector tubes
should be used.>® For nerve agents, a "phosphate ester" detector tube is used, with a lower limit of
confirmation of about 0.1 mg/m?, and the operation is complicated. For HD, a "thioether" detector
tube is used, with a lower limit of confirmation of about 2 mg/m?, and HD pseudo-agents with a
thioether structure show false positives; for L1, an "arsine and organic arsenic compounds" detector
tube is used, with a lower limit of confirmation of about 4 mg/m?, and organic arsenic is detected
separately by fractionation. For nitrogen mustard (HN1, HN2, HN3), an "organochlorine nitrogen
compounds" detector tube is used, with a lower limit of confirmation around 10 mg/m?, and false
positives for compounds with tertiary amine structures. For hydrogen cyanide and chlorine cyanide,
"hydrogen cyanide" and "chlorine cyanide" detector tubes are used, with lower limits of confirmation
around 0.3 mg/m® and 0.8 mg/m?®, respectively. For phosgene and chlorine, "phosgene” and
"chlorine" detector tubes are used, with lower limits of 1 mg/m*® and 0.8 mg/m3, respectively.
Depending on the type of gas detector tube, the operation can be complicated, involving the breaking
of the inner tube and the sequential transfer of the reaction solution. Some detector tubes require
several minutes of precise operation in several steps while wearing heavy protective clothing and
gloves and with limited visibility.
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1-2-4-2.  Optical detection methods

FPD devices measure the atomic emission of phosphorus or sulfur produced by combustion with
hydrogen gas. The AP2C/AP4C from Proengine (France)®* is a 500 mL plastic bottle sized automatic
detector that can detect vapor and droplets, and can be set to different modes for each element to
provide immediate alarms for phosphorus, sulfur, and arsenic. The lower alarm limit is about sub-
mg/m?3. FPD devices issue false positives for chemical warfare agents (DMMP, 2-mercaptoethanol,
2-chloroethyl ethyl sulfide, 1,4-thioxane, etc.) and cannot detect compounds that do not contain
phosphorus or sulfur atoms. The most used agents in chemical warfare (GB, VX, HD, L1) contain
phosphorus, sulfur, or arsenic, making FPD devices effective for defensive purposes, but not suitable
for screening for counter-terrorism purposes, as further expansion to detect other elements is difficult
in principle.

FID devices measure the ions produced by combustion with hydrogen gas, and have a lower alarm
limit of about sub-mg/m3.% Most chemical warfare agents are flammable and can be sensitively but
non-specifically detected

PID devices are non-specific detectors that measure the amount of ionization generated by
chemical warfare agents as they are ionized by ultraviolet light. The lower alarm limit for the
PpbRAE 3000+°¢ made by Honeywell (USA) is about several mg/m3. It is highly sensitive to
aromatic compounds, which are easily excited by UV light, but not highly sensitive or specific to
chemical warfare agents.

SAW-based chemical sensor technology®”*® can be used for on-site detection of chemical warfare
agents. When a chemical warfare agent is reversibly adsorbed onto a special liquid phase polymer
layer, the wavenumber of the SAW changes based on the mass increase. Portable array SAW
detectors are commercially available, and the ChemSentry, made by BAE Systems (UK), employs
ten different polymers to distinguish between nerve agents, blister agents, and blood agents, and
generate an alarm. However, the lower alarm limit is high, the response and recovery time is long,
and the frequency of false positives is high.*

1-2-4-3.  lon mobility spectrometry

IMS detectors®®6! are the most commonly used instruments in military operations and public
defense against explosives and illegal drugs, as well as chemical warfare agents.®2% Air components
are ionized at atmospheric pressure by beta rays or a corona discharge, and these reactant ions ionize
the chemical warfare agent in the vapor. The group of ions derived from the chemical warfare agent
is sent to the drift region and is detected at the end of the drift region. The ion mobility is affected by
the charge and the size and shape of the molecules. Spectra are observed at intervals of several to
several tens of milliseconds. The chemical warfare agent is identified by the ion mobility of the
detected peak and semi-quantified by the peak height. Ammonia and organic solvents can be
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introduced into the drift region as dopants, improving detection sensitivity and discrimination.®
Nerve gases, which are easily ionized, are detected with high sensitivity, while blood agents and
choking agents that do not form characteristic ions and are in close proximity to reactant ions result
in low detection sensitivity. Due to the atmospheric pressure ionization mechanism, IMS instruments
are compact and their response is fast. However, the resolution of the target ion peaks is much lower
than that of MS instruments, resulting in frequent false positives.

Aspiration type devices use a combination of several IMS cells with different ion mobility and
polarity to identify chemical warfare agents by pattern recognition.®®® M90 and ChemProX are
composite detectors made by Environics Oy (Finland),®” which use 2**Am for ionization; they have
6 and 16 IMS cells, respectively, and an accessory semiconductor cell. For G-agents, a "NERVE"
alarm is issued at the lower alarm limit of sub-mg/m?3, and false positives are given for DMMP and
other pseudo agents. For HD, L1, and HN3, the lower alarm limit is several mg/m?, and the alarm is
"BLISTER", showing false positives for 2-chloroethyl ethyl sulfide (2-CEES) and other pseudo
agents. Responsiveness to blood and choking agents is low.%® Since the detection sensitivity and
specificity of the IMS cells for HD containing sulfur are low, the accessory semiconductor cell is
used for detection, but the false positive rate is high. In addition, the detection performance of
gaseous chemical warfare agents with low molecular weight is insufficient.®

There are handheld IMS-based personal chemical detectors manufactured by Smiths Detection
(UK) that consist of a short drift tube for corona discharge ionization and ammonia (supplied in
exchangeable packs) as a dopant.” The current version, the LCO 3.3, gives alerts by agent name for
10 chemical warfare agents, with a lower limit of sub-mg/m? for G-agents and lower limits of around
1 mg/m?® for HD, L1, and HN3. The lower alarm limit for hydrogen cyanide, chlorine cyanide,
phosgene, and chlorine are a few mg/m?, and the frequency of false alarms increases as the moisture
removal filter of the detector degrades.™

There are other hand-held IMS detectors offering superior detection sensitivity and accuracy. The
SABRE 5000, manufactured by Smiths Detection, can detect nine different chemical warfare agents
and provide the name of the agent and an alarm.” Its successor, the Multi-Mode Threat Detector
(MMTD), can also be used to detect explosive components and drugs. In addition to vapor aspiration,
the swab detection mode can also be used to detect less volatile components in wipe samples.

Detectors that combine IMS with several types of sensors are also emerging.”® The GDA2 from
AIRSENS (Germany) combines the IMS technique with a semiconductor sensor, metal oxide sensor,
and PID to provide comprehensive detection of chemical warfare agents and TICs.”* The combined
method of solid phase microextraction (SPME) and IMS has also been developed.™

1-2-4-4.  Vibration spectrometry method
FT-IR systems provide non-destructive identification of chemical warfare agents by measuring
their infrared spectra.”® For air samples, the characteristic absorption peak in the low-wavenumber
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region is used as an indicator, considering the interference of water and carbon dioxide. Portable
devices such as the DX-40007" made by Gasmet (Finland) use a multiple reflection method to
improve sensitivity. The lower limit of detection is sub-mg/m?3. The VIR-100, 200, and 300 from
Japan Spectroscopic Corporation use a sealed structure in the interferometer section, which has the
same performance as the interferometers installed in high-performance FT-IR devices, to increase
sensitivity.”® For liquid and solid samples, the HazMatID (Smiths Detection), a portable device that
employs an ATR diamond sensor, is used on-site and it has an extensive spectral library for handling
suspicious white powder cases.’®

Portable Raman spectrometers are commercially available. First Defender from Thermo Scientific
(USA) has an extensive spectral library and is capable of rapid and easy screening not only for
chemical warfare agents but also for explosives, illegal drugs, and suspicious white powders
(biological agents).2® The Progeny ResQ from Rigaku (Japan) can switch between the 785 nm and
1064 nm lasers as excitation light, and is effective for samples containing fluorescent substances.8!

1-2-4-5.  Gas chromatography

GC systems measure the chemical warfare agent peaks that elute in steps from the GC column.
The chemical warfare agent is identified by retention time and the response of specific detectors (FID,
FPD, etc.). MINICAM (manufactured by O.l. Corporation, USA), an installed type, is capable of
highly sensitive detection of nerve agents and blister agents with a detection limit of sub-pg/m?® within
10 minutes by combining atmospheric collection and thermal desorption systems, and it is used in
chemical warfare facilities.®? GC systems with IMS8-84 and SAW® detectors have also been
developed.

1-2-4-6.  Mass spectrometry

MS can be used to detect chemical warfare agents in the field by reducing the size and increasing
the portability of the MS instruments used in laboratories and adding mechanical shock resistance.
Electron ionization allows for the use of extensive mass spectral libraries derived from cleavage ion
series. For MS systems used in the field, a hydrophobic membrane inhalation method is used to
eliminate oxygen and nitrogen from the ionization region.®” Chemical warfare agents absorbed by
the hydrophobic membrane are introduced into the ionization region, but low molecular weight
compounds and strongly adsorbed substances cannot be detected. The portable-MS200
(manufactured by Horiba, Japan), which was developed for TIC measurements in the environment,
employs a time-of-flight MS analyzer and pattern recognition data analysis, and can detect GB and
HD.88'89

Atmospheric pressure chemical ionization (APCI)-MS is a soft ionization method that easily
yields molecular-derived ions and it has been applied to field analysis. A field-use MS system has
been devised and can be applied to chemical warfare agent field analysis. The direct analysis in real
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time (DART) technique, in which helium plasma is impinged on the sample surface and the ionized
components are analyzed, is being used for chemical warfare agent analysis.*® Low-temperature
plasma can be applied to chemical warfare agent analysis because it non-invasively desorbs and
ionizes surface contaminants.®

GC-MS technology has also been miniaturized®® to field specifications and instruments are now
commercially available. Laboratory equipment has been converted to a vehicle-mounted system for
testing liquid samples (extracted with organic solvents in the field), and online systems for
concentrating and thermally desorbing field air with adsorbents are in use.® The transition to the
portable type was accomplished by adopting low-thermal-mass columns and providing a temperature
rise program.®** The Hapsite (manufactured by Inficon, USA) was developed as an instrument
dedicated to atmospheric analysis, which adsorbs and collects air with the TenaxTA packed
adsorption system, thermally desorbs it, and introduces it into a non-polar capillary column to
separate components with a temperature rise program, and then performs electron ionization—MS.%:7
The latest version, the Hapsite ER,% has improved performance® by using Tri-Bed collection tubes
and thermal desorption probes,’® and can separate and detect GB, GD, GA, GF, HD, HN1, HN2,
HN3, and CN in about 10 minutes. The detection limit is generally sub-mg/m* under typical
conditions. Some gaseous chemical warfare agents can be detected by directly introducing air into
the MS section. However, non-volatile VX is not detectable, and the highly adsorbable L1 and o-
benzylidene malononitrile are not highly detectable. The Torion T-9,1% a portable GC-MS analyzer
made by PerkinElmer (USA), employs a toroidal ion trap—MS analyzer, and can detect chemical
warfare agents after electron ionization—GC separation by SPME-type sample introduction02103,

1-2-4-7.  Sensors

Chemical sensors have also been used for chemical warfare agent detection.X%41% Electrochemical
sensors such as those manufactured by Riken Keiki'® enable highly sensitive detection of gaseous
chemical warfare agents, and highly sensitive detection of HD has been achieved by using carbon
fiber electrodes with dispersed gold nanoparticles.®” A chemical sensor using fluorescent reagents
reactive to nerve agents has been reported also.’® Since nerve agents and blister agents decompose
easily, the capillary electrophoresis UTAS system can be used to detect chemical warfare agent
decomposition products in on-site samples.%®

The development of biosensors that utilize the target enzymes of chemical warfare agents is also
being attempted.*® Acetylcholinesterase (AChE) isimmobilized on a sensor chip and used for nerve
agent detection, ™' where the rate of acetylcholine (ACh) degradation is reduced by enzyme
inhibition, and the choline produced by enzymatic degradation of ACh is oxidized by choline oxidase,
and the generated hydrogen peroxide is converted into an electrical signal.*2113114 Bjosensors that
utilize organophosphorus hydrolase have also been reported.!*> A biosensor that detects hydrogen
cyanide by electrochemically measuring the decrease in degradation of the substrate polyphenol by
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hydrogen cyanide, in which tyrosinase is immobilized on a carbon glass membrane and concentrated
in a mineral colloid, has also been reported.!

1-2-5. Comparison of on-site detection methods

The detection performance requirements desired by first responders using detection equipment in
the field include detection sensitivity, detection accuracy, response time, return time, and operability.
Remote detection is automatic and continuous, and especially the active type is more sensitive,
although the equipment is huge. However, background interference is strong, making it problematic
for practical use in public defense applications.

Gas detector tubes are capable of detecting a wide range of chemical warfare agents, but they are
cumbersome to operate and do not respond quickly enough, and they are regarded as a supplementary
method for confirming chemical warfare agent species. Detection papers are non-specific and cannot
be used for counter-terrorism. IMS devices achieve rapid and sensitive detection for nerve gases and
blister agents, but have low detection sensitivity for gaseous chemical warfare agents, resulting in
frequent false positives. In particular, the disadvantages are more pronounced in aspiration-type
devices, which have been eliminated to some extent in the long-drift type. FPD devices achieve rapid
and sensitive detection of nerve gas and HD, but false-negative results for chemical warfare agents
are frequent. PID devices have no detection specificity, and the adsorption of chemical warfare
agents is significant.

FT-IR systems are non-destructive rapid detectors, but they have poor detection sensitivity due to
difficulty in eliminating interferences. Atmospheric enrichment—-GC-MS systems provide sensitive
identification of volatile nerve agents and blister agents, but are cumbersome to operate and slow to
respond. The membrane electron ionization—MS system has low sensitivity and has a limited range
of detectable agents. The APCI-MS system is capable of sensitive detection of volatile chemical
warfare agents, but is large and cumbersome to operate. A variety of sensor methods have been
devised, but they are currently only applicable to individual agents, and practical devices have yet to
be developed. A counter-current APCI-MS system can provide specific, highly sensitive and
immediate detection of most chemical warfare agents, but the system is large and has not yet been
commercialized

Chemical warfare agents are distributed over a wide range depending on their volatility and
inhalation toxicity. In general, commercial detectors are not very good at detecting gaseous and non-
volatile chemicals. In addition, they generally have high false positive rates and slow response times.
There are no technologies or devices that meet all the criteria for chemical warfare agent detection,
and a combination of multiple devices is required.
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1-3. Laboratory analysis of nerve agents
1-3-1. Overview of laboratory analysis of chemical warfare agents

Chemical warfare agents vary in toxicity, strength, onset time, and physical properties, but they
are generally unstable and lose their toxicity by degradation in water. Once taken into the body, they
are metabolized and degraded, and there is little chance that the intact chemical warfare agent itself
will be detected. The analysis of such chemical warfare agents can be broadly divided into
verification analysis in chemical inspections related to the Chemical Weapons Convention,?! forensic
analysis related to criminal investigations involving chemical warfare agents, and crisis management
analysis related to chemical terrorism.? In Japan, the Japan Chemical Evaluation and Research
Institute (CERI) has been developing analytical methods and conducting inspections. International
recommendations have been proposed for chemical inspections.!” These tests are mainly aimed at
identifying chemical warfare agents and related substances in shells and the environment, and GC—
MS is positioned as the standard analytical method. A review of general analytical methods for
chemical warfare agents**® and a review of analytical methods for derivatization of degradation
products!®® are available. As for forensic analysis, the Toxicological Methods and Commentary 2017
provides a general explanation of chemical warfare agent analysis.® In addition, there are reviews on
analytical methods for nerve agents!? and analytical methods related to the sarin gas incident.1?%122

Laboratory analysis for consequence management requires rapid and accurate identification of
agents. While the forensic science laboratory at each prefectural police headquarters is responsible
for dealing with terrorism, the National Research Institute of Police Science, is commissioned by the
prefectural police headquarters to conduct the analysis. In addition to the usual chemical analysis
skills and experience, it is advisable to have a safe handling environment (scrubber drafts, dedicated
laboratory facilities, detection materials and equipment, antidotes, decontaminants) and to have
researchers with skills and experience specific to chemical warfare agents handle the samples.
Samples include aqueous solutions of field samples (wastewater, environmental water,
decontamination solutions), soil, field air, solids (rubber, polymeric materials, paint, clothing), and
wipes (oily deposits, dust, residues). Biological samples include blood, urine, skin, hair, and organs
of victims exposed to chemical warfare agents. Chemical warfare agents are present in sufficient
guantities to cause human poisoning when dispersed in the field, but they decompose after dispersal,
during the time persons are rushing to the site to collect and transport samples, during sample storage,
and during analytical operations (especially during pretreatment). With the exception of VX and
nitrogen mustard, nerve agents, blister agents, and sneezing agents degrade relatively quickly when
dissolved in water,'® and are rapidly degraded and metabolized in vivo. The degradation of nerve
agents is particularly rapid under alkaline conditions. Therefore, in practice, it is necessary to be able
to detect and identify their metabolism and degradation products in addition to the chemical warfare
agents themselves.'?® Nerve agents are hydrolyzed to alkylmethylphosphonates, which eventually
become methylphosphonates. 2 Tabun degrades by a different route (Figure 1-4). It is also
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RMPAs: Hydrolysates of Conventional Nerve Agents
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Figure 1-4. Hydrolysis products of nerve agents

metabolized in the body and converted into hydrolysates, oxidized products, conjugates, and adducts
with macromolecules such as proteins.

