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Preface

Mass spectrometry and allied topics represent the main lectures given to the NATO-
ASI (Advanced Study Institute) entitled “Molecular Technologies for the Detection
of Chemical and Biological Agents”, which was held at the Hotel Village La
Principessa, Campora San Giovanni, Calabria, Italy, from April 9 to April 16, 2016.
This ASI was a great success from both scientific and organizational points of view.

First of all, this NATO-ASI would have not been possible without the excellent
help and coordination of the NATO Science Committee of the Science for Peace and
Security (SPS) Programme. Special thanks are due to Professor El Mokhtar Essassi
(Mohamed V University) codirector of NATO-ASI for his contribution. We were
also extremely lucky to have an excellent organizing committee that simplified the
tasks associated with arranging the NATO-ASI. In addition, the excellent efforts of
the members of this committee, namely, Professors Richard M. Caprioli (Vanderbilt
University), Giovanni Sindona (University of Calabria) and Gianluca Giorgi
(University of Siena), are sincerely acknowledged.

We are particularly indebted to Professor Caprioli who was instrumental in invit-
ing the best lecturers and securing funding from the manufacturers and to Ms.
Maureen Casey, for her superb organizational skills.

We were privileged and honoured to have as lecturers for the NATO-ASI a suc-
cession of world-renowned scientists, namely, Professor Richard M. Caprioli;
Stanford Moore, professor of biochemistry, director of the Mass Spectrometry
Research Center and editor-in-chief of the Journal of Mass Spectrometry from
Vanderbilt University; Professor Eric P. Skaar Department of Pathology,
Immunology, and Microbiology, Vanderbilt University Medical Center; Professor
Guenter Allmaier, Institute of Chemical Technologies and Analysis, Vienna
University of Technology; Professor Mark Duncan of the School of Medicine,
University of Colorado, USA; Professor Gianluca Giorgi, University of Siena;
Professor Giovanni Sindona, University of Calabria; Professor Marc JF Suter from
EAWAG, Swiss Federal Institute of Aquatic Science and Technology, Diibendorf,
Switzerland; Professor Jeffrey C. Smith University of Carlton, Ottawa; and Professor
Joseph H. Banoub, DFO-MUN, ST John’s, NL. Canada.
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The mission of NATO-ASI was to bring together leading experts in the fields of
modern molecular analyses and in the biological effects of chemical and biological
warfare agents. The topics covered included the detection of chemical and biologi-
cal agents with state-of-the-art sensors and various mass spectrometric technolo-
gies; the effect of exposure of various agents such as toxins, bacteria, viruses, and
chemical agents; and the description and protocols of new innovative molecular
detection technologies and assessment of the effects of exposure on short-term and
long-term health. This meeting also presented the fundamental aspects and applica-
tions of molecular technologies, especially mass spectrometry, for the detection of
chemical and biological agents and for assessment of their effects on human cells.

The mission of NATO-ASI # G4915 was successfully accomplished, as it brought
together leading experts in the fields of modern molecular analyses with those
experts in the biological effects of chemical and biological (CB) warfare agents.
The attendees were also given an opportunity to present their research through forty
10-min lectures open to all attendees. This was followed by small group discus-
sions. The NATO-ASI meeting was advertised on the Internet and all the lectures
were immediately posted online following the meeting. The relaxed atmosphere of
this venue stimulated discussions between faculty and trainees concerning addi-
tional details of the lecture subjects and advanced protocols and technologies.

A major scientific message conveyed to the NATO-ASI participants was that
while there is no single detection method that provides rapid and accurate detection
of all CB agents, we (NATO countries) must keep abreast of the powerful new mass
spectrometry state-of-the-art detection technologies that can help protect the public
from chemical and biological threats.

St John’s, NL, Canada Joseph H. Banoub
Nashville, TN, USA Richard M. Caprioli
Agdal, Rabat, Morocco El Mokhtar Essassi
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Chapter 1
Immunorecognition of Biological Agents:
An Introduction to Immunology

Alessia Ciafarone, Ilaria Bologna, Argilia D’ Amico, and Mauro Bologna

Abstract The main mechanims and concepts regulating the functioning of the
human immune system are illustrated, with the general aims of improving disease
prevention and ecosystem dynamics knowledge. These concepts must be known for
the best management of infectious diseases and in the paramount view of ecology
and parasitism, which are at the basis of stage-sharing of the environment by different
species of life, each defending its own uniqueness and biological existence. Man
is only one of the many living species sharing the stage of the planet. These consid-
erations are fundamental in the fields of infectious diseases and of bioterrorism
which have to be efficiently contrasted.

Keywords Immunology e Parasitism ¢ Biological defense mechanisms e
Bioterrorism

1.1 Introduction

The far reaching aims of this NATO-Advanced Study Institute course allowed us to
delineate a very wide landscape of scientific perspectives. Therefore, for the teaching
purposes set here, we are sharing some of our studies in general immunology
and some scientific and philosophical considerations concerning biological agents
living in the environment and their relations with humans, in the very wide endeav-
ours of ecological relationships, parasitism, immunological defenses and infectious
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disease mechanisms. All these concepts must be studied not only for the biological
survival and defense of each individual in the environment but also for social
prevention purposes, in the event of criminal use of biological agents (bioterrorism)
aimed at harming human populations in different times and different geographical
sites.

1.2 Microbes and Humans Interacting: Defense Strategies
of Multicellular Live Beings

Life began on Earth circa 3.5 billion years ago with unicellular beings: primitive
bacteria and algae (Archean Age) See: Archea, Wikipedia (accessed 1 Feb 2017)
and De Duve [1]. Biological evolution of species progressively produced today's
forms of life, as we observe them. Millions of species co-exist today and share the
stage (biosphere). Evolution soon registered colonies of unicellular beings, with the
advantage of wider and specialized cellular functions but with the problem of
preventing undesirable aggregations (casual or purposely parasitic and potentially
dangerous situations anyway). Consequently, the need of surveillance by an
efficient “immune system” is always present. The basic need of this surveillance
system was (and always is) to preserve the genetic integrity of the individual being
and the survival of the colony (multicellular entity): any novelty cannot be “tolerated”
and regular cells (“self”) must be quickly recognized as such, while stranger cells
(“not self”’) must be eliminated (rejected) efficiently [2, 3].

In the evolutionary enactment of these needs, anatomical barriers developed, like
surface structures (skin, barks, cuticles) and recognition systems (surface mole-
cules, histocompatibility antigens, intercellular communication and collaboration/
rejection functions) became very sophisticated, demanding and by necessity error-
free. For a general description of the immune system, we recommend reading
appropriate textbooks or specialty reference manuals [2, 4]. We can mention in this
respect a recent introductory manual by Actor [3]; this book had also an Italian
Edition by Pearson Publisher, 2015, “Introduzione all'immunologia”, cared by our
scientific team.

In presence of the enormous variety of live beings coexisting nowadays on Earth,
humans (we) pretend to have absolute priority, but we have to consider that we share
the stage in such a crowded environment on this planet. Therefore, we should adhere to
the following principles: learn, respect, understand and prevent. LEARN the biological
requirements of all the life forms, RESPECT the right of any form of life for existence
and prosperity, UNDERSTAND the logic of evolution and of biological mechanisms
and PREVENT the possibilities of harm and disease for humans and other animals and
plants of interest, due to environmental changes (mostly man-determined).

On this planet there are millions of different species of living beings, in variable
proportions in the biosphere and in different ecosystems: they are all co-existing,
interacting and competing for food and survival. This encompasses the very univer-
sal phenomena of competition and of parasitism [2].
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One of the most recent and precise evaluations of the number of species existing
on planet earth, but still very approximate and provisional (well-illustrated and
summarized in National Geographic, april 2013), finds evidence of more than five
thousand species of mammals, ten thousand species of birds, twelve thousand
species of reptiles, fifteen thousand species of amphibians, forty-five thousand
species of fish, one hundred and fifty thousand species of crustaceans, two hundred
thousand species of mollusks, six hundred thousand species of aracnids, five million
species of insects and many, many millions (inestimable indeed) species of bacteria,
viruses and other microrganisms. Are we numerous on Earth? Is there enough
work for the immune system of each living multicellular organism to distinguish
“self” from possibly harmful “not self”?

Species of microrganisms ascertained as pathogenic for humans are indeed a very
small fraction of the existing ones: we come to know them better because we study
the diseases connected with each of the major pathogens, but we ignore a lot about
the greater number of other, presumably innocuous species of microrganisms.

In general, different species interacting may set a parasitic relationship, in which
the larger biological entity (the host) may receive harm (food loss or disease) and
the smaller one (the parasite) may get advantages (more food, protection). Both
must preserve their identity and prevent contamination by foreign genetic material
(immunologic surveillance, bilaterally). Some parasites can even live within the
hosts (endoparasitism), like some bacteria and all viruses.

Three types of interactions may occur between a microrganism and a human
host: (a) symbiotic relationship, in which the microrganism and the host both
benefit; (b) commensal relationship, in which the microrganism gains but the host
suffers no harm; and (c) a true parasytic relationship, in which the microrganism
gains and the host is harmed (with or without disease) [2].

Symbiosis offers frequently mutual advantages and remains very stable in time.
Pathogens (as already mentioned) are a minimal proportion of the existing micror-
ganisms. We humans host some advantageous bacterial populations (in the intes-
tine, on the skin, with commensal germs in the mouth and in genital mucosae): we
indeed are also made of the germs living in/on our body. Indeed, only one cell out
of ten in our body is a human cell: the rest are bacteria (the so-called microbiome).
Among these, we count billions of bacteria in the intestines, definitely useful for
many functions (vitamin production, competition with true pathogens, contribution
to metabolism, etc) [4].

The balance between host and parasites depends on two basic forces, an aggres-
sive force by the parasite depending on survival/proliferation/invasion capacity of
the parasite itself and a defensive force by the host, depending on the immune
mechanisms (phagocytosis, cellular and humoral immune reactions). In this balanc-
ing of opposite forces the parasitic relationship is played by the contendents. If we
have marked prevalence of the parasite, we may have disease (and eventually death)
of the host, but if we have definite prevalence of the host defences, we may have
control (and eventually elimination) of parasites. For a wider general illustration of
these concepts see Abbas et al. [2] and also Bologna and Lepidi [5].
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1.3 Immunology: Origins and Development of a Still Young
Discipline

Immunology is a rather young science (a little more than 60 years old, with this
explicit name) although the first informations on the existence and validity of immune
defences go back indeed to Edward Jenner with his “vaccination” practices in the
1790s and probably to some older but analogous Chinese medicine practices [6].

The first “immunological” experiment by Jenner is something that would not be
ethically feasible today by any medical deontological rules! He started from the
observation that English milkmaids who caught cowpox (a benign form of skin
eruptions from contacts with diseased cows) did not develop the human form of the
smallpox disease; therefore, he voluntarily and deliberately exposed his gardener's
son (James Phipps) to biological materials from cowpox pustules (causing a fever
illness in the recipient); after recovery, Jenner challenged the boy with human
smallpox, verifying his attained “immunity” also to the human disease [3].

Jenner is therefore considered the father of experimental “immunology”. No
mechanistic explanations of that experiment were however possible at that time:
only about 100-150 years later we started discovering antibodies and immune sys-
tem functions allowing us to understand what was biologically happening at that
time in the milkmaids (and at any other time in “immune” individuals) and in the
“vaccinated” individuals like Jenner's gardener's son.

All the developing “immunological” science, enriched later through microbiol-
ogy, biochemistry, physiology and pathology studies in the following decades,
recorded more and more details in the functioning of the defense mechanisms of
mammals and humans, having the most complex and efficient forms of immuno-
logical defense against foreign agents entering the body.

The immune system is in fact like an “eye within” the body, controlling that
nothing extraneous is biologically active in each individual organism, and therefore,
recognizing effectively “self” from “not-self”, so that replication of self-cells are
not contaminated by “foreign” biological agents and that any extraneous biological
entity will be eliminated by soluble “light” weapons (antibodies) and by “heavy”
killers (immune cells and macrophages, interacting and collaborating in the task).

The key steps of an immune reaction are substantially three: (a) internalization
of foreign particles by macrophages (MPH) degrading and “presenting” them to
T-Helper lymphocytes (TH-cells) which in turn start an elaborated attack, mostly
through either (b) synthesis of soluble “light” weapons (antibodies, humoral
response by B-cells) or (c) development of cellular “heavy” weapons (killer
T-lymphocytes T-K cells, with cellular or cytotoxic response); in many cases we
observe the activation of both responses (b + ¢), depending on the needs. The key
steps of an immune reaction are illustrated in the following figure.
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Recently, it has been shown that activated T-cells tend to aggregate, like a swarm
of bees, exchanging informations, useful to coordinate the immune response (i.e. to
elaborate coordinated defence plans): this is the visual demonstration of the com-
plex molecular dialogue taking place within the various families of immune cells
collaborating to the full enactment of defence mechanisms.

When invaders are present in body fluids or in the extracellular domains, like
most bacteria, they can be attacked by antibodies, through specific surface recogni-
tion. However, when the invaders are instead of the intracellular type, like viruses
and some bacteria (like TBC), they must instead be attacked by special killer lym-
phocytes (cytotoxic TK-cells) which destroy all the self-cells harboring the intrud-
ers, together with their content. Nevertheless, viruses anyway can also transit the
body fluids; consequently also antibodies are produced against them.

In most responses, both humoral (antibodies) and cellular attacks are deployed.
The immune response, moreover, is specific and potentiated by memory: therefore
a second (or further) encounter with the same foreign agent (antigen) produces a
stronger and quicker defense reaction.

Details of the immune mechanisms are continuously discovered. So this disci-
pline is still far from being completely described and understood. New details are
continuously added and better focused by immunology researchers in time [2].
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1.4 Microbes and Their Attack Strategies

If germs are successful to penetrate the body, they enter a hostile territory, where
they try to survive through strategic actions: rapid proliferation, identity disguise,
toxic products (toxins), resistance to attacks, niche hiding, etc. If microbes prevail,
they can multiply and pass to other individuals. The capacity to hide from immune
attacks is exemplified by Listeria monocytogenes, which is able to escape vacuoles
when internalized. The bacterium so hides and passes from cell to cell by endocyto-
sis going often undetected by immune reactions and unreachable by antibodies [7].

Also tuberculosis (TBC) represents a great challenge, because the organism
(Mycobacterium tuberculosis) can survive even after it has been internalized
(phagocytosed) by macrophages. The mycobacteria can indeed hide inside the bone
marrow stem cells and evade the immune reactions for many years.

But fortunately, highly pathogenic germs are very few, considering that there are
millions of species of microorganisms in nature. Nevertheless, most of these non-
pathogenic organism species to human are easily destroyed by the Homo sapiens
immune system [3].

The very limited number of effective pathogens is characterized by special proper-
ties making them resistant to the immune attacks. Very virulent germs tend however
to disappear in the ecosystems, because they kill their sensitive hosts (natural selec-
tion): the killer usually disappears together with the killed. This indeed is part of the
natural selection of life forms able to coexist and collaborate (through non-lethal para-
sitic relationships). Therefore, life on Earth continues to thrive and evolve [5].

Peace and recyprocal toleration and coexistance are therefore favoured by natu-
ral selection: we may say, the biological strength of peace and cooperation (even
before and without human knowledge)!!!

The attack strategies by germs are mostly implemented by their rapid prolifera-
tion, which is a key factor for microrganisms: immune response indeed requires
some time (7—10 days) to be strong and effective. Another feature of attack by germs
is their capacity to elaborate toxins (blocking key functions of the host): movement
(tetanus), water balance (cholera), etc.

More strategies are immune evasion (antigenic change - flu viruses) (Bologna,
2010), complement inhibition, resistance to phagocytosis, or even TLy elimination
(HIV). The competition grounds are therefore many and variegated [2, 3].

1.5 Prevention to Favour Defence and Immunity

To control infections and favor immune responses, therefore, we may generally try:

(a) To reduce microrganism proliferation (through the use of bacteriostatic drugs)
or kill at least partially the germs (disinfection, use of bactericidal drugs);

(b) To control the vectors diffusing the infection (insects, arthropods, birds, rats,
etc.); this action implies vast territory and international cooperation plans;
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(c) Toimmunize preventively the potential hosts (vaccinations): this action requires
public health planning, technology, costs, cooperation plans and time;

(d) To administer preformed antibodies (serotherapy): this also requires technol-
ogy, health system costs and availability of sera (biotechnology production
facilities).

Actions against germs imply the use of chemotherapeutic agents (antibiotics:
bacteriostatic or bactericidal) having a multitude of action mechanisms and being
suitable under precise conditions; germs tend to develop resistance to them; fewer
and fewer effective antibiotics are available today, while the discovery of new mol-
ecules in this category has been scarce, lately.

Hygienic measures are very effective, well known, applicable easily almost
everywhere and can be enacted at low cost, whenever possible.

Campaigns against vectors (insecticides, biological competitors - fungi, bats,
genetic manipulation of vectors) can also be very effective (if they are done with a
good biological and environmental knowledge of the ecological systems in play).

The consensuses on the best possible actions are mostly related to effective vac-
cination campaigns (if specific and effective vaccines are available and if time
allows) and immune sera administration (when available and if time is critical for
the disease control).

A vaccine is generally preferable, because it induces an active response in the
recipient and an advantageous state of immune memory in the treated population,
with minimal side effects (active immunization). A serum specific for a given anti-
gen can be life-saving (serotherapy, immediately active), but has some side effects
(heterologous proteins —horse immunoglobulins in humans are antigenic-) and does
not have a lasting protection (passive immunization).

Vaccinations have resolved many infectious diseases in recent times, like diph-
teria, polyomielitis, pertussis, measles, (that are no longer deadly threats in many
areas of the world). Vaccination against smallpox (variola) has actually extinguished
the disease from the planet Earth. Unfortunately, this fact anyway presents a very
dangerous problem for future potential bioterrorism actions (as we will discuss in a
separate chapter in this book).

Moreover, modern life has created some extra occasions for germs and some
“new” diseases: air conditioning apparatuses for instance (if not properly cared and
cleaned) are a new ideal environment for bacteria; because of dirt and humidity they
can foster growth of airborne bacteria never seen before as human pathogens:
Legionella pneumophyla. The story of Legionaries disease (an often fatal lung
infection by Legionella) is very instructive for microbiologists and epidemiologists:
every scholar in this field should study the case [8, 9].

Human behaviours (sexual intercourses, exchange of syringes among intrave-
nous drug users and frequency of air travel) have extended the contagion of for-
merly rare infections like HIV: also in this case the facts are dramatically instructive
for medicine and epidemiology. Transfusions of unscreened blood have also diffused
hepatitis C (HepC) and HIV viruses. Centralized processing of foods has sometimes
diffused a contagion of food-borne infections (E.coli).
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Airplanes have replaced ships for human travel and are at the center of attention
for human communicable diseases spreading (Influenza, SARS, etc.). Many more
people are traveling today to remote and tropical areas than before (forests, wilder-
ness): this can expose more populations (even at home, on the return) to rare insects
and microbes (see cases of malaria, Ebola virus, Marburg virus, etc.). In addition,
economic development expands contacts: mining, forestry, agriculture in new
tropical areas with recent deforestation.

And more, the increasing number of subjects with immunodeficiency diseases or
immunosuppressant therapies (for transplants) increases the probability of new
communicable agents to infect people, survive, and propagate in modern societies
(opportunistic infections, with possible mutations in progress).

This entire panorama increases the variety of new emerging infections: here is a
variety of bacterial and viral pathogens of recent discovery: for bacteria we may cite
Criptosporidium parvum, Legionella pneumophyla, Campylobacter jejuni,
Helicobacter pylori, and for the viruses we may cite Rotavirus, Ebola virus, Zika
virus, Hantaan virus, HTLV virus, HIV virus, Herpesvirus-6 and -8, virus Guanarito,
virus Sabia, nCoV-MERS virus, to name just some of the most relevant and recent
ones [10, 11].

Therefore, we have a lot to learn about new infections and a lot to do to control
communicable diseases, also because of the changing human ecosystem.
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Chapter 2

Vaccines, Sera and “New”’ Viruses: Ebola,
Zika and Other Infectious Challenges

for Human Health

Alessia Ciafarone, Argilia D’Amico, and Mauro Bologna

Abstract Following the basic description of the immunological science, we may
now go in more detail into the practical applications involving immunological pre-
vention against infectious diseases (vaccine use, requiring availability of suitable
antigenic preparations, safe and effective immunization schedules and time to allow
for immunity to develop) and immunotherapy of dangerous infective conditions
(serotherapy, involving availability of immune sera and their use for injection in
subjects needing protection against infectious agents).

All this is discussed with special regard of the many new micro-organisms
described in human pathology and also in situations in which the deliberate use of
them for biological warfare or related menace (bioterrorism) is realized.

Keywords Immunology ¢ Virus ® New infectious diseases ¢ Bioterrorism

2.1 Vaccines and Sera

What is a vaccine? In a dangerous disease caused by micro-organisms and “foreign”
not-self substances (an “antigen”), it may be possible to raise a vaccine, that is an
innocuous preparation of that “antigen” which can induce the production of an
immune response and create immune memory in the subjects we want to protect. A
vaccine can be developed in many ways: killed (denatured) or non-replicating
pathogens (viruses), recombinant protein antigens, live, attenuated (less harmful)
strains of pathogens (for instance cowpox virus to protect against smallpox).

A. Ciafarone * A. D’ Amico
Biologist, Post-Doctoral Fellow-Co-worker, Chair of General Pathology, L’ Aquila, Italy

M. Bologna (<)

Professor of General Pathology, Chair of General Pathology, Department of Life, Health and
Environmental Sciences, University of L’ Aquila, 67100 L’ Aquila, Italy

e-mail: mauro.bologna@univaq.it

© Springer Science+Business Media B.V. 2017 9
J.H. Banoub, R.M. Caprioli (eds.), Molecular Technologies for Detection

of Chemical and Biological Agents, NATO Science for Peace and Security

Series A: Chemistry and Biology, DOI 10.1007/978-94-024-1113-3_2


mailto:mauro.bologna@univaq.it

10 A. Ciafarone et al.

Vaccines can be very effective: cases of smallpox (extinction of the disease: no
more cases on earth, for the success of global vaccine campaigns) and of polio (near
extinction of disease, except in some nomadic populations and in critical areas of
today’s world, like Syria and also, surprisingly, remote Chinese provinces) are very
instructive on the subject.

What is a serum? If there is no time to confer protection by means of a vaccine
(which, when available, requires at least 7-10 days before sufficient amounts of
specific antibodies are synthesized by the vaccinated individual) we may protect the
subject exposed to the dangerous contagion by means of the serum of individuals
(humans or animals) already immunized against the micro-organism or lethal toxi-
cant in action (examples: anti-tetanus serum, anti-snake venom serum, anti-
diphtheria serum, etc.).

The theme of parasitism has been treated briefly in the previous chapter by the
same authors: so now we will briefly review the old and new micro-organisms pos-
ing challenges for human health in relation to Bioterrorism.

2.2 Main Diseases of Interest in the Field

In light of recent concern and interest about the potential for biological terrorism
(biowarfare) there are several diseases and bacterial toxins that must be considered
in particular, like anthrax [1, 2], smallpox [3, 4], plague [5], botulinum toxin [6],
and tularemia [7]. A very detailed discussion of such diseases and other infectious
diseases with similar risks in terms of bioterrorism goes beyond the scopes of this
concise chapter, but some features of these and other infectious diseases represent-
ing important threats in the biowarfare field will be mentioned.
In this respect, we may distinguish in time diseases which are:

e Old diseases which are disappearing and sometimes returning, like smallpox and
polio virus infections (which are either extinct or close to be eradicated, thanks
to planetary vaccination programs);

* Diseases still active at present times, like carbuncle (anthrax), plague, tularemia,
tetanus, botulinum, TBC, etc.;

e New diseases, which are appearing/spreading, like SARS (Severe Acute
Respiratory Syndrome) and its more recent variety of MERS (Middle-East
Respiratory Syndrome), infections by Ebola/Marburg viruses, Hantavirus, filovi-
rus, novel Flu virus strains, Zika virus, etc.

Now we will summarize the essential facts about some of these diseases.

For a more complete medical reference to all of them, see for instance the Merck
Manual of diagnosis and Therapy [8] and recent reviews which appeared on the
most recent epidemics and that are listed in the references (9-25).
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2.3 Definitions and History of Bioterrorism

Practice of bioterrorism goes back to very remote times of human existence and
indeed to pre-historical conflicts between humans, when groups of people devised
to deliberately use biological agents for conflict sustainment (damaging weapons)
and for propagation of fear in the enemy populations.

Since the early times of combat between humans, some biological means have been
used: for instance through the contamination of water wells in conflict areas, tainted
with rotting animal remains, or through hunting-fighting arrowheads dipped in toxic
plant extracts or venomous substances, before throwing them at the living target.

Usable biological agents for harm are in fact all the pathogens of biological
nature, like micro-organisms (bacteria, viruses, fungi, prions), toxins, animal and
plant venoms, together with the related carriers (fomites, instruments) or vectors
(insects, etc.).

Terrorism is the use of violence to condition societies or governments in their
political choices.

Bioterrorism is the use (or menace of use) of biological agents to enact terrorist
events and induce generalized fear concerning negative consequences in target
populations.

Here follow some examples of bioterrorism enacted in various ages:

(a) Use of poison darts/arrows (primitive populations): mostly for hunting, but also
for battles against enemies.

From here derived many of the advances of toxicology, the science of toxic sub-
stances (the word “toxicology” derives indeed from the Greek words “toxon” =
arch, while “farmakon” = poison; toxicon farmakon = poison for arch hunting):
from such practice derives the knowledge we have of stricnin, curare, ouabain, aco-
nite, other plant/animal poisons primarily devised for hunting and fighting.

(b) Impingement of darts in decomposing cadavers or putrefaction soil (or manure
> > tetanus) before throwing at enemies (New Guinea, tribal combats; Sciites
400 B.C.)

(c) Last but not least, the use of fear that human have toward beasts. Here comes the
example of Hannibal (from Carthago), leading the ships of Prussia I, king of
Bithynia (West Turkey) in a battle of year 184 B.C. against Eumene II (Attalides,
Pergamon); he won that naval battle because he managed to throw canisters full
of reptiles at the enemy ships, causing terror and uncoordinated reactions leading
to his victory. He therefore used fear as a weapon: snakes were not even harmful
(not poisonous), but big was the surprise and reactions were out of control!

(d) In recent history, we can see that First World War (also named the war of
Chemistry) contributed to the development and use of Nervine gases, chemical
weapons banned everywhere but still existing in some countries. The Second
World War (also named the war of Physics) led to the development and use of
the atomic bomb.
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Peace Treaties: Geneva Protocol ruled against chemical weapons (1925) and was
followed later by additions concerning bacteriologic war. Not all the states however
subscribed it. Though, most world states had banned chemical and bacteriological
weapons by 1975.

Today, how scared should we be of biological and chemical terrorism? Well,
since these are lethal and cheap weapons, they are of considerable concern. They
may be seen as the cheap atomic bomb and represent remarkable threats to peace
in local conflicts and in terroristic attacks worldwide. We should all know more on
the subject and do extensive prevention.

Albert Einstein once said “I do not know by what weapons the Third World War
will be fought, but for sure the Fourth will be fought with stones”. Well, we do not
want any more World Wars, for sure.

2.4 Main Infectious Agents in Bioterrorism and New
Infections

In the following paragraphs, the main infectious agents usable for biological war-
fare are concisely described, together with some of the most recent biological agents
appearing as world epidemics (Ebola and Zika viruses).

2.4.1 Smallpox (Variola)

Smallpox is a highly contagious disease (incubation 10-12 days) caused by the
smallpox virus, an orthopoxvirus. It causes death in up to 30% of infected subjects.
Indigenous infection has been eradicated (last case, Ethiopia, 1990 — WHO) [3, 4].
The main concern for outbreaks of smallpox today is from bioterrorism.

Smallpox is characterized by severe constitutional symptoms (fever, headache,
extreme malaise) and a characteristic pustular rash. Treatment is supportive; preven-
tion involves vaccination which, because of its risks (eczema, encephalitis, etc.), is
done selectively [3, 4].

Pathogenesis of smallpox demonstrates that the virus is transmitted from person
to person by direct contact or inhalation of droplet nuclei. Clothing and bed linens
can also transmit infection. Most contagions are in the first 7-10 days after the skin
rash appears. Once the crusts appear, the infectivity declines. The virus invades the
oropharyngeal and respiratory mucosa, multiplies in regional lymph nodes, causing
viremia and localization in small blood vessels of the skin (rash) and rarely in CNS
(encephalitis) [3, 4].

Officially, smallpox is eradicated on Earth. There have no longer cases detected
in the world population since 1990, but the question that often arose was: can we
destroy the samples of smallpox virus existing in some virology laboratories around
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the world? [3]. The logical answer is certainly not, because we would lose the capa-
bility to prepare vaccine doses without the live virus samples to start from. Needless
to say that without a vaccine, a small amount of wild virus could ignite a wide epi-
demic killing a large portion of the human population, since the vaccination is no
longer mandatory in any country and a large percentage of young populations have
no longer been vaccinated after the early 1990s.

2.4.2 Poliomyelitis (Infantile Paralysis)

Poliomyelitis is an acute infection caused by a poliovirus. Manifestations include a
non-specific minor illness (abortive poliomyelitis), sometimes aseptic meningitis
without paralysis (nonparalytic poliomyelitis) and, less often, flaccid weakness of
various muscle groups (paralytic poliomyelitis) [8—10]. Diagnosis is clinical,
although laboratory diagnosis is possible. Treatment is supportive. Vaccination is
available, still mandatory in many countries, although soon legislations may change
this. Childhood vaccination produces immunity in 95% of recipients. Declared
cases worldwide have diminished remarkably, but recently some areas with particu-
larly poor sanitary services or with conflicts preventing health services to operate
are recording increased numbers of cases (Syria, 2013; China 2013).

Polioviruses have three serotypes. The virus enters the mouth via the fecal-oral
route, and then enters the lymphoid tissues of the GI tract. If not contained, infection
may enter the CNS with significant damage in the spinal cord and brain, specifically
to nerves controlling motor and autonomic function (breathing). Spreading is
through the enteric route [9—11]. The vaccine is live, attenuated virus, able to immu-
nize many contacts in respect to the vaccinated subjects (community vaccination
strategies; problems in nomad populations) [9-11].

2.4.3 Anthrax (Carbuncle)

Anthrax is caused by Bacillus anthracis, toxin producing, encapsulated, aerobic or
facultative anaerobic organisms. Anthrax, an often fatal disease of animals, is trans-
mitted to humans by contact with infected animals or their products (woolsorter’s
disease) [12].

In humans, infection typically occurs through the skin. Inhalation infection is
less common; oropharyngeal, meningeal and GI infections are rare. For inhalation
and GI infections, nonspecific local symptoms are typically followed in several days
by severe systemic illness, shock, and often death. Empyric treatment is with cypro-
floxacin or doxycycline. A vaccine is also available (antitoxin) [13].

Pathogenesis of anthrax takes place since Bacillus anthracis readily forms spores
when germs encounter dry environment -a condition unfavorable for growth-.
Spores resist destruction and can remain viable in soil, wool, and animal hair for
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decades. Spores germinate and multiply in favorable conditions (wet skin, tissue,
blood) and can give human disease by contact (papules, black eschars, contagious
also via fomites) ingestion (raw meat > fever, nausea, vomiting, diarrhea), and inha-
lation (flu-like illness, respiratory distress, cyanosis, shock, coma) [12, 13].

Of note is the anthrax bioterrorist attack through mail (using spores in powder
form) that took place in the USA in 2001 (US Postal Service, Washington DC). An
event that highly sensitized the public to the global theme of bioterroristic attacks.

2.4.4 Plague (Pestis, Black Death)

The Plague is caused by Yersinia pestis (formerly named Pasteurella pestis). Short
bacillus with hairpin shape, infects wild rodents and can infect humans via tick bites
[5]. Symptoms are either severe pneumonia or massive lymphadenopathy with high
fever, often progressing to septicaemia. Diagnosis is epidemiological and clinical,
confirmed by culture and serologic testing. Treatment is with streptomycin or doxy-
cycline. Unfortunately, a vaccine is not available for the Plague [5].

2.4.5 Tularemia

Tularemia is a febrile disease caused by Francisella tularensis, it may resemble
typhoid fever as symptoms are a primary local ulcerative lesion, regional lymphade-
nopathy, profound systemic symptoms, and, occasionally, atypical pneumonia [14].
Diagnosis is primarily epidemiological and clinical and supported by serologic
tests. Treatment is with streptomycin, gentamycin and other antibiotics.

2.4.6 Tetanus

Tetanus is an acute poisoning from a neurotoxin produced by Clostridium tetani
[15]. Symptoms are intermittent tonic spasms of voluntary muscles [15]. Spasm of
the masseters accounts for the name “lockjaw” (trismus). Incubation requires 2—10
days. Diagnosis is clinical. Treatment with immune globulin and intensive support.
Only unbound toxin can be neutralized. A vaccine is available, with a good extent
of preventive protection.
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2.4.7 Botulism

Botulism is a neuromuscular poisoning due to Clostridium botulinum toxin.
Botulism may occur without infection if toxin is ingested [6]. Symptoms are sym-
metric cranial nerve palsies accompanied by a symmetric descending weakness and
flaccid paralysis without sensory deficits. Diagnosis is clinical and by laboratory
identification of toxin. Treatment is with antitoxin and support therapies [6].

2.4.8 Tuberculosis (TBC)

TBC is a chronic, progressive infection by Mycobacterium tuberculosis, often with
a long period of latency following initial infection. It occurs most commonly in the
lungs, with productive cough, chest pain, and dyspnea [16]. Diagnosis is most often
by sputum culture and smear. TBC can involve any tissue (organ disease). Treatment
is with multiple antimicrobial drugs. Forms of multiresistant TB bacteria are becom-
ing more and more frequent [25].

2.4.9 Severe Acute Respiratory Syndrome (SARS)

Coronavirus infections in humans most frequently cause common cold symptoms;
however in 2002, a relatively new coronavirus caused an outbreak of Severe Acute
Respiratory Syndrome (SARS), which was much more severe than other coronavi-
rus infections [17]. SARS is an influenza-like disease leading to progressive respira-
tory insufficiency with significant mortality rate. First detected in China, the SARS
epidemic spread to more than 30 countries. In mid-July 2003, there were >8000
cases with >800 deaths (10% mortality) [17].