Blood agents and choking agents are low boiling point compounds that scatter easily and are
difficult to collect on site, but if air samples can be obtained, they can be qualitatively and
guantitatively analyzed by GC systems and gas detection tubes. Cyanide gas can be analyzed by HS—
GC method if itis collected in alkaline water on site. Nerve agents, mustard gas, and nitrogen mustard
in the air are unlikely to be detected in the laboratory because of their strong adsorption. They can
be detected sensitively if adsorbed and concentrated on Tenax in the site, and then injected by GC
into a thermal desorption system in the laboratory. Lewisite 1 cannot be directly collected in field air
samples, but if it is collected and absorbed in a solution containing dimercapto compounds, the
derivatization product can be detected by GC analysis in the laboratory. Non-volatile nerve agents
(VX, Novichok), vomiting agents, and tearing agents, which have high boiling points, are impractical
to collect from the air and are detected in field wipe samples. As for degradation products,
methylphosphonates, thiodiglycols, and ethanolamines characteristic of chemical warfare agents can
be detected by LC-MS analysis. The derivatized—GC—MS method and LC-ICP—MS can also be used
to detect these compounds.*?

Although chemical warfare agents are unlikely to be detected directly in the blood of victims
exposed to them, cyanide can be easily detected by the HS—GC method, and stable capsaicin can
also be detected. On the other hand, for nerve agents, blister agents, and sneezing agents, their
metabolites provide evidence of exposure; LC-MS, derivatized—-GC-MS, and LC-ICP-MS
methods can be used. For mustard gas, detection of characteristic -lyase metabolites is effective.'?®
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In addition, biopolymer adducts with a long half-life in the blood are useful as proof of exposure.
For nerve agents, ChE and chymotrypsin,'212¢ for blister agents, hemoglobin, albumin, and DNA,
and phosgene and albumin adducts are identified by derivatized-GC-MS and LC-MS methods
using proteases and chemical reactions.*’ In addition, ChE adducts of nerve agents can be analyzed
by GC-MS after the addition of sodium fluoride to regenerate the nerve agent from the adducts to

prove exposure. 129130

1-3-1-1. Laboratory analysis of nerve agents

The main focus of analysis in the Aum Shinrikyo sarin attacks was to prove the presence of sarin
and its hydrolysate in the evidence samples. Since the half-life of sarin in water is about one day and
its degradation in the body is rapid, it is effective to detect the hydrolysate as evidence of the presence
of the nerve agent. Samples of water and sediment collected at the site are placed in glass vials and
covered with Teflon-sealed caps. Any surface exposed to the chemical warfare agent is wiped with
a dry cotton swab that is then put into a vial. These field samples are placed in sealed stainless steel
containers lined with activated charcoal to prevent secondary exposure during transport and storage,
and transported to a forensic science laboratory. Biological samples from autopsies or treatment of
the victims are also transported to the forensic science laboratory in vials. If nerve agent poisoning
is suspected, blood samples are separated into blood cells and plasma by centrifugation, and ChE
activity is measured by DNTB absorption spectrophotometry using acetylthiocholine and
butyrylthiocholine as substrates, respectively, to prove nerve agent exposure. In the separated plasma,
butyrylcholinesterase is isolated by procaine amide affinity chromatography and SDS-
polyacrylamide gel electrophoresis, and the chymotrypsin digestion-LC-MS method was used to
detect nerve agent adducts.?®

Water samples are extracted with dichloromethane at neutral pH. Wipe samples and sediment
samples are extracted using dichloromethane, followed by water extraction, and then both are
combined and extracted by shaking. For blood samples, after protein removal with perchloric acid,
the pH is returned to neutral and extracted with dichloromethane. The organic phase is removed and
analyzed by GC. Non-polar compounds such as intact agents, synthetic intermediates, and by-
products are detected. In the aqueous phase, hydrolysis products of chemical warfare agents are
detected.

Nerve agents and blister agents, which are non-polar chemical warfare agents, are hydrolyzed to
highly polar methylphosphonic acids, thiodiglycols, and ethanolamines. Since GC-MS analysis of
these degradation products is extremely difficult, derivatized—-GC-MS methods have been mainly
used for analysis. In recent years, there have been many reports of LC-MS analysis, but still no
method has emerged that well meets the desired analytical performance and practicality. In
addition, it has been difficult to analyze Novichok degradation products using the conventional
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LC-MS method. The details of this situation and the new derivatized—LC-MS/MS method that the
author developed to overcome this problem are described in Chapter 3.
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1-4. Summary of this chapter

In the case of incidents or terrorism in which poisonous or chemical warfare agents are used, it is
important for consequence management to detect and identify the causative agents by laboratory
analysis and on-site detection. The results of research on instrumental analysis techniques in
toxicology are closely related to the establishment of laboratory analysis methods, and the results of
research on sensor-related techniques contribute to the development of on-site detection methods.

Cyanide ions and nerve agents, which are typical poisons and have high toxicity and availability,
have attracted the interest of many analytical chemists and sensors, and their analytical methods have
been reported. They have also received attention from analytical chemists because of the analytical
difficulty derived from their chemical properties. However, even today, while their hazards are fully
recognized, practical analytical methods are lacking, especially in terms of simplicity and detection
sensitivity.

The situations surrounding the analysis of cyanide ions and nerve agents are summarized in
Figures 1-5 and 1-6. The light blue crosses mark areas where it is difficult to conduct sufficient or
reliable police work on cyanide ions and nerve agents. In addition, for each of the areas of difficulty,
the limitations of the currently available methods are indicated. For cyanide ions, there is no highly
sensitive analytical method that can quantify the concentration of the ions to the level of poisoning
without producing false positives, regardless of the matrix in the consequence management. In
addition, the conventional pretreatment of microdiffusion tends to induce false positives and requires
a few hours, which is an obstacle to rapid and simple screening.

As for nerve agents, there has been a serious problem that non-volatile nerve agents (VX,
Novichok), which have been used several times in recent years, could not be detected in the on-site
detection, which plays a decisive role in the identification of unknown residues in consequence
management. In addition, even in the case of incident management, there is no general-purpose
analytical method with sufficient detection sensitivity for nerve agent degradation products, and no
research on Novichok has been done in this area.

The work in this thesis was aimed at overcoming these deficiencies or shortcomings by using
newly found chemical reactions and newly found device designs so as to contribute to the safety and
security of citizens.

The following chapters discuss the work in detail.
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Chapter 2 A Screening Method for Cyanide in Blood
by Dimethoxytriazinyl Derivatization-GC/MS

2-1. Introduction

Cyanide analysis is of forensic importance because cyanide is a compound with severe, acute
toxicity in blood, and thus it is sometimes involved in intentional poisoning. Cyanide has been used
in recent serial homicides in Japan and India.? Accordingly, analysis of cyanide in autopsy
samples is essential to prevent crime-related death from being overlooked.! However, the cyanide
ion has high polarity and low molecular mass, and thus difficult to detect by general screening
method for unknowns using liquid chromatography-mass spectrometry.

For the sensitive analysis of cyanide, many methods have been developed using colorimetric4®
or fluorimetric® 7 detection, or specific electrodes.® These methods require microdiffusion
pretreatment, which isolates volatile cyanide from non-volatile interfering species using a Conway
cell.>¥ Moreover, in forensic toxicological analysis, mass spectrometry is preferred due to its high
sensitivity and accuracy. Accordingly, headspace gas chromatography/mass spectrometry
(GC/MS)™ has become popular for cyanide analysis due to its easy operation and high accuracy.
Alternatively, a liquid chromatography-tandem mass spectrometry method was developed in which
cyanide was derivatized with taurine and 2,3-naphthalenedialdehyde. 2 - 13 In addition,
pentafluorobenzyl (PFB) derivatization-GC/MS is widely used due to the simple procedure,**
which is useful for field forensic toxicologists. However, pentafluorobenzyl bromide, the reagent
for the PFB derivatization, is a potent lachrymator, and the derivatization requires heating for 30
min and a phase transfer catalyst, which can damage the capillary column.** Therefore, a simpler,
faster method is required by field forensic toxicologists.

We focus on 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM),
which is commercially available as a condensing agent in synthetic organic chemistry. DMTMM
activates the carboxylic acid in dehydration condensation reactions with amines at room
temperature in water and alcohol.’™ The suitability of water as a solvent is particularly desirable in
the derivatization reaction of cyanide, which is almost insoluble in organic solvents. Moreover, no
phase transfer catalyst is required,* which can damage gas chromatography columns. Furthermore,
because DMTMM is an inexpensive stable solid with low irritation and toxicity we expected that it
could be easily used for screening.

Kakehashi et al. reported a method for derivatizing cyanide in beverages and blood with
DMTMM; however, the method focuses on screening for cyanide in beverages, and thus the
validated concentration points for quantitative analysis were 30 and 300 pg/m.*® The detection
limit of cyanide in blood by their method was 0.5 pg/mL, which cannot fully cover blood samples
from poisoning cases (0.1-0.2 pg/mL.Y’

We have independently discovered the reaction between DMTMM and cyanide forming
2-cyano-4,6-dimethoxy-1,3,5-triazine (DMTCN, Figure 2-1) and optimized this method for
screening biological samples to cover blood samples from poisoning cases. Here, we report a
simple screening analysis of cyanide in blood using DMTMM. The derivatization conditions were
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optimized for aqueous solutions and cyanide-spiked blood samples. The optimized method was
verified by intra-day and inter-day repetition analyses of spiked blood samples (cyanide 0.1-5

pug/mL).
O Na
MeO \ Ve . g MeO>_N O}_R CN .
N/ \>—}\I@ o"~"" """ N/ \>—0 R )—J\
>=N _/ >:N R C$N
MeO © MeO .
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(DMTCN)

Figure 2-1. The present derivatization reaction of cyanide ion with DMTMM (black), and the
attempted formation of alkanyl nitrile via dehydrocondensation (gray).

2-2. Experimental
2-2-1. Materials

Cyanide-spiked aqueous solution and blood containing cyanide were prepared using potassium
cyanide (Kanto Chemical Co., Inc., Tokyo, Japan). NaOH (Wako Pure Chemicals Co., Ltd., Osaka,
Japan), ultrapure water (Organo Co., Ltd., Tokyo, Japan), and reference blood not containing HCN
(blank blood) for other than the determination of method selectivity (BIOPREDIC International,
Rennes, France) were purchased. Derivatization reagent, DMTMM (Tokyo Chemical Industry Co.,
Ltd., Tokyo, Japan), was adjusted to a 20% (w/v) aqueous solution. The internal standard
compound (IS), 1,3,5-tribromobenzene (TBB; Tokyo Chemical Industry), was adjusted to 10
umol/L solution in ethyl acetate (EtOAc). Sodium tetraborate decahydrate (borax; Wako Pure
Chemicals), special grade EtOAc (Kanto Chemical), and trichloroacetic acid (TCA; Kanto
Chemical) were used for reactions. The other reagents were purchased from Wako Pure Chemicals,
Kanto Chemical or Tokyo Chemical Industry.

Blank blood specimens for the determination of method selectivity were collected from healthy
volunteers with informed consent, by nurses using vacuum vessels containing EDTA-2K with
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informed consent and were stored in a freezer until analysis. This study was conducted with ethical
approval by the Research Ethics Committee of the National Research Institute of Police Science,
Japan.

2-2-2. Instrumentation

A gas chromatography-mass spectrometer (GC-MS) SHIMADZU QP2020NX (Shimadzu
Corporation, Kyoto, Japan) was used to analyze the samples. The GC column used was Agilent
Technologies DB-5ms (30 mx0.25 mm, 0.25 um, Agilent Technologies, Santa Clara, CA, USA).
The inlet liner used was SHIMADZU 95 mm, deactivated, with wool for Split and Splitless
(volume: 862 pL, parts number: 221-75193, Shimadzu Corporation). The GC-MS conditions were
as follows: carrier gas: helium (1.0 mL/min), oven program: 60 °C (3 min) —25 °C/min-285 °C (3
min), injection volume: 1 pL, split ratio: 2:1, ionization: Electron lonization (El), scan range: m/z
50-500, extracted ion: m/z 136 (DMTCN, target), 312 (TBB, IS).

2-2-3. Sample preparation (aqueous solution)

Borax (30 mg, for removal of hydration water of cyanide and salting out of DMTCN) and the
sample (200 pL) were added to a microtube before adding DMTMM solution (100 pL, 20 w/v %).
The mixture was vortexed for 1 min at 23 °C, and then TBB solution (400 pL, 10 umol/L in EtOAc,
selected as the IS because of its low reactivity and appropriate retention time) was added and the
mixture was vortexed again. After centrifugation (3000xg, 10 s at 23 °C), the supernatant was used
as the test sample for the analysis.

2-2-4. Sample preparation (blood)

Cold TCA aq. (200 uL, 10 w/v %, 0 °C, for protein precipitation) was added to the blood sample
(200 pL) in a microtube. The mixture was vortexed for 20 s and centrifuged (13,000%g, 5 min at
4 °C). The supernatant (200 puL) was transferred to another microtube and saturated borax aq. (800
puL) was added, followed by adding DMTMM solution (200 pL, 20 w/v %). The mixture was
stirred for 1 min at 23 °C, and then TBB solution (400 pL, 10 umol/L in EtOAc) was added and the
mixture was vortexed. After centrifugation (3000xg, 10 s at 23 °C), the supernatant was transferred
to a gas chromatography vial for the analysis.

An equivalent of 100 pL blood was in the final extract, or 2x diluted compared to the aqueous
solution.