Then the outbreak subsided and no new cases have been identified from 2004 to
2012. In 2012 a new similar epidemic (sustained by the virus nCoV, novel corona-
virus) started in Middle East (Arabia), with an estimated mortality above 40%
(WHO, 2013). Later the nCoV epidemic has been named MERS (Middle East
Respiratory Syndrome) and is being studied as a new zoonosis transmitted to
humans from Dromedary camels. Studies are currently in progress, with great atten-
tion by the international sanitary authorities [17].

WHO in 2013 alarmed many countries against the new SARS-like coronavirus
responsible of MERS, that has infected at the moment of this writing (April 2017,
www.who.int/en) more than 1900 persons (Arabia, Great Britain, France, Germany,
Tunisia, Italy, Abu Dhabi, United Arab Emirates, etc.) with reduced infective capac-
ity as compared to SARS, but still highly lethal and communicable via close contact
(family members). The latest available numbers call for 1938 ascertained diagnoses
in humans, with 691 deaths (mortality, 35.7%).
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Updates can be found at the following web sites: www.who.int/en; www.cdc.gov
and (recommendations for clinicians) emergency.cdc.gov, emphasizing the need to
consider the novel (nCoV) coronavirus when treating patients with a severe respira-
tory illness who have recently traveled to the Arabian Peninsula (or been in close
contact with such travelers).

2.4.10 Ebola/Marburg Diseases

Marburg and Ebola are filoviruses that cause hemorrhage, multiple organ failure
and high mortality rates. Diagnosis is with enzyme-linked immunosorbent assay,
PCR or electron microscopy. Treatment is supportive. Strict isolation and quaran-
tine measures are necessary to contain outbreaks. Incubation 5-10 days [18].
Marburg virus has been identified in bats and in primates. Human to human trans-
mission occurs via skin and mucous membrane contact (humans/primates).

Filoviruses can affect intestines (nausea, vomiting, diarrhea), respiratory tract
(cough, pharingitis), liver (jaudice), CNS (delirium, stupor, coma), and cause hem-
orrhagic phenomena (petechiae, frank bleeding) with high mortality rates (up to
90% with Ebola virus). Survivors recover very slowly and may develop long lasting
complications (hepatitis, uveitis, orchitis) with only supportive care available: no
specific antivirals nor vaccines are available for filovirus infections. A recent out-
break in West Africa was extremely severe in 2013-2014 [19]

2.4.11 Hantavirus, Lassa Fever, eftc

Bunyaviridae contain the genus Hantavirus (4 serogroups, 9 viruses) causing hem-
orrhagic fevers that start with flu-like symptoms and evolve with severe renal and
pulmonary consequences. Hantaviruses are single-stranded, enveloped, negative
sense RNA viruses which can kill humans. Lethal in 10-15% of cases [20].

Lassa fever is an often fatal arenavirus infection occurring mostly in Africa. It
may involve multiple organs, except CNS. Treated with ribavirin. No vaccinations
are available so far for hantavirus infections [21].

Outbreaks of such infections have been recorded in Nigeria, Liberia, central
Africa, with some rare imported cases in the USA and the United Kingdom. The
animal reservoir of such viruses is in wild African rats (Mastomys natalensis), fre-
quently found in African homes [19, 20]. Direct human to human transmission is
documented via urine, feces, saliva or blood. Mortality (up to 45%) can be reduced
by prompt ribavirin treatment. Universal hygiene precautions, airborne isolation,
and surveillance of contacts are essential.
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2.4.12 Zika Virus Disease

The original isolation of Zika virus goes back to 1947 during studies of yellow fever
in macaques of the Zika forest in Uganda [22], where this new virus was first identi-
fied (a member of the flavivirus family). Then, after about 70 years, the infection
spread in Africa and also diffused to South America (mainly in Brazil) where it
spread substantially and showed to be highly neuropathogenic in embryos (newborns
with microcephaly) and in infants (linked with Guillain-Barré syndrome) [23].

2.4.13 Influenza Virus, with New Strains Continuously
Appearing

Last but not least, we must mention now influenza! Flu viruses are in nature among
the most rapidly changing (mutating) organisms through their ability to infect a
variety of hosts: birds (migrating waterfowl -ducks-, stantial poultry -chickens-),
mammals (pigs, felines) and humans. In South East Asia (mostly in China, but also
in Vietnam, Laos, Thailand, etc.) it is very common to have mixed farms of pigs,
poultry, and ducks attended by humans [24, 25].

Every year, new strains appear in SE-Asia, favored by the reciprocal passage
between migrating birds (mostly fowl), pigs and chickens, with exposure to many
humans in farms, markets, rooster fighting sports, and food preparation places. A
common saying in China tells that “Anything with four legs (except chairs) and
anything that flies (except airplanes), can be eaten”. With this philosophy, there is a
lot to be desired in food safety and in general hygienic prevention in such geo-
graphical areas.

After the avian flu HSN1 of 2005-2006, highly lethal but unable to give human
to human contagion, new combinations of flu strains are expected and feared, with
high lethality and high human to human transmissibility.

On this widely interesting theme, of the world diffusion of new virus strains with
pandemic potential, readers are encouraged to peruse the book entitled “Pandemics -
virology, pathology and prevention of influenza” (Bollati Boringhieri publisher,
Turin, Italy, 2010) [25].

2.5 Conclusions

In summary, we can see that a continuous surveillance is being devoted world-wide
to the appearance of new strains of influenza viruses, in order to isolate as soon as
possible potentially pandemic new strains and to prepare biological stocks suitable
for massive vaccine preparations in due time to prevent the global spreading of
potentially lethal new variants of the influenza viruses. Examples in time recall the
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cases of the highly lethal pandemics known as “Spanish flu” in 1917-18 (in excess
of 40 million deaths worldwide), “Asian flu” in 1956 (in excess of one hundred
thousand deaths worldwide) and “Hong Kong flu” in 1978 (in excess of seven hun-
dred thousand deaths worldwide). The basic question is: when will the new pan-
demic strike? Sometimes soon, as international experts say. The so called “Avian
flu” came close to that, but sometime in the future new mutations may emerge with
the potential of being much worse.

To conclude this wide, although rapid, overview of the most frequent or alarming
causes of micro-organism related human diseases with potential interest for bioter-
rorism, we hope to have provided sufficient matter for discussion and for further
future diffusion of medical and microbiological culture that may be useful for pre-
vention and the betterment of human social relationships and the promotion of peace.
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Chapter 3

Fundamental Principles for Sensing
Measuring Devices Used for the Detection
of Chemical Warfare Agents

Farid Jahouh and Joseph H. Banoub

Abstract This chapter surveys the current detection technologies used in commer-
cially available sensor detection equipment currently employed for identifying war-
fare chemical agents (CAs). Brief technical descriptions of these technologies are
presented with emphasis placed on the principles of detection. Much of the content
presented was obtained from the open-source literature and is an introduction to
biosensor fundamentals.

3.1 Introduction

Since thousands of years, the use of chemical warfare as tools on the battlefields
were known to man—e.g. poisoned arrows, boiling tar, dumping of dead bodies
infected with plagues, arsenic smoke noxious fumes, and catapulting snakes [1].
During World War I, chlorine and phosgene gases were released from canisters
on the battlefield and dispersed by the wind. The use of several different types of
chemical weapons, including mustard gas (yperite), resulted in 90,000 deaths and
over one million casualties during the war. Few decades ago, Iraq used chemical
weapons against Iran during the war in the 1980s, and Iraq also used mustard gas
and nerve agents against Kurdish residents of Halabja, in Northern Iraq, in 1988 [1].
Due to the devastating impact chemical weapons have had in the past, and the
potential for the use of even more deadly chemical agents, this provided the

F. Jahouh
Department of Chemistry, Memorial University of Newfoundland,
St. John’s, NF, 232 Elizabeth Avenue, A1B 3X7, Canada

J.H. Banoub (<))

Fisheries and Oceans Canada, Science Branch, Special Projects, Chemistry Department,
Memorial University, St John’s, NL, Canada

e-mail: banoubjo@dfo-mpo.gc.ca

© Springer Science+Business Media B.V. 2017 21
J.H. Banoub, R.M. Caprioli (eds.), Molecular Technologies for Detection

of Chemical and Biological Agents, NATO Science for Peace and Security

Series A: Chemistry and Biology, DOI 10.1007/978-94-024-1113-3_3


mailto:banoubjo@dfo-mpo.gc.ca

22 F. Jahouh and J.H. Banoub

imperious for the international effort to uphold the ban on such weapons and to
work towards their complete global elimination [1].

However, in the last decades, chemical weapons have had an appeal to well-
organized and well-funded terrorist groups. These chemicals especially the unre-
fined low-yield chemical weapons can be easily obtained, hidden and transported.
Without a doubt, well-funded terrorist groups with a long-term vision of conflict,
aiming to create destruction, always seek to inflict as much damage as possible upon
unprotected populations (London, UK, Bombings, 2005 [2] and Tokyo, Japan, Sarin
attack, 1995) [3]. The effects of such attacks are devastating and cannot be dis-
missed as tales that are too remote to contemplate. As a result, it is appropriate to
think of chemicals warfare agent(s) (CWAs or CAs) can be the terrorist group pri-
vate golden system, which provides all the ammunition required for their terror acts
[4]. Accordingly, the uneasiness concerning the CWAs security threats has increased
worldwide and has created new systematic challenges. The increased threat level of
CWAs terrorism demands improved networking and coordination between relevant
NATO-stakeholders [5]. It also requires common testing, analytical and certification
equipment. The ability to rapidly detect, identify and monitor CWA agents is imper-
ative for the efficient use of both military and civilian defence resources. This
knowledge allows the severity and extent of a hazard to be assessed so that areas that
are clean or contaminated can be identified [5].

Finally, the information acquired by the CWA detection systems provide advices
to military commanders and first responders, regarding the donning of individual
protective equipment (IPE), sampling, handling and analysis procedures as well as
medical countermeasures, should the need arise.

Therefore, the practical front line of biodefense is to determine the presence of
an attack as quickly as possible, enabling effective decontamination and treatment.
While no single detection method can meet all these challenges, there are powerful
new technologies in place today that can help protect the public from emerging
CWA agent threats.

CWA are defined by the Organisation for the Prohibition of Chemical Weapons
(OPCW) as “... anything specifically designed or intended for use in direct connec-
tion with the release of a chemical agent (CA) to cause death or harm”. Chemical
agents may be delivered either as a vapor or aerosol or in combination, depending
on their physical properties, and various agents will have different persistence fol-
lowing an attack [6].

Immediately following the release the CAs distribution is widely determined by
the characteristics of the delivery system. Accordingly, when chemical warfare
agents are released in the environment, and they become distributed among four
major components, namely: water, the atmosphere (air), soil and living organisms.
Soon after dispersion, the environmental fate of the CWAs are principally become
governed by their physical and chemical properties [4].
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3.2 Various Types of Chemical Agents

Warfare agents can be classified in different groups, according to their types of
action and the effects they cause on living organisms.

3.2.1 Cyanides

Sodium or potassium cyanides are white-to-pale yellow salts that can be easily used
to poison food or drinks. Cyanide salts can be disseminated as a contact poison
when mixed with chemicals that enhance skin penetration. Hydrogen cyanide
(HCN) and cyanogen chloride (CI-CN) are colorless-to-pale yellow liquids that will
turn into a gas near room temperature. HCN has a characteristic odor of bitter
almonds, and CI-CN has an acrid choking odor and causes burning pain in the vic-
tim’s eyes. These signs may provide enough warning to enable evacuation or venti-
lation of the targeted site before the agent reaches a lethal concentration. Exposure
to cyanide may produce nausea, vomiting, palpitations, confusion, hyperventilation,
anxiety, and vertigo that may progress to agitation, stupor, coma, and death. At high
doses, cyanides cause immediate collapse. Medical treatments are available, but
they need to be used immediately for severely exposed victims [7].

3.2.2 Nerve Agents

Sarin, tabun, and VX are highly toxic military agents that disrupt a victim’s nervous
system by blocking the transmission of nerve signals [8]. These agents are not com-
mercially available, and their synthesis requires significant chemical expertise.
Exposure to nerve agents causes pinpoint pupils, salivation, and convulsions that
can lead to death. Medical treatments are available, but they need to be used imme-
diately for severely exposed victims [9, 10] (Fig. 3.1).

3.2.3 Toxic Industrial Chemicals

There are a wide range of toxic industrial chemicals which are not as toxic as cya-
nide, mustard, or nerve agents but can be used in much larger quantities to compen-
sate for their lower toxicity. Chlorine and phosgene are industrial chemicals that are
transported in multi-ton shipments by road and rail. Rupturing the container can
easily disseminate these gases [11].

The effects of chlorine and phosgene are similar to those of mustard agent.
Organophosphate pesticides such as parathion are in the same chemical class as
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nerve agents. Although these pesticides are much less toxic, their effects and medi-
cal treatments are the same as for military-grade nerve agents.

3.2.4 Blood Agents

The name “blood agent”, like those of other groups of warfare agents, derives from
its effect on victims. Blood agents are distributed via the blood and generally enter
the body via inhalation. They inhibit the ability of blood cells to utilise and transfer
oxygen. Thus, blood agents are poisons that effectively cause the body to suffocate.
Examples of blood agents include: hydrogen cyanide (AC), cyanogen chloride (CK)
and arsine (SA) [12].

3.2.5 Blister Agents

Blister agents, or vesicants, are one of the most common CW agents. These oily
substances act via inhalation and contact with skin [13]. They are primarily dis-
persed in liquid or vapour (aerosol) form and may persist for days. Like phosgene,
mustard agents have a delayed effect. Deaths typically only represent a small per-
centage of the casualties they cause. They affect the eyes, respiratory tract, and skin,
first as an irritant and then as a cell poison. As the name suggests, blister agents
cause large and often life-threatening skin blisters which resemble to severe burns
[14]. Examples of the CAs include: the sulfur mustard (H, HD), the nitrogen mustard
(HN), lewisite (L) and phosgene oxime (CX) (Fig. 3.2). Exposure to blister agents
often results in blindness and permanent damage to the respiratory system [14, 15].
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3.2.6 Psychotomimetic Chemical Weapons

This group of chemical agents usually includes substances which, when adminis-
tered in low doses (<10 mg) cause conditions similar to psychotic disorders or other
symptoms emanating from the central nervous system (loss of feeling, paralysis,
rigidity, etc.) [16]. During World War II, the US military used wide range of possi-
ble non-lethal, psycho-behavioral chemical incapacitating agents, containing an
indole moiety (Fig. 3.3), such as lysergic acid diethylamide (LSD) and marijuana
derivatives, as well as several glycolate anticholinergics. One of the anticholinergic
compounds, 3-quinuclidinyl benzilate, was developed and weaponized in the 1960s
as a new chemical agent for battlefield use as a psychochemical and assigned the
NATO code BZ (Fig. 3.3) [17]. The effects of this agent are transitory and cause
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incapacitation and inability to take decisions. Several substances may be used to
achieve these objectives and only a few examples are given in this chapter.

Phencyclidine is a substance with analgesic and anaesthetic properties. Symptoms
such as disturbed body-awareness, disorientation and vivid dreams are caused by
this substance that is also easy to produce.

3.2.7 Riot Control Agents

Riot control agents cause temporary incapacitation by irritation of the eyes and
irritation of the upper respiratory tract. They are often called irritants, lachrymators
and harassing agents. Many tear-stimulating substances were tested as CW agents.
On exposure, they cause pain in the eyes, flow of tears and skin irritation. Three
types of riot control agents are recognized: lachrymators; sternutators which mainly
cause sneezing and irritation of the upper respiratory tract; and vomiting agents,
which additionally cause vomiting [18]. Among a long series of chemical sub-
stances only three chemical agents, viz. CN, CS and CR are usually used (Fig. 3.4).

3.3 Analytical Chemical Sensors

By definition a sensor or a detector is a device that responds to a stimulus or a form
of energy. It then generates a signal that can be measured or interpreted. Analytical
chemical sensors currently used for the detection and identification of chemical
warfare agents are classified by the number of dimensions of information they pro-
vide [19]. An ideal chemical warfare detector, also called sensor, can be described
as one that can detect both chemical warfare agents and other industrial toxicants
selectively within an acceptable time, and sensitive enough to detect the toxicant
agent concentrations at below levels which pose a health risk. These detectors
should have a rapid reaction and recovery time whilst being portable, easy to oper-
ate and produce data that is easily interpreted.
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Fig. 3.4 Molecular structure of the riot control agents CN, CS and CR



3 Fundamental Principles for Sensing Measuring Devices Used for the Detection... 27
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Fig. 3.5 Display of the sensing process in terms of energy conversion

A sensor detects a change in a physical stimulus and converts it into a signal
which can be measured or recorded (Fig. 3.5). In addition, the terms analytical
chemical detector systems can also be used to describe either a sensor and/or a
transducer. A corresponding definition for the transducer dictates that it is a device
that transfers power from one system to another. A sensible distinction for the use
of sensor is that it senses the analyte itself, whereas the transducer is the associated
circuitry for the sensing element. All transducers would thus contain a sensor and
most (though not all) sensors would also be transducers (Fig. 3.5) [20, 21].

3.3.1 Sensor Classification

In order to classify a sensor, it is essential to consider all of its properties, such as:
the type stimulus and specifications of its measurement; the physical phenomenon,
and conversion-mechanism; the type of material used in the studied application. In
this chapter will deal exclusively with optical detectors such as flame photometry,
infra-red spectroscopy (IR), Raman spectroscopy, surface acoustic wave (SAW),
ion mobility spectroscopy (IMS), colorimetric, photo ionization and flame ioniza-
tion [22].

3.3.2 Sensor Selection

The selection of a given sensor is based on its physical property, which will be
changed by the external stimulus caused by the investigated CA analyte. This will
alter and change the initial steady state by either producing an electric signal and/or
modifying the pre-existing external electric signal. Usually, the same stimulus
caused by the analyte might be measured by using different physical phenomena,
and, subsequently, by different sensors. Therefore, the selection criteria also depend
on many factors such as sensor availability, cost, power consumption and environ-
mental conditions [22].
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3.3.3 Factors to Consider When Selecting Sensors

It has been shown that each sensor has certain capabilities and limitations. For this
reasons, to choose the correct sensor, one must first properly define the application
[20-22].

The following factors should be considered: (A) tt is essential to define the objec-
tive and to understand the instrument specification to perform the assigned task. The
specifications involved should consider the ranges of the sensors and the types of
gases to be measured; B) it is important to determine the background gases in the
monitoring area; (C) The temperature ranges in which the sensor is to be installed
should be within the sensor specifications and should be suitable for the gases to be
monitored; (D) The occurrence of condensation is a function of the temperature
change. In general it was observed that if the sensor transmitters are always a few
degrees warmer than the environment, it avoids the formation of condensation; and
(E) for applications requiring the sensors to be constantly exposed to a gas, the sensor
specifications and the suppliers of the sensors may need to be consulted [20-22].

We can summarize the selection of the detector by the following: an ideal detec-
tor (or sensor) should be chosen on its ability to selectively detect both CAs and
toxic industrial chemicals (TICs) within an acceptable resolution. It should be sen-
sitive enough to detect agent concentrations below levels which pose a health risk,
and it should not be affected by other environmental factors. The detector also
requires a rapid reaction and recovery times, must be portable, easy to operate and
produce data that is easy to interpret. In general, it is common knowledge that a
universal sampling system that handles all possible CAs detection is extremely dif-
ficult to obtain. In fact, there is no general consensus that establishes which sensor
is the best for a given application, and the choice of the appropriate sensor has to be
made based on the analyses requirements [20-25].

3.4 Technological Requirements for the Separation
and Detection of Warfare CAs

The separation and detection technologies used, usually take advantage of the phys-
ical properties of the specific warfare chemical agent, which allows its detection
from other chemical compounds. Characterizing the physical attributes of that dan-
gerous chemical includes different analyses, such as colorimetric reactions, the
measurement of the gas-phase mass-to-charge ratio of that compound, absorption
and scattering of electromagnetic energy, particularly in the infrared to microwave
region, reactions that cause unique emissions (for exemaple: chemiluminescence),
physical separations, electrochemical interactions and enzymatic reactions. In this
context, a sensor is defined as a device that produces a measurable response to a
change in a physical condition, such as temperature or thermal conductivity, or to a
change in chemical concentration [23]. Recently, a new generation of chemical
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warfare agent detection system has been designed in order to detect the production
of homemade explosives, like the “Mother of Satan”, composed of triacetone trip-
eroxide and also known as TATP. This explosive is a highly unstable and presents a
bomb of choice for terrorist groups [24, 26]. This involves acting during the initial
phase of preparation of explosives (for example, during the mixing stage), when the
threat to citizens is low.

For these reasons, recently, a novel small footprint gas sensor utilizing metal
oxide catalyst that was capable of detecting the heat of reaction during the catalytic
decomposition of TATP was fabricated and tested, which was. As TATP possess
relatively high vapor pressure compared to other explosives, it decompose readily to
hydrogen peroxide and acetone, which can be successfully detected using this ther-
modynamic based sensor platform [25].

As aresult, all known developments of integrated detector surveillance systems are
beneficial for the continuous chemical background monitoring of chemical hotspots,
such as bomb or biological agent workshops. Nevertheless, it is also essential to adapt
the existing devices to become more user-friendly. Consequently, there is an urgent
need to improve the performance of the existing technologies in terms of sensitivity,
specificity, false positives detection, detection limits, distance from the source, time
for detection, as well as the making the it portative to operate directly on the field [4].

3.5 Available Detection Technologies

At present there is a wide variety of commercially available detectors. However, due
to their low versatility, not all of them are suitable for use in every potential threat
situations. This variety of wide detection equipment can have different sensitivity
and specificity responses to the targeted chemicals in a sample. In that respect, sen-
sitivity is determined by the lowest concentration of a CA that can be detected with
high confidence. It can also be referred as the limit of detection (LOD) or detection
limit of the device. They also can have differences in the response time for the
detector to collect and analyse a sample, determine if an agent is present, and pro-
vide interpretable data. In addition, the verification of the detectors’ capacity to
deliver quality data is usually required before use. This calibration process is usu-
ally conducted using a known non-toxic chemical as a simulant of the targeted com-
pound [4, 10, 22, 23, 26].

Current chemical detection technologies have been incorporated into mobile or
stationary detection platforms and can be used as a point-source detector or as a remote
(stand-off) detector. The primary differences between mobile detectors and stationary
detectors are the size, weight, portability, and logistical support requirements.

The following sections briefly describe the know-how of functioning and the
technological basis of these detectors. Please note that no extensive description was
given to the commercially available sensors that employ these technologies in their
instruments. To obtain specific informations on these commercial sensors, please
scrutinize the references given herein this chapter [4, 10, 22, 23, 26].
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3.5.1 Flame Photometric Detector Technology

When burned in a flame, most elements emit a unique and characteristic wavelength
light which can be detected by Flame Photometric Detection Technology (FPDT)
sensors (Fig. 3.6) [27]. The FDPT sensor produces a characteristic response signal.
It is composed of an optical filter that can allow light of a specific wavelength to
pass through, making the photosensitive detector to produce a diagnostic signal.
Since most elements emit unique and characteristic wavelength of light when
burned in the flame, this device allows for the detection of specific elements
(Fig. 3.6) [27]. Flame photometric detectors are commonly used in gas chromatog-
raphy. For example, in the case of nerve CA that are composed of phosphorus and
sulphur atoms, the FPDT detector that is equipped with optical filters can specifi-
cally detect these two elements. When phosphorus containing CA are burnt in a
hydrogen flame, the excited phosphorus in the form of HPO* species is formed.
Whereas when sulphur containing CA are burned, they produce the S2* excited
specie. When, both the exited species return to their ground state, light is emitted
near 526 nm for HPO*, and near 39,4 nm for the S2* species, allowing their detec-
tion [23-25, 27].

i N
Air from l [ '.I
compressor 00000 4 eee—- > [ S
----- > ==»
d =3 ST
. ->I |
_— " \ )
| 1
Monochromator EJ Detector
(Filter) Ens &
Recorder
Fuel —
Nebulizer
Sample Flame
(Solution)
\. Instrumentation of Flame Photometer )

Nemrata Heda

Fig. 3.6 Principle of the Flame Photometric Detector Technology (FPDT) (Adapted from Ref.
[271)
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It is important to realize that even when the FPDT sensors are incorporated in
handheld field instruments for the detection of volatile organic compounds (VOCs)
or gases (Fig. 3.6), they are only used when precise identification is not a require-
ment [23-25, 27]. However, FPDT detectors are very specific and sensitive to sulfur
and phosphorus containing compounds at ppm (part per million) to ppb (part per
billion) detection limits without the need of a separation technique to be that sensi-
tive [23-25, 27].

3.5.2 Infra-red Sensors

The infrared (IR) portion of the electromagnetic spectrum is usually divided into
three regions: the near-, mid- and far- infrared, named for their relation to the visible
spectrum. The higher-energy near-IR, at approximately 14,000-4000 cm~" (0.8
2.5 pm wavelength) can excite overtone or harmonic vibrations. The mid-infrared,
at approximately 4000-400 cm~! (2.5-25 pm) is used to study the fundamental
vibrations and associated rotational-vibrational structure. The far-infrared (long
range IR), at approximately 400-10 cm™' (25-1000 pum), lying adjacent to the
microwave region, has low energy and is used for rotational spectroscopy.

At the present time, there are several different detection techniques that utilise IR
spectroscopy. Depending on the infrared portion range they operate, these IR tech-
niques include: Photoacoustic IR Spectroscopy, Filter-based IR Spectroscopy,
Passive IR Detection, Forward-Looking IR Spectroscopy (FLIR), and Fourier
Transform IR spectroscopy [22, 23, 26, 28].

3.5.2.1 Photoacoustic Infra-red Spectroscopy (PIRS)

The photoacoustic infra-red spectroscopy (PIRS) is a highly selective technique
used to identify CAs vapours. It is commonly utilised as a point detector. In this
sensor, the IR beam is normally chopped or pulsed to achieve the desired frequency
that allows it to pass through an optical filter and to enter in the sample cell via an
optical window (Fig. 3.7) [23, 28-30]. The light transmitted by this optical filter
will be selectively absorbed by the analytes in the monitored gas. As a result, the gas
analyte pressure and temperature will increase. Because, the light entering the cell
is pulsed, the pressure of the gas in this cell will also fluctuate. This will create and
acoustic wave that is directly proportional to the gas concentration. It should be
noted, that the acoustic wave frequency is similar to the chopper frequency, and it is
translated into an electric signal by means of either a sensitive microphone or piezo-
electric sensor, allowing further processing. Usually, two microphones are mounted
inside the cell and monitor the acoustic wave signal that is subsequently sent to a
control station (Fig. 3.7). PIRS technology can detect all CAs [23, 28, 30, 32].
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Fig. 3.7 Schematic representation of the Photoacoustic Infra-Red Spectroscopy (PIRS). (Adapted
from Ref. [32])

3.5.2.2 Filter Infra-red Detectors (the Interferometer)

One of the most reliable techniques to identify gas CA species is IR absorption
spectroscopy. All existing toxic compounds exhibit their strongest roto-vibrational
absorption bands in the medium infrared spectral range.

Filter IR detectors act by filtering the IR wavelength so that only the desired
wavelength interacts with the sample. This technique is based on a series of lenses
and mirrors that direct a narrow band-pass IR beam to a pre-selected path and
through the sample (Fig. 3.8). The amount of energy absorbed by the sample is
measured and recorded [28, 30, 31].

The interferometer is composed of a beam splitter, a fixed mirror and a moving
mirror. In this system, the beam splitter receives the incoming IR beam and divides
it into two optical beams, which are reflected off the mirrors and then recombined
before reaching the IR Transducer (Fig. 3.8).

It should be noted, that one of the beam path travels for a fixed length, whereas,
the other beam path is constantly changing according to the mirror position. The
signal that exits the interferometer is the result of these two beams ‘interfering” with
each other and the resulting signal is referred to as an interferogram, an example of
which is shown in Fig. 3.9 [22, 30, 32, 38].

When an interferogram is measured, all IR wavelength frequencies are being
measured simultaneously. The resulting interferogram signal is then converted to
the frequency domain using the Fourier Transform in order to make it easier to
interpret (Fig. 3.9) [22, 28, 30, 31]. Furthermore, the interferometers can collect
absorption or emission spectra from a CA cloud and compare it to previously col-
lected background spectra. For this reason, the interferometer has become a desired



3 Fundamental Principles for Sensing Measuring Devices Used for the Detection... 33
Stationary Mirror

Moving Mirror

- Optical

ol Source

Beamsplitter

r

Typical Response for a

g Sample
Monochromatic Source

Detector
Output

Mirror Retardation Detector

Fig. 3.8 Schematics of the interferometer (Adapted from Ref. [30])

| 90 | Polystyrene run as f||m

80 t—v—" e v |||I
| 70
60
50
FFT %T 40

i | i Calculations > w \

20
10
0

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Interferograms CPU Spectrum

Fig. 3.9 Resulting measured interferogram signal is then converted to the frequency domain using
the Fourier Transform in order to make it easier to interpret (Adapted from Ref. [30])

detector due to its ability to automatically scan the surrounding environment and
subsequently give early warnings of a CA release during an attack.

3.5.2.3 Forward-Looking Infra-red Spectroscopy (FLIR)

Forward-looking infra-red spectroscopy (FLIR) usually refers to a camera that takes
pictures using the mid-range of IR portion of the electromagnetic spectrum by con-
trast. It acquires a signal from the blackbody radiation of the scene (land, sea, sky,
or combination). At ambient temperature, significant blackbody radiation in the 8 to
14 pm region is available for passive detection. Detection is therefore based on
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Fig. 3.10 FLIR detection of thermal energy to create a picture in the dark (Adapted from Ref. [34]

changes in the IR energy emitted from remote objects, or from clouds formed by an
agent [31(A)]. It should be noted that since FLIRs use detection of thermal energy
to create the “picture” assembled for a video output, they can be used to help pilots
and drivers steer their vehicles at night, and in fog, or detect warm objects against a
cold background when it is completely dark as shown in Fig. 3.10 [34].

3.5.2.4 Long Wave Infrared (LWIR) Absorption Spectroscopy or
Hyperspectral Imaging

Recently it was shown by Seeley and Richardson that hyperspectral imaging allows
the collection and processing of information across the electromagnetic spectrum
[33]. The aim of hyperspectral imaging is to obtain the spectrum for each pixel of
an image in a scene, with the purpose of finding objects, identifying materials, or
detecting processes [33].

Although human eye sees color of visible light in mostly three bands (red, green,
and blue), spectral imaging divides the spectrum into many more bands. In the
hyperspectral imaging, the recorded spectra have fine wavelength resolution and
cover a wide range of wavelengths. Certain scanned objects leave unique finger-
prints in the electromagnetic spectrum known as spectral signatures. These ‘finger-
prints’ enable the identification of materials that compose a scanned object. With
appropriate imaging optics, this type of sensor functions as a hyperspectral imager,
providing spectral information at each pixel of the image. As a result, the hyper-
spectral imager generates a three-dimensional data cube, with two spatial dimen-
sions and one spectral dimension, as described in Fig. 3.11 [33].
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Fig. 3.11 The hyperspectral imager generates a three-dimensional data cube consisting of two
spatial dimensions and one spectral dimension (Adapted from Ref. [33])

Subsequently, imaging spectrometer provides simultaneous spatial and spectral
information about a scene. Therefore, when the hyperspectral data cube is obtained,
it contains spectral information at every spatial point as well as an image at every
spectral band. This means that we can observe one spatial slice of a cube at one
particular spectral band [33]. In Fig. 3.11, the color-coded spectra of specific pixels
in the image are shown on the right. The green pixel shows the spectral structure of
the gas emitted from the stack. The red and black pixels correspond to cold sky and
have lower radiance values [33]. In addition to the benefit of improved ACR, spatial
information obtained with the use of a hyperspectral imager can add more certainty
to detection statistics, potentially reducing false alarms [33].

3.5.2.5 Release of Sulfur Hexafluoride (SF6) from Five Different
Locations Recorded from a Drone

Seeley and Richardson published also studied the release of sulfur hexafluoride (SFy)
near five different sites measured from a drone, as shown in Fig. 3.12 [33]. On their
study, the wind was blowing from the south-southwest. The plot on the right side of
the figure indicates the time of the intentional release (red) of SF4 and the correspond-
ing detector output measurements (blue). The first measurement with the FTIR spec-
trometer at the SFg release location shows its immediate detection (signal increase).
The second SF, release that was directly in the sightline was immediately detected.
The third SF6 release that was downwind from the line of sight was not seen, as
expected from the authors. The release of SF¢ was carried out at the inlet of the build-
ing equipped with a heating, ventilation and air conditioning (HVAC) system and
corresponded also at the downwind from the line of sight (Fig. 3.12) [32]. As stated
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Fig. 3.12 Sulfur hexafluoride (SFs) measurements from a drone, released near five different sites
(Adapted from Ref. [33])

by the authors, this release was not expected to be seen. However, when the SF4 gas
did reach the HVAC system of the building where it was expelled out the exhaust and
blown toward the line of sight, it finally got detected. The last gas release (fifth
release) was done upwind from the line of sight and also detected (Fig. 3.12) [33].

The baseline of the data was not flat and the some artifact spikes were recorded
prior to the releases and were explained to be probably cause by small leaks of SF4
during experimental preparations and also by a turbulent flow inside the canyon
formed by the buildings and the hill. These non-expected detections show temporal
characteristics indicative of a real detection, which is the appearance and a gradual
decrease of the measured gas [33].

3.6 Raman Sensors

Raman spectroscopy (RS) is a method that allows studying vibrational, rotational
and other low-frequency modes in a system. In RS, a monochromatic laser light is
used to illuminate the sample and the scattered light is then detected as a function of
wavelength. Raman spectroscopy is based upon the observation that when radiation
is passed through a transparent medium, chemical species present in that medium
scatter a portion of the radiation beam in different directions [35]. RS relies on
inelastic scattering, or Raman scattering of monochromatic light, usually from a
laser in the visible, near infrared, or near ultraviolet range. The laser light interacts
with molecular vibrations and photons resulting from excitations can be shifted up
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or down of their energy level. The shift in energy gives information about the vibra-
tional states in the system [35]. When the incident light excites the system to a high-
energy state and immediately recovers from this state, the scattering process occurs.
If the elastically scattered light has the same energy as the incident light, this cor-
responds to the Rayleigh scattering. However, if the system gains energy during this
process, the scattered light loses this amount of energy and the system reaches a
higher energy state (higher energy level) than it had before and this is called the
Stokes scattering. If the system is vibrating and excited, it loses energy during this
process and the system reaches a lower energy level than it had before, this process
is known as the Anti-Stokes scattering [35, 36].The difference between the scattered
radiation and incident beam corresponds to wavelengths in the mid-infrared region.
The degree of wavelength shift is dependent on the chemical structure of the mole-
cules that cause the scattering. During the irradiation process, the spectrum of the
scattered radiation is measured with a spectrometer.

Raman spectroscopy is a tool of choice for safely detecting CAs since it is a non-
destructive technique and the sample can remain sealed in a glass container during
the analysis, thereby minimising any exposure hazard to the operator. Devices using
Raman spectroscopy are able to assess liquids, gases, solids and aerosols, and are
not affected by water in either liquid or vapour form. Furthermore, they experience
negligible variations in signatures or signal strength regardless of surface texture or
reflectivity. Raman spectroscopy is a useful tool for chemical analysis as it exhibits
high specificity. In addition, the Raman bands have good signal-to-noise ratio (sen-
sitivity) and are non-overlapping (less chemical interferences) [36].

3.6.1 Differential Absorption Light Detection (LIDAR)

Differential Absorption Light Detection (LIDAR) is an IR technology largely used
to track CA clouds that have already been identified. It functions by transmitting
two laser pulses into the distance and then detecting the reflected IR. One of the
pulses is at a frequency known to be absorbed by the CA while the other is not
absorbed [37]. The difference in the intensity of the return signal is processed to
measure the concentration of CA in the cloud, while the time of return is used to
determine the distance from the observers. This technique is also sensitive to envi-
ronmental noise but has been applied effectively to track CAs (Fig. 3.13) [37].

3.6.1.1 Radiative Transfer Sensors (RTS)

To successfully detect a chemical plume, the radiative transfer sensor (RTS)
system designer must be able to anticipate its spectral signature for incorpora-
tion into the detection algorithm. Therefore, the threat cloud must also provide
enough radiative signals to be detectable above the noise. Radiative transfer
models predict the magnitude and spectral characteristics of the radiative signal
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Fig. 3.13 Principle of the differential absorption Light Detection (LIDAR) (Adapted from Ref.
[37D
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Fig. 3.14 Principle of a Radiative Transfer Sensor (RTS) applied to a cloud threat (Adapted from
Ref. [33])

that a plume will produce. However, some chemical agent produce particles
with sizes of the same scale or larger than the wavelength of the infrared light
being used for to detect them; in that case, the dominant radiation mechanism is
scattering (Fig. 3.14) [33, 38].

Long wavelengths infra-red radiation (LW-IR) emitted by the background is
absorbed and emitted by all intervening materials, including a threat cloud, if
present, as well as other ambient vapors or aerosols within the field of view [32].
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The differential signal contributed by a threat cloud will depend upon the rela-
tive temperatures of the various absorbers/emitters, their vibrational modes, and
the concentration and length of the threat cloud along the sensor line of sight.

One way to enhance area coverage rate (ACR), while maintaining high spa-
tial resolution, is to use a detector with multiple pixels that is, a focal-plane
array (FPA) [38].

3.6.2 LaserScan Detection System

Mid-IR laser is used to detect the chemical warfare agent methyl salicylate (MES)
and explosives (RDX) on different surfaces [39]. Figure 3.15 shows the principle of
a LaserScan Detection System. The lower plot shows that a detection algorithm
(based on principal component analysis of the reflection spectra) can be used to
clearly distinguish between three types of explosives in a luggage [39]. In addition,
recently, a novel technologies such as the “Eye-safe lasers” was developed. It creates
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Fig. 3.15 Representation of the LaserScan system (Adapted from Ref. [39])
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an invisible beam that is used to detect chemical threats in the air of airports. This
system can be used for 24/7 protection against chemical attacks (Fig. 3.15) [39].

3.7 Ion Mobility-Mass Spectrometry or Ion Mobility
Spectrometry (IMS)

Ton Mobility Spectrometry (IMS) functions by drawing air at atmospheric pressure
into a reaction region where the constituents of the sample are ionized. The ioniza-
tion is generally occurs by a collision charge exchange or an ion-molecule reaction
type, resulting in the formation of low-energy stable charged molecules (or ions).
The ionization source may contain the radioactive materials 2! Am or %Ni, in addi-
tion to the other types of atmospheric pressure ionizations such as electrospray
(ESI) and atmospheric chemical ionization (APCI). IMS is a technique of choice for
the analysis of all ionisable CAs and explosives [40, 41].

Usually, the IMS sensor operates by drawing the sample vapour via an inlet
formed either from a membrane interface or molecular sieve packs, as these limit
the entry of moisture and dust into the drift tube. A plot of the current generated over
time provides the characteristic ion mobility spectrum containing a series of peaks
[40]. The intensity of these signals corresponds to the relative concentration of the
CA present.

IMS are used as mobile detectors for the detection of nerve, blister, and blood
agents and recently for the detection of tri-cyclic acetone peroxide (TCAP) also
known as the “Mother of Satan”, the preferred explosive of current days terrorists
[42]. In the following section, four IMS techniques will be discussed.

Recently, it was shown that there are three major analytical measurement meth-
ods for employing the IMS technique analyzers for CAs namely: ion mobility spec-
trometry based on drift tubes (DT IMS), aspiration ion mobility spectrometry
(AIMS) and differential mobility spectrometry (DMS) [43].

3.7.1 Drift Tubes Ion Mobility Spectrometry (DT-IMS)

The graphics of a traditional drift-time IMS instrument are illustrated in Fig. 3.16
shows. After ionization, the produced ions travel through the drift tube that is con-
nected to an electric field and contains a carrier buffer gas (drift gas) that opposes
the ion motion. At the end of the tube the ions hit the detector and their intensity is
monitored [43]. The ions separation is achieved through the drift gas along the axis
of the applied electric field. Therefore, depending on the mass of the ion, charge,
size and shape, its specific ion mobility will be measured by the migration time to
reach the detector [43—45]. Obviously, larger size ions in presence of the buffer gas



3 Fundamental Principles for Sensing Measuring Devices Used for the Detection... 41

sample
lonization
source filter (molecular
(Tritium) A RIP
A | [reactent ion peak
from air]
o . _- collector electrode
(=) n
a(C) SSeM g /| analyt peak
©6 % H—] > i
.2 OO | [ |I
[ I\
g l : amplifier J \
sanspdann pulsed groups of ions drifting drift tme To
gnd to the collector
4 ion mobility spectrum
| v | sample on matrix
I ey heating device

: 2t : ; LEGEND: ==sss=sus: gptional seperation
Desorption unit with electrical heater for drying between sniffing and desorption modus
and/or desorption of solid, wet or wipe samples

AIR © ANALYT O

Fig. 3.16 Schematic of drift time Ion mobility spectrometer (Adapted from Ref. [43])

will collide, causing an impediment in their travel and will require a longer time to
migrate through the drift tube Fig. 3.16) [43-45].

Consequently, the simplest form of an IMS system, measures how fast a given
ion moves in a uniform electric field through a given atmosphere. The modus ope-
randi of such system relies on the introduction of the sample ions in specified inter-
vals into the drift chamber by a gating mechanism, based on a charged electrode.
This electric field then drives the ions through the drift tube where they interact with
the neutral drift molecules contained within the system. The time taken to traverse
the device (the drift time) is correspondingly shorter (Fig. 3.15) [43—45].

3.7.2 Aspiration Ion Mobility Spectrometry (AIMS)

The aspiration ion mobility spectrometer (AIMS) possesses a simple and miniatur-
ized design. A schematic figure of a typical modern aspiration type ion mobility
spectrometer, which has a planar design, is shown in Fig. 3.17 [41, 46, 47]. During
the operation of an AIMS instrument, a continuous laminar flow of sample gas is
passed between the two parallel plates. Initially the drawn sample gas is ionized in
a region composed of radioactive atmospheric pressure ionization (R-APCI) ion
source (Fig. 3.16). This source may use the radioactive materials **' Am or ®Ni. This
is followed ions transfer into the drift region, which contains different number of
deflecting and collecting electrodes on opposite sides of the separation channel.
Each pairs of deflecting and collecting electrodes are used to produce an electric
field perpendicular to the gas flow. Consequently, the ions traveling in the laminar
gas flow are pushed by the electric field towards the collecting electrodes [41, 47]
Therefore, ions possessing low m/z values and high mobility will travel across the
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gas flow faster, than the ions of high m/z values possessing low mobility. Conversely,
the higher mobility ions will travel a shorter distance in the drift region, than the
ions with lower mobility. Nevertheless, as this logic may look contrary to conven-
tional mass spectrometry theories, the positions where the collection electrodes
were placed were chosen as matter of convenience. Finally, the ions are neutralized
at the collecting electrodes, generating an electric current that is registered after
amplification (Fig. 3.17).

As aresult, a mobility histogram is formed consisting of ion intensity versus col-
lecting electrode channel number. The mobility histogram contains analytical infor-
mation and can be used for identification of CA analytes [28, 41, 58]. The resolving
power of an AIMS instrument is low due to diffusion broadening of ions and the
geometry and the number of the collecting electrodes [28, 41, 58]. Separation effi-
ciency can be increased by scanning the electric field or increasing the number of
collecting electrodes and variation of the electrodes shapes. It has to be noted that
the AIMS instrumentation has a number of advantages, such as a high portability
and the ability to perform long continuous measurements.

It should be mentioned that IMS detectors have a simple design and are quite
rugged. Since they contain few moving parts, they are lightweight and can be min-
iaturised for field operations. In addition the detectors do not require any specialised
power supplies, additional carrier gases or vacuum pumps [28, 41, 58].
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Fig. 3.17 Schematics of an aspiration ion mobility spectrometer analyzser (Adapted from Ref.
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3.7.3 Travelling-Wave Ion Mobility Spectrometry (TWIMS)

In the travelling-wave ion mobility spectrometry (TWIMS), a travelling voltage
wave (T-wave) connected electrically to a series of ring electrodes (stacked ring ion
guide; SRIG) pushes the ions through this detector [40, 48]. Figure 3.18. shows a
schematic representation of the TWIMS principle. A radio frequency (RF) of
opposite phase voltage is applied to adjacent electrodes to allow the ions confine-
ment. When a direct transient (DC) current is superimposed on the RF that propa-
gates to downstream at regular intervals, the ions will be pushed forward. As a
result, separation will be achieved because, for a given wave speed and magnitude,
the higher-mobility ions (red) will be carried forward by the wave [40, 48]
(Fig. 3.18a and b).

3.7.4 High-Field Asymmetric Waveform Ion Mobility
Spectrometry (FAIMS)

High-Field Asymmetric Waveform Ion Mobility Spectrometry (FAIMS) is another
technology capable of separation of gas-phase ions at atmospheric pressure and
room temperature [41, 50, 51]. FAIMS can also be operated over a wide range of
pressure >1500 Torr and at different temperatures. The principle of this technology
resides on the formation of ions that are then subjected to an alternating asymmetric
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Fig. 3.19 Principle of a high-field asymmetric waveform ion mobility spectrometry (FAIMS)
(Adapted from Ref. [51])

electric field (E) which will allow them to drift towards two electrodes at different
rates. It should be noted, that the time at the positive voltage (t) is shorter than the
time at negative voltage (t,) (Fig. 3.19) [51].

Nevertheless, an equal (voltage x time) product for each part of the waveform is
always maintained [40, 49, 50]. When we apply a DC voltage, termed the compen-
sation voltage (CV) on these two electrodes, it will result in the repelling the ions
and refocuses their flight through the device. Figure 3.17 shows the operation prin-
ciples of FAIMS [41, 50, 51]. When the chemicals entering the system with carrier
gas (nitrogen) they are ionized by the %Ni ionization source to negative or positive
charged ions. After that the ions drift to the narrow gap which is formed by two
electrodes, on which a high frequency asymmetric electric field is applied. This
applied field, referred as dispersion field (DF), causes the oscillations of the ions
perpendicularly to the gas flow [50, 51]. In order to detect all the CA analytes a
compensation voltage (CV) is applied to superimpose the DF, so that the trajectories
are shifted and ions with different mobility can reach the detector [51]. With the
specific DF and CV the ions can be detected by the Faraday plate and the value of
the ion current is proportional to the concentration of the analyte.

Nerve gases, blister agents, sulfur mustard; nitrogen mustards; lewisite; choking
agents phosgene; explosives, the mother of Satan, and illicit drugs have been
detected by all the different types of IMS [46—48].
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3.8 Color-Change Chemistry

This technology is based on chemical reactions that occur when CAs interact with
solutions and substrates. The most common indicator (for a positive response) is a
color change. Detection tubes, papers, or tickets use some form of surface or sub-
strate to which a reagent solution is applied. Many of these kits are complex and
include multiple tests for specific agents or families of agents. Color change detec-
tors can detect nerve, blister, and blood agents [22, 28, 52].

3.8.1 Drdiger Tubes

Dréger tubes are commonly used for the detection of nerve and blister agents, which are
phosphoric acid ester tubes and thioether tubes, respectively. The phosphoric ester tubes
normally change from yellow to pink after exposure to a nerve agent, and, as agent
concentration increases, the pink colour becomes more intense and tends to persist for
longer time (usually greater than 60 s). The thioether tubes form an orange colour band
on the yellow portion of the tube when exposed to detectable levels of HD. The intensity
of the orange also increases with increased concentration of HD [22, 28, 52].

In addition, the Simultaneous Test Set, manufactured by Driger Safety (Liibeck,
Germany), consists of five tubes which are manifold together and attached to a hand
pump which allows for simultaneous sampling through each of the tubes. Hence,
the Test Set is capable of measuring several gases at once (Fig. 3.20) [22].

Fig. 3.20 The simultaneous test sets manufactured by Driiger safety (Liibeck, Germany) (Adapted
from Ref. [53])
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3.9 Photo Ionization Detectors (PIDs)

PIDs operate by passing the air sample between two charged metal electrodes
in a vacuum that are irradiated with ultraviolet radiation, thus producing ions
and electrons. The negatively charged electrode collects the positive ions, thus
generating a current that is measured using an electrometer-type electronic
circuit (Fig. 3.21) [54-56].

The measured current can then be correlated to the concentration of the molecu-
lar species. PID systems are used in portative detectors to detect nerve, blister, and
mustard agents. They are highly quantitative and calibrated sensors provide excel-
lent sensitivity levels (limits of detection reaching low ppm and ppb levels). PIDs
are generally used as screening tools as they can provide fast, low-level and on-site
analyses of chemicals contamination. They are able to detect and accurately mea-
sure the concentration of chemicals.

The FID detector is also not responsive to air, water. This is an extremely
important advantage when volatile CAs are present in a water matrix, and there-
fore can be easily analyzed without any pre-treatment [23, 28, 54-56]. There is a
main disadvantage in using FID-based detectors for field CA detection as they
are non-selective and respond to all CAs that can generate ions via the hydrogen-
air flame.
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Fig. 3.21 Schematics of a photo ionization detector [56]
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3.10 Conclusion

In this chapter, we have described the basic functioning principles of a series of the
most important CWA detectors. Needless to say that we have omitted the presenta-
tion of commercial specific detectors used to analyse the different types of CWAs.
This information coupled to the advantages and disadvantages of using these detec-
tors can be obtained directly from the manufacturers. All of the current technologies
discussed in this report have their advantages and disadvantages.

Nevertheless, the major challenge that remains is to increase the detection reli-
ability and to reduce the frequency of false responses. Recently, research impetus
has been directed towards the development of a capability for detection of both
toxic chemicals and CAs. This challenge has created substantial challenges for
commercial developers aimed at building improved detectors that can accurately
provide advanced warning of CAs release.

References

1. Report of the OPCW on the implementation of the convention on the prohibition of the devel-
opment, production, stockpiling and use of chemical weapons and on their destruction (2015)
Conference of the States Parties Organisation for the Prohibition of Chemical Weapons.
CS-2015-9540(E)

2. https://www.britannica.com/event/London-bombings-of-2005

3. Okumura T, Takasu N, Lshimatsu S, Minyanoki S, Mitsuhashi A, Kumada K, Tanaka K,
Hinohara S (1996) Report on 640 victims of the Tokyo subway Sarin attack. Ann Energ Med
28:129-135

4. Banoub J (ed) (2014) Detection of chemical, biological, radiological and nuclear agents for the

prevention of terrorism. Mass spectrometry and allied topics. IOS Press, Amsterdam and
Springer, Dordrecht, in conjunction with the NATO Emerging Security Challenges Division,
p 1-291
. Hoenig SL (2007) Compendium of chemical warfare agents. Springer, New York
. OPCW (2000) Fact sheet 4 what is a chemical weapon? OPCW, Hague
7. Borowitz JL, Kanthasamy AG, Isom GE (1992) Toxicodynamics of cyanide. In: Somani SM
(ed) Chemical warfare agents. Academic Press, San Diego, pp 209-236
8. Lopez-Muiioz F, Alamo C, Guerra JA, Garcia-Garcia P (2008) The development of neurotoxic
agents as chemical weapons during the National Socialist period in Germany. Rev Neurol
47:99-106
9. Sidell FR, Borak J (1992) Chemical warfare agents: II. Nerve agents. Ann Emerg Med
21:865-871
10. Bajgar J (2004) Organophosphates/nerve agent poisoning: mechanism of action, diagnosis,
prophylaxis, and treatment. Adv Clin Chem 38:151-216
11. Guide for the Selection of Chemical Agent and Toxic Industrial Material Detection Equipment
for Emergency First Responders (2005) Volume I and II: Summary, p. 100-104
12. Walsh CJ (2008) Blood agents. In: Embar-Seddon A, Allan D, Pass AD (eds) Forensic science.
Salem Press, Pasadena, p 150
13. Stuart JA, Ursano RJ, Fullerton CS, Norwood AE, Murray K (2003) Belief in exposure to ter-
rorist agents: reported exposure to nerve or mustard gas by gulf war veterans. J Nerv Ment Dis
191:431-436

AN


https://www.britannica.com/event/London-bombings-of-2005

48

14.

15.

17.

18.

20.
21.

22.

23.

24.

25.

26.

27.
28.

29.
30.
31.
32.
. Seeley JA, Richardson JM (2007) Early warning chemical sensors. Lincoln Lab J 17:85-99
34.
35.
36.

37.

38.

39.

F. Jahouh and J.H. Banoub

Pechura CM, Rall DP (1993) Chapter 3: history and analysis of mustard agent and lewisite
research programs in the United States. In: Veterans at risk: the health effects of mustard gas
and lewisite. National Academies Press, Washington, DC

Le HQ, Knudsen SJ (2006) Exposure to a First World War blistering agent. Emerg Med
J23:296-299

. https://www.opcw.org/about-chemical-weapons/types-of-chemical-agent/psychotomimetic-

agents/

Ketchum JS, Salem H (2008) In Incapacitating Agents, Medical Aspects of Chemical Warfare
Tuorinsky SD (ed), pp 411-440

Olajos EJ (2004) Riot control agents issues in toxicology, safety, and health. CRC Press, Boca
Raton/London/New York/Washington, DC, p 353

. Norige A, Thorton J, Schiefelbein C, Rudzinski C (2009) High-density distributed sensing for

chemical and biological defense. Lincoln Lab J 18:27-40

Carrano J (2007) Chemical and biological sensor standards study, Technical report, Defense
Advanced Research Projects Agency, Arlington, VA, August 2007

Braden CG, Greg EC (2007) Synthetic methods applied to the detection of chemical warfare
nerve agents. Curr Org Chem 11:255-265

Steropoulos RA (2009) Review of Chemical Warfare Agent (CWA) Detector Technologies and
Commercial-Off-The-Shelf Items. DSTO-GD-0570, Human Protection and Performance
Division DSTO Defence Science and Technology Organisation, Victoria 3207 Australia, p 90
Duffy LM, Downing E, Huey BM, Mckone TM (2000) National Research Council,
Commission on Life Sciences, Commission on Engineering and Technical Systems, Division
of Military Science and Technology and Board on Environmental Studies and Toxicology,
National Academies Press, p 272

Cripping JB (ed) (2005) Explosives and chemical weapons identification, Forensic science
techniques series. CRC Press/Francis and Taylor, Boca Raton, p 288

Amani M, Chu Y, Waterman KL, Hurley CM, Platek MJ, Gregory OJ (2012) Detection of
Triacetone Triperoxide (TATP) using a thermodynamic based gas sensor. Sens Actuators B
Chem 162:7-13
http://news.nationalpost.com/news/world/mother-of-satan-the-highly-unstable-bomb-of-
choice-for-terrorists-likely-used-in-brussels-attacks
http://namrataheda.blogspot.fr/2016/05/spectrophotometry-flame-photometry.html

Sun'Y, Ong KY (2005) Detection technologies for chemical warfare agents and toxic vapors,
1st edn. CRC Press, Boca Raton/Florida, p 272

Budzier H, Gerlach G (2011) Thermal infrared sensors: theory, optimisation and practice.
Wiley, Hoboken, p 324

Davis G. CBRNE - Chemical Detection Equipment. http://www.emedicine.com/emerg/
topic924.htm

Luma Sense. Available online: www.lumasense.dk/INNOVA-1412.gas_monitoring4.0.html/
Photoacoustic Detection (PAS) In: Innova, vol 2007

http://www.darkgovernment.com/news/flir-forward-looking-infrared/flir-2-soldiers/

Gardiner DJ (1989) Practical Raman spectroscopy. Springer, Berlin

Lombardi JR, Birke RL (2008) A unified approach to surface-enhanced Raman spectroscopy.
J Phys Chem C 112:5605-5617

Robinson R (2015) The Application of Differential Absorption Lidar (DIAL) for Pollutant
Emissions Monitoring, Environmental Measurements Group — Analytical Science Division
National Physical Laboratory Teddington, http://www.npl.co.uk/environment

Mudaliar S (2013) Remote sensing of layered random media using the radiative transfer the-
ory. Radio Sci 48:535-546

Kotidis P, Deutsch E, Goyal A. Standoff detection of chemical and biological threats. Defense &
security: http://spie.org/newsroom/5844-standoff-detection-of-chemical-and-biological-threats


https://www.opcw.org/about-chemical-weapons/types-of-chemical-agent/psychotomimetic-agents/
https://www.opcw.org/about-chemical-weapons/types-of-chemical-agent/psychotomimetic-agents/
http://news.nationalpost.com/news/world/mother-of-satan-the-highly-unstable-bomb-of-choice-for-terrorists-likely-used-in-brussels-attacks
http://news.nationalpost.com/news/world/mother-of-satan-the-highly-unstable-bomb-of-choice-for-terrorists-likely-used-in-brussels-attacks
http://namrataheda.blogspot.fr/2016/05/spectrophotometry-flame-photometry.html
http://www.emedicine.com/emerg/topic924.htm
http://www.emedicine.com/emerg/topic924.htm
http://www.lumasense.dk/INNOVA-1412.gas_monitoring4.0.html
http://www.darkgovernment.com/news/flir-forward-looking-infrared/flir-2-soldiers
http://www.npl.co.uk/environment
http://spie.org/newsroom/5844-standoff-detection-of-chemical-and-biological-threats

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Fundamental Principles for Sensing Measuring Devices Used for the Detection... 49

Kano AB, Dwivedi P, Tam M, Matz L, Hill HH Jr (2008) Ion mobility-mass spectrometry.
J Mass Spectrom 43:1-22

Eiceman GA, Karpas Z, Hill HH Jr (2013) Ion mobility spectrometry third edition. CRC Press/
Francis and Taylor, p 444

Smith J (2015) Brodie’s Bombs and Bombings A Handbook to Protection, Disposal and
Investigation for Industry, Police and Fire Departments Fourth Edition, Charles C Thomas
Publisher LTD, p 297

Zolotov YA (2006) Ion mobility spectrometry. J Anal Chem 61:519

Srebalus CA, Li JW, Marshal WS, Clemmer DE (1999) Gas-phase separations of electro-
sprayed peptide libraries. Anal Chem 71:3918-3927

Trimpin S, Plasencia MD, Isailovic D, Clemmer DE (2007) Resolving oligomers from fully
grown polymers with IMS-MS. Anal Chem 79:7974

Zhang W, Quernheim M, Joachim Réder M, Miillen K (2016) Collision-induced dissociation
ion mobility mass spectrometry for the elucidation of unknown structures in strained polycy-
clic aromatic hydrocarbon macrocycles. Anal Chem 88:952-959

(a) Buryakov IA (2011) Detection of explosives by Ion mobility spectrometry. J Anal Chem
66:674 (b) Puton J, Namiesnik J (2016) Ion mobility spectrometry: current status and applica-
tion for chemical warfare agents detection. Trends Anal Chem 85:10-20

Hill HH, Simpson G (1999) Capabilities and limitations of ion mobility spectrometry for field
screening applications. Field Anal Chem Technol 13:119-134

Smith DP, Knapman TW, Campuzano I, Malham RW, Berryman JT, Radford SE, Ashcroft AE
(2009) Deciphering drift time measurements from travelling wave ion mobility spectrometry-
mass spectrometry studies. Eur J Mass Spectrom (Chichester) 15:113-130

Hsi P, Sheikham B, Negre T, Mulhem M, Stohecker J (2103) The PID handbook-theory and
applications of direct-reading photoionization detectirs, 3rd ed. RAE Systems by Honeywell,
RAE Systems Inc, San Jose. www.raesystems.com
http://www.geo.uni-tuebingen.de/studium/studentische-projekte/wiss-praesentieren-ss2012/
applied-environmental-geoscience/yu-ye.html

Smith PA, Lepage JC, Harrer KL, Brochu PJ (2007) Handheld photoionization instruments for
quantitative detection of Sarin vapor and for rapid qualitative screening of contaminated
objects. J Occ Env Hyg 4:729-738

Dréger Tube Sets: Simultaneous Test Sets. In Driger safety

Zrodnikov'Y, Davis CE (2012) The highs and lows of FAIMS: predictions and future trends for
high field asymmetric waveform ion mobility spectrometry. J Nanomed Nanotechol 3:5
Buryakov IA, Krylov EV, Nazarov EG, Rasulev UK (1993) A new method of separation of
multi-atomic ions by mobility at atmospheric-pressure using a high-frequency amplitude-
asymmetric strong electric field. Int J] Mass Spectrom Ion Process 128:143-148

Daum KA, Watrous MG, Neptune MD, Michael DI, Hull KJ, Evans JD (2006) Data for frist
responder use of photoionization detectors for vapor chemical constituents. INL Idaho
National Laboratory, SAIC, pp 78


www.raesystems.com
http://www.geo.uni-tuebingen.de/studium/studentische-projekte/wiss-praesentieren-ss2012/applied-environmental-geoscience/yu-ye.html
http://www.geo.uni-tuebingen.de/studium/studentische-projekte/wiss-praesentieren-ss2012/applied-environmental-geoscience/yu-ye.html

Chapter 4

Fundamental Principles for Luminescence
Sensing Measuring Devices Used

for the Detection of Biological Warfare Agents

Joseph H. Banoub and Farid Jahouh

Abstract This chapter surveys the current detection technologies used in commer-
cially available luminescence biosensor detection equipments currently employed
for identifying warfare biological agents (BAs). Brief technical descriptions of
these technologies are presented with emphasis placed on the principles of detec-
tion. Much of the content presented was obtained from the open-source literature
and is an introduction to biosensor fundamentals

4.1 Introduction

Biological agents (BAs) are widely found in the natural environment (work place,
hospitals, HVAC, etc.) and as a result of voluntary release of biological warfare or
terrorism agents [1, 2]. Biological agents include series of different virulent bacte-
ria, viruses, fungi (yeasts and moulds) and parasites. All of these agents possess
irreversible threat to potentially cause ill health and death to soldiers/humans. The
incidents of anthrax-laced letters, the emergence of Severe Acute Respiratory
Syndrome (SARS), and repeated occurrences of illnesses caused by food-borne
pathogens highlight the need for rapid and sensitive identification of the responsible
biological agents [3, 4].

Biological agents are usually invisible and possess the ability to infect in very
small doses [1, 2]. They also have the cunning ability to replicate rapidly and require
minimal resources to survive. For these reasons, it is impossible to initially feel their
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presence or to predict the risks they present. Recently, it has been demonstrated that
bioterrorism raises the specter of exposure to toxins by devising new deliveries by
which BAs can be weaponized [5-7]. It has become apparent that BAs weapons
pose a real and potentially immediate threat as they are relatively cheap to manufac-
ture and employ, and they have tremendous potential impact as terror weapons [2].
These features make biological weapons attractive to rogue states and terrorist orga-
nizations. In this article we briefly describe the threat of biological weapons [5-7].

4.1.1 Classification of Biological Agents

Biological Agents are categorized according to the Code of Practice to the Safety,
Health and Welfare at Work (Biological Agents) Regulations, 2013 [8]. This clas-
sification system is based on whether: the biological agent is pathogenic to humans,
represents a hazard to soldiers, it is transmissible to nearby community and if there
is a possible effective treatment available [8§—11]. Consequently, BAs are classified
into four risk groups (RG), namely, RG1, RG2, RG3 and RG4, as follows:

e RGI thatincludes BAs not linked with diseases in healthy adult humans. Examples
of RG1 agents include Bacillus subtilis or Bacillus licheniformis, Escherichia
coli-K12, and adeno-associated virus (AAV) types | through 4 [9, 10].

* RG2 that includes BAs connected with human diseases which is rarely serious
and for which preventive or therapeutic interventions are often available.
Examples of RG2 agents include Salmonella sp., Chlamydia psittaci, measles
virus, and hepatitis A, B, C, D, and E viruses [9, 10].

* RG3 that contains BAs associated with serious or lethal human diseases for
which preventive or therapeutic interventions may be available (high individual
risk but low community risk). Examples of RG3 agents include Brucella,
Mycobacterium tuberculosis, Coccidioides immitis, yellow fever virus and
human immunodeficiency virus (HIV) types 1 and 2 [9, 10].

* RG4 includes BAs that are likely to cause serious or lethal human disease for
which preventive or therapeutic interventions are not usually available (high
individual risk and high community risk). RG4 agents only include viruses.
Examples of RG4 agents consist of Crimean-Congo hemorrhagic fever virus,
Ebola virus and herpesvirus simiae (B-virus). Under the classification system,
These Risk Group 1 agents are the least hazardous whilst Group 4 are the most
hazardous [9, 10].

4.2 Analytical Measurement of Biological Agents

Field BAs and urban public health surveillance systems usually provide rapid deter-
mination of the presence of BAs in the atmosphere and may in time provide an
indication of when and where the biological agent was released [11-15]. Once, the
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point source is revealed and the BA identified, rapid clean-up effort could be initi-
ated, after the release of the compound. Moreover, it is essential to monitor the
presence of BAs in the environment, to provide people at risk with the means of
rapidly identifying contaminated air, water, food and equipment [11-15]. It is well
known that antibodies specifically targeting proteins or pathogens, can be generated
to a wide variety of target cell bacterial analytes and are the most popular choices
for the recognition element in many biosensors. Typical immunoassay formats
include competitive, displacement, sandwich, and enzyme-linked immunosorbent
assays (ELISA) [14]. ELISA, for example, uses colorimetric or chemiluminescent
enzyme substrates for signal transduction and is more suited to automated instru-
ments because of the multiple incubations and washes required.

The classical approach to detect the bacteria species type or microbe involves the
use of differential metabolic assays, monitored colorimetrically and on immuno-
chemical routine tests. In addition, the use of cell culture and electron microscopy
are vital for the diagnosis of viruses, bacteria and intracellular parasites.
Consequently, all samples retrieved from the affected environment must ne cultured
in order to obtain sufficient numbers of various cell types for reliable identification.
Unfortunately, one of the major drawbacks is that the time required for the micro-
bial outgrowth is long and some bacteria obtained are not culturable, as a result of
genetic mutation. This chapter has been drafted as a “Comptes Rendus” and general
modi operandi of novel biodetection approaches using luminescence biosensing
approaches, published recently, for the detection of warfare potential BA weapons;
it will exclude all the conventional approaches. The readers are encouraged to
peruse the references included within the text, to search for the applied commercial
used biosensors, that for simplification reasons, we did not discuss herewith.

4.2.1 What Are Biosensors?

According to a recently proposed IUPAC definition a biosensor is “a self-contained
integrated device which is capable of providing specific quantitative or semi-
quantitative analytical information using a biological recognition element (bio-
chemical receptor) which is in direct spatial contact with a transducer element [15].
A biosensor should be clearly distinguished from a bioanalytical system, which
requires additional processing steps, such as reagent addition. The term “biosensor”
is short for “biological sensor.” The device is made up of a transducer and a biologi-
cal element that can be an enzyme, an antibody or a nucleic acid. The bioelement
interacts with the analyte being tested and the biological response is converted into
an electrical signal by the transducer (Fig. 4.1) [16, 17].
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Fig. 4.1 Schematic representation of the detection of a bioelement using a biosensor

4.2.2 Overview of Predominant Sensing Techniques

Sensing can be explained as the use of recognition elements (biological in origin)
for binding to the biothreat molecule of interest. The binding event must be trans-
duced in a manner that signals the presence of the targeted analyte. Biosensor probes
are becoming increasingly sophisticated, mainly owing to combination of advances
in two technological fields: microelectronics and biotechnology. Biosensors are
highly valuables devices in measuring a wide spectrum of BA analytes [18, 19].

Ideally each sensing detection technology should contain the following
characteristics:

» Specific and able to discriminate between closely related pathogenic and non-
pathogenic organisms or toxins.

» Sensitive and able to detect small amounts of target within a high background
matrix.

* Possess high affinity and being able to maintain binding even through repeated
washing steps.

e Stable enough to allow long-term use.

It should be understood that luminescence biosensing technology is totally dis-
tinct from other physiochemical methods, such as mass spectrometry (MS) or
Fourier transform infrared spectroscopy (FTIR) and Raman based analysis. These
methods of course, have their merits and are very sensitive and specific. Therefore,
in the following sections, we will provide an overview of the state-of-the-art prime
molecular sensing technologies for the detection of BAs.