2-2-5. Validation procedures

Selectivity, linearity, sensitivity, accuracy (systematic error) and precision (random error) were
evaluated according to the United States Food and Drug Administration guidelines.®®

45



Chapter 2 A Screening Method for Cyanide in Blood
by Dimethoxytriazinyl Derivatization-GC/MS

2-2-5-1. Determination of method selectivity and interference

The method selectivity was evaluated by using five different blood samples as matrices. In
addition, each sample without either cyanide or TBB was analyzed to assess potential interference.
The criteria that target peaks do not overlap with peaks derived from endogenous matrices was that
there was neither a peak with area of more than 5% of the TBB peak area nor more than 20% of the
analyte peak area at the lower limit of quantitation (LLOQ) at the retention time of the target. To
evaluate the method selectivity in the presence of other anions, 14 anion species (CN", SCN", NO_,
N3, HS,, CHsCOO", F, CI;, Br, I, HCOs, NOg, S;0:*, SO4*) were tested using spiked blood
samples of each anion (CN" 1 pg/mL, other anions 5 pg/mL). Each blood sample was pretreated,
and the presence of a peak at the retention time for DMTCN (8.03 min) on the extracted ion
chromatogram (EIC; m/z 136) was examined. To evaluate the interferences, competition
experiments were performed in which blood samples containing CN- (1 pg/mL) and each anion (5
pg/mL, the same anions as used above) were used.

2-2-5-2.  Evaluation of linearity, sensitivity, intra- and inter-day accuracy and precision

To evaluate linearity, sensitivity, accuracy and precision, calibration curves were constructed
using spiked 0.1 mol/L NaOH aqueous solution and whole blood samples at six or seven
concentrations. The LLOQ was determined as the lowest concentration at which both accuracy and
precision were less than or equal to 20%. The intra- and inter-day accuracy and precision for the
standard samples should be within 15%, except at the LLOQ, at which a value of 20% is deemed
acceptable.

2-3. Results
2-3-1. Optimization of derivatization condition

We first attempted alkanyl nitrile formation with DMTMM (Figure 2-1). However, this
condensation reaction hardly proceeded. Instead, DMTCN (Figure 2-1), in which the morpholinyl
group of DMTMM was replaced with a nitrile group, was produced. Because DMTCN was formed
quantitatively in an aqueous one-phase system at room temperature after 1 min, we focused on
DMTCN as the target for derivatization GC/MS analysis of cyanide. Owing to the simplicity of the
methods, general purpose GC-MS settings, including those for inlets and columns, were used.

The amount of DMTMM was set to 20 mg for 0.1 mol/L NaOH and 40 mg for blood, based on a
balance between reagent usage and reaction efficiency (ratio of DMTMM amount to peak area of
DMTCN of: (a) 0.1 mol/L NaOH: 10 mg : 20 mg : 40 mg = 68% : 100% : 116%, (b) blood: 20
mg : 40 mg : 80 mg = 65% : 100% : 119%). In each sample (cyanide 1 pg/mL), the derivative was
efficiently generated at room temperature after 1 min.

To extract DMTCN from the aqueous phase, we added ethyl acetate after the derivatization
reaction because of the verification results for the extraction efficiency (before reaction : after
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reaction = 89% : 100%, based on peak area of DMTCN obtained from 0.1 mol/L NaOH, cyanide 1
pug/mL).

We also found that adding borax improved the reaction efficiency (borax 0 mg : borax 30 mg =
39% : 100%, based on peak area of DMTCN obtained from 0.1 mol/L NaOH, cyanide 1 pug/mL),
which is consistent with the observations of Kakehashi et al..1® This improvement was not observed
when sodium bicarbonate was added (data not shown), so this effect was probably caused by the
removal of hydration water of cyanide and salting out of DMTCN by borate ion, which is highly
kosmotropic.t®

A reaction time of 1 min was considered to be sufficient (1 min : 5 min : 10 min : 20 min =
100% : 104% : 99% : 84%, based on peak area of DMTCN obtained from 0.1 mol/L NaOH,
cyanide 1 pg/mL).

We determined that the derivatization reaction yield of cyanide in 0.1 mol/L NaOH was 44 + 5%
by comparing DMTCN synthesized in-house,?® which was comparable to the yield of conventional
PFB-derivatization of cyanide (40%, data not shown).

2-3-2. Modification for blood analysis

Protein precipitation for whole blood with TCA was introduced to reduce negative influences by
blood constituents. The TCA treatment efficiently improved derivatization efficiency, whereas
dilution alone used in a previous study® provided poor derivatization efficiency (Table 2-1, entry
1). Adding 200 pL of the supernatant obtained from 10% TCA-precipitation to 800 L of saturated
borax aqueous solution (Table 2-1, entry 3) gave good results (Table 2-1, entries 2-6).

Table 2-1. Optimization of blood pretreatment condition

pretreatment of blood

DMTCN/TBB

entry sample [TCA] sat. borax ag. (peal )
peal area)?

(WL)  (wiv %) (WL)
1 100 - 900 6.6%
2 200 20 800 81.6%
3 200 10 800 100.0%
4 200 10 800° 93.5%
5 200 10 400 76.1%
6 200 10 - 19.2%

- : not added., ? Set entry 3 as 100.0%., ® Borax 30 mg was added.,
¢ Sat. NaHCO:s aqg. 800 pL was added.
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2-3-3. Chromatograph and mass spectrum

The chromatograms obtained from 1 pg/mL cyanide in 0.1 mol/L NaOH, which is equivalent to
a sample after microdiffusion, and from whole blood containing cyanide (1 pug/mL) are shown in
Figure 2-2A, B. The peaks at retention times of 8.03 and 8.70 min correspond to DMTCN and TBB,
respectively (Figures 2-2A, B). In addition, EIC (m/z 136, base peak) and mass spectra of the
standard DMTCN are also shown in Figures 2-2C, D, respectively.
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Figure 2-2. (A), (B) Total ion current chromatogram obtained from (A) 0.1 mol/L NaOH, (B)
blood, (C) EIC (m/z 136) of standard DMTCN in EtOAc, (D) El mass spectrum of DMTCN.
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2-3-4. Validation
2-3-4-1.  Linearity and sensitivity

When this method was performed on blood specimens obtained from five healthy non-smokers,
there were neither a peak with area of more than 5% of the TBB peak area nor more than 20% of
the analyte peak area at the LLOQ at or near the retention time of the target, and there were no
minor peaks in the each extracted ion chromatogram (data not shown). Therefore, the analyzed
peaks did not overlap with peaks derived from endogenous matrices. Linearity and sensitivity were
determined to be as follows: aqueous solution: regression equation: Y = 1.6393X-0.0231, R? =
0.990, blood: regression equation: Y = 0.6980X-0.0331, R? = 0.987.

2-3-4-2. Intra- and inter-day accuracy and precision

The results of repeated intra- and inter-day analysis (0.05, 0.1, 0.25, 1 and 5 pg/mL, n = 5) using
the calibration curves prepared for the aqueous solution and whole blood are shown in Table 2-2.

The concentration ranges, which are compatible with the US Food and Drug Administration
guidelines (accuracy and precision within 20% for the lower limit of quantification and within 15%
for other concentration?®), were 0.05-5 pg/mL for the aqueous solution and 0.1-5 pg/mL for whole
blood. Thus, the LLOQ of aqueous solution and blood were 0.05 and 0.1 pg/mL, respectively. The
limit of detection (signal-to-noise ratio >3) of the aqueous solution and blood was 0.01 and 0.05
pg/mL, respectively (Figure 2-3A, B).

Table 2-2. Validation results
[cyanide] (png/mL)
005 01 025 1 5
aqueous intra-day accuracy (%) 83 -6.1 -99 -7.7 6.7
solution precision (%) 145 113 37 74 22
inter-day accuracy (%) 59 -25 -139 -143 -1.9
precision (%) 69 53 9.7 103 109

sample (n = 5)

blood intra-day accuracy (%) - 77 -142 -34 A7
precision (%) - 17 72 19 58
inter-day accuracy (%) - 35 -129 -136 1438
precision (%) - 186 10.8 13.7 3.6

- : not tested.
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Figure 2-3. EIC (m/z 136) obtained from (A) 0.1 mol/L NaOH (cyanide 0.01 pg/mL), (B)
blood (cyanide 0.05 pg/mL).

2-3-4-3.  Selectivity and interference

In the selectivity test, only CN" yielded DMTCN (Figure 2-4, seven of these results and a blank
blood result are shown). No DMTCN peaks were detected even in the case of SCN-, NO2 and NOs,
which are known to yield cyanide and show false positives by acid treatment of blood samples,?
probably because of the difference in pK, between acids used: H2SO4 (pKa -3, used in the same
amount of 10% solution as blood in a usual acid treatment), TCA (pKa 0.66, used in the same
amount of 10% solution as blood in the present method).

In the interference test, there was no significant interference (no >8% increase or decrease in the
peak area of DMTCN).
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Figure 2-4. EIC (m/z 136) obtained from cyanide (1 pg/mL) in blood, blank blood, other
anions (5 pg/mL) in blood.

2-4. Discussion

From what has been shown above, we can conclude that samples containing cyanide at
concentrations ranging from toxic (0.1-0.2 pg/mL) to lethal (3-5 pug/mL) can be used not only for
guantitative analysis after microdiffusion, but also for screening analysis of cyanide by simple
pretreatment of blood. The selectivity and interference results demonstrated that this GC-MS
method had selectivity towards cyanide ion and robustness against other anions. The present
method has comparable analytical performance to PFB-derivatization without the disadvantages of
lachrymatory properties, long reaction time, and heatin.** In addition, the present method achieved
the analysis of blood cyanide in the toxic concentration range, which the previous study using
DMTMM did not.'® Moreover, the derivatization reaction required 20 min stirring in the previous
study, whereas 1 min stirring was sufficient in our optimized method.
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Chapter 3 Analysis of Novichok A-series Degradation Products in Human Urine

by Dimethoxytriadinylation LC-MS/MS

3-1. Introduction

Nerve agents are among the most formidable compounds with organophosphorus structures

(Figure 3-1A). Because they are classified as chemical weapons, the production, use, and storage of
these compounds are strictly controlled under the Chemical Weapons Convention (CWC).!
However, they are still used in war, terrorist actions, and assasination.2**%6 One of the Novichok
A-series compounds, A234 (Figure 3-1A), was used in the attempted assassination of former
Russian diplomat Sergei Skripal in 2018;"# its identity was confirmed by the Organization for the
Prohibition of Chemical Weapons (OPCW).® After this poisoning, Novichok and its related
compounds were added to the list of schedule 1 substances of the CWC.1° These agents were also
used in the attempted assassination of Alexei Navalny in 2020.1*'! Thus, these compounds pose an

increasing threat to citizens as well as security measures worldwide.

In the event of a chemical terrorist attack, it is necessary to identify the toxic substances

responsible. However, they generally cannot be detected in an intact form from environmental or
biological samples. 2 * These compounds are susceptible to hydrolysis to form alkyl
methylphosphonic acids (RMPAs) or Novichok degradation products (Figure 3-1A).1
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Figure 3-1. (A) Structures of nerve agents and their primary hydrolysis products focused on in

this study, (B) conventional methods to detect RMPAs

(either intact

or after

pentafluorobenzylation) and the dimethoxytriadinylation method presented in this paper.

RMPAs have been analyzed by a variety of techniques.’>® Liquid chromatography-tandem
mass spectrometry (LC-MS/MS) in particular has been widely used recently.r”8¥ However, the
separation of RMPAs from sample matrices is difficult because of their hydrophilicity. In addition,
highly hydrophilic compounds such as a VX hydrolysate and Novichok hydrolysates are not
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retained well by commonly used reversed-phase columns. 131720

A few methods for the detection of RMPAs in biological samples have achieved sub-ppb
detection levels that are sufficient for actual analysis. Although these methods are well designed
with a good understanding of the chemical properties of nerve agent hydrolysates, they require
solid phase extraction (SPE) or online ZrO2-columns for concentration and matrix removal.?*?? In
addition, the high polarity of nerve agent hydrolysates necessitates the use of hydrophilic
interaction liquid chromatography (HILIC) columns. However, the re-equilibration and
reproducibility problems inherent in HILIC columns, as well as the careful removal of large
amounts of hydrophilic compounds in biological samples, generally present difficulties.??

Conventional derivatization analyses of phosphoric acid and phosphonic acid require harsh
conditions because of the insufficient reactivity of derivatizing reagents such as pentafluorobenzyl
(PFB) bromide and trimethyl orthoacetate.?®242°> Therefore, the byproducts generated by the
reaction of the derivatizing reagent with the matrices of the biological samples cause an increase in
the background signal even in tandem MS analysis, which deteriorates the limit of detection (LOD)
and selectivity of the analysis.?**

In addition, conventional electrophilic derivatization agents (e.g., alkyl halides, acid chlorides,
and acid anhydrides) are electronically neutral and hydrophobic, and are strongly retained in
reversed-phase columns, causing column clogging and background deterioration.?*?® Removal of
these agents from processed samples is generally laborious or difficult, and even if possible, there
is analyte loss due to post-processing steps such as heating, extraction, acidification, basification,
or concentration. Therefore, we explored derivatization agents that would not be retained in a
reversed-phase column and did not require removal from the samples (Figure 3-1B).

Condensing agents in organic synthesis seemed suitable as derivatizing reagents for LC-
ESI(+)/MS because they readily react with acidic functional groups and have nitrogen atoms that
are expected to improve positive ionization efficiency. Because most of the hydrolysates of nerve
agents are phosphoric acids and phosphonic acids, we assumed that these acidic functional groups
would readily react with the condensing agent. However, it was also expected that the activated
ester could be readily hydrolyzed back to the original phosphoric or phosphonic acid, so stability
would be a key factor in the investigation.

There are few research papers on Novichok, and they are limited to predictions of reactivity and
spectra based on theoretical calculations®?"2 or reports of the chromatograms and mass spectra of
A234.%2 To the best of our knowledge, there is no information on the LOD, quantitative analysis,
and screening methods for Novichok. Similarly, there are no reports on the detection of Novichok
degradation products in biological samples. One of the reasons for this absence is that these
standard compounds are not commercially available. Moreover, the degradation products are
electronically charged and difficult to purify using phase separation.

Herein, we report dimethoxytriadinylation LC-MS/MS as a novel method capable of
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derivatizing phosphoric and phosphonic acids under mild conditions by using
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM, Figure 3-1B).
The degradation products of the Novichok A-series were synthesized in-house without using
designated substances. Enabled by the mild and biocompatible dimethoxytriadinylation and the
resulting relatively stable activated esters, a simple and sensitive method for the analysis of
Novichok A-series and RMPA degradation products using a general-purpose reversed-phase
column and LC-MS/MS was achieved. In addition, we report information on LODs, quantitative
analysis, and the successful detection of degradation products in urine.

3-2. Experimental
3-2-1. Materials

Ethyl methylphosphonic acid (EMPA) and pinacolyl methylphosphonic acid (PMPA) were
purchased from Sigma-Aldrich Co., Inc. (St. Louis, MO, USA). Isopropyl methylphosphonic acid
(IMPA), n-butyl methylphosphonic acid ("BMPA), isobutyl methylphosphonic acid (‘BMPA),
cyclohexyl methylphosphonic acid (CHMPA), and the Novichok A-series degradation products
O-methyl (1-(diethylamino)ethylidene)phosphoramidic acid (MOPAA), O-ethyl

(1-(diethylamino)ethylidene)phosphoramidic acid (EOPAA),
N-(1-(diethylamino)ethylidene)-P-methylphosphonamidic acid (MPAA), O-methyl
(bis(diethylamino)methylidene)phosphoramidic acid (MOPGA), O-ethyl
(bis(diethylamino)methylidene)phosphoramidic acid (EOPGA), and

N-(bis(diethylamino)methylidene)-P-methylphosphonamidic acid (MPGA) were synthesized in our
laboratory and were >95% pure by nuclear magnetic resonance (synthetic procedures are shown in
the Experimental section). The derivatization reagent, DMTMM (Tokyo Chemical Industry Co.,
Ltd., Tokyo, Japan), was prepared as a 20% (w/v) methanol solution. HPLC-grade solvents were
used, and ultra-pure water was purchased from Fujifilm Wako Pure Chemical Co., Ltd. (Osaka,
Japan). Drug-free urine (pool, Lee Biosolutions, Inc., Maryland Heights, MO, USA) was used for
experiments other than the repeatability test. Drug-free urine from five individual donors (three
males and two females, Lee Biosolutions, Inc.) was used for the repeatability test. The other
reagents were purchased from Fujifilm Wako Pure Chemical, Kanto Chemical Co., Inc. (Tokyo,
Japan), and Tokyo Chemical Industry.