4.3 Electrical Detection of Pathogenic Bacteria
via Immobilized Antimicrobial Peptides

It should be noticed that the current methods for detecting pathogenic bacteria,
which include ELISA and PCR [20, 21] are assays that exploit antibodies as molec-
ular recognition elements due to their highly specific targeting of antigenic sites.
Nonetheless, these antibodies lack the stability needed to detect pathogenic species
under harsh environments, and requires a one-to-one pairing of antibody-based sen-
sors for each target to be detected. Whereas, nucleic acid probe-based techniques
such as PCR can reach single-cell detection limits, they still require the extraction
of nucleic acids and are limited in portability [21, 22].
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McAlpine and coworkers developed a robust and portable biosensor for the
detection of pathogenic bacteria that could impact water quality monitoring for bac-
terial contamination [23-25]. The particular interest of the developed biosensor was
that it combined the natural specificity of biological recognition to label-free sen-
sors providing sensitive electronic readout. Thus, McAlpine et al. reported the
selective and sensitive detection of infectious agents via electronic detection based
on antimicrobial peptide-functionalized microcapacitive electrode arrays [25].

The semi-selective antimicrobial peptide magainin I, which occurs naturally on
the skin of African clawed frogs, was immobilized on gold microelectrodes via a
C-terminal cysteine residue. Significantly, exposing the sensor to various concentra-
tions of pathogenic Escherichia coli revealed detection limits of approximately 1
bacterium/pL, a clinically useful detection range. The peptide-microcapacitive
hybrid device was further able to demonstrate both Gram-selective detection as well
as interbacterial strain differentiation, while maintaining recognition capabilities
toward pathogenic strains of E. coli and Salmonella [25].

It is well known that the synthesis of antimicrobial peptides (AMPs) and their
resulting intrinsic stabilities render them particularly interesting candidates for the
use as molecular recognition elements in electronic biosensing platforms [23-25].
AMPs do exist in nature and are located either in the skin of higher organisms and/
or in the extracellular milieu of bacteria [25]. The replacements of current antibody-
based affinity probes, with more stable and durable AMPs in biological sensors,
have a major advantage as recognition elements. This advantage stems from the
AMPs semi-selective binding nature to target cells of a variety of pathogens.

The bioactivity of AMPs toward microbial cells can be classified into groups
according to their secondary structures [24, 25]. Many AMPs adopt amphipathic
conformations that spatially shield the hydrophobic group of the cationic amino
acids, thereby targeting the negatively charged head groups of lipids in the bacterial
membrane. In contrast, the membranes of plants and animals separate negative
charges to the inner leaflet and contain cholesterols that reduce AMP activity [25].
The AMPs, linear cationic peptides such as magainins, are particularly attractive for
microbial sensing applications because of their small molecular size and intrinsic
stability [26, 27]. In particular, the positively charged AMP magainin I
(GIGKFLHSAGKFGKAFVGEIMKS) binds most selectively to the bacterial cell
E. coli O157:HT7 as a precursor to bactericidal activity [25-27].

4.3.1 Development of an AMP-Based, Label-Free Electronic
Biosensor

Magainin I displays a broad-spectrum activity toward other Gram-negative bacteria,
which comprise the majority of pathogenic infection in humans [25-28]. The first
step toward the development of an AMP-based, label-free electronic biosensor con-
sisted of targeting the microbial cells by magainin I using impedance spectroscopy.
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Fig. 4.2 AMP-based electrical detection of bacteria (Adapted from Ref. 25).

It should be repeated that electrical impedance measures the total opposition to a
circuit or a part of the circuit presented to an electric current. Usually the impedance
is the results for both resistance and reactance. It is important to remember that the
resistance component arises from collisions of the current-carrying charged particles
with the internal structure of the conductor. Furthermore, the reactance component
is an additional opposition to the movement of the electric charge that result from
the changing magnetic and electric fields in circuits carrying alternating current.

Figure 4.2 outlines the sensing platform. First, the AMPs are immobilized on the
micro-fabricated interdigitated gold electrodes (Fig. 4.2a). It should be specified
that magainin I contains a cysteine residue on the C terminus (Fig. 4.2b), which
allows the facile site-specific covalent attachment to the gold electrodes. Next, the
heat-killed bacterial cells are injected and incubated on the AMP-modified elec-
trodes [25]. When, the bacteria are recognized by the AMPs, binding will ensue
(Fig. 4.2¢), causing the dielectric property to changes that can be monitored by a
spectrum analyzer. Usually, the impedance is measured over a frequency range of
10 Hz to 100 kHz. Figure 4.2d shows an optical micrograph of the device, which is
made using standard microfabrication techniques.

The results of measurements performed after incubation of the immobilized
AMPs with pathogenic E. coli O157:H7 cells concentrations ranging from 10° to
107 cfu/mL are shown in Fig. 4.3. When, a blank device with no immobilized AMPs
was also tested for comparison, it was found that there was no change in the imped-
ance of the blank device without immobilized AMPs, upon exposure to various
bacterial concentrations. Figure 4.3a shows that at low frequencies, the different
concentrations of bacterial cells have the effect of increasing the impedance in pro-
portion to the number of cells present in the sample. As the frequency increases, the
contribution to the impedance from the bacterial cells decreases, leaving only the
dielectric relaxation of small dipoles including water molecules in the buffer solu-
tion to affect the measured impedance. Figure 4.3b depicts the impedance change at
a fixed frequency of 10 Hz. The variation in the impedance is directly proportional



4 Fundamental Principles for Luminescence Sensing Measuring Devices Used... 57

Fig. 4.3 Impedance A 4n7[ -
spectra and sensitivity of 10 ® 1°6°f“/""—
the AMP electronic — 1050f“/m'—
biosensor (Adapted from 108 —=— 10°cfu/mL
Ref. 25) . —*— 10%cfu/mL
<} —&— 10°cfu/mL
3 105 T NN N-terminal
s Blank
? 404
g 10%:
E
1031
1 02 [ 1 1 1
10 10? 108 10* 10°
Frequency (Hz)
B
1061
g
o
g 10°t T
< £
8 =
£ ©
E 5 2
m
104}

107 107 102 10° 10* 105 108 107
E. coli Concentration (cfu/mL)

to the number of bacterial cells bound to the immobilized AMPs and manifested in
a logarithmic increase with respect to serially diluted bacterial concentrations.
Significantly, the detection limit of response of the hybrid AMP-microelectrode
device to E. coli was found to be 10° cfu/mL (1 bacterium/puL). This lowest limit
of detection appears to be limited by the presence of impedance due to the electrical
double layer resulting from the electrode polarization effect at low frequencies.
Notably, these sensitivity limits is clinically relevant [30] and compares favorably to
AMP-based fluorescent assays [26], antibody-based impedance sensors [27], and to
the LAL test [25].
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Fig. 4.4 Real-time binding of bacteria to AMP biosensors (Adapted from Ref. 25)

4.3.2 Pathogenic Bacteria Real-Time Detection

To simulate the use of the AMP microelectrodes in everyday applications, such as
direct water sampling, the biosensor response was investigated in real time, as
shown in Fig. 4.4. First, a microfluidic cell was bonded to the interdigitated biosen-
sor chip (Fig. 4.4a), such that the electrodes were perpendicular to the direction of
the sample flow (Fig. 4.4b) [25].

Next, the fluid was injected using a syringe pump connected to the inlet port and
allowed to flow through to the outlet port at a flow rate of 100 pL./ min. The flow
cell was first flushed with buffer to establish a baseline. This was followed by injec-
tion of various dilutions (10*~107 cfu/mL) of the pathogenic E. coli cells in PBS to
the channel at a reduced flow rate of 5 pL./ min for 30 min. For example, Fig. 4.4¢
shows the microelectrode array after exposure to 107 cfu/mL bacterial cells.
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Simultaneously, the impedance response was continuously monitored during the
sample flow-through process (Fig. 4.4d).

All samples produced a measurable response relative to the control sample
within 5 min, with the highest concentration sample yielding a response within 30 s;
the responses saturated after after 20 min. These results augured well for the imple-
mentation of this sensor in continuous monitoring of flowing water supplies.

4.3.3 Selectivity Measurements

McAlpine also examined the selectivity o the AMP-functionalized biosensors
toward the following various bacterial species (/) Gram-negative pathogenic E. coli
O157:H7, (ii) the nonpathogenic E. coli strain American Type Cell Culture (ATCC)
35,218, (iii) Gram-negative pathogenic Salmonella typhimurium, and (iv) the Gram
positive Listeria monocytogenes. The selectivity was first investigated using fluores-
cent microscopy methods, by staining bacterial cells and optically mapping their
binding density to gold films hybridized with AMPs. The discriminative binding
patterns of immobilized magainin I to and the surface density of the various bacte-
rial cells (all 107 cfu/mL) stained with propidium iodide (PI) nucleic acid stain are
showed in Fig. 4.5. In summary, coupling of AMPs with microcapacitive biosensors
has resulted in the implementation of a portable, label-free sensing platform for the
detection of infectious agents. The achievable sensitivity approached 1
bacterium /pL-a clinically relevant limit-and the AMPs allowed for sufficient selec-
tivity to distinguish pathogenic and Gram-negative bacteria, while retaining broad-
band detection capabilities [25-28]. In addition, the simulated water sampling chip
which consisted of a microfluidic flow cell integrated onto the hybrid sensor, dem-
onstrated the potential of real-time on-chip monitoring of the interaction of E. coli
cells with the antimicrobial peptides [25].

4.4 NRL Array Biosensor for Toxin Detection

This following part discusses the progress made with the NRL Array Biosensor,
which is a portable instrument for rapid and simultaneous detection of multiple
targets which was developed, automated and miniaturized for operation at the point-
of-use by the US Navy Research Laboratories. This Array Biosensor has been used
for the quantitative immunoassays against an expanded number of toxins and toxin
indicators in food and clinical fluids, and for its usefulness as semi-selective mole-
cules which can be used as alternative recognition moieties [29-31]. In this sensor,
the antibodies or other capture molecules are immobilized in a two-dimensional
array on an optical waveguide (as either stripes or spots) and standard fluoroimmu-
noassays are performed within the channels of a multi-channel flow cell, which is
placed on the waveguide surface (Fig. 4.6, left). The spots are interrogated using
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Fig. 4.5 Optical microscopy of the selectivity of AMPs (Adapted from Ref. 25)

evanescent wave technology: light from a 635 nm diode laser is focused into the
edge of the patterned slide/waveguide and after propagation and mixing within the
waveguide; the confined beam produces an evanescent field within the sensing por-
tion of the waveguide [29]. In the NRL array biosensor the spots are interrogated
using evanescent wave technology that is specifically: a light issued from a 635 nm
diode laser that is focused into the edge of the patterned slide/waveguide and after
propagation and mixing within the waveguide, the confined beam produces an eva-
nescent field within the sensing portion of the waveguide [29, 32]. The definition of
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Fig. 4.6 NRL array biosensor (Adapted from Ref. 29)

an evanescent field or wave is: an oscillating electric and/or magnetic field, which
does not propagate as an electromagnetic wave but whose energy is spatially con-
centrated in the vicinity of the source (oscillating charges and currents) [32].

The Surface bound molecules labeled with fluorophore are excited by this eva-
nescent field, producing a fluorescence signal; this fluorescence is then detected
using a CCD camera fitted with appropriate bandpass and longpass filters (Fig. 4.6,
right). Since the penetration depth of the evanescent field is limited, only surface-
bound fluorophores are excited, enabling analysis of non-homogeneous or turbid
samples. The locations and intensities of the fluorescent spots indicate the identity
and concentration of the target sample in each lane [29, 32].

The NRL Array Biosensor was used successfully for the detection of toxins and
for multiple toxins simultaneously in multiple samples, it could also detect toxin
levels as low as 500 pg/mL and quantify the toxin concentration, and finally it could
perform toxin assays in clinical, food, and environmental samples [29]. Furthermore,
both sandwich immunoassays for protein toxins (e.g., staphylococcal enterotoxin B
[SEB] and ricin) and competitive immunoassays for low molecular weight toxins
(e.g., trinitrotoluene and fumonisin B1) were reported (Fig. 4.6) [29].

4.4.1 Toxins Environmental Testing in Food and in Air

Determination of bacteria and large toxins in foods and air by the NRA Array
Biosensor Assays normally employ a sandwich immunoassay format. However,
mycotoxins are smaller in size and are therefore better assayed using an indirect
competitive immunoassay [32-35].

The validity of the NRL Array Biosensor was demonstrated for the detection of
mycotoxins (ochratoxin A, deoxynivalenol and aflatoxin B1) in various food matri-
ces and in air [32-35]. This competitive assay protocol involved attaching the bioti-
nylated mycotoxin derivatives onto the waveguide, this was followed by incubating
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Fig. 4.7 Immunoassay with the NRL array biosensor using the sandwich immunoassay format
(Adapted from Ref. 29)

the test sample with cyanine 5 (Cy5)-labeled anti-toxin antibodies and then passing
the pre-incubated mix over the immobilized mycotoxin derivatives (Fig. 4.7). Since,
the immobilized mycotoxin derivatives competed with the toxin in the test sample
for binding to the fluorescent antibodies; it was found that the resulting fluorescent
signal of the immunocomplex on the waveguide surface was inversely proportional
to the concentration of toxin in the sample (decrease in signal with increasing con-
centration [32-35].

This type of Array Biosensor has been automated and miniaturized for operation
as point-of-use quantitative immunoassay arrays. This methodology was utilized to
measure an expanded number of toxins and toxin indicators in food and clinical
fluids. In addition, semi-selective recognition molecules were also used to expand
the repertoire of toxins that can be detected on a single array. In the automated sys-
tem, up to 6 samples can be analyzed simultaneously while the non-automated sys-
tem can test up to 12 samples [30B].

4.4.2 Use of Antimicrobial Peptides for Toxin Detection

Taitt and coworkers investigated the possibility to use antimicrobial peptides
(AMPs) for the detection of inactivated botulinum toxins A, B, and E as well as
other toxins in assays analogous to the AMP-based bacterial assays [36]. They
observed clear differences in the patterns of binding between botulinum neurotox-
oids A, B, and E. It was found that the detection limits were improved when immo-
bilized AMPs were used for target capture [36].
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4.5 Surface Acoustic Wave (SAW) Sensors

The Love wave (LW) physical effect was originally discovered by the mathemati-
cian Augustus Edward Hough Love [37, 38]. Typically, LW sensors consist of a
transducing area and a sensing area. The transducing area consists of the interdigital
transducers (IDTs), which are metal electrodes, sandwiched between the piezoelec-
tric substrate and the guiding layer [39—41]. The input IDT is excited electrically
(applying an rf signal) and launches a mechanical acoustic wave into the piezoelec-
tric material which is guided through the guiding layer up to the output IDT, where
it gets transformed back to a measurable electrical signal (Fig. 4.8).

It should be understood that the sensing area, is the area of the sensor surface,
located between the input and output IDT, which is exposed to the analyte.
Consequently, to permits the use of a SAW device as a biosensor, the device has to
be coated with a biospecific layer corresponding to the analyte. The immobilization
chemistry strongly depends upon the underlying SAW substrate with or without a
guiding layer and hence on the chemical environment available. Gold surfaces, for
example, allow the use of functionalized thiols, whereas quartz or SiO2 surfaces
enable the use of various silanes [42]. Analyte-specific molecules (e.g., antibodies)
are immobilized on the SAW device to catch analyte molecules (e.g., antigens) from
the sample stream. Analytes binding to the immobilized capture molecules will
influence the velocity of the SAW and hence the output signal generated by the driv-
ing electronics [39].

SAW detectors have the ability to identify and measure many BAs simultane-
ously and are relatively inexpensive, making them a popular choice amongst civil-
ian response units [39-42]. SAW detect changes in the properties of acoustic waves
as they travel at ultrasonic frequencies in piezoelectric materials. The basic trans-
duction mechanism involves interaction of these waves with surface-attached mat-
ter. Multiple sensor arrays with multiple coatings and pattern recognition algorithms
provide the means to identify agent classes and reject interferant responses that
could cause false alarms [39—43].
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Fig. 4.8 Surface Acoustic Wave Sensor (SAW) (Adapted from Ref. [40])
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Recently, SAW immunosensors were successfully applied to detect E. coli,
Legionella, the anthracis simulant B8 Bacillus thuringiensis (B8) and M 13 bacterio-
phage (M13) acting as model analyte for bacteria or viruses. Tamarin et al. used
Love wave sensors based on quartz substrate with a SiO2 wave-guiding layer.
Antibodies against M13 were immobilized on the sensor surface to detect the bac-
teriophage directly [43].

Stubbs et al. developed a SAW immunoassay for the detection of analytes in the
gas phase, e.g., cocaine plumes [44]. For this purpose, SAW devices based on quartz
were used. Antibodies were coupled to the SAW device via adsorbed protein A and
coated with a hydrogel layer to overcome the problem of hydration of the biomole-
cule [44]. Benzoylecgonine, the major metabolite of cocaine, could be detected in
vapor [45]. In general, it can be specified that SAW based biosensors offer the pos-
sibility of observing real-time binding events of proteins at relevant sensitivity levels
[45, 46].

4.6 Biosensing with Luminescent Semiconductor Quantum
Dots

Recently, luminescent semiconductor nanocrystals or quantum dots (QDs) have
become a successful novel nanomaterial possessing unique photophysical fluores-
cent properties, which have helped create a new generation of robust fluorescent
biosensors [47-53]. It should be stated that the fluorescent properties of QDs have
overcome most of the liabilities of conventional organic and protein-based fluoro-
phores. The biosensing QD properties of interest include high quantum yields,
broad absorption spectra coupled to narrow size tunable photo-luminescent emis-
sions and exceptional resistance to both photo-bleaching and chemical degradation.
In this section, we will examine the progress in adapting QDs for several predomi-
nantly in vitro biosensing applications including use in immunoassays, as general-
ized probes [47-53].

4.6.1 Immunoassays Using Quantum Dots

The unique advantages of using QDs are owed to their inherent photostability, their
improved sensitivity, and size tunable photoluminescence coupled to their broad
absorption spectra. These unique advantages have allowed them to serve as multi-
color or multiplexed immunoassays. It should be mentioned that in terms of coupling
QDs to antibodies, the most common method reported in the literature utilizes biotin-
avidin interactions [48]. The avidin/streptavidin coated QDs are commercially avail-
able, while biotin-labeling of antibodies are usually prepared in-house. QDs presenting
available carboxylic acids from their capping agents may also be covalently attached
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Fig. 4.9 QD multiplexed
biosensing (Adapted from
Ref. 54)
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to the epsilon amine of an antibody’s lysine residues by using EDC/NHS coupling
chemistry [47-53]. Alternatively, simple electrostatic interactions can be used
depending on the overall protein charge at the pH of conjugation [48].

Goldman et al. used sandwich immunoassays for the simultaneous detection of
four toxins: cholera toxin, ricin, shiga-like toxin 1 and staphylococcal enterotoxin B
(SEB), in a single microtiter well, see Fig. 4.9 [47, 48, 54].

In this assay capture antibodies immobilized in a microtiter well plate were first
exposed to the mixed toxin sample. Antibodies specific for each of the toxins cou-
pled to a different color QD were then added to the microtiter well plate. The result-
ing signal from the mixed toxin samples was then deconvoluted using a simple
algorithm. Similarly, QD-antibody bioconjugates were used to identify and differ-
entiate between diphtheria toxin and tetanus toxin proteins which were non-
specifically immobilized onto poly-L-lysine coated cover slips and for the
simultaneous detection of Escherichia coli O157:H7 and Salmonella typhimurium
bacteria using different colored QDs as immunoassay labels [55].
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Fig. 4.10 Schematic principles of the miRNA profiling microarray (Adapted from Ref. 53)

4.6.2 Nucleic Acid Detection

Liang et al. applied QDs to miRNA microarray assays by using streptavidin QDs
probes to label biotinylated miRNA targets derived from rice, see Fig. 4.10 [53].
Initially, miRNAs were oxidized with sodium periodate to oxidize the ribose 2'- and
3’- hydroxyl groups into aldehydes. The resulting dialdehyde was then reacted with
biotin-X-hydrazide resulting in biotinylated miRNA. This was followed by immo-
bilizing the 5" amine-modified oligonucleotide probes antisense to miRNAs on the
amine-reactive glass slides. The biotinylated miRNAs were captured on the micro-
array by oligonucleotide probes in hybridization. Quantum dots were labeled on the
captured miRNAs through the strong specific interaction of streptavidin and biotin.
As QDs have a high extinction coefficient and a high quantum yield, so trace
amounts of miRNAs are easily detected with a laser confocal scanner. In addition as
alternative, the colorimetric gold-silver detection method was used in which cap-
tured miRNAs were labeled with streptavidin-conjugated gold followed by silver
enhancement. During silver enhancement, the gold nanoparticles bound to miRNAs
catalyzed the reduction of silver ions to metallic silver, which further autocatalyzed
the reduction of silver ions to form metallic silver precipitation on gold, resulting in
a signal enhancement [53]. This process allowed straightforward detection of the
microarray with an ordinary charge-coupled device (CCD) camera mounted on a
microscope.

They found that QD probes provided good sensitivity down to sub-femtomolar
concentrations and dynamic range over several orders of magnitude. This was far
better than other dye-based methods and further obviated the use of amplification
while allowing a semi-quantitative comparison of the amount of miRNA in different
samples [53].

Figure 4.11 displays a set of images for various concentrations of miRNA (21 nt
siRNA) detected by QD [53]. It should be noted that the signals become gradually
weaker with the decrease in miRINA concentration (Fig. 4.11a). When the miRNA
concentration was as low as 39 pM, the fluorescence signal could be detected, indi-
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Fig. 4.11 Detection limit and dynamic range of the model miRNA detection microarray. (a)
Image sets of microarrays hybridize with various concentrations of miRNAs from 20 nM to 39 pM
and the backgound. The 50 pM concentration of oligonucleotide probes printed on slides pentapli-
cately. The volume of model miRNA needed to hybridize with microarray was 10 pl. (b) Correlation
between fluorescence intensity of spots and concentrations of model miRNA. The values were
calculated from image in (a). Open circle represents the background (Adapted from Ref. 53).

cating that the lower detection limit of miRNA microarrays is at least 0.4 fmol. As
shown in Fig. 4.11b, the fluorescence intensity of the spots is linear to the model
miRNA in a logarithmic fashion from 156 to 20,000 pM, and the dynamic range is
about 2 orders of magnitude. This implies that this method can be used to quantify
miRNAs with broad concentration range [53].

4.6.3 Sensing Based on FRET with Quantum Dot
Bioconjugates

Fluorescence Resonance Energy Transfer (FRET) is a physical radiationless trans-
mission of energy phenomenon which relies on the distance-dependent transfer of
energy from a donor molecule to an acceptor molecule. FRET has been extensively
used in biophysical and biochemical studies to probe ligand-receptor binding and
molecular structural changes [56-58]. In the following example, the authors
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Fig. 4.12 Single QD-based DNA nanosensor (Adapted from Ref. 54)

incubated the dye-labeled DNA targets with biotinylated capture DNA probes,
which were allowed to be conjugated to streptavidin QDs, only when the two DNA
sequences hybridize. The resulting hybridization was then detected via FRET
between the QD and the dye acceptor (Fig. 4.12) [54]. It should be noted that the
additional background caused by the acceptor direct excitation is virtually elimi-
nated through the choice of an appropriate excitation wavelength; this led to a 100-
fold improvement in sensitivity compared to single organic dye molecular
beacon-based detection. This type of sensing schemes can also be amenable to use
in a multiplex format. The narrow and symmetric QD emissions allow easy spectral
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deconvolution and the most straightforward configuration relies on several QD pop-
ulations interacting with the same dye acceptor, rather than the opposite [54].

4.7 Engineered Cell-Based Sensors: The CANARY System

Petrovick et al. have developed a novel inexpensive genetically engineered white-
blood cells biosensor for the rapid identification of warfare BA pathogens and tox-
ins [59]. This new sensor was named and abridged as CANARY for “Cellular
Analysis and Notification of Antigen Risks and Yields”. CANARY sensors are
capable to detect soluble protein toxins, which are an important class of potential
bioweapon, and can also be used for sequencing DNA and RNA [60].

4.7.1 CANARY Bioelectronic Sensor

The CANARY technology is based on genetically engineered white blood B cells,
which has the ability to bind to and to recognize pathogens quickly and assists other
parts of the immune system to fight the infection. It is well known that B cells are
the fastest known pathogen identifiers (intrinsic response less than 1 sec). The
B-lymphocytes recombinantly express cytosolic aequorin, a Ca-sensitive biolumi-
nescent protein from the jellyfish Aequoria victoria, which emits light in response to
elevations of intracellular Ca, along when membrane-bound by antibodies. Binding
of the pathogen to the cell surface antibodies causes an increase in intracellular Ca
levels, resulting in the emission of light from the cytosolic aequorin [60—63].

Two routine genetic modifications enable engineered B-cell lines to express
cytosolic aequorin, a calcium sensitive bioluminescent protein, as well as mem-
brane bound antibodies specific for pathogens of interest [62, 63]. This was achieved
by crosslinking the membrane-bound antibodies to a polyvalent antigen that induces
a signal-transduction cascade. This latter, sequentially involves tyrosine kinases,
phospholipase C and inositol triphosphate (IP3). The IP3 activates calcium chan-
nels, thereby increasing cytosolic calcium from both internal stores and the extra-
cellular medium, which activates the aequorin, causing it to emit light (Fig. 4.13)
[59, 62-64].

The CANARY sensor can detect less than 50 colony-forming units (cfu) of
pathogen in less than 3 min, which include the time required to concentrate the
sample [65]. It should be mentioned that state-of-the-art immunoassays take at least
15 min, whereas polymerase chain reaction (PCR) takes longer than 30 min. The
novel genetic-engineering system developed by Petrovick et al. have consisted of
the efficient production of B-cell lines that can react specifically and rapidly to a
variety of pathogens [59]. The antibody genes were cloned from hybridomas and
inserted into expression vectors. These were transfected into a parental B cell line
that expresses active aequorin, and the cells are screened for their response to patho-



70 J.H. Banoub and F. Jahouh

Antigen
. crosslinked
. / antibodies
Antibodies .

N( ok i o
o 3
My \L )/__ __\k Tyrosine kinase )/__
Phospholipase C
with saded PP,y 1P, DAG
aequorin Endo-
£os = Channels X reticulum
—_ e Ca® 4
— SN = b R
1 ) el )
[ l
Light
amission 5

Fig. 4.13 The CANARY bioelectronic sensor (Adapted from Ref. 59)

gen. The genetically engineered CANARY cells can be used separately in a single
identification assay, or as many as three can be combined to achieve a multiplexed
assay. Alternatively, several antibodies can be expressed in a single cell line to pro-
vide a classification assay [59]. It is also feasible to create B cells that emit at
different wavelengths of light, enabling multiplexed assays that simultaneously dis-
tinguish among several targets [59].

4.7.2 Toxin Detection

A novel effective method described by Petrovick et al. for the immobilization of a
toxin was to capture it on beads coated with antibodies against that specific toxin [59].
The antibody-coated beads were then incubated in a solution containing the suspected
toxin, and washed to remove the contaminating proteins and other materials. The
toxin- obtained decorated beads are excellent candidates for the purification and
immobilization of toxin analytes by the CANARY cells, as illustrated in Fig. 4.14 [59].

It should be mentioned, that the CANARY cells should express an antibody that
binds to the toxin at a different site from that of the capture antibody. Because the
toxin is immobilized on the bead, the antibodies on the CANARY cell that bind to
the toxin are also immobilized, and therefore light emission is stimulated [59]. This
approach has been used to develop a very effective CANARY assay for botulinum
neurotoxin type A (BoNT/A) which is the most poisonous toxin known to man, with
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Fig. 4.14 Two antibodies assay for toxins detection. (Adapted from Ref. 59)

an LD50 for a 55 kg adult of about 550 ng by inhalation. Under ideal conditions, the
assay sensitivity is currently 16 pg (1.6 ng/mL) [59].

4.7.3 DNA Sequence Detection

The detection of soluble macromolecules has a second interesting application: iden-
tification of DNA and RNA sequences. The ability to identify nucleic acid (NA:
DNA or RNA) sequences is central in the deduction of the first hard NA sequence
information, concerning a new or genetically modified pathogen [59]. It is impor-
tant to develop assays that have the flexibility to respond quickly to new threats. For
this reason, developing NA probes allow for the rapid and quick examination of the
actual genetics of the target organism [59]. Once the NA sequence of a pathogen is
determined, multiple short probes are synthesized that bind adjacent to each other
along a specific sequence on the target NA [59]. Consequently, Petrovick et al.
developed a novel assay that uses a single CANARY cell line that expresses an
antibody against digoxigenin. Each of these probes is labeled with a single digoxi-
genin molecule. If these probes are added to solution containing the target NA
sequence, the binding of multiple digoxigenin-containing probes produces a tight
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(Adapted from Ref. 60)

cluster of immobilized digoxigenin molecules, which will stimulate light produc-
tion from the CANARY cell (see Fig. 4.15) [59].

In the absence of target NA, each digoxigenin-labeled probe remains mono-
meric, and therefore cannot crosslink antibodies on the surface of CANARY cells.
There are advantages to detecting RNA as compared to DNA. Primarily, while there
is only one copy of genomic DNA per bacterium, there can be thousands of copies
of a single RNA; so the number of target molecules per bacterium is much higher.
Furthermore, since probe binding requires that the target NA be single stranded, a
denaturing step must be performed to separate the two constituent strands of
DNA. RNA, however, is normally single stranded [59].

4.7.4 CANARY Detection of Francisella tularensis
and Yersinia pestis

The CANARY approach takes advantage of a receptor that binds to the constant
region of antibodies, leaving the antigen-binding region of the antibody free. After
binding bacteria with the captured antibodies, the receptor initiates a signal cascade,
similar to the one induced by the crosslinking of membrane-bound antibodies on B
cells, which activates aequorin [59].

The excellent combination of speed and sensitivity of the CANARY system was
demonstrated with cell lines expressing an antibody specific for the F1 antigen of
Yersinia pestis (Yp), shown in Fig. 4.16 [59]. When concentrated in the centrifuge
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Fig. 4.16 The dose-response curves for inactivated Francisella tularensis (top) and Yersinia pestis
(bottom) (Adapted from Ref. 60)

luminometer, as little as 45 cfu of formalin-inactivated Yp are detected. However,
there was no response to relatively large numbers of F. tularensis [59].

For biological defense applications, the CANARY technology was incorporated
into a flexible biological-aerosol sensor platform called PANTHER that can form
the core of a family of mission-specific bio-aerosol identification sensors useful as
standalone sensors for site/building protection, emergency response, rapid screen-
ing, and environmental monitoring [59].

To summarize, the CANARY’s capabilities open possible applications in patho-
gen genotyping, virulence testing, antibiotic resistance screening, and viability
assessment. Moreover, using these cells demonstrate the best known combination of
speed and sensitivity. Other applications of CANARY technology include biologi-
cal aerosol sampling, point-of-care diagnostics, pre-symptomatic diagnosis in the
aftermath of a biowarfare attack, detection of agricultural pathogens at ports of
entry, or screening of perishable food supplies medium [62], which activates the
aequorin, causing it to emit light [59, 60].
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4.8 High-Density Microsphere-Based Fiber Optic DNA
Microarrays

It is well known that an optical fiber or optical fibre is a flexible, transparent fiber
made by drawing glass (silica) or plastic to a diameter slightly thicker than that of a
human hair [66, 67]. Optical fibers consist of an inner core which is surrounded by a
clad material of lower refractive index. Because of the differences in refractive index
light is totally reflected. A fiber optic bundle consists of thousands of individual
fibers fused together such that each fiber retains its ability to transmit light indepen-
dently of its neighbors (Fig. 4.17) [68].

Pantano and Walt showed that by selectively etching the fiber core, an array of
microwells can be formed [69]. These microwells can be filled with oligonucleotide-
functionalized microspheres. The array dimensions can be tailored to suit any size
of oligonucleotide-functionalized microsphere. The well diameters are equal to
those of the fiber cores, and the depths are dependent on the etchant concentration,
the exposure time, and the fiber composition. Because each microsphere is optically
wired to a fiber, the specific interactions on each microsphere surface can be inde-
pendently monitored. Walt and coworkers developed a high-density fiber optic DNA
microarray consisting of oligonucleotide-functionalized, 3.1-pm-diameter micro-
spheres randomly distributed on the etched face of an imaging fiber bundle [69].

Usually these fiber bundles are composed of around 6000/50000 fused optical
fibers, in which each fiber —contains an etched well [70]. The desired oligonucle-
otide sequences are attached to individual microspheres, than added to each etched
wells on the fiber optic bundle face. The produced microwell arrays are capable of
casing complementary-sized microspheres, each containing thousands of copies of
a unique oligonucleotide probe sequence. Walt and coworkers showed that the array
fabrication process resulted in random microsphere placement. It should be under-
stood that the determination of the position of microspheres in the random array,
essentially required an optical encoding scheme. The detection schemes, which are
combined the intrinsic recognition abilities of nucleic acids, are usually measured
with fluorescence-based detection methods. This “optical bar code” obtained is sim-
ply a combination of fluorescent dyes with different excitation and emission wave
lengths and intensities that allows each bead to be independently identified [70].

Nonetheless, additional degrees of freedom are available in the fiber-optic format,
that allows additional number of excitation and emission wavelengths that can be
used. It should be mentioned that the optically bar-coded arrays, can be decoded in a
matter of seconds. This occurs byh conventional image processing software that col-
lect series of fluorescence images at different excitation and emission wavelengths
and then analyze the relative intensities of each bead. Alternatively, preformed oligo-
nucleotides may be added directly to surface-activated microspheres [70].

Needless to say those fluorescence-based assays are more desirable than tradi-
tional radiolabeled methods due to their increased safety and experimental versatil-
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Fig. 4.17 (a) Individual optical fibre is a flexible, transparent fiber and a fiber optic bundle con-
sists of thousands of individual fibers fused together bundle. (b) Scanning force images of the
etched face of an optical fiber imaging bundle. The first (left) is empty, and the second (right)
contains complementary-sized microspheres. Each well diameter is approximately 3.1 pm [68]

ity. Fluorescence can be incorporated into microarray assays by fluorescent
intercalating dyes, fluorescently labeled targets, or label-less methods employing
fluorescence resonance energy transfer (FRET). Fluorescence-based assays enable
the measurement of multiple wavelengths independently and simultaneously. The
use of multiple fluorophores enables parallel interrogation schemes [70-73].
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4.8.1 Fiber Optic DNA Biosensors

A general array protocol entails immobilizing a probe sequence (primer) that can
hybridize to its fluorescently-labeled complementary target. The fluorescent tag is
commonly incorporated into the target molecules, via polymerase chain reaction
(PCR) [74]. This primer labeling method is convenient when amplification is needed
for detection, or when it is used to construct a cDNA library from a genomic RNA
pool via reverse transcription. In addition, the derivatized fiber core experiments are
able to detect unlabeled (non-fluorescent) target solutions 74]. This is achieved by
competitive hybridization with fluorescent target samples. In this method, the fluo-
rescent synthetic target complements are synthesized and initially hybridized to the
array to saturate the array probe elements [68]. The unlabeled target solution is then
hybridized to the same array, competing with the prehybridized synthetic targets.
The presence of unlabeled target is determined by a fluorescence decrease caused
by displacement of the fluorescent synthetic target by the unlabeled species. This
procedure eliminates the need to incorporate fluorescence into the target and allows
quantitative measurements to be performed. These fiber optic platforms are the
basis for microsphere array designs that improved array fabrication and allowed
extremely high-density sensor placement [68].

4.8.2 Analysis Setup and Protocol

The imaging system consists of a light source, an inverted microscope, and a modi-
fied Olympus epifluorescence microscope/charge-coupled device camera
(Photometrics PXL). A fiber chuck held the imaging fiber in a fixed position while
electronically controlled filter wheels switched between the analytical wavelength
and the encoding wavelengths, enabling complete analysis and identification of the
microspheres within minutes. Excitation light is sent into the proximal tip of the
imaging fiber, and emission from the fluorescing molecules captured and directed
onto the CCD camera detector (Fig. 4.18) [72].

The multiplex analysis images were acquired for 1 and 0.5 s at wavelengths spe-
cific to each encoding dye. A 365-nm excitation filter and a 600-nm long-pass emis-
sion filter were used for the Eu-dye. A 620-nm excitation filter and a 670-nm emission
filter were used for the Cy5 dye. A 530-nm excitation filter and a 580-nm emission
filter were used for TAMRA. That is detection of amplified DNA fragments which
were incubated with a fluorescein-labeled sequencing primer in the presence of the
two allelic ROX-ddNTP or TAMRA-ddNTP terminators. All targets were labeled
with fluorescein. It was shown that the fluorescence intensity was proportional to the
extent of hybridization at each probe position [72A]. In addition, the camera was
equipped with an internal chip that provides megapixel resolution (1280/1024). This
megapixel chip was able to resolve the arrays miniatured feature sizes (3 mm) and
provided multiple pixels for each optical channel in the fiber bundle (Fig. 4.19).
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Fig. 4.18 Schematic diagram of the fiber optic imaging system (Adapted from Ref. 73)

Finally, it can be surmised that the described fiber optic microsphere-based bio-
sensor is a versatile platform that possesses micro-scale features and an overall array
size that enables rapid analysis and extremely low detection limits. Redundant
detection elements in the array increase the signal-to-noise ratio and avoid the poten-
tial for false positive and false negative results. Microsphere-based arrays are reus-
able, and are easy to fabricate. The fiber optic platform has also been applied to other
applications including artificial olfaction and cell-based array sensing [68, 73].

4.9 Surface Plasmon Resonance

Recently, numerous strategies for protein labeling were developed and they allowed
the characterization of proteins regarding their structure, folding, or interaction with
other proteins [75]. Surface plasmon resonance (SPR) is a label-free detection
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Fig. 419 An image of a 13,000-well square fiber bundle microarray, with a diameter of —1.2 mm.
This entire array is about the size of a single spot on a traditional spotted array (Adapted from Ref. 73).

method which is a suitable and reliable platform in clinical analysis for biomolecu-
lar interactions. Undeniably, SPR has been proven to be one of the most powerful
technologies to determine the specificity, affinity and kinetic parameters displayed
during the binding of macromolecules. These binding of macromolecules include,
but are not limited to, protein-protein, protein-DNA, enzyme-substrate or inhibitor,
receptor-drug, lipid membrane-protein, protein-polysaccharide and cell or virus-
protein [76-85]. SPR is an optical technique which measures the refractive index
changes in the vicinity of thin metal layers (i.e., gold, silver, or aluminum films) in
response to biomolecular interactions.

4.9.1 SPR Principle

When the photon of an incident light strikes a metal surface, typically a gold surface,
surface plasmon resonance occurs. When a portion of the light energy excites the
electrons of the metal surface layer, at a certain angle of incidence, it creates electron
movements which propagate parallel to the metal surface. This electric oscillation is
termed as a “plasmon”. This oscillation, in turns, generates an electric field whose
range is around 300 nm from the boundary between the metal surface and sample
solution [76, 79]. In a commercial SPR biosensor configuration, the incident light
employed is generated by a high-reflective index glass prism of the Kretschmann
geometry of the attenuated total reflection (ATR) method (Fig. 4.20) [79].

The defined SPR angle, at which resonance occurs, relies on the refractive index
of the material coating the metal surface, and the constant light source wavelength.
When there is no change in the reflective index of the sensing medium, the plasmon
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oscillation cannot be formed (Fig. 4.20a). In addition, it should be noted that when
the surface of the sensing material has been coated through biomolecule attachment
only, there will be perhaps an unnoticed small change in the reflective index of the
sensing medium, and as a result, the plasmon oscillation cannot be formed (Fig.
4.20c, left side) [79]. However, when the metal surface has been coated with an
analyte-biorecognition couple of biomolecules, detection is accomplished by mea-
suring the changes in the reflected light obtained on a detector (Fig. 4.20c, right
side). In addition, the amount of surface concentration can be quantified by
monitoring the reflected light intensity or tracking the resonance angle shifts.
Typically, an SPR biosensor has a detection limit of 10 pg/mL [76-79].

In all commercial SPR biosensors, probe molecules are firstly immobilized on to
the sensor surface. When the solution of target molecules is flown into contact with
the surface, a probe-target binding via affinity interaction occurs, which consequently
induces an increase in the refractive index at the SPR sensor surface (Fig. 4.20d)
[79]. In SPR experiments, resonance or response units (RU) are used to describe the
signal change, where 1 RU is equivalent to a critical angle shift of 10~* degree [80—
84]. At the start of the experiment whereas probe target interactions have not occurred,
the initial RU value corresponds to the starting critical angle. The change in refrac-
tive index And arisen within a layer of thickness h can be calculated as:

=(dn/dc),, AT'/h @.1)
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where (dn/dc),, is the increase of refractive index n with the volume concentration
of analyte c, and AI is the concentration of the bound target on the surface [76].

4.9.2 High-Throughput Screening (HTS)

There are several different formats of SPR biosensors. These comprise the array
format, multi-channel unit format, and SPR imaging format, which allow simulta-
neous and continuous detection to analyze the performance of hundreds to thou-
sands of affinity binding events on a chip surface [81-83]. In SPR imaging, the
incidence angle remains fixed, and the binding of biomolecules on a gold surface is
measured as the change in reflectivity (or reflectance) in relation to the incident ray
intensity, unlike SPR sensors that depend on the measurement of the absorption dip
in the SPR angle or SPR wavelength [80—84]. Recently, it was shown that SPR
imaging technology using a multi-analyte biosensor allows the measurement of a
high-throughput approach, and it achieves a similar degree of sensitivity of conven-
tional SPR biosensors (Fig. 4.21) [83].
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s Druggable Hit / Protein-Protein Interaction Inhibitor

Fig. 4.21 High-throughput drug screening using an SPR imaging protein chip system. The bright
image indicates protein-protein interaction on a gold surface. Upon the binding of an inhibitor to
the target protein, protein-protein interactions are disrupted, resulting in changes in SPR imaging
signal intensity and a darker image (Adapted from Ref. [83])
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Consequently, SPR imaging systems without any labeling requirements can be
used for high-throughput screening (HTS), particularly in drug discovery, than any
other optics-based detection techniques [83, 84].

4.9.3 Surface Plasmon Resonance Sensing of Biological
Warfare Agent Botulinum Neurotoxin A

Dhaked and coworkers developed a label free real time method for the detection and
quantification of botulinum neurotoxin A (BoNT/A) using surface plasmon reso-
nance (SPR) [85]. The authors used antibody against rBoNT/A-HCC fragment and
synaptic vesicles (SV), which were immobilized on a carboxymethyldextran modi-
fied gold chip. The immobilization of BONT/A antibody and interaction of BONT/A
with immobilized antibody were characterized in-situ by SPR and electrochemical
impedance spectroscopy. A sample solution containing BoNT/A antigen in concen-
trations ranging from 0.225 to 4.5 fM and 0.045 to 5.62 fM was interacted with the
immobilized antibody and immobilized SV, respectively [85].

4.9.3.1 Immobilization of BONT/A Antibody and SV Protein on CMS
SPR Sensor Chip

Dhaked and coworkers described the stepwise immobilization of BONT/A antibody
and SV protein on a CMS5 chip, respectively in nine steps. These steps involved the
stabilization of the baseline, the activation of carboxyl groups on the CMS5 chip, and
converting them into activated carboxymethylated groups on the sensor chip for
future bounding to the free amino groups of BoNT/A antibody. This was followed
by washing with PBS and measuring the SPR angle that has shifted nearly to the
baseline [85]. When the BoNT/A antibodies are injected on the CMS5 chip an
increase in SPR angle was observed. Finally, washing with 1000 mM ethanolamine
was performed to prevent non-specific binding and to block the unreacted NHS-
ester groups on CM5 chip. From Figs. 4.22 and 4.23, a net angle change of 95.44 m°
and 48 m° are observed and this ascribes the attachment of 0.79 ng/ mm?2 of anti-
body and 0.4 ng/mm2 SV protein on CM5 chip, respectively [87].

4.10 Conclusion

Most of the sensing measuring devices used for the detection of biological warfare
agents are based on luminescence immunoassay signal transduction mechanisms
which are optical. In this chapter, we have discussed the following subjects: imped-
ance spectroscopy, evanescent wave technology and internal reflection fluorescence
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Fig. 4.22 Sensorgram showing different steps [(1) Baseline (2) EDCNHS activation (3) Washing
(4) Antibody coupling (5) Washing (6) Deactivation (7) Washing (8) Regeneration and (9) Back to
baseline] involved in the (a) immobilization of BoONT/A antibody (1: 500 dilution); (b) immobili-

zation of SV on CMS5 chip [87]

(TIRF) excitation, surface acoustic wave sensors, fluorescent biosensors, Fluorescence
Resonance Energy Transfer (FRET), light emission (CANARY), microsphere-based
fiber optic biosensors, and surface plasmon resonance. It should be noted that although
fluorescence detection is the most popular, surface plasmon resonance (SPR)-based
immunoassay formats with surface imaging capabilities are growing in popularity
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Fig. 4.23 SPR sensor response for the interaction of different concentration of BoNT/A antigen
with (a) immobilized BoNT/A antibody (a) 0.225 fM, (b) 0.45 M, (c) 2.25 fM and (d) 4.5 M (b)
immobilized SV (a) 0.045 M, (b) 0.225 tM, (c¢) 1.12 fM and (d) 5.62 fM Temperature: 250 C and
pH: 7.5 [87]

[80-86]. Multiplexing, or simultaneous detection of multiple analytes, is one of the
most important prerequisites for biothreat agent detection. As mentioned in our intro-
duction, the presented work is more a “Comptes Rendus” and an introduction to this
series of sensing measuring devices used for the detection of biological warfare agents
that were presented to the participants of this NATO-ASI meeting.
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Chapter 5
Mass Spectrometry and High Resolution Mass
Spectrometry: An Overview

Gianluca Giorgi

Abstract In this chapter, a brief overview of fundamentals in mass spectrometry
and some applications are presented. The main concepts in ionization techniques,
classical techniques and ambient mass spectrometry are followed by an overview
on analyzers.

Particular attention has been paid to high resolution mass spectrometry and accu-
rate mass measurements, highly debating topics in modern mass spectrometry, with
some examples and applications. Finally tandem mass spectrometry, collision-
induced dissociations (CID), interactions of ions with electrons (ECD, ETD), pho-
tons (IRMPD) and with surfaces (SID) are also briefly presented.

5.1 Mass Spectrometry: An Overview

Mass spectrometry (MS) is an important and very powerful methodology for iden-
tifying and structurally elucidating unknowns, and for determining their quantity. It
is characterized by high specificity, selectivity, sensitivity and speed. Thus it is pos-
sible to carry out analyses on compounds at trace level on food, environmental
samples, in chemistry, clinics, biosciences, proteomics, metabolomics, homeland
security, and in many other branches of science [1-5].

Mass spectrometry is based on production of ions in the gas phase, occurring in
the ion source, on their separation according to their mass-to-charge (m/z) ratios,
done by the analyzer, and finally on their detection (Fig. 5.1).

Modern mass spectrometry offers different tools for obtaining a plethora of
information on the sample [5]. Thus it is possible to determine the molecular weight
of an analyte; its separation from isobaric species and its chemical formula through
high resolution mass spectrometry (HRMS) and accurate mass measurements; its
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Fig. 5.1 The diagram of a mass spectrometer

molecular structure and structural information by tandem mass spectrometry,
inducing ion decompositions through collision induced dissociations (CID), inter-
actions with electrons (electron capture dissociation (ECD) [6], electron transfer
dissociations (ETD) [7], interactions with photons (infrared multiphoton dissocia-
tion (IRMPD), ion spectroscopy) or with surface (surface induced dissociations
(SID)) [8], mapping the distribution of an analyte on a surface (tissue, leaf, etc.) by
mass spectrometry imaging; obtaining information on shape and conformation by
using ion mobility mass spectrometry.

5.2 Ionization Techniques

Mass spectrometry can study wide classes of molecules, ranging from small volatile
up to polar and very large molecules. As they have different properties, e.g. molecu-
lar weight, volatility, polarity, etc., all of them cannot be ionized by just one ioniza-
tion technique, but a wide range of ionization techniques are nowadays available.
There are classical techniques which ionize volatile molecules in the gas phase
(electron and chemical ionization (EI, CI)), desorption techniques (such as matrix
assisted laser desorption (MALDI), secondary ion mass spectrometry (SIMS), ...)
and spray ionization techniques in which sample solutions are sprayed forming
small droplets and then ions (electrospray (ESI), atmospheric pressure chemical
ionization (APCI) [9], atmospheric pressure photoionization (APPI), .....) [10].
There is a quite new branch of mass spectrometry, called ambient mass spec-
trometry consisting of direct sampling and ionization of the analytes at ambient
conditions with no or minimal effort for sample preparation. Many ionization tech-
niques, and their number is continuously increasing, belong to this group. Some
examples are: desorption electrospray ionization (DESI), direct analysis in real time
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(DART), extractive electrospray ionization (EESI), low temperature plasma probe
(LTP), paper spray ionization (PSI), and many others [11-18].

While electron ionization and chemical ionization occur under vacuum, most of
all the other ionization techniques operate at atmospheric pressure. In the case of
MALDI, the ionization generally occurs under vacuum, but it can be also at atmo-
spheric pressure (atmospheric pressure MALDI (AP-MALDI)) [1-5].

Dependently on the technique used, ionization can occur through one electron
removal from the molecule in the gas phase, thus forming a radical cation (the
molecular ion), as it occurs in electron ionization, but in most of cases ionization
consists of protonation or deprotonation reactions, thus forming even-electron ions
[M+H]*or [M-H]". In the case of electrospray, if the molecule is sufficiently large,
multiply charged ions [M+nH]" or [M-nH]" are formed. Adducts formation can
also occur yielding species [M+Na]*, [M+K]*, [M+Cl]-, [M+HCOO] [1-5].

Finally, ionization techniques can be grouped into hard and soft. In the case of
hard ionizations, mostly represented by electron ionization, a large amount of
energy is deposited onto the molecule, yielding a molecular ion with a high energy
excess. This causes its abundant fragmentation and, as a consequence, lot of infor-
mation on structural characterization of the analyte. In the case of soft ionizations,
none or very few fragment ions are formed, so no any structural information can be
obtained and tandem mass spectrometry is required for producing fragmentation in
the analyzer region [1-5].

5.3 Analyzers

Once the ions are formed in the ion source, they are accelerated towards the mass
analyzer where their separation according to their m/z ratios occurs. To fulfil their
aim, analyzers use forces which influence ion movement, and in particular (i) a
magnetic field; (ii) an electric field; (iii) a radiofrequency. An analyzer can use just
one or a combination of two or three of them [1-5].

Analyzers can be divided into two main groups: those based on ion separation in
space, sometimes also referred to as beam-type analyzers, and those separating ions
in time (Table 5.1).

Double sector instruments, having a magnetic and an electric field, quadrupole
and time of flight belong to the first group. In this case ions travel for some centime-
ters (roughly 30-100 cm in quadrupole) or meters (roughly 2-5 m in sectors or
2—-17 m in ToF) and along the way they are submitted to one or two of the forces
described above.

Analyzers separating ions in time are trapping devices: ion traps (linear or tridi-
mensional ion trap), Orbitrap, and Fourier Transform Ion Cyclotron Resonance
(FT-ICR). In these cases the ion path may be from cm to meters long, depending on
trapping time [1-5].

Analyzers can make a scan (sectors, quadrupole, ion trap), measure a flight time
(ToF) or measure a frequency (frequency of axial oscillations (Orbitrap), cyclotron
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Table 5.1 Analyzers and their main features

Ion separation in space

Separation Resolving | Mass
Analyzer Force based on m/z range | power accuracy
Sectors (EB, BE) Magnetic Ton momentum | 10,000 10,000 <1 ppm
g MH '5; and electrostatic | and kinetic
i o fields energy
Quadrupole Electric field and | Stability/ 2000—4000 | Unit (0.2 u| No (>20 ppm)
y . | radiofrequency | Instability FWHM)

]

of the orbits

Time of flight Speed >100,000 |>20,000 |2-5ppm

Ion separation in time

Separation Resolving | Mass
Analyzer Force based on m/z range | power accuracy
3D and 2D ion trap | Electric field and | Frequency <6000 <500 no

) 4{ radiofrequency | of the orbits

Fourier Transform | Electric field, Frequency >10,000 | >500,000 |< 1 ppm
Ton Cyclotron radiofrequency, | of the orbits
Resonance (FT-ICR) | magnetic field

Orbitrap Electric field Frequency of | <6000 >100,000 |2-5 ppm
“ the harmonic
% oscillations

frequency (FT-ICR)). In the last case, the Fourier transform mathematical operations
are applied for generating mass spectra from time domain transients produced by
the image current.

Main topics concerning analyzers are resolving power and resolution, accurate
mass measurements and tandem mass spectrometry.
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5.4 Resolving Power, Resolution and Accurate Mass
Measurements

One of the most important performances of analyzers is their resolving power, i.e.
the ability to distinguish between ions differing in the quotient mass/charge by a
small increment [19]. A given resolving power yields a given resolution in the mass
spectrum. Resolving power and resolution are the most debated terms in mass
spectrometry.

Two main definitions can be used for resolution (Fig. 5.2):

(a) Valley definition: it considers two peaks of equal height in a mass spectrum at
masses m and (m + Am) be separated by a valley (generally defined at 5-10%)
which, at its lowest point, is at x% of the height of either peaks;

(b) Peak width definition: for a single peak made up of singly charged ions at mass
m in a mass spectrum, the resolution may be expressed as m/Am, where Am is
the width of the peak at a height which is a specified fraction of the maximum
peak height. Generally the 50% peak height is considered, so a resolution at full
width at half maximum (FWHM) is defined.

From above it results that resolution and peak width are strictly related each to
the other. Depending on the analyzer used, resolution or peak width can be constant
or they vary in the scan. In particular:

1. Quadrupole and ion trap: the peak width is constant over all the mass spectrum.
Thus if FWHM is 0.5u: at m/z 40 the resolution will be 40/0.5=80, but at m/z
1000 the resolution will be 1000/0.5=2000. In other words, resolution increases
by increasing the m/z value. In any case, quadrupole and ion trap do not have
high resolving power.

2. TOF and sector analyzers: the resolution remains constant over all the mass spec-
trum, i.e. the peak width increases by increasing the m/z value. Thus if Res gwim
is 20,000: at m/z 40 the peak width at 50% of height will be 40/20,000=0.002 u,
but at m/z 4000 FWHM will be 4,000/20,000 = 0.2u. In other words, peaks are

A AM_ Ppeaks resolved
> at 10% valley
2
2
£

10% == =
m/z'

Fig. 5.2 Definitions of resolution: valley definition (left) and full width half maximum (FWHM,
right)
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wider by increasing the m/z value. Modern TOF with reflectron have resolving
powers around 30,000-40,000 while for sector instruments resolving power is
about 10,000-15,000.

3. FTICR: at constant detection time, the resolving power is inversely proportional
to m/z. Thus if resolution is 1x10° at m/z 100, it will be 1x10° at m/z 1000.

4. Orbitrap: at constant detection time, the resolving power is inversely propor-
tional to the square root of m/z. Thus if resolution is 100,000 at m/z 100, at m/z
1000 it will be 100,000 % (100/1000)'*=31,646.

Resolution is strictly related to sensibility (i), specificity (ii) and scan speed (iii).

(i) Resolution vs sensitivity.

In general an increase of resolution causes a drastic decrease of sensitivity. So in
sector instruments, increasing resolution involves a narrower ion spread which
is obtained by closing the slits on the ion path. Passing from low resolution to
resolution 5000 (at 10% valley) causes a decrease of sensitivity of about 50-70%.
A similar situation occurs in ToF analyzers, passing from linear mode to reflec-
tron mode, in Orbitrap and FT-ICR analyzers. A drastic decrease of sensitivity
can have negative effects on accurate mass measurements (see below).

(ii) Resolution vs specificity.
An increase of resolution increases specificity by distinguishing and separating
isobaric ions, i.e. ions having the same nominal mass, but different chemical
compositions. As an example CO, N, and C,H, have the same nominal mass,
28 Da, but different chemical compositions. So a high resolution regime allows
one to eliminating species interfering with the analytes of interest (Fig. 5.3).

(iii) Resolution vs scan speed.
In general, an increase of resolution causes longer scan rates or longer detec-
tion times in FT analyzers. This is a very important topic especially when the
mass spectrometer is coupled to a chromatographic system. In fact a good
reproducibility of a chromatographic peak profile requires making at least
12—15 scans (Fig. 5.4). If the peak width is 5 sec, the cycle time cannot be
longer than 0.4 sec, i.e. ~3 Hz. Thus in some cases, resolution must be reduced
to a value in agreement with peak width and scan rate.

High resolution is a mandatory requirement for accurate mass measurements, i.e.
measuring the m/z value with significance on the fourth decimal digit [20]. So when
working in low resolution regime, calculations on masses can be done by using the
nominal mass, i.e. the mass of the ion calculated using the mass of the most abundant
isotope of each element rounded to the nearest integer value, e.g. H=1, C=12, N=14,
0=16, etc. But when working in high resolution with accurate mass measurements,
the monoisotopic mass, i.e. the mass of the ion calculated using the mass of the most
abundant isotope of each element, has to be used. As an example, monoisotopic
masses for hydrogen, carbon and nitrogen are 1.007825, 12.000000 and 14.00307,
respectively.

By using the accurate mass value it is possible to obtain information on the
chemical formula of the ion [21]. This is done via software starting from an input
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Fig. 5.3 Mass spectra recorded at different resolutions: mass spectrum of a mixture of three iso-
baric species [C;oH;N]*, [CyHol*, [Ci3H9N;0,]* obtained at low resolution (black line) and at
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list, defined by the operator, of potential elements present in the ion with their
ranges, i.e. C 5+10, H 5+30, N 1+5, O 0+10, etc. Starting from this list and from the
accurate mass value, the software calculates potential chemical formulae. For each,
it determines its own exact mass (the calculated mass considering the monoisotopic
mass of a single isotope of each atom) which is compared to the accurate mass. In
general, higher is the agreement between the two values, higher is the probability
that the proposed chemical formula corresponds to the real formula of the ion. This
is estimated by an error which can be expressed as mmu ((accurate mass — exact
mass)/m/z) or ppm (((accurate mass — exact mass)/m/z)x 10°) [20].

A reliable accurate mass value requires a correct mass calibration of the mass
spectrometer, consisting of fitting the observed mass measurements to the exact
masses of two or more different ions. Mass calibration can be external, i.e. reference
masses from a mass spectrum of another analyte acquired under similar conditions,
or internal, i.e. the reference masses are for ions of known elemental composition in
the same mass spectrum as the analyte. Internal calibration is typically at least twice
as accurate as external calibration.

Evaluation of repeatability and reproducibility of accurate mass measurements
should be also carried out.

For an unambiguous identification, by increasing the m/z value, a higher mass
accuracy is required. In fact increasing mass-to-charge ratios the number of poten-
tial formulae dramatically increases making identification more and more difficult.

Thus for the characterization of ions containing only C, H, O, N, with composi-
tions Cy. 190, H3:74, Op:4 and Ny.4, at m/z 118 only an error not exceeding 34 ppm is
required for an unambiguous identification, but at m/z 750 an error better than
0.018 ppm is required to eliminate “all extraneous possibilities” [21]. This is graphi-
cally shown in Fig. 5.5. As an example, for ions containing only C, H, N, O, at m/z

150
)
Z 120 -
T
e
8 90-
g ~+-300 Da
o -8 600 Da
s %07 ~a 1000 Da
3
e 30
=]
=z
0 . ? T T T 1
0 1 2 3 4 5
Mass Accuracy (ppm)

Fig. 5.5 The relationship between mass accuracy and m/z values on the number of potential ele-
mental formulae [22]
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1000 and mass accuracy of 5 ppm, about 150 chemical formulae can be proposed,
at m/z 600 the number is reduced to about 30 and at m/z 300 the number of potential
formulae is reduced to a very few [22].

Some constraints can be set up for reducing ambiguity and the number of poten-
tial chemical formulae. One is represented by the double bond/ring equivalents
(RDB) defined in Eq. 5.1

imax

D Ni(Vi-2)

RDB:H"f .1)

where Ni is the number of atoms of element i, and Vi is the valence of atom i. In
addition to information on the presence of double bonds and/or rings in the ions, its
decimal digit gives an indication on the nature of the ion. In fact for odd-electron
ions, RDB value is x.0 while for even-electron ions this value is x.5. So if we are
studying the molecular ion (M*, a radical cation) produced by electron ionization,
RDB values x.0 will be considered. It should be noted that when we are considering
ions produced by ESI or MALDI, where in general only even-electron ions are
formed, our attention will be focused on formulae having RDB x.5.

In addition to the accurate mass of the most abundant ion, also accurate masses
of [M+1]* and [M+2]* should be determined together with the relative intensity of
the isotopic cluster to ascertain the congruity of all the data (Fig. 5.6).

4742573
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a5 Elemental composition search on mass 474.26
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[M+H]*
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Fig. 5.6 High resolution mass spectrum of a cyclic peptide, accurate masses of the isotopic cluster
of the protonated molecule, the first three proposed elemental formulae, their exact masses, errors
and RDB calculated for each accurate mass
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Table 5.2 Number of possible molecular formulae at different levels of mass accuracy and the
impact of isotopic abundance accuracy [24]

2% isotopic | 5% isotopic
abundance | abundance
without isotope abundance information accuracy accuracy
molecular mass [Da] | 10 ppm |5 ppm |3 ppm |1 ppm | 0.1 ppm |3 ppm 5 ppm
150 2 1 1 1 1 1 1
200 3 2 2 1 1 1
300 24 11 7 2 1 1 6
400 78 37 23 7 1 2 13
500 266 115 64 21 2 3 33
600 505 257 155 50 5 4 36
700 1046 538 321 108 10 10 97
800 1964 973 599 200 20 13 111
900 3447 1712|1045 | 345 32 18 196

Another constrain for reducing ambiguity and the number of potential chemical
formulae is the spectral ion abundance error which is an estimation on how well the
experimental isotopic pattern from the detected compound matches to the isotopic
pattern calculated for the proposed chemical formula [23]. In fact high mass accu-
racy (<1 ppm) alone is not enough to exclude enough candidates with complex
elemental compositions (C, H, N, S, O, P, and potentially F, CI, Br and Si). Use of
isotopic abundance patterns as a single further constraint removes most of false
candidates (Table 5.2).

Finally, it is possible performing accurate mass measurements on fragment/prod-
uct ions, for example in EI spectra or in tandem mass spectra, and verify the agree-
ment of all the data. For example [C,,H,N,]* cannot have [CoH,30]* as product ion.
In addition, accurate mass measurements on fragment/product ions allows one to
determine the formula of the species lost in the fragmentation.

High resolution mass spectrometry finds application in many fields: MS imag-
ing, food, petroleomics, proteomics, forensic sciences, metabolomics, homeland
security, etc.

5.5 Tandem Mass Spectrometry

In mass spectrometry the presence of fragment/product ions is crucial for elucidat-
ing the structure of an unknown. Until the ion remains intact, its structure remains
unknown!

So the aim of tandem mass spectrometry is to induce selective fragmentation of
an ion that is located outside of the ionization source, i.e. in the analyzer region. In
tandem mass spectrometry experiments, two (MS/MS or MS?) or more (MS")
sequential stages of mass analysis (which can be spatially or temporally separated)



5 Mass Spectrometry and High Resolution Mass Spectrometry: An Overview 99

[M+H])*

100 556.3

« MS
® 80
270
o
g 60
250
240
830 [M+Na]*
L 5784

10

L I B o B i o e

100 150 200 250 300 350 400 450 500 550 600 650 700 T 800

4251

100
90 M82 m/zSSG bd
80 -
g0 le/L
S elLe
60 l ¥ s
250 o <
240
E30 4y 538,
20 397.2 :
10 3262 l 510.1 |
R T e e e e e
200 250 300 350 400 450 500 550

m/z

Fig. 5.7 ESI (+) MS (top) and MS/MS product ion scan (bottom) of a peptide

are used in order to examine selectively the decomposition of given ions in a mix-
ture of ions [1-4].

Three main scan modes can be used in tandem mass spectrometry: (i) product
ion scan which consists in selecting ions with a given m/z value, induce their dis-
sociation and detecting their product ions (Fig. 5.7); (ii) precursor ion scan: in this
case, all precursors of a given fragment ion are detected. This approach is particu-
larly useful when a common fragment ion is produced from different compounds of
a mixture.

The third kind of scan mode, i.e. neutral loss scan, consists of the detection
of fragmentation pathways involving elimination of neutral species, such as H,O,
CO, CO,, HCN.

Ton decomposition can be obtained by four main mechanisms: (a) collisions of
ions with a gas, generally nitrogen, helium, or argon. This yields a conversion of
part of the translational energy of the ion to internal energy with a consequent bond
cleavage and dissociation so to produce collision induced dissociation (CID) spec-
tra. CID experiments can be done in low energy regime (1-100 eV collision energy)
in ion traps, triple quadrupoles, Q-TOF or in high energy regime (5-30 keV colli-
sion energy) in sectors and TOF-TOF instruments; (b) interactions of ions with
electrons through electron capture dissociation (ECD) [6], occurring inside a
FT-ICR analyzer, or through electron transfer dissociation (ETD) [7] by ion-ion
reactions inside an ion trap; (c) interactions of ions with photons (infrared multiphoton
dissociation (IRMPD)); (d) interactions of ions with surfaces (surface-induced
dissociation (SID)) [8, 25].
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5.6 Conclusion

Modern mass spectrometry offers very powerful tools for identification, structural
characterization and quantitation of unknowns.

Its coupling with separative techniques, such as gas chromatography or liquid
chromatography (HPLC, UPLC, UHPLC, etc.) allows to separate analytes based on
their retention times and to study complex mixtures.

In addition to the molecular weight determination, high resolution mass spec-
trometry allows to have very high specificity, by separating isobaric ions, and to
make accurate mass measurements from which it is possible to determine the chem-
ical formula of the ion.

Different techniques of tandem mass spectrometry, through the formation of
selective fragmentation and decomposition of ions, allow obtaining structural infor-
mation or offering suitable tools for quantitative determinations.

Other tools, such as mass spectrometry imaging (see Chap. 7 of this book), native
mass spectrometry, hydrogen-deuterium exchange mass spectrometry, isotope ratio
mass spectrometry, etc) are nowadays available and yield wide amounts of informa-
tion about different analytes. In addition to them, it is also possible to investigate
size and shape (conformation) of ions by using ion mobility which is having more
and more relevance and diffusion in modern mass spectrometry. It has a lot applica-
tions in different fields: with portable and standalone spectrometers in homeland
security with detection of toxic industrial chemicals, chemical-warfare agents; with
an ion mobility device inserted inside a mass spectrometer it can investigate size
and shape of wide classes of molecules, from small to large and very large, such as
carbohydrates, metabolites, proteins, etc.
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Chapter 6
Primary Considerations in Quantitative Mass
Spectrometry

Mark W. Duncan

Abstract Mass spectrometry is a powerful approach for generating precise, accu-
rate and sensitive quantitative information on the components of a complex sample.
This chapter addresses the importance of quantification and the key considerations
in the process of developing and performing a quantitative analysis. Rather than
providing specific details, the focus here is on introducing the most important con-
siderations associated with developing a quantitative analysis.

6.1 Introduction

6.1.1 Overview

Chemical analysis allows us to improve our quality of life by offering safer, better,
more cost efficient production of goods (e.g., food, clothing, industrial and house-
hold products) and services (e.g., diagnostics in healthcare and detection of hazard-
ous substances). The analytical data we generate are used by our legal system as
evidence of corruption, criminal activity, pollution, contamination, and of unfair,
unsafe or illegal practices. For example, chemical testing might be used to detect
potential terrorist activity, thereby saving hundreds, even thousands of lives.
Alternatively, chemical analysis might also be used to establish that an individual
possesses a banned substance (e.g., illicit drugs) and this finding could lead to fines,
imprisonment or in some countries, execution.