3-2-2. Derivatization reagent and reaction solvent selection

IMPA in a solvent at 0.1 mg/mL or 1 pg/mL (100 uL) was reacted with a 1 mg of condensation
agent at 23 °C for 26 h, and the yield of derivatized IMPA was determined from the LC-MS
analysis.
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3-2-3.  Sample preparation

Derivatization reactions were conducted in 2 mL microcentrifuge tubes (Safe-Lock Tube, 2.0
mL, colorless, Eppendorf, Hamburg, Germany). A 300 pL of standard solution of nerve agent
degradation products or spiked urine (for urine, 16 pL of 10% pyridine in acetonitrile was also
added) was pipetted to the tube and dried by centrifugal evaporation at 50 °C to form a pellet.
Acetonitrile (100 puL) and 20% DMTMM in MeOH (2 pL) were added to the dried residue. The
mixture was incubated at 50 °C for 2 h and then cooled to 23 °C, followed by centrifugation
(14,000 x g, 5 min at 23 °C) for LC-MS/MS analysis.

3-2-4. LC-MS/MS analysis

The processed sample (3 pL) was injected into a Shimadzu Nexera X2 HPLC system (Shimadzu
Corporation, Kyoto, Japan). A 150 mm x 1.5 mm L.D., 5 um particle size L-column3 ODS column
(CERI, Tokyo, Japan) was used for separation at 40 °C. The mobile phase consisted of 0.1% v/v
formic acid in water (solvent A) and acetonitrile (solvent B). The gradient mode was 5% B (3 min),
increasing to 55% B at 3.3%/min, and then 95% B at 10%/min at a flow rate of 0.2 mL/min. The
column effluent was introduced into a Bruker Impact HD Q-TOF mass spectrometer (Bruker,
Billerica, MA, USA) via an electrospray ionization mode. lonization was performed in positive
mode. The spray and collision gas were nitrogen. The gas flow rate was 8.0 L/min, the dry
temperature was 200 °C, and the ionization spray voltage was 4.5 kV. Acquisition was performed
in MRM mode. Precursor ions of protonated molecules (M + H]*) of DMT-RMPAs and
DMT-Novichok A-series degradation products were selected. The transitions obtained, retention
times (RTs), and collision energies (CEs) are listed in Table 3-1.
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Table 3-1. Optimized LC-MS/MS Acquisition Parameters and Product lons

CE

RT Precursor ion . Fragment
Analyte . (arbitrary .

(min) m/z? . ions m/z

units)
158.0560

DMT-EMPA 114 264.1 25
97.0049
236.0431

DMT-IMPA 12.6 278.1 13
158.0560
158.0560

DMT-"BMPA  14.6 292.1 12
236.0431
: 236.0431

DMT-BMPA 145 292.1 12
158.0560
236.0431

DMT-CHMPA 15.8 318.1 14
158.0560
236.0431

DMT-PMPA  16.7 320.1 15
158.0560
150.0678

DMT-MOPAA 13.6 348.1 25
168.0784
164.0835

DMT-EOPAA 146 362.2 25
154.0628
175.0995

DMT-MPAA 13.3 332.1 22
134.0729
234.0274

DMT-MOPGA 15.0 405.2 22
248.1522
248.0431

DMT-EOPGA 15.8 419.2 22
262.1679

2]solation width = +2 Da.

3-2-5. Extraction efficiency, ion suppression/enhancement, and interference of the
derivatization reaction
Concentrated spiked urine (300 pL, 40 ng/mL) was derivatized in 100 puL of acetonitrile. A
standard solution of analytes in acetonitrile (100 pL, 120 ng/mL) was added to concentrated blank
urine (300 pL) and derivatized. The peak areas obtained from the two samples were compared to
calculate the extraction efficiency (n = 4).
A solution of derivatized standards in acetonitrile (5 pL, 800 ng/mL) was added to 95 pL of the

reaction mixture from the concentration and derivatization of blank urine. A 5 pL. sample of the
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same derivatized standard solution was diluted with 95 pL of acetonitrile. The peak areas obtained
from the two samples were compared to calculate ion suppression/enhancement (n = 4).

The peak area obtained from the concentrated spiked urine was compared with that of the
standard solution in acetonitrile (both 300 pL, 40 ng/mL). The extraction efficiency and ion
suppression/enhancement were subtracted from this result to determine the interference of the
derivatization reaction by the urine matrices (n = 4).

3-2-6. Method Validation
3-2-6-1. Selectivity

Method selectivity was determined by analyzing blank urine samples from five individuals (n =
4).

3-2-6-2. Linearity, Sensitivity, Accuracy, and Precision

Calibration curves were prepared from urine samples containing RMPAs or Novichok
hydrolysates at concentrations of 0.40, 1.0, 4.0, 10, 40, and 100 ng/mL and analyzed using the
derivatization process and LC-MS/MS method described above. The calibration curve for each
analyte was the concentration versus the peak area. The LOD was determined to be the
concentration at which each selected product ion intensity was approximately 100 counts, and the
limit of quantification (LOQ) was determined to be approximately three times the corresponding
LOD. The LOD and LOQ were verified by repeatability experiments.

The repeatability of the method was examined using the LOQ concentrations and 40 ng/mL.
Spiked urine was divided into five subsamples and analyzed to examine the accuracy (systematic
error) and precision (relative standard deviation, RSD) on the same day (intra-day, n=5) and five
consecutive days (inter-day, n=15).

3-2-6-3. Stability of derivatized samples

The stability of the derivatized samples in the autosampler was examined using spiked urine
samples (40 ng/mL) left at 15 °C for 24 h to confirm the integrity of the analytes in the samples
during analysis.

3-2-6-4. Analysis of Urine Samples from the 5th OPCW Biomedical Proficiency Test

The established method was applied to the analysis of two urine samples, U-555 and U-557,
from the 5th OPCW Biomedical Proficiency Test. The samples were spiked with "BMPA (5
ng/mL) and 'BMPA (40 ng/mL), respectively.

3-2-7. Safety Considerations
As DMT-RMPAs and DMT-Novichok A-series degradation products might be toxic at high
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concentration, all experiments involving activated ester should be performed with protective
gloves.

3-3. Results and Discussion
3-3-1. Derivatization reagent selection

An excess of the derivatization reagent is generally required to obtain quantitative results.
Accordingly, removal of the excess reagent is a major concern for trace analysis. When
derivatizing hydrophilic analytes, hydrophobic reagents such as PFB bromide are usually employed
for reversed-phase chromatography.?* However, the excess reagents are difficult to isolate from the
hydrophobic derivatives, and the reaction of derivatizing reagents and matrices in urine, interfering
with the detection of trace analytes. To avoid these problems, we focused on using a hydrophilic
condensing agent as the derivatization agent.

We first searched for a condensation agent that reacts with IMPA to give an LC-MS-detectable
activated ester. IMPA was reacted with the commercially available condensation agents
N,N'-dicyclohexylcarbodiimide, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide, or DMTMM.
The derivative was observed only when DMTMM was used. A key component of these findings
was that, contrary to expectations, the activated phosphate and phosphonate esters were stable in
acetonitrile during the course of analysis.

3-3-2. Derivatization of IMPA

Next, the solvent for the DMTMM derivatization procedure was optimized. Using IMPA as the
substrate, the effects of methanol, 2-propanol, chloroform, ethyl acetate, acetone, and acetonitrile
solvents were investigated. The optimal condition used acetonitrile as the solvent.

We then tested whether this dimethoxytriadinylation LC-MS/MS method was compatible with
urine. Standard solutions of RMPAs and Novichok hydrolysates in acetonitrile were blended and
spiked into urine, and recovery tests were performed. Various extraction conditions, including
liquid—liquid extraction, several salting-out assisted liquid-liquid extractions (SALLE),???* and
SPE were investigated. For the RMPAs, the extraction was reproducible (EMPA: 62%, other
RMPAs: >85%) only when we used SALLE. However, no satisfactory recoveries of the Novichok
degradation products, particularly amidine-containing compounds (<2.5%), were achieved using
these methods (data not shown). We subsequently shifted out attention to simple concentration of
the urine, and successful extraction of the derivatives from the dried urine pellets was made
possible by acetonitrile. Fortunately, the dried urine pellet matrix did not dissolve in acetonitrile,?
and no detectable degradation in instrument performance due to clogging or other problems was
observed after repeated analyses. It was also observed that the yield of the derivatization reaction
when urine was present varied considerably with the type and amount of base (Table 3-2) owing to
the interferences in urine. The type and amount of base were therefore optimized, concentration
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with 1.6 puL pyridine per 300 uL urine and reaction for 2 h at 50 °C being the optimal conditions.

Table 3-2a. Optimization of the type of base for DMT-derivatization.
Base added to 300uL of urine (uL)
01 02 04 08 16 32

(IMPA in urine at 1 pg/mL, 2 h at 23°C, n = 3)

Triethylamine
Diisopropylethylamine
N-methylmorpholine

W @O O
W @O O
W @O O
> W OO0
> W OO0
> W O O

Prydine

A: reproducible, B: not reproducible, C: no signal.

Table 3-2b. Optimization of the amount of pyridine added to urine for the following
DMT-derivatization. Area ratio (%) based on (pyridine, temp., time) = (1.6 uL, 50 °C, 2 h).

(IMPA in urine at 1 pg/mL, n = 3) 23°C 50°C
pyridine (uL) 05h 2h 4h 6h 05h 2h 4h
0.8 28 53 91 113 55 97 93
1.6 22 62 96 121 63 100 97
3.2 19 51 84 113 51 95 98

Figure 3-2 shows the extracted ion chromatograms (EICs) of a concentrated urine extract where
the RMPAs or Novichok A-series hydrolysates were added at 4 ng/mL. The expected structures of
fragment ions of DMT-derivatives are shown in Figure 3-3. Peaks corresponding to the derivatized
analytes were detected for 11 compounds; MPGA, which had a relatively large steric hindrance,
was not detected, suggesting that the reaction of MPGA with DMTMM did not proceed sufficiently
under the reaction conditions. Because the reaction at 90 °C (as with the other derivatization
reagents®*?°) decreased the peak area of DMT-RMPAs, we decided not to include MPGA in this
simultaneous analysis.

The major advantage of this method is that it requires only commercially available and
inexpensive agents, a simple LC-MS/MS instrument, and a C18 column. Most of the reported
sensitive methods for the analysis of RMPAs require special ionization methods, unique
solid-phase columns, nano liquid chromatography system, a HILIC column, or a combination
thereof. 22 The present method also has the advantage of requiring only an easy sample
preparation and a common instrument for urine while still providing signal intensities by the single
TOF mode that showed sensitivity at sub-ppb to ppb. This indicates that generic screening of nerve
agent degradation products is possible at least 4 ng/mL.
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Figure 3-2. EICs from LC-MS/MS of extracts of concentrated urine with added derivatized
RMPAs or Novichok A-series degradation products (4 ng/mL).
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Figure 3-3. Expected structures of fragment ions of DMT-derivatives.
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Table 3-3. Method Validation Data for Determination of the Nerve Agent Degradation Products in Urine

Inter-day,
LOD Intra-day, accuracy/RSD
(ng/mL) LOQ Quantitativ (%, n=5) accuracy/RSD
0, N=
: . R2® (%, n=5)
(ng/mL) eionm/z

One

. . LOQ 40 ng/mL LOQ 40 ng/mL

ion ions
EMPA 04 4 1 158.0560 0.959 -3.4/19 -2.8/12 -7.3/17 -14/19
IMPA 04 1 1 236.0431 0.955 -3.8/18 -12/16 -8.8/22 -11/14
"BMPA 04 4 12 292.1062%  0.984* 4.1/12% 11/132 6.9/19° 19/11°
'BMPA 04 1 1 236.0431 0.965 1.8/15 9.0/8.1 -5.0/17 11/14
CHMP
A 04 04 1 236.0431 0.981 -2.0/11 -5.3/6.9 -6.2/18 -17/13
PMPA 01 04 04 236.0431 0.968 -4.3/12 -13/4.1 -10/24 -12/15
MOPA
A 04 1 4 150.0678 0.963 -6.5/8.3 6.5/7.6 -8.7/14 -16/12
EOPAA 1 1 164.0835 0.988 5.3/13 5.4/5.4 7.1/18 10/10
MPAA 1 1 175.0995 0981 -2.5/14 2.1/10 -4.9/18 13/13
MOPG
A 10 10 234.0274 0.936  16/23 -3.8/15 3.0/20 -13/21
EOPGA 4 10 10 248.0431 0.963  -0.5/20 12/18 8.5/25 10/18

“ The protonated molecule was used: [M + H]* =292.1062, * LOQ-100 ng/mL.

3-3-3.  Limit of detection

The LOD was determined as the concentration at which the signal intensity of each selected
product ion was approximately 100 counts (Table 3-3). This is 3 to 5 times the any noise intensity
seen in EICs obtained by MRM mode with a mass accuracy of + 0.005 Da.

The LODs of RMPAs in urine obtained in this study (0.1-0.4 ng/mL, using one product ion) was
slightly inferior to the LOD (<0.24 ng/mL) reported by Mawhinney et al.?* using a combination of
off-line SPE and LC-MS/MS using a silica column, and the LOD (<0.12 ng/mL) reported by Rgen
et al.?? using an online SPE-LC-MS/MS system. Recently, a lower LOD (0.02 ng/mL) was also
reported for the determination of analytes in urine by GC-MS/MS using PFB derivatization and a
highly sensitive negative ion chemical ionization method.?®> However, our method requires only
common reagents and less specialized equipment than other methods, and the peak resolution and
peak shape are comparable to those of existing methods. Furthermore, the selectivity of the Q-TOF
analyzer is superior to that of the triple quadrupole analyzer employed in the reported methods in
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terms of mass resolution; therefore, the Q-TOF analyzer, which is utilized in our method, is
preferable for forensic toxicological analysis.

Although several analytical methods utilizing LC-MS/MS for RMPAs in urine have been
reported??22* (Table 3-4), they have several disadvantages: (a) difficulty in extraction???*
particularly for amidine-containing compounds, (b) poor reproducibility of SPEs, probably due to
the high polarity of the analytes, and (c) severe clogging in the ESI sprayer needle and LC column
due to the precipitation of a PFB-related compound. We encountered these problems and failed to
consistently reproduce their methods. In contrast, DMTMM is hydrophilic and easily separated
from the derivatized analytes by reversed-phase chromatography, which is helpful for avoiding
these problems.

To the best of our knowledge, there are no published studies on the concentration of hydrolysis
products in urine from the victim exposed to Novichok. However, considering the concentration in
urine from exposure to nerve agents such as VX,® we can assume that the low ppb measurements
achieved with Novichok degradation products in urine is sufficient for practical use.

Table 3-4. Applicability for the Analysis of Degradation Products of Nerve Agents in Urine by LC-MS/MS
Methods Reported Previously and in This Paper for Each Type of Degradation Product

Form of product, Urine Q 9 1 § NE

separation method  pretreatment /ng? R R? Fgﬁ' NEt Al FS,T%NH? Remarks
Underivatized, RP  Extraction® B C B Weak retention
Concentration B C B Weak retention
Underivatized, Extraction, A C A C: Not extracted
HILIC SPE?
SPE% C C Not reproducible
PFB, RP Extraction? B C A C: Not extracted
Concentration C C C Line/needle
damage
DMT, RP Extraction?*® A C B B: Not effective
for DMT-MPGA
Concentration A A B B: Not effective

for DMT-MPGA

RP: reversed-phase chromatography, A: suitable, B: partially possible, gi. g iprmsy By R2=OMe, OEL Me

C: difficult. %O J{LK
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3-3-4. Extraction efficiency, ion suppression/enhancement, and interference of
derivatization reaction
The extraction efficiency, ion suppression/enhancement, and reaction interference by the
matrices are listed in Table 3-5. Almost no ion suppression/enhancement was observed, and the
extraction efficiency and interference of the derivatization reaction were approximately 50% and
60%, respectively.

Table 3-5. Breakdown of Yield Losses in Urine Sample Analysis

Interference of

Extraction L lon suppression/
. derivatization
(n=4) efficiency ) enhancement
reaction £ SD
+ SD (%) 1 SD (%)
(%)
EMPA 51+4 5211 875
IMPA 57+6 557 94+5
"BMPA 55+14 5113 9+4
'BMPA  59+4 62+5 99 +2
CHMPA 613 675 100+ 3
PMPA 654 606 100+ 2
MOPAA 48 + 6 61%5 9%5+4
EOPAA 535 50+ 6 98+4
MPAA 45+ 4 54 +8 93+3
MOPGA 585 56 +4 97 +2
EOPGA 613 61+5 99+3

3-3-5.  Method Validation

3-3-5-1. Selectivity

Concentrated blank urine samples from five individuals were derivatized and analyzed in the MRM
mode. No significant signal was measured at the retention times of the analytes.

3-3-5-2. Linearity, Sensitivity, Accuracy, and Precision

The developed method was validated using pooled urine samples. Calibration curves (concentration
of analyte vs. area value) for the 11 nerve agent degradation products were generated by linear
regression analysis using a 1/x? weighting factor (Table 3-6).
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Three times the LODs is a generally accepted approximation of LOQs.?* For simplicity, the LOQs
in this study were set as shown in Table 3-3. All calibration curves were linear in the range of the
LOQ to 100 ng/mL, and the correlation coefficient R? was greater than 0.93.

The intra-day and inter-day accuracy and precision were evaluated using spiked urine samples at
the LOQ concentration and 40 ng/mL (Table 3-3). The accuracy values for the intra- and inter-day
analyses were less than 13% and 19%, respectively. The RSD values for the intra- and inter-day
analyses were less than 23% and 25%, respectively, even at the LOQ concentrations. Considering
the frequency of these crisis-management analyses are far from that of routine quality assurance,
the errors of the present method are acceptable. We plan to synthesize the corresponding stable
isotopes for internal standards to improve accuracy and precision.

Table 3-6.-Regression-line equations, correlation coefficients, and linear
ranges for DMT—derivatives.

Regression-line equation ~ R? Liner range (ng/mL)
EMPA y = 3515.6 x + 2689.7 0.959 1-100
IMPA y =1032.5x + 312.9 0.955 1-100
"BMPA  y=23266.6 x + 845.9 0.984 1-100
'BMPA  y=701.4x+923.9 0.965 1-100
CHMPA y=1357.6 x+148.3 0.981 1-100
PMPA y =3327.7 x + 1096.5 0.968 0.4-100
MOPAA y=384.0x+663.7 0.963 4-100
EOPAA y=3252x+70.8 0.988 4-100
MPAA y=136.9 x -66.9 0.981 4-100
MOPGA y=623x+76.4 0.936 10-100
EOPGA y=852x-124 0.963 10-100

3-3-5-3. Stability of derivatized samples

The stability of the phosphorous/phosphonous-DMT esters in processed urine was investigated at
the LOQ concentration and 40 ng/mL. The DMT esters were stable (>80% remaining) for 24 h at
15 °C.

3-3-5-4. Repeatability

Figure 3-4 displays the quantification results for the nerve agent degradation products in the five
samples from individuals. At both 40 ng/mL and the LOQ concentrations, the peak area of the
sample prepared from individual M2 deteriorated by more than 20% compared with that obtained
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from the spiked pooled urine. The M2 urine had a distinct cloudiness and strong yellow color,
suggesting that this decrease was due to a high amount of matrix.

40 ng/mL oMl AM2 mM3 OFL AF2

140% %\ i

120%

Saane
e

20%

0%
EMPA IMPA nBMPA iBMPA CMPA PMPA AMOPA AEOPA AMPA GMOPA GEOPA

LOQ N1 AM2 MM3 OF1 AF2
140%

H>—

120%

f F‘M H

40%
20%
0%
EMPA IMPA nBMPA iBMPA CMPA PMPA AMOPA AEOPA AMPA GMOPA GEOPA
Figure 3-4. Quantification of the nerve agent hydrolysates spiked to five urine samples from
individuals at 40 ng/mL and at LOQ concentrations, plotted as mean percent of the true values

(based on spiked pooled urine) = SD (n = 4). M = male, F = female.

3-3-5-5. Application of this method

The method was applied to the analysis of two urine samples, U-555 and U-557, collected during
the 5th OPCW Biomedical Proficiency Test. Both spiked compounds were successfully identified
and quantified (Table 3-7). Note that the nominal concentrations were not always consistent with
the true concentrations at the time of analysis.

Table 3-7. Analysis of Urine Samples from the Sth OPCW Biomedical Proficiency Test

Concentration Concentration

Target .
Sample spiked found
compound
(ng/mL) (ng/mL)
U-555 "BMPA 5 3.3
U-557 'BMPA 40 31
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4-1. Introduction

Nerve agents are among the deadliest compounds with an organophosphorus structure. These
compounds covalently bind to the serine residue at the active center of acetylcholinesterase (AChE)
in cholinergic nerves, inhibiting nerve transmission and causing death by respiratory arrest.

Recently, VX, a non-volatile nerve agent, was used in the 2017 assassination of Kim Jong-nam.?
Novichok, a non-volatile nerve agent of unknown structure manufactured in the former Soviet
Union, was used in the 2018 attempted assassination of former Russian diplomat Sergei Skripal
and in the death of a woman using a similar nerve agent.®> These compounds thus pose a major
threat to citizens as well as security measures around the world.

Multiple types of devices have been used to detect these compounds, such as ion mobility
spectrometers (IMS), * gas detection tubes, ® portable gas chromatographs, © and Raman
spectrometers,’” but most cannot detect non-volatile agents because they use a gas phase for
analysis. VX can be detected using a Raman spectrometer if it is a concentrated solution (> 10%),
but not if it is a dilute solution. Another problem is the device response to unknown nerve agents.
Numerous types of Novichok are believed to have been synthesized by the former Soviet Union,®
but the structures have not been disclosed, including the one used in the 2018 incident. These
agents thus cannot be detected using IMS detectors or Raman spectrometers because the sample
data must be collated with a database.

If the detection devices cannot identify non-volatile or unknown nerve agents, first responders
(e.g.: riot police and fire department personnel) cannot make accurate judgments on-site, resulting
in delays in evacuation orders and life-saving treatment. Therefore, there is an urgent need for an
inexpensive device that can quickly and accurately detect nerve agents.

Recent research and development of “lab-on-a-chip” technologies have led to the development
of on-site devices for the detection of organophosphorus compounds in aqueous solution,® in
particular, electrochemical microchips and colorimetric biosensors.!* These approaches have
achieved acceptable separation, identification, and limit of detection (LOD) by integrating
pretreatment procedures; however, they have several disadvantages, including complex channel
design and fabrication, high-voltage manipulation using costly instruments,'? variable response to
organic solvents, temperature, pH and storage as well as dangerous or troublesome stepwise
operation.*3

Microfluidic paper-based analytical devices (LPADs) have been used for point-of-care testing
and on-site detection in various analytical fields, including clinical diagnosis and tests for toxins in
the context of food and environmental analysis, because a paper substrate has several advantages as
an analytical tool.}41516.17.18.19202122 Thage advantages are as follows: (1) cellulose-based paper is
easily available and cheap; (2) the fibrous cellulose structure can apply capillary force without an
external power source and wicks liquids; (3) hydrophobic zones can be formed by typical cutting or
printing methods; (4) paper is portable and disposable; and (5) various detection methods can be
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selected in accordance with each need. Furthermore, colorimetric methods are simple and
user-friendly.

These characteristics of WUPAD make them suitable for the on-site detection of nerve agents, and
there are several research examples of nerve agent detection devices combined with
electrochemical sensors®® and metal complexes.?* However, no practical examples have been
reported to date, likely due to the low stability of the electrode or to the balance between
recognizing a wide range of nerve agents and the possibility of false positives due to impurities.

This paper describes a low-cost uPAD for the colorimetric detection of nerve agents in on-site
samples using a small sample volume. The key features of this device are that the assay is robust
and completed by wicking only. The device configuration is shown in Figure 4-1. After the sample
and carrier buffer are placed on the device, three consecutive reactions occur in less than 10 min:
inhibition of AChE, hydrolysis of acetylcholine chloride (ACh), and a pH-dependent coloration
reaction. The branched sample flow prevents the migration of the free reagent to the edge of the
detection window, resulting in a strong and persistent red color resulting from the enzyme
inhibition reaction. The developed WPAD had adequate sensitivity (LOD for VX: 2.5 uL of 0.1
pg/mL solution), nerve agent selectivity, reproducibility, robustness, and stability at a low price (at
most 20-30 cents). Consequently, the proposed device should provide a practical method for the
on-site detection of various non-volatile and unknown nerve agents.
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Figure 4-1. (a) Design and photos of the device. (b) Principle for sensing the nerve agent. The
sequential reactions occur within approximately 10 min.
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4-2. Experimental
4-2-1. Reagents and chemicals

Chromatography paper No. 50 was purchased from Advantec Toyo Kaisha, Ltd. (40x40 cm?;
thickness, 0.25 mm; Tokyo, Japan) and used as the substrate. Standard analyte solutions were
prepared prior to analysis using VX, RVX, sarin (GB), and tabun (GA) (Figure 4-2) synthesized in
our laboratory (National Research Institute of Police Science; approved by the Ministry of
Economy, Trade and Industry, Japan) with great care not to touch the compound directly. Paraoxon
and dichlorvos (DDVP) were purchased from Sigma-Aldrich Co., Inc. (St. Louis, MO) and
Fujifilm Wako Pure Chemical Co., Ltd. (Osaka, Japan), respectively. Organophosphorus
compounds were detected using AChE from Electrophorus electricus (electric eel) (Type VI-S,
lyophilized powder, 155 or 253 kU/mg (measured by Ellman’s assay?®); Sigma-Aldrich), ACh
(Nacalai Tesque, Inc., Kyoto, Japan), and bovine serum albumin (BSA; Sigma-Aldrich),
D-(+)-trehalose anhydrous (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), phenol red (Tokyo
Chemical Industry), and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; Nacalai
Tesque). Interference was evaluated using drug-free urine (from a single donor, Lee Biosolutions,
Inc., Maryland Heights, MO) and common liquid hand-soap (Lion Corporation, Tokyo, Japan). The
other reagents were purchased from Fujifilm Wako Pure Chemical, Kanto Chemical Co., Inc.
(Tokyo, Japan), or Tokyo Chemical Industry. Aqueous solution samples ([VX] = 0.05-1.0 pg/mL,
[RVX] = 0.1-0.5 pg/mL, [GB] = 0.01-0.5 pg/mL, [GA] = 0.1-1.0 ug/mL, [paraoxon] = 20—1000
pug/mL, [DDVP] = 100-5000 pg/mL) were prepared by dilution with 1 mM HEPES-HCI buffer
(pH 6.8). All solutions unless otherwise noted were prepared using 1 mM HEPES-HCI buffer (pH
6.8).
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Figure 4-2. Structures of the analytes.

4-2-2. Device fabrication

We used a paper-based device design in which a series of reactions (Figure 4-1) are conducted
automatically following sample introduction. The branched flow prevents color-fading. The device
comprises a carrier buffer introduction area (area 1), an AChE-inhibition reaction area (area 2), an
enzymatic reaction area (area 3) and a color-detection area (area 4). Using this system, the device
enables the fast, and reliable detection of nerve agents, even if the agent is non-volatile and/or of
unknown structure. The device was designed using Inkscape (v.0.92.1), fabricated using a wax
printer (Xerox ColorQube 8570; Xerox Corp., Norwalk, CT), and heated for 4 min at 110°C.

The working principle and the experimental process using the device and a micropipette are
shown in Figure 4-1. An aliquot of 1% BSA (2 uL), ACh (1%, 1.5 uL), and phenol red (0.1 w/v%,
in 1.0 mM HEPES-HCI buffer (pH 6.8): ethanol (4:1), 1.0 uL) were loaded onto area 2, areas 3,
and area 4, respectively, and then dried at room temperature for 15 min. The same drying condition
was repeated using trehalose (15 w/w%, 2 uL) and AChE. (0.25 U/uL, 1.75 pL) on area 2.

4-2-3. Device operation and measurement

The sample solution (2.5 pL) was dropped onto area 2 of the device. After approximately 15
seconds, 60 uL of 7.5 mM HEPES-HCI buffer (pH 8.0) (carrier buffer) was added to area 1. After
the solution reached the end of the channel, a photograph of area 4 was taken with a digital camera
(EOS Kiss X6i; Canon, Tokyo, Japan; distance, ca. 30 cm; 1SO, 800; shutter speed, 1/160; aperture
value, 5.6) using a light where the green value (in RGB 256 bit) of area 4 before this operation was
128-153. The difference in the green value before and after the operation (AGreen = G atier — G before;
here denoted red intensity, region of interest (ROI): rectangle, 600 pixels) was obtained by image
analysis using GIMP (ver. 2.10.18).
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solution. Urine is a typical potentially suspicious material handled by specialized police teams.

However, analyzing a victim’s urine is not the purpose of this study.

4-2-5-2. Organic solvents

Samples of 100% organic solvents (ethanol [EtOH], 2-propanol [iPrOH], acetonitrile [MeCN],
dimethyl sulfoxide [DMSQ] and hexane), and 5% DMSO, were prepared for use as blanks and VX
(0.125 pg/mL) was used as the analyte. The influence of each organic solvent on the detection of
VX was examined.

4-2-6. Storage test

The tested storage conditions were at room temperature (rt) and 4°C with or without the addition of
trehalose (5%, 15%, 34%) under vacuum generated using a vacuum packing machine (Food Saver
FM2010, Coleman Japan Co., Ltd. Tokyo, Japan). The blank samples were measured at 6 points (0,
14, 28, 42, 56, and 84 day(s)) after fabrication.

4-2-7. Dilution procedure
We diluted 3 uLL VX aqueous solution with 100 pL of the carrier buffer. After mixing with a pipette,

60 pL of the solution was added to the introduction area (area 1) of the device.

4-2-8.  Wiping procedure

VX (1-100 ng in acetonitrile), paraoxon (0.4-80 pg in acetonitrile), DDVP (2-160 pg in
acetonitrile) was placed on a stainless-steel plate or a plastic plate (acrylonitrile butadiene styrene,
ABS) and dried at rt for approximately 20 min. Assuming that on-site samples would be collected
with a cotton swab, a piece of cotton (home cotton, compressed by hand to an approx. 5 mm ball,
Hakujuji Co. Ltd., Tokyo, Japan) was immersed in 100 pL of the carrier buffer in a microtube and
used to wipe one of the surfaces, then the cotton was replaced into the microtube and pressed down.
Then 60 pL of the resulting solution was added to area 1.