Contrary to what many think, analytical chemistry is as much about carefully
defining a problem, devising a suitable analytical strategy, and determining how the
results will be used as it is about the process of instrumental analysis. What are the
target analytes and their expected concentrations? What is the sophistication of the
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“client”,! how should the results (and related errors) be reported to them? What are
acceptable error rates for detection (i.e., false positives, false negatives) and accept-
able uncertainties for reported values (e.g., accuracy and precision requirements)?
Only after addressing these issues can the analyst develop a method that meets the
needs of the client and balances thoroughness against practical considerations such
as time and cost. Throughout the whole process the analyst must document, not only
the analytical process itself, but also all the critical assumptions (and the limita-
tions) inherent in the method.

6.1.2 The Concept of Fitness for Purpose

As highlighted above, the results of a quantitative analysis are frequently used by
others to make important decisions. However, because all analytical tasks are not
equivalent, and because there is no universally applicable instrumental method or
approach, compromises in the approach are always necessary. For example, it may
be necessary to sacrifice speed and cost in some settings in the interests of deliver-
ing high accuracy; at other times, speed may be the overarching requirement and to
achieve the necessary turn-around time some compromise in cost and accuracy is
considered acceptable.

Typically, the client commissions a laboratory to perform analytical work, and in
consultation with the laboratory, both parties agree on acceptable tolerances given
how the data will be used. This process of tailoring the method and the reporting of
the results to the intended purpose is referred to as fitness for purpose.* Thompson
and Ramsey define fitness for purpose as “... the property of data produced by a
measurement process that enables the user of the data to make technically correct
decisions for a stated purpose. [1]”

6.1.3 Why Quantify?

Quantitative analysis acknowledges that simply saying that a component is either
absent or present from a sample is essentially meaningless. For the analytical chem-
ist, absent means “not detected” by the specific analytical strategy that was adopted,
or more accurately, that the amount of the analyte present in the specified sample,
and per the method adopted, is lower than a specific value defined by the limit of
detection (LOD) for that method. Similarly, declaring that an analyte is “present” is
almost always inadequate. Clients want to know the amount of analyte in the sample
and the uncertainty associated with the stated amount.

' There is always a client or end-user of any data that the analytical scientist generates. It is essen-
tial for the analyst to be mindful of how the data they generate will be used.
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6.1.4 Approaches to Quantification

Quantification typically adopts instruments and methods to separate /isolate specific
components, then to identify and quantify them. Historically, wet chemistry meth-
ods were used, including isolation by approaches such as solvent extraction, pre-
cipitation or distillation; identification based on color, odor, boiling point, melting
point, flame test, or specific chemical reactions; then, quantification of the isolated
and identified analyte by either mass (i.e., gravimetric analysis) or volume (i.e.,
volumetric analysis). Integrated instrumental methods have supplanted classical wet
chemistry approaches in almost all settings because they are safer, faster, less labo-
rious, less costly, more sensitive, more accurate and can be automated. Examples of
instrumental methods that integrate a separation, identification and quantification
component include liquid chromatography (LC) combined with UV/visible detec-
tion, gas chromatography (GC) combined with single stage or tandem MS (GC-MS
and GC-MS/MS) and LC combined with mass spectrometry (e.g., LC-MS or
LC-MS/MS) [2].

6.1.5 The Unique Benefits of MS Analysis

MS is primarily adopted because it is sensitive (i.e., delivers a low limit of detec-
tion), allows multiplexed determinations and it delivers analytical specificity/selec-
tivity superior to that of almost all other technologies. This means it is possible to
detect and quantify a signal specific to a target analyte without interferences from
other sample components.

Some downsides associated with the adoption of mass spectrometry include the
instrument footprint, purchase and maintenance costs, technical complexity, down-
time, and the requirement for highly skilled staff. Additionally, sample throughput
is limiting for many applications because substantial pre-analytical sample manipu-
lation is required prior to instrumental analysis.

6.1.6 Types of Quantitative Analysis

Quantitative analysis can deliver results expressed in absolute (e.g., mg/g or mmo-
lar) or relative terms with respect to the components in that sample (e.g., there is 1
part X for every 10 parts of Y, without specifying the amounts of either X or Y), or
across multiple samples (e.g., X is 10 times more abundant in one sample than
another). Regardless of how the results are expressed, the process and primary con-
siderations remain essentially the same. Although the discussion in this chapter is
focused on the quantification of a single component within a sample, multiple


https://en.wikipedia.org/wiki/Separation_process

106 M.W. Duncan

components can be quantified by simply extending the same principles and prac-
tices to multiple target analytes.

6.2 The Practice of Quantitative Chemical Analysis

6.2.1 Introduction

Quantification is possible when a measured physical or chemical property (X) asso-
ciated with an analyte is directly and reproducibly proportional to the concentration
(C,) of that analyte:

i.e., C, = kX where, k is a proportionality constant.

The process of determining k is an important step in quantitative chemical analy-
sis and is called calibration. In the simplest manifestation of quantification by mass
spectrometry, the signal response for a fixed m/z value is measured — an approach
known as selected ion monitoring. Additional selectivity can, however, be achieved
by measuring: (a) multiple m/z signals characteristic of the analyte, (b) mass differ-
ences (i.e., loss of specific structural elements), (c) ion abundance ratios, (d) isoto-
pic ratios, (e) exact masses (e.g., corresponding to a specific molecular formula) or
(f) MS/MS transitions [2].

To illustrate the general principle, Fig. 6.1 shows a typical electron ionization
(EI) spectrum. If a single ion is used for quantification, selectivity is optimal when

base peak

Confirmatory ions

4

bl 5]

>

e

r

molecular ion

Fig. 6.1 A typical electron ionization (EI) spectrum. This spectrum shows the presence of a
molecular ion and multiple fragment ions. Quantification can be based on measuring the signal
response for one or more of these ions. When measuring one ion, optimal selectivity comes from
quantification based on the molecular ion; optimal sensitivity is associated with quantifying the
base peak. Increasing the number of ions monitored increases selectivity, but at the same time,
there is a reduction in sensitivity (i.e., lower limit of quantification)
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Fig. 6.2 Approach to quantification by mass spectrometry. The two most commonly used strategy
involve selected ion monitoring (typically on a single stage instrument) and selected reaction mon-
itoring (requiring multiple stages of mass separation)

that ion is the molecular ion; sensitivity is optimal, however, when that ion is the
base peak (i.e., the most intense ion in the spectrum). Additional selectivity can be
achieved by monitoring several ions (e.g., the molecular ion plus several confirma-
tory ions). Increasing selectivity comes, however, at the expense of sensitivity (i.e.,
the LOS and LLOQ are attenuated).

The most commonly adopted quantitative strategies are illustrated in Fig. 6.2.
Selected ion monitoring (SIM) is used to quantify a target analyte based on one or
more ions characteristic of that analyte. (If multiple ions are monitored, the approach
is sometime referred to as multiple ion monitoring (MIM).) Selected reaction moni-
toring (SRM) is the process by which a precursor ion is fragmented to generate
multiple product ions, typically by collision-induced dissociation in a triple quadru-
pole mass spectrometer. SRM provides for enhanced selectivity even in situations
where the target analyte e.g., [M + H]* formed by electrospray ionization does not
fragment directly [2].

6.2.2 General Strategies for Quantitative Analysis

The wealth of literature on approaches to quantitative analysis can be distilled into
three basic strategies and these are outlined in the sections that follow.

The External Standard Method This is the most commonly adopted approach in
analytical chemistry (e.g., quantification by spectrophotometry), but it requires that
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Fig. 6.3 Quantification
based on the external
standard method. Although /
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quantification by mass
spectrometry
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there is direct, reproducible and rugged relationship between signal intensity and
analyte amount independent of other components of the sample. With the external
standard method, a series of standards is run under well-defined conditions and a
plot is generated of response vs. concentration — the calibration curve [3, 4].
Thereafter, the amount of the target analyte in an unknown sample can be deter-
mined simply by measuring the signal response for that sample and then converting
this to a concentration by reference to the calibration curve. The close to ideal rela-
tionship between measured response and analyte concentration that allows adoption
of the external standard approach is illustrated in Fig. 6.3.

Internal Standard Method In almost all applications of mass spectrometry the mea-
sured ion current does not directly relate to the amount of sample introduced into
the system. Instead, it fluctuates with time and from sample to sample because of
changes in instrument pressure, temperature and voltages, and in response to other
components in the sample matrix. To counter this problem an internal standard is
typically incorporated into the sample prior to analysis [3, 4]. The internal standard
approach is based on the principle that when two compounds of similar chemical
and physical properties are introduced into the ion source at the same time, both will
be influenced by these additional factors to the same extent. Consequently, the mea-
sured ion current ratio is proportional to the concentration ratio of those two com-
ponents: i.e., if we know the concentration of one (i.e., the internal standard), we
can calculate that of the second.

An ideal internal standard will be a near perfect chemical and physical mimic of
the analyte; however, it must be distinguishable by mass (e.g., a stable isotope
labeled form of the analyte or perhaps a minor structural variant). The internal stan-
dard is added to ALL samples and the standards that constituent the calibration
curve at a known, fixed concentration. The signals for the target analyte and the
internal standard are both measured, and the response (R) ratio Ryuye/Rinermat s, VS
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Fig. 6.4 Quantification based on the internal standard method. With the incorporation of an appro-
priate internal standard (IS) that closely mimics the behavior of the target analyte, and with
recourse to a “gold standard” reference, it is possible to generate precise and accurate quantifica-
tion by mass spectrometry (Note that the relationship between signal intensity and amount deviates
from a direct linear relationship (panel A) because multiple factors others than amount influence
response. The internal standard, however, is also subject to these fluctuations (panel B) and there-
fore the ratio of the responses, analyte/IS is linear. When plotted against analyte concentration
(panel C))

concentration is plotted for all standards — i.e., the calibration curve. The ratio R/R;,
is measured for all unknowns and converted to a concentration by reference to the
calibration curve [3, 4]. Figure 6.4 shows the essential characteristics of the data
generated by the internal standard method and illustrates how the internal standard
“corrects” for fluctuations in response from sample to sample.

The Standard Addition Method Standard addition is commonly used in mass spec-
trometry when matrix affects are pronounced, target analyte levels are near the
LOD, the sample set is unique or diverse in composition, or when analyte-free
matrix is unavailable. With standard addition, each unknown sample is divided into
two (or more) portions and a KNOWN amount(s) of analyte (spike) is/are added to
one or more of these. The spiked sample(s) will show a larger analytical response
and the difference in response between the spiked and unspiked samples is used to
generate an intra-sample calibration curve from which the analyte in the original
sample can be calculated [3, 4]. (A linear response is assumed.) The process of
quantification by standard addition is illustrated in Fig. 6.5.
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Response is measured directly, then
the sample is spiked with the analyte
at one or more concentrations, e.g.,
x+A, x+B and x+C, and the response
measured again after each addition.

Response

Concentration

Fig. 6.5 Quantification based on the method of standard addition. Here the signal intensity of a
sample solution is measured, then known amounts of the target analyte are added directly to that
sample and the signal intensity is measured again after each addition. A plot of the signal intensi-
ties of each of these solutions vs. the added concentrations yields a straight line. The concentration
of the target analyte is determined from the point at which the extrapolated line crosses the concen-
tration axis at zero signal. Essentially, with standard addition a calibration curve is generated
within each sample. This approach is particularly useful when the samples are diverse in
composition

6.3 Key Terms

There is a precise language used to define the quality or performance characteristics
of any quantitative analysis. The literature cited at the end of this chapter provide
more rigorous definitions of many of these parameters, but for the purposes of this
chapter, the following definitions are useful guides [3-5].

Accuracy: This is a measure of the “correctness” of any determination. Said differ-
ently, it is a measure of how close the experimental determined value the ana-
lyst’s result is to the “true” value. While it is always possible to strive for greater
accuracy, this battle comes at a significant price and is not always justified.

Precision: This is a measure of the repeatability of any determination and it is, of
course, influenced by the irreproducibility or variance associated with each indi-
vidual step in the analysis.

Specificity/selectivity: Selectivity refers to the ability to detect and quantify a spe-
cific analyte within a mixture without interference from other sample
components.

Limit of Detection (LOD): The LOD is the lowest amount of analyte that can be
detected at an acceptable signal-to-noise ratio (s/n) by the method. An acceptable
s/n is often defined as 3:1.

Lower Limit of Quantification (LLOQ): The lowest amount of analyte that can be

quantified at an acceptable precision and accuracy under the stated conditions.
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Signal-to-Noise Ratio: The level of the specific signal attributable to the analyte
relative to the level of background noise.

Robustness: The ability of an analytical method to be unaffected by small, deliber-
ate changes in operating parameters.

6.4 Additional Considerations in Quantitative Analysis

6.4.1 Analyte, Sample and SampleCollection Issues

The nature of the sample, how it is collected, and the characteristics of the analyte
itself are all critical factors that can profoundly influence the results. For example,
most samples are heterogeneous, and therefore it is important to collect a represen-
tative sample. Clearly, accurate quantification on a non-representative sample is
misleading, if not meaningless. In some settings it is best to take several random
samples that are either analyzed individually, or in the interests of time and cost,
mixed to generate a “representative” sample. If the sampling area is large - for
example the soil in a field - it might be necessary to take many random samples. In
some scenarios, the analyst may also have to consider the possibility that the target
analyte may be present in multiple forms (e.g., free and bound) or that it is unstable,
either in its isolated form or within the matrix [5, 6].

The sample or components of it may be toxic, explosive or highly flammable.
Furthermore, the analytes of interest may be transformed during sample handling,
transit or storage steps: e.g., evaporation of volatiles, reactions with air, photolytic
decomposition, thermal decomposition, catalytic (e.g., enzymatic) activity or physi-
cochemical reactions with other sample components (protein binding). Analyte sta-
bility should be assessed and accounted for in all analyses. Issues relating to the
analyte, sample and sample selection are frequently the most troublesome and error-
prone component of a quantitative analysis.

6.4.2 The Internal Standard

The nature of the internal standard and when it is added to the sample are additional
considerations. Addition early in the process is necessary to account for losses and
errors introduced during sample handling and processing. An appropriate internal
standard should have chemical and physical properties as close as possible to those
of the analyte of interest, but the practical issues of availability and cost also need to
be taken into consideration [3-5].
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6.4.3 Extraction and Sample Work Up

It may be necessary to extract or otherwise disrupt the sample to isolate the target
analyte (e.g., mortar & pestle, blades/blenders, sonication or enzymes/chemicals).
These processes need to be performed in a manner that minimizes analyte degrada-
tion while maximizing the extraction efficiency.

Minimal sample work-up reduces the workload, potential losses during extrac-
tion steps, and the potential for the chance introduction of contaminants.
Contrastingly, although labor-intensive, extensive sample workup can markedly
reduce the background and improve the achievable LOD and LLOQ. The demands
on the hardware, the sensitivity requirements and multiple other factors come into
play and determine the optimal balance between little versus extensive sample work
up. For example, on-line chromatography reduces the need for off-line processing
because it ensures that only one (or few) analytes simultaneously enter the source
region. This minimizes interferences and maximizes the measured ion current for
the analyte of interest [3—6].

6.4.4 Documentation

As highlighted earlier, detailed documentation is critical. Essential documentation
for any quantitative analysis includes: (1) a written procedure (or protocol) that
details all of the experimental steps; (2) a method validation report which includes
both the experimental design and the data justifying the claim that the method, as
written, performs as intended and (3) the system suitability criteria that define the
minimum acceptable performance criteria prior to each analysis (i.e., criteria for
the acceptance and/or rejection of the analytical data such as the minimum accept-
able performance for standards and QCs for each subsequent application of method)
[6, 7].

6.5 Quality Control Practices & Method Validation

Analytical chemists have developed a detailed prescription for defining the perfor-
mance characteristics of any quantitative analysis so that the analyst and client can
be sure that the data generated are suitable for their intended purpose. This process
is referred to as validation. When performed properly and completely, validation:
(1) demonstrates the ability of a specific assay to predict the concentration of
unknowns and defines the associated accurately and reproducibly; (2) defines the
sample storage conditions necessary to assure analyte stability and (3) defines the
conditions for sample storage and work-up that maintain the integrity of the sample
and the results. Importantly, the validation process defines criteria that can be used
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to accept or reject the analytical data in subsequent applications of the assay.
Primary validation parameters include accuracy and precision; secondary parame-
ters include a determination of the range (i.e., upper and lower limits of quantifica-
tion), selectivity (i.e., assess interferences); recovery; stability; acceptance criteria
and may also include a comparison with other existing methods [6, 7].

6.6 Conclusions

To provide analytical data that are correct and fit for their intended purpose should
be the overarching consideration of the analytical scientist in any setting. Not only
is the reporting of results important, but so too is an evaluation of the underlying
uncertainties. Analysts must document, archive and share their methods, data and
associated assumptions, errors and uncertainties. It is only with full disclosure of all
this information that others can put the findings into context and draw sound conclu-
sions. Analysts need to appreciate that their data will be scrutinized and that they
will be held accountable for their findings. Frankly, in any given scenario, if the
result of a test cannot be trusted, or are not fit for the intended purpose, then the
analysis itself was a waste of time, and the finding are potentially misleading or
damaging.
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during the preparation of this manuscript.

References

1. Ramsey MH, Thompson M (2007) Uncertainty from sampling, in the context of fitness for
purpose. Accred Qual Assur 12(10):503-513

2. Bethem R, Boison J, Gale PJ, Heller D, Lehotay S, Loo J, Musser S, Price P, Stein S (2003)
Establishing the fitness for purpose of mass spectrometric methods. J] Am Soc Mass Spectrom
14:528-541

3. Harris DC (2006) Quantitative chemical analysis, 7th edn. Freeman WH, pp 1008

4. Green MJ (1996) A practical guide to analytical method validation. Anal Chem
68(9):305A-309A

5. Little TA (2012) Assay development and method validation essentials. BioPharm Int 25(1):p8

6. Lee JW, Devanarayan V, Barrett YC et al (2006) Fit-for-purpose method development and vali-
dation for successful biomarker measurement. Pharm Res 23:312. doi:10.1007/
s11095-005-9045-3

7. Tiwari G, Tiwari R (2010) Bioanalytical method validation: an updated review. Pharm Methods
1(1):25-38. doi:10.4103/2229-4708.72226


http://dx.doi.org/10.1007/s11095-005-9045-3
http://dx.doi.org/10.1007/s11095-005-9045-3
http://dx.doi.org/10.4103/2229-4708.72226

Chapter 7

Imaging Mass Spectrometry — Molecular
Microscopy for Biological and Clinical
Research

Richard M. Caprioli

Abstract Imaging mass spectrometry has seen tremendous advances over recent
years and has become an important tool for molecular discovery in intact tissues
with high molecular fidelity and spatial resolution. This chapter will focus on
MALDI Imaging Mass Spectrometry (IMS) because it is the most useful technol-
ogy for the mapping of metabolites, lipids, peptides and proteins at high sensitivity
in intact tissue sections. Desorption of biomolecules is accomplished by direct laser
irradiation of an array of spots (i.e., pixels) on the tissue to map the location of spe-
cific molecules. Both fresh-frozen and formalin-fixed tissue sections can be imaged
without the need for specific targeting reagents such as antibodies. Molecular
images of this nature are produced based on specific m/z (mass-to-charge) values, or
ranges of values. Thus, each specimen gives rise to many hundreds of specific
molecular images from a single raster of the tissue. In a complementary approach,
where only discrete areas within the tissue are of interest, such as in anatomic
pathology, we have developed a histology-directed approach that integrates mass
spectrometry and microscopy. Mass spectra are collected from selected discrete
areas of cells within the tissue for laser ablation and analysis, and these are then
correlated with microscopic images of the tissue section.

This chapter will illustrate the use of IMS in several biologically and medically
relevant research projects. One area of interest is the mapping of molecular changes
occurring in diabetes in both a mouse model and in the human disease. Major
molecular alterations have been recorded in advanced diabetic nephropathy involv-
ing both proteins and lipids. Another application employs IMS to differentiate
benign skin lesions from melanomas using in-house developed PIMS (Pathology
Interface for Mass Spectrometry) software.
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Although not primarily a technology review, this chapter briefly describes recent
technological advances both in sample preparation and instrumental performance to
achieve images at high spatial resolution (1-10 microns) and at high speeds (a typi-
cal sample tissue once prepared can be imaged in minutes). Applications will
include the use of tandem mass spectrometry (MS/MS), ultra-high mass resolution,
and ion accumulation technology for IMS. Finally, new biocomputational
approaches will be described that address the high dimensionality of IMS data as
well as our implementation of ‘image fusion’ in predictive integration applications
of MS images with microscopy and other imaging modalities.

7.1 Introduction

The concept of a molecular microscope for producing images of biological samples
goes back many decades and much effort has gone into experiments to establish the
feasibility of such an instrument. However, only in the past decade has advanced
instrumentation been developed that enables this concept to become a reality in
biological and clinical laboratories. Major improvements in ionization and mass
analyzer technologies have made possible instrumentation for the molecular map-
ping of tissues at reasonable spatial resolutions. While a brief history of imaging
samples by mass spectrometry is given here that describes several approaches to
imaging, the major portion of this chapter is devoted to MALDI imaging mass spec-
trometry. Technical aspects of this technology are described, such as instrumenta-
tion, sample preparation, and different imaging modes, as well as the applications
of this technology to basic biological and clinical research.

7.2 Background/History

Mass spectrometry has a long history in the field of image analysis, dating back over
40 years to early studies with secondary ion mass spectrometry (SIMS) performed
in microscope [1] and scanning microprobe modes [2]. This technology utilizes a
primary ion beam (for example, Ga*, In*, O,*, Au*, or Cs") to sputter ions and neu-
trals from a surface. The sputtered secondary ions are directed into a mass spec-
trometer analyzer, typically a time-of-flight (TOF), quadrupole, or magnetic sector
instrument [3]. The high energy of the primary ion beam is best for generating ele-
mental ions, atomic clusters, and organic fragments. Thus, many early SIMS imag-
ing experiments involved elemental distributions of metal or contaminant compounds
in alloys, ceramics, and semiconductors. One advantage of SIMS is the high lateral
resolution attainable with the highly focused liquid metal ion guns that are typically
used to generate the primary ion beams. This energetic beam can be focused onto
the target with a diameter in the submicron range (100’s of nm) that is much smaller



7 Imaging Mass Spectrometry — Molecular Microscopy for Biological and Clinical... 117

than the diameter of an average human cell (~10-15 pm). Nevertheless, for biologi-
cal tissue and cells, the limiting parameter is sensitivity, so that in practice spatial
resolutions of 5-10 pm or more are typically used in imaging experiments.

Laser desorption/ionization (LDI) [4, 5] can utilize a number of different types
of lasers (e.g., excimer, solid-state, infrared [IR], visible, ultraviolet [UV], etc.),
each having different desorption, focusing, energy, and pulse frequency characteris-
tics. For imaging of biological samples, UV lasers are commonly used for imaging,
although IR lasers have been used as well. The LAMMA-500 (laser microprobe
mass analyzer) was a commercially available LDI instrument that coupled a
Nd:YAG laser (256 nm) with a TOF mass analyzer [6, 7]. In general, LDI desorbs/
ionizes molecular species with little molecular fragmentation, although the acces-
sible mass range is low at about 1500 Da [8]. The spatial resolution attainable from
a typical LDI source is in the 5-30 pum range. As with SIMS, there is a tradeoff
between ablation spot size and sensitivity that ultimately limits the effective spatial
resolution achievable with today’s technology.

In the late 1980s, matrix-assisted laser desorption/ionization (MALDI) [9-11]
and electrospray ionization (ESI) [12, 13] were developed, allowing intact high
molecular weight gas-phase ions to be directly detected for the first time. MALDI
is a laser desorption/ionization technology that requires the application of an
energy-absorbing matrix to be applied to samples of interest. The absorption of
laser energy and subsequent ablation of material allows intact compounds to be
transferred and ionized into the gas-phase and subsequently detected as pseudo-
molecular ions [M + H]* or [M — H]". The use of MALDI for molecular mapping
was first reported in 1997, where the spatially resolved detection of protonated
insulin (m/z 5802) in a rat pancreas tissue section was shown [14]. Each pixel was
manually acquired every 25 pm across a 450 x 75 pm region, and the intensity of
protonated insulin was plotted for each pixel in the image array. As expected, pan-
creatic islets were found to be rich in insulin, as well as other ions from molecules
of molecular weights up to about 25,000 Da, presumably islet proteases. Since
those initial experiments, improvements in sample preparation and instrument
technology have come in areas such as automation [15], and a large number of
diverse applications have demonstrated the use this technology in many areas of
biological and clinical research [16].

In the ensuing years following the introduction of (MALDI) IMS, a number of
liquid desorption and liquid/laser desorption combinations have been reported.
Desorption electrospray ionization (DESI) [17] was the first of these, demonstrating
that an electrospray jet of liquid droplets could desorb molecules from a tissue sam-
ple to generate a molecular map, although with limited spatial resolution and molec-
ular weight range. A unique feature of DESI is that, since it is an ambient ionization
technology, large or odd shaped samples could be easily interrogated since the sam-
ple is outside the vacuum system of the mass spectrometer. Since then, literally
dozens of desorption/ionization techniques have been demonstrated. A review of
these technologies is outside the scope of the present chapter and the reader is
referred to several reviews of this topic [18, 19].
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7.3 MALDI Imaging Mass Spectrometry: Technology
and Protocols

The molecular mapping of biomolecules in tissues is best performed using
MALDI MS because it is capable of high spatial resolution (~1 um) [20] at high
sensitivity and is amenable to most classes of biomolecules, including proteins
beyond 200,000 Da. For these reasons, this chapter will focus on the use of MALDI
for the molecular mapping of biological tissues in both basic biological and clinical
research.

IMS technology is generally used in two distinct but related modes: global imag-
ing of a sample and targeted (i.e., histology-directed) profiling (Fig. 7.1). The mode
employed will depend primarily on the overall informational content desired from
the sample. Global imaging is used for spatial molecular localization over the entire
sample. Profiling is typically used for obtaining molecular information from spe-
cific small areas within the tissue. These areas are then mapped back onto digital
images of the tissue to develop molecular signatures of diseased cells, either to dif-
ferentiate between diseased and normal healthy tissue or to differentiate between
levels or stages of disease. For clinical applications, this differentiation necessitates
the analysis of a large number of patients followed by supervised statistical analysis
using a training set of biopsies from patients having known outcomes. A validation
set of analyses from a different group of patients then determines the level of accu-
racy of the classification. Both global imaging and histology directed profiling are
frequently used together in the search of biomarkers that make up a signature for a
disease or disease state.

The sample preparation for the two modes is similar although not identical [21—
23]. Fresh frozen tissue samples are sectioned on a cryostat to ~5-20 pm thick-
nesses and then subsequently washed to remove salts that can interfere with matrix
crystallization and diminish sensitivity. For protein analysis, alcohol washes are
used to dehydrate and fix the proteins while maintaining their original spatial orien-
tation. A typical procedure involves successive washes in graded ethanol (70%,
90%, 95% for 30 sec each). For validation and correlation with standard histological
procedures, serial sections are cut and stained with hematoxylin and eosin (H&E) or
other histological reagents.

IMS experiments require the application of matrix to the sample in nearly all
cases. Typically, MALDI matrices are applied to tissues with the goals of maxi-
mizing analyte extraction, minimizing analyte migration, and achieving homoge-
neous matrix coverage. Commonly used matrices include sinapinic acid (SA) for
protein analysis, a-cyano-4-hydroxycinnamic acid (CHCA) for peptides, and
2,5-dihydroxybenzoic acid (DHB) for lipids and small molecules. Other matrices
reported for low molecular weight analytes include 1,5-diaminonapthalene (DAN),
2,5-dihydroxyacetophenone (DHA), and 5-chloro, 2-benzothiazolethiol (CMBT).
The matrix may be applied manually or robotically. For tissues, manual application
of ~250 nL to 1 pL of matrix solution (~5-50 mg/mL) produces the best sensitivity,
but results in relatively large spots (~1 mm diameter or greater). Often times manual
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Fig. 7.1 Workflow for MALDI Imaging Mass Spectrometry showing both global imaging and
histology directed profiling of a tissue sample

spotting is used to test and validate instrument performance on tissue prior to IMS
data acquisition. Robotic matrix application devices are generally of the spotter or
spray type. An example of a spotting robot is the Labcyte printer (Portrait 360),
which is capable of depositing picoliter volumes at specified x, y coordinates on
tissue. Typically, multiple passes are required for analyte extraction and crystal for-
mation, resulting in matrix spots of ~100-200 pm on tissue. Arrays of spots have the
advantage of limiting analyte migration to the diameter of the matrix spots, but suf-
fer from having lower spatial resolution that is limited to the diameter of the depos-
ited spot. A second robotic application method provides a homogeneous coating of
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matrix by spraying the matrix solution onto the tissue section (e.g., using the HTX
TM Sprayer). Finally, although not robotic in the same sense, homogeneous matrix
deposition can also be accomplished using sublimation methods [23]. Of course,
continuous matrix coatings can also be applied manually using an airbrush [24] or
glass reagent sprayer. However, it can be difficult to obtain a uniform coating using
manual techniques. Additionally, the spectral quality from array spots is typically
better than that from a spray coated tissue because of enhanced analyte extraction,
a larger analyte concentration per pixel, and a greater surface area from which to
sample fresh matrix crystals. In general, the best results are obtained when the tissue
is sufficiently wetted to allow efficient extraction of analytes without inducing delo-
calization and when matrix crystals are uniformly distributed across the surface of
the tissue. Optimal matrix application often takes multiple cycles of spraying and
drying to allow a crystal layer to slowly build up on the tissue. Examples of a spot-
ted surface and a sprayed surface are shown in Fig. 7.2. In this example the homo-
geneous matrix application was accomplished by sublimation.

Data acquisition is performed similarly for both global imaging and histology-
directed profiling. Today, commercial MALDI mass spectrometers come equipped

Matrix Spotted Arrays
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150 um

Fig. 7.2 Matrix deposition on a tissue demonstrating both the droplet spotted array protocol and
the sublimation protocol
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with software to facilitate ion image generation. Commonly, the sample stage is
moved in X, y directions using precision stepper motors under software control
while the laser is held in a stationary focus position. UV lasers (e.g., N, at 335 nm,
Nd:YAG at 355 nm, Nd:YLF at 349 nm) capable of firing at repetition rates of
~60 Hz to over 5 kHz are generally used in imaging experiments. Each pixel or
ablation spot on the target is typically the result of ~50—400 laser shots that are
summed into a single spectrum at a given location. Of course, there is no limit on
the number of laser shots used, and some published works use thousands or more
shots per pixel. However, coherent signal accumulation can diminish so that exces-
sive shots add more to the noise of the spectrum than to the coherent signal from the
tissue (e.g., with MALDI-TOF instruments). In selecting a mass analyzer, tradeoffs
exist between sensitivity, mass range, mass resolution, acquisition speed, and data
file size. Protein analyses are generally performed on TOF instruments because they
have a large mass range (~2000-50,000 Da). Higher molecular weight proteins over
200 kDa have been measured from tissue using TOF instruments, however this type
of analysis is not routine, requiring optimized instrumental parameters and addi-
tional acquisition time. Other analyzers that have been used for IMS include quad-
rupole time-of-flight (Q-TOF), ion trap, and Fourier transform ion cyclotron
resonance (FT-ICR) platforms. However, these instruments are usually employed
for the analysis of peptides from enzymatic digestions on tissues or for lower
molecular weight compounds such as lipids and metabolites.

Following acquisition, mass spectral data are preprocessed using baseline sub-
traction, noise reduction, and, in many cases, some type of normalization (e.g., to
total ion current [TIC]). In profiling experiments, cellular areas that meet certain
threshold criteria (i.e., minimal S/N, prevalence of a marker in a certain percentage
of sampled spectra, efc.) are exported for biostatistical analysis. Although there are
several tools available for the statistical analysis of the data, one effective software
package, ClinProTools (Bruker), enables spectral preprocessing as well as statistical
evaluation (e.g., average values, standard deviation, t-test) and classification (e.g.,
via hierarchical clustering, genetic algorithm, support vector machine) directly
from the MS data files. General image processing may be performed using vendor-
specific software or by exporting data into formats compatible with freeware (e.g.,
BioMap). The major goals of an imaging experiment are to identify unique localiza-
tions, to identify signals that may co-localize or exhibit mirror-image localizations,
and to identify analytes that correlate with known histology.

7.4 Molecular Identification

The unambiguous molecular identification of ion signals is a key step in an IMS
experiment. For low MW analytes such as metabolites and lipids, accurate mass
measurements coupled with on-tissue MS/MS analysis is sufficient to identify these
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compounds. For protein identification, experiments are conducted following an
IMS experiment in which well-vetted analytical proteomics methods are used to
fractionate and identify proteins of interest. Briefly, tissue samples are homogenized
in a buffer solution and then treated with protease inhibitors and prepared for high-
performance liquid chromatography (HPLC) separation [25]. In one method, pro-
tein fractionation is performed on a reverse phase LC column using an
acetonitrile-water gradient containing 0.1% trifluoroacetic acid. Fractions are col-
lected at 1 minute intervals and subsequently assayed by MALDI MS. Fractions
containing the proteins of interest are further separated using one dimensional
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Following
electrophoresis, the gels are fixed, stained with Colloidal Blue, and then de-stained
using water. Gel bands containing the molecular weight region of interest are
excised from the gel and the proteins reduced and alkylated. Trypsin is added and
the samples are enzymatically digested overnight. The resulting peptides are then
extracted from the gel, reconstituted in 0.1% TFA, desalted, and kept at 4 °C until
analysis. LC-MS/MS analyses are generally performed on an ion trap mass spec-
trometer equipped with a microelectrospray (nanospray) ion source. Reversed-
phased separation of tryptic peptides is performed using a data dependent scanning
mode, with the acquisition of one full precursor MS scan (m/z 400-2000) followed
by the acquisition of five sequential MS/MS scans. Following acquisition, the MS/
MS data are then searched against a mass spectral database using commercially
available software (e.g., Sequest [Thermo Electron], Maxquest [freeware], Spectrum
Mill [Agilent]). The resulting protein assignments are filtered using several metrics
to ensure accurate protein identifications (e.g., a false discovery rate of 5%, a
requirement of two or more peptide identifications per protein).