4-3. Results and Discussion
4-3-1. Optimization of the channel

We examined the flow path using 4 types of detection areas: (tip: sharp or round) x (flow:
branched or straight) (Figure 4-3a). The absence of a branch at the end of the flow resulted in
color-fading (Figure 4-3b), whereas a branch provided relatively persistent color (Figure 4-3b and
d). Moreover, the branched channel, particularly the sharp and branched channel, improved the
precision of color development (Figure 4-3e). These promising results are likely due to the end
point of the branched flow path being horizontal in the center of the color area and thus retaining
the color reagent (Figure 4-3c). In contrast, the straight-type channel results in the carrier buffer
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gradually permeating the hydrophobic wall from the tip of the flow path, resulting in color-fading.
Accordingly, we selected the channel with a sharp tip and a branch.
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Figure 4-2. Optimization of the detection area. (a) Comparison of the types of coloring areas. A
branched path and sharp coloring area is superior to a straight and round area in terms of the
visibility of color development. (b) Comparison between a straight path and a branched path, 10
min after color development. (c) Illustration of color fade and persistence. (d) Time-courses of
color diffusion. The values of AGreen indicate that the rate of red color fading is slower in the
branched-type area. () AGreen = 25: the value that can be confirmed negative visually. The
responses for blank and standard sample (VX 0.125 pg/mL) using various channel types. The
results show that without branching, the deviation tends to increase for each channel.

4-3-2. Determination of limit of detection
The criterion adopted for determining the LOD was as follows: the concentration at which the

value of the 95% confidence interval of AGreen should not overlap the value of the
positive/negative criterion (AGreen = 25).

Figure 4-4 and 5 show the relationship between the concentration of VX, RVX, GB, GA,
paraoxon, and DDVP and AGreen. The LODs for VX determined by the above criteria were 0.1
pg/mL and 3 pg/mL for AChE 0.44 U and 4.4 U, respectively (Figure 4-5). The LOD for VX is
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considered to comply with military standards. For instance, the NATO Standard?® permits
exposure to a maximum daily dose of nerve agents of 60 ug.

A point worth noting is that although this device has a high sensitivity to VX, RVX, GB, and GA
(nerve agents) the sensitivity to pesticides that inhibit AChE in a manner similar to nerve agents is
1,000 times lower than that of VX (Figure 4-4). This suggests high selectivity for nerve agents in
detecting suspicious substances.
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Figure 4-4. VX, RVX, GB, GA, and pesticides responses obtained with the device. Each
standard solution was prepared in HEPES-HCI buffer (1.0 mM, pH 6.8). AGreen = 25: the value
that can be confirmed negative visually. The LOD for VX was determined to be 0.1 pg/mL.
(Criteria: The value of the 95% confidence interval of AGreen should not overlap the value of
the positive/negative criterion (AGreen = 25).)
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Figure 4-5. Determination of the limit of detection. For 0.44 U and 4.4 U AChE, the LODs for
VX determined were 0.1 pg/mL and 3 pg/mL, respectively. (Criteria: The value of the 95%
confidence interval of AGreen should not overlap the value of the positive/negative criterion
(AGreen = 25).)

4-3-3. Interference

Figure 4-6a and b indicate that the device should give correct results between pH 4 to 10, unless
the pH is buffered with buffer agents (i.e., NaHCO3). We employed a relatively low concentration
(7.5 mM) of HEPES-HCI buffer to obtain high sensitivity. Consequently, the final pH of the test
sample may be affected by the initial sample pH. This is inevitable when using a pH indicator as
the color reagent. This disadvantage can be minimized by diluting the sample prior to its
introduction into the device.

The reaction temperature (4°C, 14°C, 33°C; VX (0.125 pg/mL) or blank) did not cause blank
samples to give false positives (Figure 4-6¢). A decrease in the yield of the reaction of VX with
AChE was observed at 4°C, but VX at 0.25 pg/mL correctly gave a positive result. Given that 0.25
ug/mL is sufficiently low to detect VX contamination?®, it was judged that this device is applicable

for use in cold conditions.
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Figure 4-6. Robustness. AGreen = 25: the value that can be confirmed negative visually. (a)
Evaluation of false negative at low pH. (b) Evaluation of false positive at high pH. The device
should give correct results within the pH range 4 to 10. (¢) Temperature. The correct result was

obtained irrespective of temperature in the range 4°C to 33°C.

Experiments with 100% EtOH, i-PrOH, MeCN, hexane and DMSO showed that only 100%
DMSO gave a false positive whereas 5% DMSO gave a correct negative (Figure 4-7a). Organic
solvents other than DMSO appeared to evaporate rapidly while spreading after their addition, and
thus their effect was minimal or zero. In contrast, DMSO did not visibly evaporate and thus likely
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lead to the observed false positives. When VX was diluted to 0.125 pg/mL in each solvent and
added to the device, all samples correctly gave positive results.

Interference by common liquids (coffee, orange juice, urine and hand soap (1% solution)) were
examined (Figure 4-7b) and shown not to affect detection. This indicates that typical potentially
suspicious material handled by specialized police teams would not lead to false detection results.
Considering that the half-life of VX is 1,000 hours (pH 7),%" it is unlikely that VX becomes
undetectable immediately due to hydrolysis in these aqueous samples. However, orange juice
slightly decreased the sensitivity of the assay.
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Figure 4-7. (a) Interference due to organic solvents. Only 100% DMSO gave a false result. (b)
Interference due to common liquids. These liquids are unlikely to give false results, although

orange juice resulted in a slightly lower sensitivity.

4-3-4. Storage stability
Please note that the device provides a false “positive” when the AChE is denatured. The device

did not provide a false positive (no overlapping over AGreen = 25) in a blank test when the device
was fabricated using 0.44 U of AChE with or without trehalose and stored in a vacuum sealer bag
at 4°C for 84 days (Figure 4-8). Martinez reported that trehalose improved the stability of enzymes
on a paper device.? We also observed that trehalose prevented false positives at room temperature
56 days after fabrication (Figure 4-8). Therefore, a 15% trehalose solution was used to improve the
stability of AChE.

Although an actual stability test is necessary to determine the shelf-life of the device accurately,
here we roughly estimated the shelf-life of the device. Our data revealed that at least 0.264 U of
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Figure 4-8. Blank test for evaluating the effect of storage temperature and trehalose on
shelf-life. The device did not show a false positive (no overlapping over AGreen = 25) in a
blank test after 84 days if the device was stored under vacuum at 4°C and fabricated using 0%,
5%, or 15 % trehalose.

4-3-5.  Pre-dilution and wiping intended for on-site use

As described above, dilution prior to sample introduction is desirable to avoid pH-related issues.
We tested an acidic (3 pL of 0.001 mol/L HCI aqueous solution, pH 3, VX 5 ng) and an alkaline (3
pL of 0.001 mol/L NaOH aqueous solution, pH 11, blank) solution, and correct results were
obtained by diluting each sample with 100 pL of carrier buffer. Figure 4-9 shows that with
pre-dilution or wiping, the LODs were 5-10 ng of VX, which is adequate given the NATO
Standard® (the maximum daily dose of nerve agents of 60 pg). Thus, dilution prior to sample
introduction increased versatility and reliability, making this a practical detection device. Figure
4-10 shows that with wiping, LODs for pesticides were 2 g of paraoxon and 20 pg of DDVP. The
factor contributing to this relatively high LOD is discussed in the next section.
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Figure 4-9. Evaluation of LODs for each practical sampling/introduction method. Pre-dilution
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Figure 4-10. VX and pesticide response curve obtained with the device. Each compound was
placed on a plastic plate (acrylonitrile butadiene styrene, ABS) and dried at rt for about 20 min
and then collected with a piece of cotton (home cotton, compressed by hand to an approx. 5 mm
ball) immersed in 100 pL of the carrier buffer (HEPES-HCI buffer (7.5 mM, pH 8.0)). AGreen

= 25: the value that can be confirmed negative visually.

4-3-6. Comparison of the paper-based device method with a commercial device
A device for the detection of nerve agents reported by Mat&jovsky et al®® is apparently quite
effective and is sold under the brand name “DETEHIT”.%° This device has an excellent LOD, but
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little was disclosed regarding its robustness to interference. The device must be immersed in a
liquid, then bent and pinched by hand for several minutes, which could be dangerous. Furthermore,
the judgement is based only on color which disappears in less than 5-6 min. In contrast, the LOD
of our device is inferior, but it has superior robustness, user-friendliness, and color durability.

A comparison of our device with other reported paper devices for pesticide and nerve agent
testing and with DETEHIT is shown in Table 4-113313233_Gijven the cumbersome procedure, long
incubation time, and low robustness of the other devices and the selectivity to nerve agents, the
present device is believed to be useful for the rapid testing of unknown materials at the scene of a
terrorist attack. The good selectivity of the present device is due in part to the short incubation time,
which allows for rapid detection. Pesticides, which have slower reaction rates than nerve agents,
result in a lower degree of reaction completeness during a short incubation time.

In comparing the LOD for VX of the present device with DETEHIT, we presume that the low
availability of the enzyme due to adsorption on the paper substrate during analysis is one cause of
the deterioration in the LOD, leading to an increase in the amount of enzyme to be inhibited. To
reduce adsorption due to migration on the substrate, we will explore shortening the flow path by
making it three-dimensional, enzyme fixation, and blocking.
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Table 4-1. Comparison of organophosphate pesticide and nerve agent detection using various
types of paper-based assay devices.

Mode of Number of ) .
Sampling  Assay time

optimal assa LOD (pg/mL LOD (n
ptim y method (min) (Hg/mL) (ng)
detection steps
3D yPAD Indigo 2 Pipetting 50 0.025 5
[31] generation (200 pL) (paraoxon)
. . . 0.3
Indigo Pipetting . )
MPAD [32] ] 2 35 (estimated; 1.8 (estimated)
generation (6 L) .
malathion)
Paper device Indigo 3 Pipetting 35 0.6 6
[33] generation (10 pL) (paraoxon)
Dipstick Ellman’s 3 . - (unknown
. ) Immersion
("Detehit") reagent (immerse/ (bulk) 3-7 0.001 (VX) because of
[13] (redox) wash/fold) immersion)
Presented pH 9 Pipetting 8-10 0.1 (VX), 100  0.25 (VX), 250
uPAD indicator (2.5 L) (paraoxon) (paraoxon)
Storage .
o Resistance Weakness
stability
Assay time (50 min),
3D pPAD [31] > 35 days - . .y ¢ o )
intricate fabrication
uPAD [32] > 30 days - Assay time (35 min), unclear coloration
Origami-type . . .
3 months - Assay time (35 min), unclear coloration
uPAD 3[3]
Dipstick 12 months Salts (1,000 mg/L), Narrow pH range (recommended
("Detehit") [13] temperature between 6-7), organic solvent (> 30%)
Presented H 4-10, temperature, . .
> 84 days P ‘emperatu Relatively high LOD
uPAD organic solvent

- : not indicated.

4-4. Conclusion

We here reported a fast, sensitive, and reliable colorimetric method for the detection of nerve
agents in on-site samples that does not require operations that could potentially cause erroneous
results. The device is practical due to its selectivity to nerve agents, robustness against interference
and its stability during storage. The performance of the pPAD was evaluated using nerve agents,
demonstrating the true performance of the assay using this uPAD. Although there is still room for
improvement in housing and appearance for practical use, and in the detection speed and storage
stability, this device provides a practical method for detecting any nerve agent in on-site samples to
combat terrorism.
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5-1. A screening method for cyanide in blood by dimethoxytriazinyl
derivatization-GC/MS

A simple screening analysis of cyanide in blood has been developed, using 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM). DMTMM, a
convenient reagent for dehydrocondensation, converted cyanide to 2-cyano-4,6-dimethoxy-
1,3,5-triazine, the dimethoxytriazinyl derivative of cyanide. This reaction proceeded in
whole blood samples after treatment with trichloroacetic acid, and in basic aqueous solution
samples. Sufficient sensitivity was observed by the method using gas chromatography/mass
spectrometry. Intra- and inter-day repeated analyses (0.05, 0.1, 0.25, 1, and 5 pg/mL, n = 5)
were performed and the accuracy and precision were within 20% for the lower limit of
quantification (LLOQ) and within 15% for other concentrations. LLOQs for the aqueous
solution and blood were 0.05 and 0.1 ug/mL, respectively, which are suitable for detecting
cyanide poisoning. The limits of detection (signal-to-noise ratio >3) for aqueous solution
and blood were 0.01 and 0.05 pg/mL, respectively. Interference from 13 other anions was
tested and no false positive response was obtained, even in the case of thiocyanate, nitrite
and nitrate, which are known to yield cyanide by acid treatment of blood.

This method is practical because it uses readily available reagents and equipment and is
sensitive enough for the rapid screening of cyanide poisoning in forensic and clinical
toxicology. In addition, the method provides a simple, low-toxicity derivatization reaction
with sufficient intra- and inter-day quantification and screening properties, which is difficult
to conduct using other reagents. The aqueous one-phase system reaction we present may be
useful for derivatizing other anionic toxicants (e.g., azide, sulfide, and thiosulfate). Because
of the simplicity of the reagent system and the mildness of the conditions, this reaction may
provide an analytical method for highly water-soluble anions.
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Figure 5-1. A screening method for quantifying cyanide in aqueous solution and in

biological samples by using the condensation reagent DMTMM.
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5-2. Development of DMT derivatization—-LC-MS/MS method for of
nerve agent hydrolysates

A-series degradation products (hydrolysates of A230, A232, A234, A262, and one related
compound) and alkyl methylphosphonic acids (RMPAs, conventional nerve agent hydrolysates)
using liquid chromatography—tandem mass spectrometry (LC-MS/MS) was developed. The
dimethoxytriadinyl (DMT)-activated esters of Novichok A-series degradation products were found
to be stable and readily detected. We used this derivatization to achieve the first analytical method
for Novichok hydrolysis products in urine (0.40-4.0 ng/mL). The detection limits of the RMPAs
(0.1-0.4 ng/mL) were comparable to those of previous reports involving pentafluorobenzylation or
direct LC-MS/MS. The applicability of the newly developed method was evaluated by analyzing
urine samples from the OPCW 5th Biomedical Proficiency Test.

To the best of our knowledge, this is the first method intended for the screening of Novichok A-
series hydrolysates. The method was also found to be comparable or superior in many ways to
conventional intact analysis and pentafluorobenzyl derivatization analysis. In particular, the sensitive
and practical analysis of Novichok A-series degradation products in biological samples was very
difficult to achieve by other methods reported before 2021. Improvement of RSD and development
of a method that can simultaneously detect bulky compounds (e.g. MPGA) are future challenges. We
believe that DMT derivatization can be used to expand the range of compounds analyzed, owing to
its characteristic properties suitable for hydrophilic analytes. The present method can be implemented
using commercially available, inexpensive reagents, general-purpose reversed-phase columns, and
common LC-MS equipment, making it easy to implement for many laboratories with limited
resources. These features are especially important for the analysis of these terrorism-related
compounds because the opportunity for the analysis is expected to be rare but should be prepared for
from the standpoint of public safety. Finally, considering the growing interest in Novichok as a new
threat to citizens and as a security measure, we hope that the microsynthesis method of Novichok
hydrolysate will be useful for the synthesis of reference materials in various laboratories dealing with
chemical terrorism cases.
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Figure 5-2. A screening method for nerve agents’ hydrolysates in urine by using DMTMM.
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5-3. Paper-based analytical device for the on-site detection of nerve
agents

We report a colorimetric paper-based microfluidic device based on an enzyme-inhibition assay
that allows the on-site detection of nerve agents by sampling and wicking. The sample and reagents
are automatically transported through the channel where an enzyme inhibition reaction is conducted,
followed by an enzyme-substrate reaction and a color reaction. This device can detect 0.1 pg/mL of
the nerve agent VX in a 2.5-uL drop and is nerve agent selective, robust against temperature, pH,
and several liquids. We confirmed that sampling procedures (dilution, wiping) are applicable to this
device. Furthermore, the fabrication procedure is easy and the cost is at most a few tens of cents.
Thus, the present device provides a practical method for the urgent detection of nerve agents in
suspected chemical terrorism incidents. The device is practical due to its selectivity to nerve agents,
robustness against interference and its stability during storage. The performance of the pPAD was
evaluated using nerve agents, demonstrating the true performance of the assay using this pPAD.
Although there is still room for improvement in housing and appearance for practical use, and in the
detection speed and storage stability, this device provides a practical method for detecting any nerve
agent in on-site samples to combat terrorism.
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Figure 5-3. (a) Design and photos of the device. (b) Principle for sensing the nerve agent. After
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Figure 5-4. (a) VX, RVX, GB, GA, and pesticides responses obtained with the device. The LODs
for VX, paraoxon, and DDVP determined according to the above criteria were 0.1 pg/mL, 100
pg/mL, and 500 pg/mL, respectively. The LOD for VX is considered to comply with military
standards. For instance, NATO Standard permits the maximum daily dose of nerve agents of 60
Hg [1]. Although this device has high sensitivity to nerve agents, the sensitivity to pesticides that
inhibit AChE like nerve agents is 1000 times lower than that of VX. This suggests a high
selectivity for nerve agents in detecting suspicious substances. (b) Robustness against
Temperature, (c) Interference due to organic solvents.
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5-4. Future perspective

In this thesis, we report the results of our research on compounds whose performance is insufficient
or impossible to be analyzed by the existing analytical methods, using either the newly discovered
reaction of DMTMM or the newly designed paper fluid analysis device, both of which are the first
steps for future development.