7.5 Applications to Diabetes Research

While there are many emerging examples of IMS applied to basic biological
research, perhaps one of the most important areas of current biomedical investiga-
tion focuses on the study of diabetes. Diabetes is a chronic disease that often results
in the progressive development of several debilitating complications including
nephropathy, retinopathy, neurodegenerative diseases, and atherosclerosis. Diabetic
nephropathy (DN) is a major cause of glomerular disease both in the United States
and around the world, and often leads to end-stage renal disease (ESRD), account-
ing for 44% of ESRD cases [26]. ESRD is now a serious health care problem given
the requirement for dialysis or kidney transplantation in order to sustain the patient’s
life. The main site of damage in diabetic kidney diseases is the glomerulus, the
functional filtration unit of the kidney. A single glomerulus consists of a small bun-
dle of capillaries surrounded by specialized cells and basement membranes to filter
the blood. Humans have ~1 million glomeruli per kidney. Over prolonged periods
of diabetes, damage builds in the glomeruli, disrupting the filtration process and
impairing kidney function.
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IMS has been used to study molecular changes in glomeruli in order to determine
pathogenic mechanisms of DN, identify molecular markers of the disease, and
characterize the effects of prospective treatments. Since progression of glomerular
pathology can be followed histologically, high spatial resolution IMS at different
stages of disease progression can be used to isolate and characterize specific subsets
of renal glomeruli. Spatially-directed proteomic analysis of these glomerular popu-
lations provides unique information about pathogenic molecular events that cannot
be obtained by an analysis of the proteome at the level of the whole-organ. There are
three major cell types present in the glomerulus surrounded by a specialized glo-
merular basement membrane (GBM), each component contributing uniquely to
pathologies that lead to DN. Understanding of the molecular events that specifically
contribute to glomerulosclerosis from each cell type is critical to deciphering patho-
genic pathways.

Recent studies have demonstrated that both protein glycation and lipid glycation
may be involved in disease pathogenesis. Increased levels of glycated phosphatidyl-
ethanolamines (PEs) have been reported in plasma, erythrocytes, and atheroscle-
rotic plaques of diabetic subjects [27-30]. Glycated PEs have also been shown to
alter the structure and stability of cell membrane proteins [31] and promote lipid
peroxidation [32] in vitro and are now being considered an important factor in dia-
betic complications. The application of high spatial resolution IMS to the analysis
of single cells is unique in its capacity to study the proteomes of specific glomerular
cells within the renal tissue environment while avoiding the artifacts of cell isolation
methods. Moreover, with the capability for analysis of glomeruli at high spatial
resolutions, it may be possible to look into molecular events at the very early stages
of glomerular disease, when only a small subset of cells is affected. Such experi-
ments require advanced instrumentation to ensure IMS spatial resolutions of at least
1-5 pm. These technologies include a high spatial resolution MALDI source capa-
ble of subcellular imaging, high sensitivity instruments, and advanced sample prep-
aration techniques.

Recent work in our lab has utilized a gas-phase ion enrichment technique termed
continuous accumulation of selected ions (CASI) for the analysis of low abundance
analytes [33]. Briefly, CASI allows the dynamic range of a selected mass window to
be expanded by selective ion accumulation. Ions generated by MALDI are isolated
using a mass selective quadrupole prior to storage in a linear hexapole ion trap. The
enriched ion population is then transferred to the ICR cell for detection. The use of
CASI can increase signal intensities over 100-fold, representing a significant
dynamic range improvement over full-scan mass spectral profiling methods. This
allows for the detection of many more biological molecules than was previously
possible. We have utilized CASI FTICR IMS to analyze PE glycation in the kidney
directly from a thin tissue section (Fig. 7.3) [34, 35]. The identities of the modified
PE species of interest were determined using MS/MS (Fig. 7.3a). We readily
observed lipids that were specific to different morphological regions of the kidney.
For example, the signal at m/z 1151.7055 corresponding to ganglioside GM3 was
detected only in glomeruli whereas the sulfatide SM3 signal at m/z 1042.6712 was
localized to the tubulointerstitial region of the kidney. Similarly, the signal at m/z
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Fig. 7.3 (a) Lipid identification using Amadori-PE (36:4) as an example. The FTICR MS/MS
spectrum with molecular ion (m/z 900.56) and product ions and Amadori-PE (36:4) fragmentation
assignments (inset) are shown. (b) Localization patterns of different lipids. Signals at m/z 909.5497
(P1(40:6)), m/z 906.6345 (SM4), m/z 1151.7055 (GM3), and m/z 1042.6712 (SM3) were localized
to the cortex, medulla, glomeruli, and tubulointerstitial area of the kidney, respectively. These
signals showed minimal or no difference between the wild type and eNOS —/— db/db kidney. (c)
Localization and relative abundance of four different Amadori-PE species. These glucose-modified
species were detected in the cortex of eNOS —/— db/db kidney but not in wild type kidney
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Wild Type Diabetic PM Treated

Overlay: m/z 1151.7 m/z 1167.7 m/z 1277.8

Fig. 7.4 IMS of lipids in individual glomeruli at 10 pm spatial resolution. Localization of m/z
1151.7, m/z 1167.7, and m/z 1277.7 in (a) wild type (b) diabetic and (¢) PM treated diabetic mouse
glomeruli. Scale bars =500 pm. (d) Zoom in of region boxed in red in panel B from diabetic kidney
highlighting two diseased glomeruli. (e) PAS stain of same kidney section and region shown in
panel D. Scale bars =100 pm

909.5497 (phosphatidylinositol (PI) 40:6) was localized to the cortex whereas the
signal at m/z 906.6345 (sulfatide SM4) was localized to the medulla (Fig. 7.3b). A
number of lipid species were differentially expressed in the wild-type versus the
eNOS—/— db/db (DN mouse model) kidneys, most notably a series of PEs containing
an Amadori moiety, which is a glucose adduct to the lipid amino group. Amadori-
PEs were localized to the cortex of the eNOS—/— db/db kidney but were not detected
in the wild-type kidneys (Fig. 7.3c).

Another area of investigation involves studies of molecular changes within the
glomerulus after exposure to pyridoxamine (PM), a drug that has been shown to
help amerliorate complications of DN [36]. As the main sites of damage in nephrotic
diseases are the glomeruli, we have focused on achieving high spatial resolution
MALDI images of the glomerulus [35]. Routine MALDI protein imaging analysis
is performed at 25 pm and MALDI-MS lipid imaging analysis is performed at 10
pm with commercial instrumentation. At these resolutions the substructures of the
glomeruli can be differentiated within the kidney cortex. In order to correlate the ion
images of individual glomeruli with known histology, the same tissue section that is
imaged with IMS is then washed to remove the MALDI matrix and stained with
periodic acid Schiff (PAS). Using this approach, we are able to detect signals spe-
cific to the glomerulus as seen in Fig. 7.4. The signal at m/z 1151.7 is a GM3 gan-
glioside and is located in the glomeruli of wild type, untreated diabetic, and PM
treated diabetic mouse kidneys. There are two additional lipids at m/z 1167.7 and
m/z 1277.7 that localize to the glomeruli of the DN mouse and seem to be much
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Fig. 7.5 IMS at 2 um spatial resolution. (a) Differential interference contrast microscopy image
of human kidney section imaged with MALDI IMS in panel B. The glomerulus is seen in the
center of the image. (b) Overlay of three ions detected differentiating the glomerulus (red) and two
distinct tubular areas (green and blue). (¢) PAS stain of the serial section to section in panel A and B.
Scale bar =200 um

reduced upon PM treatment. These approaches have allowed us to correlate regio-
specific biochemical changes to histological features at unprecedented scales,
revealing disease processes which have not been previously described.

The next step in high spatial resolution IMS involves the analysis of subcellular
compartments. Using an instrument modified in our laboratory specifically for
ultra-high spatial resolution IMS, we have achieved 1-2 pm spatial resolution imag-
ing of a human glomerulus. Discrete ion images of glomeruli (red) and two distinct
tubular regions (blue and green) are seen in Fig. 7.5.

7.6 Applications to the Diagnosis of Melanoma

Another important area of IMS research focuses on the application of this technology
to cancer classification and tumor prognosis. Malignant melanomas are the 5th and
6th most common cancers in the adult population in the U.S. The rate of incidence
has been increasing at 3% per year since 2004 and represents a substantial public
health problem. Early and accurate detection of melanoma malignancy is the most
important factor in increasing survival rates. The current protocol for the diagnosis
of melanoma is microscopic examination of H&E-stained tissue sections. However,
classifying a tumor as benign or malignant remains challenging in a large number
of cases, due to the fact that many melanocytic lesions have unclear histopathology,
that is often times interpreted differently by different dermatopathologists. Accurate
diagnoses are imperative for effective treatment and failures in diagnosis have
important medical and legal consequences. Currently there is no tissue-based assay
routinely used by pathologists that reliably discriminates between benign and
malignant melanocytic tumors, or that can be used for prognostic classification [37].
New technology is needed to fill this gap and it is clear that a molecular approach
would most accurately describe the phenotype of the lesion. IMS represents an
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Fig. 7.6 Mass spectra comparing a primary and metastatic malignant melanoma with a benign
dermal nevus. Selected regions of the spectra are expanded in intensity

exciting new technology with high sensitivity and molecular specificity for discrim-
inating between benign and malignant melanocytic tumors and it has been shown
that this technology is amenable for the analysis of the formalin-fixed, paraffin-
embedded (FFPE) tissue types common to these types of studies.

Initially, several different samples of melanocytic skin tumors were investigated
for differences in molecular profiles. These samples were controlled for age, gender,
and anatomical location variation and included benign dermal nevi, primary malig-
nant melanomas, and metastatic malignant melanomas. Several peaks at m/z 788.7,
1198.8, and 1349.9 were preferentially over-expressed in both cases of primary and
metastatic melanomas, but not in the dermal nevus (Figs. 7.6 and 7.7). Several pep-
tides were also identified at m/z of 3069.7 and 3925.3 that are highly expressed in
the benign dermal nevus but not in the malignant lesions [38]. IMS data from over
150 melanocytic FFPE skin tumors were collected using MALDI- TOF mass spec-
trometry in order to generate IMS data to successfully discriminate benign from
malignant conditions. Specifically, Spitz nevi (SN) and Spitzoid malignant melano-
mas (SMM) were classified using this technology. IMS classifications were ulti-
mately compared to final diagnoses based on histopathologic and clinical data as
well as patient follow-up data. Classification models were generated from a training
set of 26 SN and 25 SMM samples. The classification algorithms were then vali-
dated on a separate set of 30 SN and 29 SMM samples. A set of five specific pep-
tides produced by the protease digestion of biopsy material was sufficient to
differentiate between the two lesions, with 29 of 30 SN and 26 of 29 SMM correctly
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Fig. 7.7 Comparison of IMS of malignant melanomas and benign nevi. The ions at m/z 788.7 are
highly expressed in melanomas, and that at m/z 3925.3 is highly expressed in benign dermal nevi.
The upper panel shows tissue stained with H&E, and the middle and lower panels showing match-
ing IMS profiles, with the color bar indicating relative intensity

identified. From this initial set of patient samples, IMS correctly classified SN with
97% sensitivity and 90% specificity.

7.7 Fusion of IMS and Microscopy Images

Important to the advancement of IMS technology is the development of new com-
putational tools. Image fusion, as it relates to IMS, is a bio-computational process
that integrates two distinct technologies: IMS, which is rich in chemical information
but coarse in spatial resolution, and microscopy, which has low chemical specificity
but is rich in spatial information. The resulting ‘predicted’ ion images combine the
advantages of both technologies: the high molecular specificity afforded by mass
spectrometry and the high spatial resolution of conventional microscopy. This pro-
vides for the prediction of the spatial distribution of specific ions at higher spatial
resolution than would normally be achievable via IMS, in some cases increasing the
spatial resolution tenfold. An image fusion algorithm has been developed that can
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Fig. 7.8 Sharpening of ion spatial distributions through Image Fusion of IMS and micros-
copy data. This example in mouse brain fuses a measured ion image for m/z 762.5 at 100 pm
spatial resolution (a) with a measured H&E-stained microscopy image at 10 pm resolution (b).
The resulting image (c) predicts the ion distribution of m/z 762.5 at 10 pm spatial resolution with
an overall reconstruction score of 82%. A neighboring section imaged at 10 pm spatial resolution
(d) compares a physical measurement to the fusion approach for m/z 762.5 (Reprinted with per-
mission from Ref. [39])

capture integrative connections between IMS and microscopy using multivariate
regression that models variables in one technology using variables from the other
technology [39]. Moreover, this method enriches biological signals and attenuates
instrumental artifacts, revealing insights that cannot be extracted from either micros-
copy or IMS alone. Figure 7.8 illustrates this fusion process using a higher spatial
resolution microscopy image and a lower spatial resolution mass spectrometry
image taken across a transverse section of a mouse brain. Here, we are demonstrat-
ing only one ion of the many hundreds that are measured in a typical IMS analysis.
In this example, the ion image for m/z 762.5 from a section that was analyzed at 100
pm spatial resolution using IMS is fused with a microscopy image and can now
displayed at a predicted 10 pm spatial resolution (Fig. 7.8c). Figure 7.8d shows a
serial section of tissue actually analyzed at 10 pm spatial resolution by IMS, clearly
demonstrating the reconstruction accuracy of the prediction process shown in
Fig. 7.8c. Applications of this methodology include spatial sharpening, out-of-
sample predictions of ion images, and enrichments of biological signals while atten-
uating instrumental artifacts. The IMS process thus gains in sensitivity, speed, and
a smaller data file size while still generating a 10 pm resolution image. The recon-
struction scores shown in the figure are measures of how effective the algorithm is
at fitting the two data sets. Generally, scores above 70% show good correlation and
high confidence in a predicted ion image. This fusion process can be performed
between any imaging modalities to reveal relationships that yield images that sur-
pass what can be obtained from the original source technologies alone.
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7.8 Conclusion and Perspective

The initial MALDI imaging publication in 1997 [14] stated, “The work presented
here is a beginning, clearly demonstrating that ion images can be produced by
MALDI MS. Much work needs to yet be done in areas of obtaining higher resolu-
tion images, higher sensitivity, better sample preparation, and faster data acquisition
and analysis.” Indeed, over the last decade, this technology has undergone tremen-
dous growth and development, with significant progress made in all of these areas.
The current state of the art is capable of routinely generating images at a spatial
resolution of ~5-20 pm with 1-10 ppm mass accuracy using commercial instru-
ments. In the research lab, spatial resolutions of 1 pm have been demonstrated [20].
Software enabling the facile generation of ion images has been developed by most
of the leading mass spectrometer manufacturers, including the implementation of
impressive algorithms to facilitate high throughput analyses and data processing.
High-frequency lasers and new-age electronics have dramatically improved the
speed with which mass spectrometers can operate, reducing the acquisition rate
from ~1 pixel/minute in 1997 to up to ~50-100 pixels/second today. Finally, robotic
devices are commercially available for automatic matrix deposition which has led to
more robust and reproducible sample preparation.

Nonetheless, there are still significant challenges to overcome in various aspects
of IMS workflows. For example, higher spatial resolutions are required in order to
effectively image inside a single cell. More effective sample preparation protocols
are needed to image higher molecular weight proteins as well as hard-to-detect spe-
cies such as membrane-bound proteins. As spatial resolution is improved, the
amount of data generated from the same area of tissue will greatly increase, provid-
ing a need for advances in data storage and data processing as well as increasing
analysis speed.

In conclusion, IMS has demonstrated its effectiveness for mapping biological
molecules in complex tissue samples in both basic biological research and in help-
ing to solve clinical diagnostic dilemmas. The technology possesses a molecular
specificity second to none, with sufficient sensitivity and spatial resolution that
enables the discovery of new biology in sifu. There is no need for specific targeting
reagents such as antibodies, making this technology ideal for discovery-based imag-
ing of many analytes at the same time. IMS offers a unique molecular perspective
that, in combination with other imaging modalities, promises to bring new multi-
modal imaging capabilities beyond what each technology can deliver alone.
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Chapter 8
MALDI Mass Spectrometry and Infectious
Diseases

Jessica L. Moore and Eric P. Skaar

Abstract MALDI mass spectrometry is an emerging technology that has revolu-
tionized the field of diagnostic microbiology. MALDI mass spectrometry has the
potential to significantly impact the field of infectious diseases as new technology
emerges. In particular, the use of histology-directed MALDI-MS profiling of bioflu-
ids and tissues presents a way to potentially perform bacterial typing and monitor
host response without an additional culture step to culture the microorganism.
MALDI Imaging Mass Spectrometry is another attractive technology to study the
pathogen-host interaction within infected tissues. This allows an unprecedented
view of the molecular changes associated with infection. Pairing advanced Imaging
Mass Spectrometry with emerging analyte identification strategies, the identity of
these molecular changes can be determined. Utilizing such technologies could revo-
lutionize the study of microbial pathogenesis and may reveal a number of novel
targets for future antimicrobial intervention.

8.1 Introduction

According to the Centers for Disease Control, an estimated two million people each
year become infected with antibiotic-resistant bacteria. Of these two million, there
are a reported 23,000 deaths directly attributed to the microbes [1]. Compounding
this threat is the tremendous rate at which pathogens are gaining resistance to anti-
microbial strategies. This is partially because antibiotics are overly prescribed, with
suboptimal prescriptions occurring in as often as 50% of all cases. Between 1935
and 2003, there were fourteen emerging classes of antibiotics [2]. The decrease in
emerging therapeutics is convoluted; novel antibiotic development is an expensive
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endeavor that is not often profitable for pharmaceutical companies [2]. In addition,
the time from antibiotic deployment to emergence of clinically relevant resistance
has dramatically decreased when new antimicrobials do become available [3]. This
led the Infectious Disease Society of America to release a 2009 call to action to
study microbial resistance and to target seven bacteria of particular concern [4].
These pathogens were deemed the “ESKAPE” pathogens and include Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumonia, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter species. In order to continue treating
infections caused by these bacteria, it is important to study their pathogenesis using
novel and emerging analytical technologies. The application of such technologies
might isolate novel targets for antimicrobial intervention, and further aid the treat-
ment of antimicrobial resistance at the cusp of the post-antibiotic era.

8.2 MALDI Mass Spectrometry and Infectious Diseases

Mass spectrometry has greatly contributed to the scientific body of knowledge in
the field of infectious diseases. From large scale untargeted proteomics experiments
to drug metabolism and pharmacokinetic studies, the literature contains numerous
examples showcasing how mass spectrometry helps further our understanding of
antimicrobial resistance and microbial pathogenesis.

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) is
an analytical approach that is suited for the analysis of complex systems due to its
high sensitivity, wide dynamic range, and applicability to numerous analyte classes.
MALDI-MS utilizes a matrix, typically a small organic acid having strong ultravio-
let absorbance, to desorb the analytes into the gas phase and aid their ionization [5].
Analytes are detected as a mass-to-charge ratio, or m/z, which yields specific molec-
ular signatures within complex biological samples. Matrix can be applied directly to
biological samples to obtain spectra from a variety of analytes, including small
molecules, metabolites, lipids, peptides, and proteins. This workflow has been suc-
cessfully used to profile a range of systems, including tissue sections [6], plants [7],
insects [8], whole animals [9], and microbial colonies [10]. The ability to analyze
such a wide range of complex systems has led MALDI MS to be used as a diagnos-
tic tool, particularly in diagnostic microbiology.

8.3 Diagnostic Microbiology

MALDI-MS has been used in diagnostic microbiology to rapidly identify bacteria
based on molecular profiles of small cell populations. Microbial colonies from cul-
ture are moved onto MALDI targets, mixed with matrix, and analyzed using a mass
spectrometer [Fig. 8.1]. This approach has resulted in new FDA-approved instru-
mentation and methods for the identification of bacteria in clinical laboratories.
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A A B To Mass Spectrometer

Microorganisms
are cultured

A single colony is selected and
moved to a MALDI target

Matrix is added to the colony

Fig. 8.1 A typical workflow for MALDI MS-based spectral matching for microbial identification.
(a) The unknown pathogen is cultured using standard techniques on agar plates. A single colony is
selected and moved onto a MALDI target using a sterile device. Care is taken to not move agar
with the colony, as it introduces interferences into the sample. Finally, cells are lysed on target
when they are mixed with a MALDI matrix in an organic solvent, typically a-cyanocinnamic acid
in 50% Acetonitrile. (b) Once the cells are lysed, the proteins extracted into the organic solvent
will co-crystalize with the MALDI matrix. Upon interrogation in the mass spectrometer, a laser
passes energy to the matrix, ionizing the small proteins. The ionized proteins are measured using
a mass spectrometer and result in a characteristic mass spectrum that can be used to classify
bacteria

MALDI-MS presents a way to interrogate intact cells from agar plates or liquid
media with robust signatures independent of culture conditions [11]. The ability of
MALDI-MS to distinguish molecular fingerprints associated with specific microor-
ganisms has improved rapid diagnostics of infectious agents and led to the inclusion
of mass spectrometry in the diagnostic microbiology laboratory [10, 12, 13]. This
has been expanded to include identification of fungi, anaerobic bacteria, highly
infectious bacteria, and microbes that are difficult to culture [14-17].

Initial work using MALDI-MS microbial fingerprinting created databases that can
be queried to classify clinical isolates quickly and accurately [10]. Instrumentation,
automated analysis, and database searching are available from commercial instru-
ment manufacturers, like the MALDI BioTyper system (Bruker Daltonics) and
Vitek microbial identification system (Biomérieux) [18]. Databases are perpetually
evolving to meet biological needs and to include emerging strains, bacterial subtypes,
and to differentiate pathogenic and non-pathogenic strains [19-22]. Clinical analyses
have also included profiles from complex mixtures, including blood cultures and
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complex polymicrobial infections [23]. These continued advancements decrease the
time needed to identify a pathogen, shortening the amount of time until antibiotic
intervention and therefore decreasing the cost of care [24]. This has revolutionized
clinical care of bacterial infections, in particular in cases of sepsis [25].

8.4 MALDI Profiling of Infected Human Tissues

The analytical power to rapidly identify microorganisms from culture has been a
major advancement. However, a culture step is still required, removing the microor-
ganism from the complex environment of the host organism, and severely delaying
the time required to positively identify the causative agent of infection. This
approach makes the study of microbial pathogenesis and virulence difficult because
microorganisms in culture are not experiencing the same conditions as microorgan-
isms growing within the host. However, there are significant analytical challenges
associated with the study of bacteria actively causing diseases within the host.
Bacteria and their products are generally of limited abundance when compared to
host markers and require high sensitivity in analytical technology. However,
MALDI-MS is emerging to fill this gap and to perform analyses from complex mix-
tures. One study attempted to determine host-specific markers for sepsis directly
from serum [26]. Another study utilized MALDI-MS profiling to study host
response to Staphylococcus aureus skin wounds over time. At set time points post
infection, a wound was swabbed into sterile water and analyzed. Signals were
detected from the wound bed that were thought to belong to mouse defensins and
blood, highlighting the ability of MALDI profiling to monitor host response to
infection and wound healing over time [27]. In addition to analyzing spotted homog-
enates or serum, MALDI MS provides the distinct advantage of in situ tissue profil-
ing [28, 29]. This method allows spectra to be obtained directly from tissue sections
in a targeted approach, allowing pathologists to focus analyses on histological
regions of disease [5, 28]. Approaching large sample sets in a histologically-directed
way presents a reasonable method to differentiate signals associated with disease in
a high-throughput manner. This approach also presents an alternative way to char-
acterize bacterial signatures in vivo at a point when these organisms are actively
causing disease within host tissues.

8.5 Imaging Mass Spectrometry

8.5.1 MALDI-IMS

MALDI profiling and spectral fingerprint analyses have no doubt provided great
analytical power in the previous examples. Very similarly, MALDI-MS can be
used as an imaging modality by systematically interrogating samples at defined x/y
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Fig. 8.2 The MALDI Imaging Mass Spectrometry workflow begins with tissues sectioned very
thin and mounted to a slide. Tissues can be washed to remove interfering lipids and salts or not
treated at all. MALDI matrix, typically small organic acids, are then applied to the surface in a
homogeneous way. A laser is used to interrogate the sample at defined x/y coordinates and a mass
spectrum is collected at each location. Heat maps can be generated by setting mass windows and
integrating the area under the peak in the selected windows. These heat maps reveal the spatial
distribution of analytes within thin sections

coordinates (Fig. 8.2). The spectral data can be correlated and heat maps can be
generated for each ion of interest. This reveals not only the specific m/z of the
analyte but also the spatial origin of that analyte. Using this modality, molecular
species of interest can be tracked regiospecifically to biological foci to help draw
conclusions. In cases of infection, this has been used to help define biological sys-
tems in many ways- from tracking antibiotics in tuberculosis lesions [30] to tracking
metals in bacterial biofilms [31].

8.5.2 Staphylococcus aureus Infections

One noted ESKAPE pathogen that has been extensively studied by IMS is
Staphylococcus aureus. S. aureus colonizes the anterior nares of approximately
30% of the population, with approximately 2% of those strains being antibiotic
resistant [32]. It is a cause of significant morbidity, accounting for half of all reported
deaths from antibiotic resistant bacteria reported in the CDC’s 2013 report [1].
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S. aureus infection causes the formation of purulent inflammatory foci, called
abscesses, which are characterized by the recruitment of host immune cells, in par-
ticular neutrophils [33]. Previous studies have used IMS to analyze the staphylococ-
cal abscess. For these studies, 6 week old mice were systemically infected with S.
aureus and were sacrificed at varying stages of abscess development. Organs were
aseptically removed and flash-frozen for downstream MALDI analysis. An initial
study revealed accumulation of the host protein calprotectin at sites of neutrophil
aggregation [34]. This protein has been reported to make up to 40% of the cytosolic
protein content of a neutrophil [35]. Calprotectin consists of two subunits, SIO0AS
and S100A9. Together the subunits have the ability to chelate metals at sites of
infection [36]. This contributes to a host immune strategy called nutritional immu-
nity- a process by which host cells sequester nutrient metals from invading patho-
gens [37]. Calprotectin has been shown via IMS to be a temporally transient
protein- it aggregates at sites of active infection and is cleared when the immune
stimulant is no longer a threat [38]. Accumulation at infectious foci is not without
risk to the protein; these regions are under significant oxidative stress from other
neutrophils attempting to kill pathogens [39, 40]. Utilizing high resolving power
mass spectrometers, such as Fourier transform ion cyclotron resonance mass spec-
trometers (FT-ICR), the protein can be studied in even greater detail. High mass
resolving power IMS allows researchers to study not only the protein, but the pro-
tein in different modified forms. Recent work has revealed that calprotectin becomes
oxidatively modified in a regiospecific way (Fig. 8.3) [41]. Most interestingly, this
work revealed a modified form of SIO0AS, with a cysteine residue experiencing a
trioxidation, to be localized to a staphylococcal colony. Such studies allow an
unprecedented view of the pathogen-host interaction by revealing how host proteins
are modified in their attempt to destroy the pathogen.

These previous studies have provided significant insight into the host response to
bacterial infection within the staphylococcal abscess. However, studying the patho-
gen has remained analytically challenging. Within the center of these abscesses
resides a small colony of bacteria, called the nidus. This biofilm is situated in a
unique environment of host-induced stresses and represents the physiologically rel-
evant form of bacteria causing disease within the host. The nidus of a staphylococ-
cal abscess can grow quite large in cases of severe sepsis, making this model system
ideal for applying new IMS technologies. Utilizing high mass and spatial resolution
MALDI-IMS, researchers can directly analyze bacteria actively causing disease
within host tissues for the first time. This provides novel molecular insights at the
pathogen-host interface.

One of the first key analyses of study is the determination of the spatial resolu-
tion needed to resolve biological features. Several key experimental parameters
affect spatial resolution. They include the laser spot size and the step spacing at
which spectra are collected. Combined these parameters yield the effective spatial
resolution [42].

Figure 8.4 illustrates four serial sections of a mouse kidney infected with
S. aureus. Each section was interrogated at a different pitch with constant
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Fig. 8.3 Spatial resolution is important in MALDI IMS to define anatomical features of interest.
(a) An H & E stain of a staphylococcal abscess in a mouse kidney. The inset shows the anatomy of
the abscess, with staphylococcal colonies residing in the center. (b—e) Serial sections of the mouse
kidney analyzed at increasing spatial resolutions. b, ¢, d, and e were interrogated at 200, 150, 100,
and 50 pm spatial resolution. A signal co-localizing with the bacterial colony is displayed in yel-
low. At increasing spatial resolution, it is much easier to distinguish this signal from surrounding
host tissues

instrumental conditions. As the spatial resolution of the analysis increases from
200 to 50 microns, the features differentiating the staphylococcal colony within the
lesion can be determined. A signal co-localizing with bacterial colonies appears at
m/z 6,888 and is displayed in yellow in Fig. 8.4. As spatial resolution increases, co-
localization with bacterial colonies becomes much more apparent.

MALDI-IMS instrumentation has also experienced great advancements in the
last 5 years, further enabling such analyses. For example, laser optics can be refined
to decrease the footprint of the beam, allowing high spatial resolution experiments
to be possible [43]. Next generation instrumentation is being designed to rapidly
and accurately interrogate tissue at higher spatial resolution [44, 45]. These
technological advancements have allowed tissues to be studied at extremely high
spatial resolution and are important innovations to support the continued study of
the pathogen-host interface [43, 46].
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Fig. 8.4 “Selected ion images of intact proteins from kidney tissue from a mouse infected with S.
aureus collected using MALDI FTICR MS (a). Ions were identified using mass accuracy to cor-
relate imaging results with separate top-down proteomics experiments. For comparison, a serial
tissue section was H&E stained (b). Ion image overlays show the advance oxidation product
S100A8 — M70/C420; is localized specifically to the center of infectious foci (c). Italicized ions
were tentatively identified by mass accuracy only” (Reprinted with permission of Springer,
Ref. [41])

8.5.3 Analyte Identification Strategies

Both MALDI profiling and MALDI imaging approaches yield a wealth of data from
tissue. A number of analyses have been able to successfully perform diagnostic
assays simply by fingerprint matching. For example, it is hypothesized that most of
the signatures in microbial fingerprinting from agar are actually small ribosomal
proteins [47-50]. These analytical strategies have made a large impact on clinical
microbiology and the time to diagnosis and antibiotic intervention even without
knowing the identities of the peaks in the classifier. Recently, the field has begun the
arduous task of identifying the proteins yielding the fingerprint patterns used in
classification [47, 49]. Identification of analytes that denote antibiotic resistance or
increased pathogenicity has utility not only in clinical settings but also in the pri-
mary research laboratory.
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MALDI profiling and imaging experiments performed in the research laboratory
have the potential to reveal unprecedented information about microbial pathogene-
sis and the pathogen-host interaction by allowing for the study of bacteria within
host tissues actively causing disease. However, in order to drive biological conclu-
sions, identification of these analytes is necessary. IMS experiments yield an enor-
mous amount of data, making identification a cumbersome process. Recently there
have been many advancements in the field that facilitate analyte identification.
These strategies are depicted in Fig. 8.5.

8.5.4 Protein ldentification Strategies

A majority of microbial typing and histology-directed experiments focus on small
proteins, typically under 30 kDas. Protein identification strategies typically begin
with analyte extraction. This can be performed in bulk, by homogenization of the
sample, or in more spatially directed approaches, including laser capture microdis-
section or punch biopsies. Another recent method, called microextraction, allows
researchers to extract directly from tissue sections in a spatially refined manner
[51]. When trying to identify species from IMS experiments, enriching the sample
for the species of interest by spatially directed extraction can greatly enhance the
chance at analyte identification.

Bottom-up proteomics approaches have been used with success for protein iden-
tification. In these experiments, an enzyme, typically trypsin or LysC, is used to
reduce the protein of interest to peptides for traditional LC-MS/MS analysis. Since
the MS/MS analysis is performed at the peptide level, it is sometimes difficult to
isolate which intact protein mass corresponds to the MALDI-MS target. In solution
digestions of bulk extracts are very rich and will yield a large number of protein
identifications. While this presents a wealth of knowledge related to the biology of
the sample, it is not the best approach for matching protein identities to MALDI-MS
experiments.

A large majority of identification of small proteins from MALDI-MS experi-
ments have utilized in-gel digestions for identification. In this strategy, the protein
of interest is loaded into a high percentage SDS-PAGE gel. The gel band or region
of interest is excised and subjected to in-gel tryptic digestion and analyzed by
LC-MS/MS analysis. This method is relatively straightforward and has been used
with success [31, 34]. However, there is a plethora of proteins that are successfully
identified from a single gel band or a region of a gel. This requires the researcher to
make an educated association for identification. This includes the consideration of
peptide counts for each identified species as well as the theoretical mass of the pro-
tein. The analyte of interest could be a small fragment of a much larger protein,
introducing uncertainty in the identification. Additionally, this method has
difficulties in assessing post-translational modifications or truncations that cause
deviation from the anticipated intact mass. Additional certainty can be gained by
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Fig. 8.5 An overview of analyte identification strategies. Step 1 includes generating targets from
MALDI IMS experiments. These can be a range of analytes from proteins to lipids and small mol-
ecules. An ideal analyte is robust, appearing in technical replicates of the same tissue sections and
reproducible, appearing in biological replicates of the same biological model. Step 2 involves
physically extracting the targets from the tissue. This can be done from bulk homogenates or spa-
tially from a tissue section. Care should be taken to match the sample preparation used in IMS
experiments when using the tissue section methods. This includes washing strategies to remove
interfering analytes. Step 3 is to further purify samples if needed. A broad range of strategies can
be used, including offline HPLC fractionation, SDS-PAGE gels, or affinity chromatography. Step
4 is used to actually fragment the analyte of interest. Two main proteomics approaches are used:
top-down sequencing which fragments intact proteins and bottom-up sequencing, which utilizes
an enzymatic digestion to create peptides which are framented
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adding a separation before the gel step. Here, a protein extract is fractionated by
another analytical technique, traditionally HPLC or affinity chromatography, with
fractions collected and stored. When MALDI-MS is used to interrogate the frac-
tions, the analyte of interest can be isolated to a more purified fraction. Using this
approach will decrease the amount of protein identified from the gel band and can
therefore give the researcher more confidence in the identification [31].

Top-down sequencing presents an ideal method for protein identification. In this
workflow, the intact protein is fragmented using electron transfer dissociation. In
this approach, the intact mass of the protein is recorded prior to fragmentation. This
removes any ambiguity about which parent ion the fragments derived from. When
trying to assign identities to MALDI-MS experiments, this approach is superior
because the mass of the parent can be matched back to MALDI data [41].