The usefulness of DMTMM for the derivatization of cyanide ions and nerve agent degradation
products over conventional derivatization methods suggests the potential for the development of
DMTMM and triazine skeletons as derivatization reagents. Specifically, we believe that DMTMM
and the triazine skeleton can be applied to the analysis of various high-polarity compounds that are
not suitable for conventional LC-MS analysis because they exist as anions in aqueous solution. These
high-polarity compounds include chemical agents including cyanide, azide, hydrogen sulfide,
thiosulfate, pesticides, and nerve agent degradation products that are problematic in terrorism, crime,
and incidents. | believe that the high reactivity of DMTMM and its robustness to matrices will enable
us to develop a method to screen more toxic compounds with the same pretreatment method and the
same general-purpose LC-MS system.

As for the paper microfluidic analytical device for on-site detection of nerve agents used in
terrorism, this time only the detection device of nerve agents was available, but we believe that it is
possible to develop a paper chip for simultaneous analysis of all kinds of chemical agents, which is
currently possible only with expensive on-site detection devices, by branching off to a flow path with
the detection function of other chemical agents introduced in Chapter 1. For nerve agents, which are
particularly important to detect, we need to develop a device that can detect them in a shorter time
by reconstructing the flow path structure and understanding the reaction efficiency on paper. In
addition, we believe that it will be possible to further improve not only counter-terrorism but also
illegal drug arrests by developing a simultaneous detection device for use in arresting people in
possession of illegal drugs using the knowledge of the device structure obtained in these studies.

The development of such a method should make police investigations, rescue in the site, and the
preparation of evidence for trial more rapid, accurate, and robust.
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Chapter 2: Spectral data
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Figure S1. Product ion spectrum of DMT-EMPA.
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Figure S2. Product ion spectrum of DMT-IMPA.
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Figure S7. Product ion spectrum of DMT-MOPAA.

Intens. | e +MS2(362.1593), 25.0eV, 14.5-14.6min #851-855
154.0621 g‘“
136.0514 o NQH
Monoisotopic mass: 154.0628
600 1
1
~oR®
N
—7]
Monoisotopic mass: 164.0835

4001

(o}

p®

o }q o~
/
2 1y
/ 2 o P‘\O)\\N )\o/
L 72.0808 Monoisotopic mass: 205.1100 /N
205.1100 NEt, DMT-EOPAA
Monoisotopic mass: 362.1593
0 ll.. e | l. | I ‘l.l.. o | SRR AT i
50 100 150 200 250 300 350 400 450 mfz

Figure S8. Product ion spectrum of DMT-EOPAA.

110




Experimental section

Intens. +MS2(332.1487), 22.0eV, 13.3-13.4min #780-782
1000 175.09895 9
1l @ /P\ @
A N
134.0726
— NEt,
8001 Monoisotopic mass: 134.0729 Monoisotopic mass: 175.0995
600
4001
O/
3 Y
RS,
223.0622 N0 N"N0”
4 /
L —< DMT-MPAA
314.0347 NEE,
Monoisotopic mass: 332.1487
0 | lll del |, l.l.:.u 1Lu o 1
50 100 150 200 250 300 350 400 450 mfz
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Chapter 2: Synthetic method

General: All reactions sensitive to air or moisture were carried out under nitrogen atmosphere in dry
solvents under anhydrous conditions, unless otherwise noted. Dry CH2Cl,, DMF, and toluene were
purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). All other reagents were used as supplied.
Analytical thin-layer chromatography (TLC) was performed using E. Merck Silica gel 60 F 25
pre-coated plates, 0.25 mm. Preparative thin-layer chromatography was performed using Merck silica
gel 60 F 254 pre-coated plates, 0.5 mm. Flash chromatography was performed using 40-50 um Silica
Gel 60N (Kanto Chemical Co., Inc.), unless otherwise noted. *H and *C NMR spectra were recorded
on JEOL JNM-ECX-600 spectrometer. Chemical shifts were reported in ppm on the J scale relative to
CHCl; (8 = 7.26 for *H NMR), CDClIs (8 = 77.0 for *C NMR), as internal references. Signal patterns
are indicated as s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; br, broaden peak. High
resolution mass spectra were measured on Bruker Impact HD Q-TOF mass spectrometer (Bruker,
Billerica, MA, USA) via an electrospray ionization mode. lonization was performed in positive mode.

NH Et;NH (2 eq.) NH

)‘I\O/\ Et3N (1 eq.) )‘LN/\

EtOH (0.4 M)
100 °C, 6 h K
2

1 clean reaction

Amidine 2. Et;NH (3.72 mL, 36.0 mmol) was added to a solution of ethyl acetimidate 1 (2.22 mL,
18.0 mmol) and Et;N (2.50 mL, 18.0 mmol) in EtOH (45 mL) at room temperature. The reaction
mixture was stirred at 100 °C for 6 h, and was quenched with 30% aqueous NaOH (20 mL) at room
temperature. The organic layer was separated, and the aqueous layer was extracted with CH,Cl, (20
mL x3). The combined organic layers were dried over Na,SQ, filtered and concentrated. The residue
was slightly brownish but almost pure in *H NMR. Therefore, it was used for the reactions described
below without further purification. *H NMR (600 MHz, CDCls) § 1.12 (6H, t, NCH,CHjs), 2.09 (3H, s,
CHs), 3.30 (4H, g, NCH,CHj).

1. (COCI); (1.7 eq.)
CH,Cl, (1 M) NH

/\NJLN/\ reflux, 15h

N N/\
K 2. 7M NH3 in MeOH (3 eq.) ) K
MeCN (2 M)

3 0°Cto60°C,4h 4
clean reaction

Guanidine 4. Oxalyl chloride (1.46 mL, 17.1 mmol) was slowly added to a solution of tetraethylurea
3 (1.9 mL, 10.0 mmol) in CH:Cl; (10 mL) at 23 °C. The reaction mixture was stirred at 60 °C for 15 h,
and was concentrated. The yellow oil residue was used for the next reaction without further
purification. 7M NHs in MeOH (4.30 mL, 30.1 mmol) was added to a solution of the crude residue in
MeCN (5.7 mL) at 0 °C. The reaction mixture was stirred at 60 °C for 4 h, and was concentrated. Et,O
(35 mL) and 13% aqueous NaOH (15 mL, saturated with K>COs3) were added at 0 °C. The organic
layer was separated, and the aqueous layer was extracted with Et;,O (10 mL x3). The combined
organic layers were dried over K,COs3, filtered and concentrated. The residue was slightly yellowish
but almost pure in *H NMR. Therefore, it was used for the reactions described below without further
purification. *H NMR (600 MHz, CDCls) & 1.05 (12H, t, NCH,CHs), 3.09 (8H, g, NCH,CH3).
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9 BnOH(0.63 eq.) 9 amidine 2 (1.85 eq.) CH) Pd/C (5 wt% Pd, 3 mg) 9
P 2,6-lutidine (1 eq.) P DIPEA (3.35eq.) P. J\ H, (balloon) P. J\
MeO” 1ol T Me0" ol ————— Me0” }__)N/ NS 2 Meo” &L\Il/ N
CH,Cl, (0.3 M) CH,Cl, (0.1 M) L MeOH (2 mL) L
0°Cto23°C,16h 0 °C to 23 °C, 20 min 23 °C, 30 min
5 43% 80% 98% MOPAA
8
6 7

Benzyl methyl phosphorochloridate 6. 2,6-lutidine (356 uL, 3.00 mmol) and benzyl alcohol (194 uL,
1.89 mmol, Rs 0.45 for CH.Cl./acetone 100:1) were slowly added to a solution of methyl
phosphorodichloridate 5 (300 pL, 3.00 mmol) in CH.Cl, (10 mL) at 0 °C. The reaction mixture was
stirred at 23 °C for 15 h, and was concentrated. The residue was speedily purified by flash column
chromatography on silica gel (12 g, charged with hexane/CH.CI; 5:1, eluted with hexane/CH,Cl; 1:1)
to afford benzyl methyl phosphorochloridate 6 (285 mg, 1.29 mmol) in 43% yield: pale yellow oil; *H
NMR (600 MHz, CDCls) ¢ 3.88 (3H, d, POCH3), 5.21 (2H, dt, OCH2CsHs), 7.39 (5H, aromatic).

Benzyl methyl (1-(diethylamino)ethylidene)phosphoramidate 7. Amidine 2 (44 uL, 0.325 mmol)
and 'Pr,NEt (102 pL, 0.589 mmol) were slowly added to a solution of benzyl methyl
phosphorochloridate 6 (39 mg, 0.176 mmol, Rs 0.5 for CH.Cl./acetone 100:1) in CH.Cl, (1.8 mL) at
0 °C. The reaction mixture was stirred at 23 °C for 15 h, and was concentrated. The residue was
purified by flash column chromatography on silica gel (3 g, CH:Cly/acetone 3:1) to afford benzyl
methyl (1-(diethylamino)ethylidene)phosphoramidate 7 (42 mg, 0.141 mmol) in 80% yield: colorless
oil; *H NMR (600 MHz, CDClz) & 1.11 (3H, t, NCH,CH3), 1.17 (3H, t, NCH,CHg), 2.36 (3H, s,
CCHs), 3.32 (2H, g, NCH2CHs), 3.47 (2H, g, NCH2CHs), 3.65 (3H, d, POCHjs), 5.02 (2H, m,
OCH.Ce¢Hs), 7.31-7.40 (5H, aromatic); **C NMR (150 MHz, CDCls) § 12.3, 13.9, 19.7, 42.8, 43.6,
52.9, 67.6, 127.7, 128.4, 137.6, 165.7; HRMS (ESI) calcd for C14H24N203P [M+H]* 299.1519, found
299.1520.

O-methyl (1-(diethylamino)ethylidene)phosphoramidic acid (MOPAA) 8. A solution of benzyl
methyl (1-(diethylamino)ethylidene)phosphoramidate 7 (9.6 mg, 0.032 mmol, Rs 0.3 for
CH_Cly/acetone 3:1) and Pd/C (5 wt% Pd on carbon, 3 mg) in MeOH (2 mL) was exposed to H,
atmosphere (1 atm, balloon), and was stirred for 30 min at room temperature. Then, the reaction
mixture was filtered through a disposable syringe filter, DISMIC JP (0.20 um, 0.9 cm?, ADVANTEC
TOYO KAISHA, Ltd., Tokyo, Japan) with MeOH (5 mL). The filtrate was concentrated to afford
O-methyl (1-(diethylamino)ethylidene)phosphoramidic acid (MOPAA) 8 (6.6 mg, 0.031 mmol) in
98 % vyield: colorless oil; *H NMR (600 MHz, CDCls) § 1.11 (3H, t, NCH,CHs), 1.27 (6H, m,
NCH2CHs), 2.60 (3H, s, CCHs), 3.44 (2H, g, NCH:CHs), 3.58 (3H, d, POCHs), 3.80 (2H, q,
NCH,CHz); ¥C NMR (150 MHz, CDCI1 3 ) § 12.2, 13.3, 17.2, 45.0, 46.3, 52.9, 165.3; HRMS (ESI)
calcd for CsH1sN2OsP [M+H]* 209.1050, found 209.1048.

9 BnOH (0.63 eq.) 9 amidine 2 (1.85 eq.) 9 Pd/C (5 wt% Pd, 3 mg) 9
P 2,6-lutidine (1 eq.) P. DIPEA (3.35 eq. P. J\ H, (balloon) P.
Eo- g 2oMdne (Ted) o Rag DIPEAGS5E9) - o Ren? SN 2 Et0" "N NS

12

CH,Cl, (0.3 M) © CH,Cl, (M) o L MeOH (2 mL) OH L
0°Ct023°C, 14 h 0 °C to 23 °C, 20 min 23 °C, 30 min
56% 74% 73% EOPAA

10 1"

Benzyl ethyl phosphorochloridate 10. 2,6-lutidine (186 pL, 1.60 mmol) and benzyl alcohol (104 L,
1.00 mmol, Rf 0.45 for CHCly/acetone 100:1) was slowly added to a solution of ethyl
phosphorodichloridate 9 (188 mg, 1.60 mmol) in CH.Cl, (3.3mL) at 0 °C. The reaction mixture was
stirred at 23 °C for 15 h, and was concentrated. The residue was purified by flash column
chromatography on silica gel (8 g, charged with hexane/CH.CI; 5:1, eluted with hexane/CHCl; 2:1)
to afford benzyl ethyl phosphorochloridate 10 (132 mg, 0.560 mmol) in 56% yield: colorless oil; *H

114



Experimental section

NMR (600 MHz, CDCls) ¢ 1.38 (3H, dt, POCH:CHz3), 4.27 (2H, m, POCH:CHz3), 5.20 (2H, dt,
OCH:C¢Hs), 7.39 (5H, aromatic).

Benzyl ethyl (1-(diethylamino)ethylidene)phosphoramidate 11. Amidine 2 (26.6 pL, 0.198 mmol)
and 'ProNEt (62 uL, 0.358 mmol) was slowly added to a solution of benzyl ethyl phosphorochloridate
10 (25 mg, 0.107 mmol, R¢ 0.7 for CH.Clz/acetone 100:1) in CH.Cl, (1.07 mL) at 0 °C. The reaction
mixture was stirred at 23 °C for 15 h, and was concentrated. The residue was purified by flash column
chromatography on silica gel (2 g, CH.Clxacetone 6:1 to 3:1) to afford benzyl ethyl
(1-(diethylamino)ethylidene)phosphoramidate 11 (25 mg, 0.079 mmol) in 74% yield: colorless oil; *H
NMR (600 MHz, CDCls) § 1.11 (3H, t, NCH.CHs), 1.16 (3H, t, NCH.CHs), 1.27 (3H, t, POCH.CHj),
2.36 (3H, s, CCHj3), 3.31 (2H, g, NCH2CHs), 3.47 (2H, g, NCH.CHj3), 4.02 (2H, m, POCH,CHj3), 5.02
(2H, m, OCH,CgHs), 7.28-7.40 (5H, aromatic); *C NMR (150 MHz, CDCls) § 12.3, 14.0, 16.4, 19.7,
42.8, 43.6, 62.0, 67.5, 127.7, 128.4, 137.8, 165.7; HRMS (ESI) calcd for CisHsN20OsP [M+H]*
313.1676, found 313.1679.

O-ethyl (1-(diethylamino)ethylidene)phosphoramidic acid (EOPAA) 12. A solution of benzyl ethyl
(1-(diethylamino)ethylidene)phosphoramidate 11 (10 mg, 0.032 mmol) and Pd/C (5 wt% Pd on carbon,
3 mg) in MeOH (2 mL) was exposed to H, atmosphere (1 atm, balloon), and was stirred for 30 min at
room temperature. Then, the reaction mixture was filtered through a disposable syringe filter, DISMIC
JP (0.20 um, 0.9 cm?, ADVANTEC TOYO KAISHA, Ltd.) with MeOH (5 mL). The filtrate was
concentrated to afford O-ethyl (1-(diethylamino)ethylidene)phosphoramidic acid (EOPAA) 12 (5.2
mg, 0.023 mmol) in 73 % yield: colorless oil; *H NMR (600 MHz, CDCls) & 1.11 (3H, t, NCH,CH3),
1.23 (3H, t, POCH:CH3), 1.28 (6H, m, NCH.CHs), 2.64 (3H, s, CCHs), 3.45 (2H, g, NCH.CHj3), 3.83
(2H, g, NCH2CHs3), 3.96 (2H, dg, POCH,CHs); *C NMR (150 MHz, CDCI 3) 8 12.2, 13.3, 16.6, 17.2,
45.1, 46.5, 61.7, 165.4; HRMS (ESI) calcd for CgH20N20sP [M+H]* 223.1206, found 223.1205.

0 BnOH (2 eq.) 0 (COCI), (1.1 eq.) o J\ PIC (5wt% Pd, 3mg) O /L
DIPEA (2 eq. CHCl3 (0.25 M amidine 2 (2.5 H, (balloon
weog _DPEARES) R SHC O28M) - Ry amdne2@5ea) F{ N Ao | R F sy

S toluene (0.6 M) o DMF (cat.) O CH,Cl, (0.1 M) |\ MeCH (2 mL) oH
43 0°C1023°C, 14h 0°C1023°C, 18h 0°C to 23 °C, 20 min 23 °C, 30 min

crude crude 52% (3 steps) 98% MPAA

17
14 15 16

Dibenzyl methylphosphonate 14. 'Pr,NEt (379 uL, 2.17 mmol) and benzyl alcohol (225 pL, 2.17
mmol) was slowly added to a solution of methylphosphonic dichloride 13 (100 uL, 1.09 mmol) in
toluene (1.8 mL) at 0 °C. The reaction mixture was stirred at 23 °C for 18 h, and was filtered with
celite and hexane, followed by concentration. Hexane/Et,O (1:1, 3 mL) was added and washed 0.03 M
aqueous NaOH (3 mL). The organic layer was dried over Na;SO., filtered and concentrated. The
residue was used for next reaction without further purification: pale yellow oil; *H NMR (600 MHz,
CDCls) 6 1.48 (3H, d, POCHg), 5.01 (4H, dt, OCH2CsHs), 7.35 (10H, aromatic).

Benzyl methylphosphonochloridate 15. Oxalyl chloride (103 pL, 1.20 mmol) and dry DMF (1.0 pL,
catalytic) was slowly added to a solution of crude dibenzyl methylphosphonate 14 (R 0.5 for
CHCI3/MeOH 100:1) in CH:Cl, (4.4 mL) at 0 °C. The reaction mixture was stirred at 23 °C for 18 h,
and was concentrated. The residue was used for next reaction without further purification: pale yellow
oil; *H NMR (600 MHz, CDCls) (impure) & 2.00 (3H, d, POCHs3), 5.20 (2H, dt, OCH,CsHs), 7.39 (5H,
aromatic)

Benzyl N-(1-(diethylamino)ethylidene)methylphosphonamidate 16. Amidine 2 (311 pL, 2.73
mmol) was slowly added to a solution of crude benzyl methylphosphonochloridate 15 (R¢ 0.3 for
CH.Cly/acetone 1:1) in CH,Cl, (10 mL) at 0 °C. The reaction mixture was stirred at 23 °C for 30 min,
and was concentrated. The residue was purified by flash column chromatography on silica gel (10 g,
CH.Cly/acetone 3:1) to afford benzyl N-(1-(diethylamino)ethylidene)methylphosphonamidate 16 (160
mg, 0.567 mmol) in 52% vyield (3 steps): colorless oil; *H NMR (600 MHz, CDCls) § 1.09 (3H, t,
NCH2CHa), 1.16 (3H, t, NCH2CHs), 1.47 (3H, d, PCH3), 2.38 (3H, s, CCHa), 3.30 (2H, q, NCH2CHa),
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3.44 (2H, g, NCH:CHjs), 5.00 (2H, m, OCH,C¢Hs), 7.25-7.39 (5H, aromatic); **C NMR (150 MHz,
CDCls) 6 12.4, 14.0, 14.8, 15.7, 19.7, 42.6, 43.3, 65.9, 127.5, 127.7, 128.4, 138.1, 164.5; HRMS (ESI)
calcd for C14H24N2O2P [M+H]* 283.1570, found 283.1568.

O-ethyl (1-(diethylamino)ethylidene)phosphoramidic acid (MPAA) 17. A solution of benzyl
N-(1-(diethylamino)ethylidene) 16 (10 mg, 0.035 mmol) and Pd/C (5 wt% Pd on carbon, 3 mg) in
MeOH (2 mL) was exposed to H, atmosphere (1 atm, balloon), and was stirred for 30 min at room
temperature. Then, the reaction mixture was filtered through a disposable syringe filter, DISMIC JP
(0.20 um, 0.9 cm?, ADVANTEC TOYO KAISHA, Ltd.) with MeOH (5 mL). The filtrate was
concentrated to afford O-ethyl (1-(diethylamino)ethylidene)phosphoramidic acid (MPAA) 17 6.7 mg,
0.035 mmol) in 98 % vyield: colorless oil; *H NMR (600 MHz, CDCls) & 1.26 (6H, t, NCH.CHs), 1.52
(3H, d, PCH3), 2.69 (3H, s, CCH3), 3.45 (2H, g, NCH,CHj3), 3.78 (2H, g, NCH2CHz); *C NMR (150
MHz, CDCls) & 12.0, 13.3, 16.7, 17.2, 18.1, 44.7, 46.3, 164.8; HRMS (ESI) calcd for C7H1sN>O3P
[M+H]* 193.1100, found 193.1097.

L .

9 guanidine 4 (1.85 eq.) 9 N Pd/C (5 wt% Pd, 3 mg) (IZI) )\
P DIPEA (3.35eq.) P H, (balloon) P
MeO” \>cl — " TN MeO” EDN/ NS T L Meo” NT NN

CH,Cl, (0.05 M) K MeOH (2 mL)
0 °C to 23 °C, 20 min 23 °C, 30 min

98% 74% MOPGA

19
6 18

Benzyl methyl (bis(diethylamino)methylene)phosphoramidate 18. Guanidine 4 (34 pL, 0.198
mmol) and 'PrNEt (62 pL, 0.358 mmol) was slowly added to a solution of benzyl methyl
phosphorochloridate 6 (25 mg, 0.107 mmol, Rs 0.5 for CH2Cl,/acetone 100:1) in CH.Cl, (1.1 mL) at
0 °C. The reaction mixture was stirred at 23 °C for 15 h, and was concentrated. The residue was
purified by flash column chromatography on silica gel (2 g, CH.Cl./acetone 6:1 to 3:1) to afford
benzyl methyl (bis(diethylamino)methylene)phosphoramidate 18 (27 mg, 0.103 mmol) in 97% yield:
colorless oil; *H NMR (600 MHz, CDCls) & 1.10 (12H, t, NCH2CHjs), 3.29 (8H, g, NCH,CHs), 3.62
(3H, d, POCHj3), 5.02 (2H, m, OCH,C¢Hs), 7.25-7.40 (5H, aromatic); **C NMR (150 MHz, CDCls) &
13.1, 43.4, 52.8, 67.4, 127.7, 128.3, 137.9, 162.6; HRMS (ESI) calcd for Ci7H3:NsO3P [M+H]*
356.2098, found 356.2100.

O-methyl (bis(diethylamino)methylidene)phosphoramidic acid (MOPGA) 19. A solution of
benzyl methyl (bis(diethylamino)methylene)phosphoramidate 18 (8.1 mg, 0.023 mmol) and Pd/C (5
wt% Pd on carbon, 3 mg) in MeOH (2 mL) was exposed to H, atmosphere (1 atm, balloon), and was
stirred for 30 min at room temperature. Then, the reaction mixture was filtered through a disposable
syringe filter, DISMIC JP (0.20 um, 0.9 cm?, ADVANTEC TOYO KAISHA, Ltd.) with MeOH (5
mL). The filtrate was concentrated to afford O-methyl (bis(diethylamino)methylidene)phosphoramidic
acid (MOPGA) 19 (4.5 mg, 0.017 mmol) in 74 % yield: colorless oil; *H NMR (600 MHz, CDCls)
1.22 (12H, t, NCH2CHj3), 3.46(8H, q, NCH.CHj3), 3.64 (3H, d, POCH3); *C NMR (150 MHz, CDCls)
3 12.9, 29.8, 44.3, 52.6, 161.5; HRMS (ESI) calcd for CioHzsN3OsP [M+H]* 266.1628, found
266.1628.
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- L

(IZI) guanidine 4 (1.85 eq.) ? N Pd/C (5 wt% Pd, 3 mg) 9 )N\
P DIPEA (3.35 eq. P =~ H, (balloon) P =
oo DPEARSSe) LN NS 2 L Eo LN N
CH,Cl, (M) L MeOH (2 mL)
0 °C to 23 °C, 20 min 23 °C, 30 min
43% 76% EOPGA
21
10 20

Benzyl ethyl (bis(diethylamino)methylene)phosphoramidate 20. Guanidine 4 (19 L, 0.099 mmol)
and 'ProNEt (61 uL, 0.179 mmol) was slowly added to a solution of benzyl ethyl phosphorochloridate
10 (12 mg, 0.053 mmol, R; 0.7 for CH,Cl./acetone 100:1) in CH.Cl, (540 uL) at 0 °C. The reaction
mixture was stirred at 23 °C for 1 h, and was concentrated. The residue was purified by preparative
thin-layer chromatography (width 20 cm, height 10 cm, CH.Clx/acetone 2:1) to afford benzyl ethyl
(bis(diethylamino)methylene)phosphoramidate 20 (8.5 mg, 0.023 mmol) in 43% vyield: colorless oil;
'H NMR (600 MHz, CDCls) & 1.10 (12H, t, NCH2CH3), 1.24 (3H, t, POCH.CHj3), 3.29 (8H, m,
NCH,CHs), 4.01 (3H, m, POCH;Hs), 5.02 (2H, d, OCH,CsHs), 7.25-7.40 (5H, aromatic); **C NMR
(150 MHz, CDCls) & 13.1, 16.4, 43.4, 61.6, 67.3, 127.6, 128.3, 137.9, 162.5; HRMS (ESI) calcd for
CisH33N3OsP [M+H]* 370.2254, found 370.2257.

O-ethyl (bis(diethylamino)methylidene)phosphoramidic acid (EOPGA) 21. A solution of benzyl
ethyl (bis(diethylamino)methylene)phosphoramidate 20 (5.6 mg, 0.015 mmol) and Pd/C (5 wt% Pd on
carbon, 3 mg) in MeOH (2 mL) was exposed to H, atmosphere (1 atm, balloon), and was stirred for 30
min at room temperature. Then, the reaction mixture was filtered through a disposable syringe filter,
DISMIC JP (0.20 um, 0.9 cm?, ADVANTEC TOYO KAISHA, Ltd.) with MeOH (5 mL). The filtrate
was concentrated to afford O-ethyl (1-(diethylamino)ethylidene)phosphoramidic acid (EOPAA) 12
(3.2 mg, 0.012 mmol) in 76 % vyield: colorless oil; *H NMR (600 MHz, CDCls) & 1.21 (12H, t,
NCH.CHs), 1.23 (3H, t, POCH,CHj3), 3.45 (8H, g, NCH.CH3), 4.01 (3H, m, POCH:Hj3), 8.56 (1H, br,
POH); *¥*C NMR (150 MHz, CDCls) & 12.9, 16.7, 44.4, 61.3, 161.5; HRMS (ESI) calcd for
C11H27N3s0sP [M+H]* 280.1785, found 287.1781.

0 BnOH (2 eq.) 0 (COClI); (1.1 eq.) 0 0 LNJ PU/C (5% Pd, 3mg) O /NKJ
P. DIPEA (2 eq.) P. CH,Cl; (0.25 M) P._ guanidine 4 (2.5 e P. Hz (balloon) P.
Me" 1ol — "7 Me O CHCLO2M) e fing gamane 4 @5e0a) Ry~ 20300 g Ry~
C (oluene (0.6 M) o DMF (cat) O cheh 1M S N MeOH (2 mL) OH
13 0°Cto23°C 14h 0°Cto23°C,18h 0°C to 23 °C, 20 min 23°C, 30 min
crude crude 63% (3 steps) 85% MPGA
23
14 15 22

Benzyl N-(bis(diethylamino)methylene)methylphosphonamidate 22. Crude benzyl
methylphosphonochloridate 15 was synthesized same as above using methylphosphonic dichloride 13
(25 pL, 0.253 mmol). Guanidine 4 (122 uL, 0.632 mmol) was slowly added to a solution of crude
benzyl methylphosphonochloridate 15 (R¢ 0.3 for CH,Cl./acetone 1:1) in CH,CIl; (2.5 mL) at 0 °C.
The reaction mixture was stirred at 23 °C for 30 min, and was concentrated. The residue was purified
by flash column chromatography on silica gel (3 g, CH:Cl/acetone 3:1 to 1:1) to afford benzyl
N-(bis(diethylamino)methylene)methylphosphonamidate 22 (58 mg, 0.159 mmol) in 63% vyield (3
steps): pale yellow oil; *H NMR (600 MHz, CDClz) § 1.09 (12H, t, NCH.CHs), 1.47 (3H, d, PCH3),
3.28 (8H, m, NCH,CHjs), 5.01 (2H, m, OCH:Cg¢Hs), 7.24-7.38 (5H, aromatic); 3C NMR (150 MHz,
CDCl3) 6 13.2, 14.7, 15.7, 435, 43.6, 66.0, 127.6, 128.4, 138.3, 161.5; HRMS (ESI) calcd for
C17H31N302P [M+H]* 340.2148, found 340.2149.

N-(bis(diethylamino)methylene)methylphosphonamidic acid (MPGA) 23. A solution of benzyl
N-(bis(diethylamino)methylene)methylphosphonamidate 22 (8.7 mg, 0.026 mmol) and Pd/C (5 wt%
Pd on carbon, 3 mg) in MeOH (2 mL) was exposed to H, atmosphere (1 atm, balloon), and was stirred
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for 30 min at room temperature. Then, the reaction mixture was filtered through a disposable syringe
filter, DISMIC JP (0.20 pum, 0.9 cm?, ADVANTEC TOYO KAISHA, Ltd) with MeOH (5 mL). The
filtrate was concentrated to afford N-(bis(diethylamino)methylene)methylphosphonamidic acid
(MPGA) 23 (5.4 mg, 0.022 mmol) in 85 % vyield: colorless oil; *H NMR (600 MHz, CDCl3) § 1.22
(12H, t, NCH2CHg), 1.51 (3H, d, PCHa), 3.45 (8H, m, NCH,CHj3), 8.96 (1H, br, POH); 3C NMR (150

MHz, CDCls) 6 12.9, 17.0, 17.8, 44.3, 161.3; HRMS (ESI) calcd for C1oH2sN3O2P [M+H]* 250.1679,
found 250.1677.
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