8.6 Peptide Identification Strategies

MALDI-MS profiling and imaging experiments are not limited to intact proteins.
Performing a digestion step either in solution or in situ prior to MALDI analyses has
great benefit. It allows for the analysis of proteins that are very large or for the
analysis of biopsies that have been fixed. Many mechanisms of antibiotic resistance
require large protein machinery to confer that resistance. Therefore, implication of
a digestion step prior to MALDI analysis could yield increased sensitivity for
microbial fingerprinting assays. Traditional enzymatic digestion protocols require
an incubation step to allow the enzyme to act upon the proteins in the sample. This
could prove prohibitive in the clinical identification workflow, when time to patho-
gen identification and antibiotic intervention is paramount for successful treatment
[52]. Recent advancements in microwave-assisted enzymatic digestion are promis-
ing approaches to reduce the time needed for enzymatic digestion [53, 54].

In situ enzymatic digestion has been performed on both fresh-frozen and
formalin-fixed, paraffin embedded (FFPE) tissue for peptide profiling and classifi-
cation [55, 56]. Though these methods have not yet been applied to infectious dis-
eases, it is an attractive solution for handling clinical biopsies of unknown origin or
those of significant biosafety risk. Additionally, since the analytes measured in this
approach are peptides, it is much easier to match the analyte mass to the species
sequenced in a parallel LC-MS/MS analysis, circumventing the problems discussed
above.

Another emerging technology that can be used for peptide identification is the
hydrogel. In this approach, a small punch of acrylamide is loaded with enzyme and
placed on the tissue for digestion [57]. This allows for spatially defined proteomics
to be performed on the surface of tissue samples. Hydrogel technologies have been
used to successfully interrogate both fresh-frozen and formalin-fixed biopsies [58].
Additionally, hydrogel technologies have been coupled to microwave-assisted
enzymatic digestion to decrease the time needed to perform a digest [54]. Rapid
tryptic digestion allows the analysis of peptides to be within the time range needed
for practical implementation into the clinical workflow of microbial biotyping.
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8.7 Conclusions

MALDI mass spectrometry has had broad positive impacts on the field of infectious
diseases. Through microbial biotyping by matching an intact bacterial colony’s
spectral fingerprint to known databases, the ability to rapidly identify pathogens
from culture has enabled many clinicians to rapidly provide appropriate antimicro-
bial intervention for patients. This can be further extrapolated to histology-directed
MALDI mass spectrometry, where histological features within tissue sections can
be targeted for interrogation with a mass spectrometer. Future work in this field
could involve targeting areas within biopsies that were suspect for microbial infec-
tion and obtaining a spectral fingerprint to identify the pathogen causing disease
from directly within host tissues. Imaging Mass Spectrometry takes these experi-
ments one step further by systematically interrogating a tissue surface to reconstruct
the molecular pathology of a biopsy. This allows researchers to target not only the
pathogen signals but also the changing host environment surrounding the threat,
allowing for unprecedented molecular study of the pathogen-host interface. Analyte
identification strategies are another crucial area of research so that researchers can
learn the identity of these differentially localized molecular species. Utilizing a
mixture of the technologies discussed here has the potential to revolutionize the
study of microbial pathogenesis and could present a number of novel targets for
antimicrobial intervention.
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Chapter 9

Soft X-ray Radiation Applied in the Analysis
of Intact Viruses and Antibodies by Means
of Nano Electrospray Differential Mobility
Analysis

Guenter Allmaier, Victor U. Weiss, Nicole Y. Engel,
Martina Marchetti-Deschmann, and Wladyslaw W. Szymanski

Abstract The analysis of an intact infectious virus and a therapeutic monoclonal
antibody with a nano electrospray differential mobility analyzer, a kind of ion
mobility device, (nES-DMA aka nES GEMMA, macroIMS or SMPS) incorporat-
ing a commercial soft X-ray (SXR) source for charge reduction was successfully
demonstrated representing a clear alternative to a 2'°Po-based charge reducing
source for bio nanoparticles. Not only bio nanoparticle detection and size determi-
nation will be shown with the SXR device but also particle number-based quantifi-
cation demonstrated with an antibody. These achievements will open up new
avenues in life sciences in general as well as in biomonitoring.

9.1 Introduction

Nearly every technique for the analysis and handling of aerosolized nanoparticles
(NPs) applied electrostatic principles which make the well-defined charging of NPs
an essential requirement for the application of such techniques. The most popular
application of a charging device in the field of bio aerosol science is the use in com-
bination with a differential mobility analyzer (DMA). For this purpose a bipolar
diffusion charger based on radioactive sources as ®Krypton, 2!°Polonium or
2 Americum is in practice to generate bipolar ions from air inside the charge
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manipulation device. The big advantages of this approach are the ease of use, low
cost and the well-defined charge distribution which is achieved. However, the
increasing legal regulations in a huge number of countries concerning any use of
radioactive material as well as potential safety risks are making this approach
increasingly difficult in everyday life in the lab (particular in biochemical and
chemical laboratories) and have stimulated the search for suitable alternatives. The
alternatives for the mentioned radioactive source to generate the air ions for the
charge manipulation process are electrical discharge as corona discharge (but gen-
erating a monopolar atmosphere) or soft X-ray (SXR) irradiation. X-ray radiation
has been applied to charge aerosols already at the beginning of the twentieth century
[1]. To a certain extent it was reinvented or better reintroduced in aerosol physics by
Shimada et al. [2] during the last years. This type of charge manipulation device in
combination with nano electrospray (nES) still generates some critical radiation,
but this can be easily shielded and the system can be switched on and off. In a
number of papers it was shown that a similar charging performance of SXR devices
could be achieved [3-5] (see Fig. 9.1a containing two soft X-ray tubes in one device
[3]). Nevertheless there is no consistent demonstration that a commercial SXR
charger (Fig. 9.1b) generate similar data for bio nanoparticles (bio NPs), i.e. intact
viruses and labile proteins from the type of an antibody, which might be more sensi-
tive to the high intensity radiation. Furthermore we investigated the quantitative
response of a commercial integrated SXR device with a nano DMA and water-based
condensation particle counter (CPC) for an antibody.

Separation of single-charged (by means of radioactive sources) bio NPs in the
gas-phase by application of a constant sheath flow of air and a tunable electric field
after a nES process and charge conditioning — a concept first presented by Kaufman
and colleagues in 1996 [6] for globular proteins — finds increasing attention in bio
NP analysis. This system is called either nES-DMA, nES GEMMA (gas-phase
electrophoretic mobility molecular analyzer), LiquiScan-ES, macro ion mobility
spectrometer (macroIMS) or scanning mobility particle sizer (SMPS), i.e. a lot of
acronyms describing all the same concept. What is of great importance in contrast
to hydrodynamic particle size values as obtained for liquid-phase separations,
nES-DMA, i.e. gas-phase electrophoresis, yields dry NP diameters. In case of
spherical NPs, detected diameters corresponds to the NP size. Number-concentration
based data evaluation allows NP characterization as recommended by the European
Commission (2011/696/EU from October 18th, 2011). In the field of bio NPs,
gas-phase electrophoresis (nES-DMA) is especially interesting for the analysis of
viruses, virus-like particles and large proteins as shown by Bacher et al. [7] in the
year 2001 and reviewed by Pease a decade later [8] as these analytes often exhibit
spherical or near-spherical shapes. nES-DMA data can be employed for bio NP size
determination and investigation of virus formation, studies of virus binding to
receptor molecules, antibodies and antibody fragments [9, 10] or particle molecular
weight (MW) determination via comparison to standard molecules of known MW
[6-7, 11].
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Fig. 9.1 (a) Scheme and picture of a home-built SXR source containing two photo ionizers
(9.5 kV tube voltage) covering a large charge manipulation volume [3]. Everything is on-axis from
the aerosol droplet entering and the leaving of the singly charged and neutral nanoparticles. (b)
Scheme and picture of a commercial SXR containing device (advanced aerosol neutralizer model
3482) consisting of one photo ionizer axially mounted (to show a maximum of interaction volume)
at the charge manipulation zone (with an added orifice plate after the spray capillary tip). The
singly charged and neutral particles leave the device perpendicular to the axis of photo ionizer tube
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In a series of papers we concentrated on the analysis of human Rhinovirus (HRV)
serotype 2 (HRV). HRV, a non-enveloped, icosahedral bio NP of approx. 30 nm
diameter, is comprised of four viral proteins, sixty copies each, and a single stranded
RNA genome bound to one copy of an additional viral protein. The MW of such a
macromolecular assembly was calculated to be 8.09 MDa [12]. With the current
investigation we aimed to analyze HRV with a commercial SXR device incorpo-
rated in a nES-DMA system for charge conditioning [13].

Monoclonal antibodies have become major therapeutic and diagnostic agents
and have been used for the treatment of many diseases as well as for biomedical
research. Thus, it is of importance to find highly sensitive methods to monitor the
antibodies’ production, purity, and the formation of aggregates or degradation prod-
ucts. Due to working at atmospheric pressure and under relatively soft conditions,
the nES-DMA system containing a commercial SXR source [13] allows the analy-
sis of bio macromolecules as proteins in native-like conditions keeping non-covalent
interactions intact [7]. A 148 kDa therapeutic monoclonal antibody was evaluated in
terms of the analytical feasibility with the new commercial SXR device.

9.2 Experimental

9.2.1 Instrumentation

nES-DMA, i.e. gas-phase electrophoresis was carried out on a macroIMS system
(TSI, Shoreview, MN, USA) consisting of a so-called advanced electrospray charge
conditioning device with one SXR tube (model 3482, concept and picture shown in
Fig. 9.1b), an electrostatic classifier (model 3082) including a nano DMA and a
water-based CPC (model 3788). The virus samples were electro sprayed from
ammonium acetate (20 mM, pH 8.4, filtered through a 0.2 pm pore size syringe
filter) by application of a NE-1000 syringe pump (New Era Pump Systems,
Farmingdale, NY, USA) set to 5-6 pL/min flow. Application of a 40 pm inner diam-
eter, tipped fused silica capillary (tip prepared as described [14]) was found benefi-
cial for obtained results. Compressed air for the nES process was additionally dried
(Variodry Membrane Dryer Superplus, Donaldson, Bloomington, MN, USA).
Parameters for the nES process to obtain a stable Taylor cone typically were 1.4—1.5
standard liters per minute (slpm) air, 0.1 slpm CO, and 1.4—1.7 kV (spray voltage).
Analytes were separated in the gas-phase by application of 30 Lpm laminar air flow.
Spectra were recorded in the EMD size range of 2—45 nm by variation of the applied
voltage (56 s scan time in case of virus samples and 11 or 56 s scan time in case of
the antibody samples). Reset of the applied voltage to starting values (3 s)and a 1 s
lag lead to the recording of 20 individual spectra within the measurement time of
20 min. All data result from triplicate measurements.
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9.2.2 Samples

A HRV serotype A2 sample prepared as described (including an additional lipase
digestion step) [15] was subjected to buffer exchange applying 10 kDa MW cut-off
spin filters (polyethersulfone membrane, VWR, Vienna, Austria) [16] and dilution
to yield samples of 4 nM virus concentration for nES-DMA experiments.

376 nM monoclonal antibody (therapeutic grade) dissolved in 5 mM histidine
and 60 mM trehalose buffer (pH 6.0) was used. Sample concentration and buffer
exchange to 40 mM ammonium acetate (pH 8.0 or 5.0) was carried out in 10 kDa
centrifugal filters (VWR, Vienna, Austria) and dilutions ranging from 5 to 7527 nM
were prepared for nES-DMA investigations.

9.3 Results and Discussion

As demonstrated in Fig. 9.2 nES-DMA analysis with the SXR device for charge
reducing (generating only singly charged bio NP species) of the intact HRV (includ-
ing the complete genetic information in the form of the RNA) is possible. A well-
defined peak ([M]*) at 30.4 nm was obtained, representing the virus particle. Besides
the peak for the human Rhinovirus at 30.4 nm EMD also two additional sample
components at approx. 14 nm EMD (probably a complex protein) and a broad peak
with an apex at approx. 25 nm EMD (cell membrane fragments or exosomes resi-
dues derived from the cell culture) are detected. The latter two peaks originate from
contaminating material from the virus preparation process, which were not com-
pletely removed during virus preparation. What has to be pointed out is the fact that
the inner diameter of the spray capillary has to be 40 pm. The use of 25 pm inner

Fig. 9.2 nES-DMA results Intact human
of the analysis of an intact . .
HRYV sample (4 nM virus Rhinovirus
concentration in 20 mM 35001 [m]*
ammonium acetate at pH 3000 4
8.4). The most abundant a;
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with an EMD of 30.4 nm £ ((M]* of protein
corresponding to the intact E 2000+ complex?)
virus including the RNA @ 15004
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Fig. 9.3 (a) nES-DMA
results of the analysis of a
monoclonal antibody at
different pH values (5 and
8) of the spray solution and
at two different DMA scan
times (11 and 56 s). The
most abundant peak ([M]*)
is detected with an EMD
of 9.46 + 0.00 nm and 9.46
+0.13 nm (with a DMA
scan time of 56 s at pH 8
and pH 5) corresponding to
the singly charged
antibody. The most
abundant peak at pH 8 and
only 11 s DMA scan time
was 9.90 + 0.05 nm. Peaks
corresponding to higher
EMD values are
corresponding to antibody
dimers ([2M]*, 11.71 =
0.00nmpHS5and 5 s
DMA scan time) and
oligomers. (b) Plot of peak
area of [M]* ion derived
from the well-resolved
antibody monomer versus
antibody concentration of
the spray solution (at pH 8
and 56 s DMA scan time)
across three decades of nM
concentration range
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diameter fused silica capillaries was not successfully so far and maybe related to
clogging (adsorption of the virus NPs on the inner surface) effects. The obtained
data are in excellent agreement with data obtained by nES device combined with a
commercial 2!°Po source. The device has to be evaluated further in terms of sensitiv-
ity and application to other type of virus species.

Monoclonal antibody dilutions were analyzed by the nES-DMA with the SXR
device in combination with a water CPC and in all cases successfully singly charged
molecules ([M]*) could be obtained with high abundance shown in Fig 9.3a. An
average size of 9.46 nm (at pH 5 and 8 at DMA scan time of 56 s) based on the EM
diameter was obtained corresponding to values obtained by a 2'°Po-based source
and an identical nDMA. Furthermore low abundant peaks representing dimers
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([2M]") and trimers ([3M]*) and oligomers ([nM]*). The latter are not well-resolved
anymore. Different DMA scan times, namely 11 and 56 s at two different pHs, 5.0
and 8.0 were evaluated further (see Fig. 9.3a). The shorter scan time of 11 s was
chosen for fast analysis times needed for on-line coupling with high performance
liquid chromatography as size exclusion chromatography or capillary zone electro-
phoresis systems. 56 s was chosen for better DMA resolution. Results were com-
pared in regard to EMD values, peak form, and peak height or area. Limit of
detection (LOD) and limit of quantitation (LOQ) were determined for analysis.
Inter-day and intra-day variability was evaluated for measurements with 56 s scan
time. Good repeatability for (i) EMDs, (ii) peak widths, and (iii) peak area/heights
were observed. The latter parameter, however, exhibits the highest standard devia-
tions (SDs), especially in regard to measurements on different days. Inter-day varia-
tion was 28%, but intra-day variation only below 6%. Reproducible measurement
set-up using similar parameters, the same capillary, and the formation of a stable
cone-jet mode are of importance for such results. SDs are very likely to be further
reduced by replacing the syringe pump for direct infusion with a liquid phase sepa-
ration system. Directly comparing different DMA scan times at different pH shows
the influence (Fig. 9.3a). Switching from 56 to 11 s drastically changes the signal
intensity, peak width, and EMD. EMDs were detected at significantly higher values
(9.46 nm versa 9.90 nm EMD) at lower scan speed. However, a mere variation of
the pH at 56 s scan time did not affect the EMDs. In all cases, the determined EMD
stayed very reproducible for each condition with SDs below 1.3%. The lower scan
time of 11 s also caused peak broadening of about 30%. In contrast, the correspond-
ing FWHM (full-width half maximum) values for each scan time stayed quite con-
stant over the concentration ranges with a slight increase towards lower
concentrations. Therefore, the SDs of the mean values were higher than for the
EMDs (below 8% for the monomer signals and below 15% for dimers and trimers).
Figure 9.3b displays a dilution experiment for the monoclonal antibody covering a
wide concentration range from single digit beyond 10° nM applying the SXR tube
and a water CPC (solution pH 8.0 and DMA scan time 11 s). The corresponding
peak areas for the monomeric peak ([M]*) were plotted against the antibody con-
centration. As expected, signal intensity increased with higher concentrations and
the calibration showed a good linearity (1> = 0.9968). The upper limit of the linear
range for the antibody monomer was at approx. 2000 nM at 11 s DMA scan speed.
The particular reason for that is the increased tendency to form gas-phase dimers,
trimers and unresolved oligomers during the nES process. In order to define LOD
and LOQ of the analysis, pure background electrolyte was analyzed and its mean
value as well as the SD in the range of 9-11 nm calculated. LOD was then deter-
mined as the mean value plus 3x SD, LOQ as the mean value plus 10x SD, which
resulted in a LOD and LOQ of 5 and 10 nM, respectively. These values were in good
accordance with the measurements of 4.7 and 18.8 nM having a signal-to-noise
ratio over 5 and 20, respectively.
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9.4 Conclusions

The analysis of an intact human virus and a therapeutic monoclonal antibody with
a nES-DMA incorporating a commercial SXR source (Fig. 9.1b) was successfully
demonstrated representing a clear alternative to a 2'°Po-based charge reducing
source for bio NPs. Not only sizing will be feasible with the commercial SXR
device but also particle number-based quantification will be possible across a con-
siderable linear range as shown for the monoclonal antibody. These achievements
will openup new avenues in life sciences in general as well as in bio NP monitoring
e.g. in airplanes, space crafts or indoor and QC (PAT) in biotechnology as well as
vaccine production.
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Chapter 10
Mass Spectrometry in Environmental
Chemistry and Toxicology

Ksenia J. Groh and Marc J.-F. Suter

Abstract The aquatic environment has long been a sink for diverse chemicals
released as a result of human activities. In order to assess the associated risks for the
aquatic life, both the chemicals’ occurrences (exposure) as well as their effects in
the living organisms (hazard) need to be known. These two aspects are studied by
environmental chemistry and toxicology, respectively. Mass spectrometry has been
successfully applied in both fields, as it can be used not only for measuring the pol-
lutants in different environmental compartments, but also for gaining novel insights
into the molecular mechanisms of toxicity. We here discuss the application of mass
spectrometry in environmental chemistry and toxicology, illustrated by several case
studies drawn from research carried out at our institute.

10.1 Introduction

Environmental sciences have evolved from being able to detect a limited set of envi-
ronmental contaminants found at relatively high concentrations to where thousands
of targets can be detected in a data-independent way. Examples for the first case are
accidents that were catastrophic for the people involved, but raised awareness of the
imminent risk of certain industrial procedures. One example is the Seveso disaster
of 1976, where a runaway reaction, caused by overheated steam, led to the acciden-
tal release of the highly toxic dioxin 2,3,7,8-tetrachlorodibenzodioxin (TCDD) in
kg amounts [1]. Another industrial accident, considered the world’s worst, hap-
pened in 1984 in Bhopal, India, when water leaking into a tank containing methyl
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isocyanate initiated an exothermic reaction that led to the release of 40 tons of
methyl isocyanate, killing over 3000 people within a day [2]. Finally, in 1986 a fire
in a storehouse for chemicals at Schweizerhalle in Northern Switzerland and the
subsequent run-off of firefighting water contaminated the River Rhine from Basel to
its estuary near Rotterdam in The Netherlands, wiping the ecosystem clean of life
along long stretches [3]. All three disasters produced high concentrations of pollut-
ants in a very short time and were caused by neglected safety features or design
errors, such as a missing retention basin. The Schweizerhalle case was the only one
involving a multitude of initially unknown chemicals potentially responsible for the
observed toxic effects. Both, the Seveso and the Schweizerhalle incident kick-
started the development of highly specific and sensitive mass spectrometers. For
instance, in order to accurately quantify the dioxin congeners of differing toxicity in
the presence of other polychlorinated compounds (such as polychlorinated biphe-
nyls — PCBs), mass spectrometers providing a resolution m/Am of better than
10,000 were required. At that time double-focusing sector field instruments were
the only commercially available mass spectrometers capable of such a feat.

Another limitation was given by the fact that target analytes had to be ionized by
electron ionization (EI), the most commonly used technique in the 1970s and 1980s.
This limited the range of chemicals amenable for mass spectrometry (MS) analysis
to those being volatile, i.e. having a mass typically below 1000 Dalton, and being
thermally stable. Only in the 1990s, with the advent of electrospray ionization (ESI)
and matrix-assisted laser desorption ionization (MALDI), the field of MS applica-
tions expanded towards polar and ionic target analytes. In addition to that, ESI
extended the accessible mass range by orders of magnitude, due to the fact that it
produces multiply charged species. This in turn provided the possibility to analyze
biological macromolecules such as enzymes, allowing for instance to investigate
stress response of organisms on the molecular level [4, 5].

Figure 10.1 illustrates the fields of application of gas chromatography (GC)-MS
and liquid chromatography (LC)-MS in a biased personal representation. Of course
the polar part can be partially addressed with GC-MS after derivatization.

10.2 The Universe of Chemicals

The “Universe of Chemicals” shown schematically in Fig. 10.1 consists of millions
of substances. According to the Chemical Abstracts Service (CAS — an operating
division of the American Chemical Society) the 100 millionth CAS registry number
was assigned on June 29, 2015 [6]. Over 300,000 of the 100 million registered
chemicals are inventoried/regulated substances. Of course, not all of these will be
necessarily present in the aquatic environment. However, even if it is only a fraction
of these 300,000 plus regulated chemicals that pose a risk, the number is likely still
beyond what can routinely be monitored simultaneously. In addition to the sheer
size of the chemical universe, it also covers a wide range of physical-chemical prop-
erties, from apolar with logK,,, > 5, to polar and ionic, from volatile to non-volatile.
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Fig. 10.1 The “Universe of Chemicals” as seen from the point of view of a mass spectrometry-
practicing environmental scientist (author’s biased personal representation). The lower left part of
the diagram can be analyzed using GC-MS, while the polar and ionic high molecular weight com-
pounds have only become accessible with soft desorption ionization techniques such as electro-
spray, typically used in LC-MS

Furthermore, the speciation of a polar or ionic species depends on pH and poten-
tially other (charged) chemicals present in the matrix, thus strongly influencing
sorption onto sediments, interaction with natural organic matter and uptake into
aquatic organisms [7]. To simultaneously capture this multitude of chemicals,
mixed-mode enrichment [8, 9] and separation [10] are required. A combination of
four different separation mechanisms has been achieved by coupling two commer-
cial mixed-mode columns, containing C18 that also acts like hydrophilic interaction
chromatography (HILIC) down to 70% organic, and either weak anion (WAX) or
weak cation exchanger phases (WCX — see Fig. 10.2). An environmental extract is
injected onto a C18 trap, which captures hydrophobic compounds, while anionic or
cationic chemicals pass through to the WAX-WCX columns.

They are then separated by a simultaneous gradient for HILIC, anion and cation
exchange chromatography [10], caused by the increasing ionic strength in the elu-
ents (see Fig. 10.2¢).

After switching of the divert valve, this is then followed by a classical reversed-
phase gradient. This unique setup allows the simultaneous separation of hydropho-
bic and ionic species (see Fig. 10.3).

For the environmental toxicologist the question however remains how best to
identify the chemicals present in a very complex mixture that cause adverse effects
in an ecosystem. One approach is to develop a hypothesis of what causes the effect
and then target the chemicals known to be linked to it. Hence, when it was observed
that brown trout catches had declined by 60% over a period of 20 years in Switzerland
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Fig. 10.2 Schematic of the multimode chromatographic setup. (a) Sample loading followed by a
HILIC (hydrophilic interaction chromatography) and IEX (ion exchange) run; 3-21 min. (b)
Reversed phase (RP) run after switching of the divert valve; 21-36 min. The flow rate of the iso-
cratic delivery pump was reduced to O after 3 min. (¢) Gradient program — Eluent A: Acetonitrile
(ACN) with 3% H,0, 3 mM NH,HCO; (pH 7.3), Eluent B: H,O with 10% ACN, 30 mM NH,HCO;,
(pH 7.3) ([10], reproduced with permission)
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Fig. 10.3 Typical multimode separation chromatogram obtained from 18 standard compounds; /
phenylalanine, 2 ascorbate, 3 galacturonic acid, 4 glutamate, 5 cystine, 6 hexanoic acid, 7 glutathi-
one, 8 glucose-1-phosphate, 9 glutathione disulfide, /0 lysine, /1 tryptophan, /2 sucralose, /3
fluconazole, /4 arginine, /5 cysteine, /6 clotrimazole, /7 tocopherol, /8 dodecyl sulfate ([10],
reproduced with permission)
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Fig. 10.4 Observed decline in brown trout catches in Switzerland [12]

(see Fig. 10.4), the most popular hypothesis was that endocrine-disrupting
compounds, specifically estrogens, were affecting reproductive success, thus lower-
ing the population levels of brown trout as a consequence.

However, the following investigation lasting from 1998 to 2003 showed that
(xeno)estrogens could be made potentially responsible for reduced fish fertility and
hatching success only at hotspots, e.g. downstream of wastewater treatment plants
(WWTP), where they indeed could be detected at effect-causing levels by chemical
analysis. In the end, it turned out that one of the main reasons for the observed
declining catches was deteriorated habitat quality [11].

10.3 Effect-Directed Analysis

Another popular strategy, called Effect-Directed Analysis (EDA), is to prioritize for
chemical analysis only the samples or fractions thereof that show an effect in an in
vitro or in vivo assay (see Fig. 10.5). This allows greatly reducing the number of
samples that need to be chemically analyzed. In the ideal case the measured activity
can be explained by the chemicals found to be present in the sample. For example,
in a Swiss survey of rivers, estradiol equivalents determined in the yeast estrogen
screen (YES) were shown to correlate with estradiol equivalents calculated based
on determined concentrations and relative potencies of 17B-estrogen (E2), estrone
(E1) and 17a-ethinlyestradiol (EE2), both in grab samples and extracts from passive
samplers [13].
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Fig. 10.5 Schematic representation of the Effect-Directed Analysis (Adapted from W. Brack [14])

The same is true for tissues and body fluids as shown in the case of muscle and bile
from white fish (Corregonus lavaratus) in an alpine lake in Switzerland. Here too,
estrogenicity determined in the YES could be explained by the natural estrogens E2
and E1 [15]. Similarly, the main cause for estrogenicity measured in the River Thames
could be attributed to 178-estradiol [16], and in another project, triclosan was identi-
fied as being responsible for growth inhibition observed in green algae [17].

Although this method is straightforward when established targeted analysis is
used as in the case of the estrogens mentioned above, the investigation becomes
much more challenging as soon as targeted analysis returns a blank and the identity
of the effect-causing chemical remains unknown. In this case a differential analysis
becomes necessary. The following case study will illustrate the procedure.

At the turn of the millennium, fishermen in the Bernese Oberland, Switzerland,
observed an increased incidence of gonad malformations in white fish [18]. Potential
causes could have been biological, e.g. genetic factors or infectious diseases, or
related to environmental conditions such as temperature, habitat quality, food avail-
ability or of course water quality. In the search for causes, sediment, water and plank-
ton samples were collected and analyzed for estrogenic activity. Figure 10.6 shows
the estrogenic activity in plankton extracts, determined with two different assays, the
YES, a reporter gene assay that measures estrogen receptor activation, and the
E-Screen that measures estrogen-dependent cell proliferation. Both endpoints indi-
cate estrogenic potential of a sample, which means that e.g. the plankton collected in
Lake Brienz, August 2005 (BRI 08/05), is estrogenic. When comparing this sample
to any sample that is not estrogenic, features found in the estrogenic but absent in
non-estrogenic samples could potentially be the active compound. Identifying fea-
tures of interest is done using LC-MS/MS and data-dependent analysis [19, 20]. With
this technique, routinely used in global proteomics [5], everything eluting off the
column is collisionally activated and the fragments generated detected.
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Fig. 10.6 Estrogenic activity determined in plankton extracts collected over 3 years (2005-2007)
from four different lakes in Switzerland: Lakes Thun (THU), Brienz (BRI), Greifen (GS) and
Lucerne (VWS) [21]. The samples were analyzed using the YES and the E-Screen assays [22]

In a first step the most intense signals, determined in a full scan spectrum, are
selected and their MS/MS spectra acquired a few times. Following this, these sig-
nals are then put on an exclusion list to allow less intense features to be analyzed as
well. Depending on the settings, this then also gives information related to signals
of low intensity. Another technique, becoming increasingly popular in proteomics
and other fields is scan-independent analysis or SWATH [23]. Instead of selecting a
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single precursor ion as in data-dependent acquisition mentioned above, an entire
window of masses is collisionally activated and the corresponding fragments
acquired. Assignment of the fragments to precursor ions is then done based on over-
lapping chromatographic profiles. By repeatedly shifting the window to higher
masses the whole mass spectral information can be collected from a sample. This
allows reanalyzing the data at a later stage, when new evidence leads to new
hypotheses.

A differential analysis identifies compounds that have significantly different con-
centrations in an active versus an inactive sample. It provides accurate mass and
fragment ion information in addition to the retention time. All this helps narrowing
down the elemental composition of an unknown substance, identifying functional
groups through MS/MS spectra, and the interaction with the separation phase,
reflected in the retention time, informs on the physical-chemical properties of the
chemical.

The seven golden rules established by the Fiehn group [24] tell us for instance that
the mass 180.1020 singled out in Fig. 10.7 can only have a maximum of 15 carbon,
178 hydrogens, 11 oxygens atoms and 12 nitrogens, if it is composed of only this one
element, which of course is chemically unlikely or impossible (Rule 1). The maximal
number of elements can further be restricted based on the empirical information
available from libraries (e.g. Wiley mass spectral database [25], or the dictionary of
natural products [http://dnp.chemnetbase.com]). Another requirement for an elemen-
tal sum formula is that chemical structures can be drawn that fulfill the Lewis and
Senior rules, or in other words that “molecules consisting of main group elements,
especially carbon, nitrogen and oxygen, share electrons in a way that all atoms have
completely filled s, p-valence shells” (Rule 2) [24]. The experimental data also con-
tains isotopic information which helps filtering potential sum formulas even further
(Rule 3). Additionally, from basic MS interpretation courses it is well known that
when the monoisotopic ion M (M* in EI or [M + H]* in ESI) shows a signal with high
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Fig. 10.7 Differential analysis of an estrogenic plankton extract from Lake Brienz (BRI 08/05 in
Fig. 10.6) versus an inactive sample using the software SIEVE (ThermoScientific, USA). The
x-axis gives the significance of the difference, the y-axis the log ratio of the areas (estrogenic/inac-
tive). The shaded area corresponds to a p-value < 0.02 and a ratio >10
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intensity for the M + 2 isotope, at least one chlorine (>32%) or one bromine (>97%)
is likely to be present. Similarly, the natural relative abundance of the other elements
allows clearly assigning the natural isotopes to the higher isotope signals (see
Fig. 10.8). For instance, when looking at the number of potential candidate sum for-
mulas at mass 500, with a mass accuracy of 10 ppm, 266 candidates are possible.
With an accuracy of 1 ppm, easily achievable with an Orbitrap, only 21 remain pos-
sible. When taking into account the isotopic distribution, the candidates are further
narrowed down to 3 at 3 ppm and 2% isotope accuracy. An additional filter to reduce
the number of potential sum formulas is the H/C ratio (Rule 4). As shown by Kind
and Fiehn [24], the H/C ratio for most chemical compounds (99.7%) lies between 0.2
and 3.1, based on the Wiley mass spectral database (45’000 chemicals with a mass
range of 30 to 1,500 Da, containing C, H, N, S, O, P, F, CI, Br, I, Si). Similarly, other
element ratios again based on the Wiley library help filter the data further (Rule 5):
F/C 0-1.5, Cl/C and Br/C 0-0.8, N/C 0-1.3, O/C 0-1.2, P/C 0-0.3, S/C 0-0.8, Si/C
0-0.5; these ranges cover 99.7% of the library entries. Rule 6 performs an element
probability check and Rule 7 only applies to GC/MS data, since it does a trimethylsi-
lylation (TMS) check for derivatized compounds.

Not all of these rules are needed to find a sum formula that fits the ion at m/z
180.1020, since its mass is quite low (see Table 10.1). Table 10.2 lists possible can-
didate sum formulas for the protonated molecular ion [M + H]* of 180.1020 Da.
With a mass accuracy of 5 ppm, routinely achieved on time-of-flight instruments
and Orbitraps, only seven candidates are possible, using the elements C, H, N, S, O,
P, F, Cl, Br, I, and Si. C,H;,ON5Si and C;H4,N;S (marked with an X in Fig. 10.9) can
be ruled out because of their high H/C and N/C ratios. Figure 10.9 shows the intensities
of the M + 1 and M + 2 isotope peaks relative to the monoisotopic ion, of the ten
candidates for ion m/z 180.1020 listed in Table 10.2. If the unknown were carrying
a chlorine, the isotope pattern would be telling (see Fig. 10.9, the two points at M +
2 > 30%). What Fig. 10.9 shows is that the ten candidates can easily be distin-
guished based on their isotopic pattern (Rule 3), if the relative intensities of the
isotopes are reproducible, which is a given with current instrumentations. But can-
didate 1 in Table 10.2 is not only the prime candidate based on isotopic distribution,
but also because this investigation targeted estrogenic compounds. Most estrogens
have a steroid structure with ring A being phenolic. This means that the double bond
equivalents (DBE) must be four or higher (three for the double bonds of the aro-
matic system, and one for the ring).

This then identifies candidate 1 from Table 10.2 as the only possible candidate.
A potential structure, which fits the sum formula and MS/MS data could be pro-
posed and synthesized, but turned out to be non-estrogenic in the YES.

Even though the sum formula of the compound responsible for the estrogenic
activity found in the plankton extract from Lake Brienz could unequivocally be
determined, the structure remains unknown. Nonetheless, the case study presented
here nicely shows the power of the EDA approach.
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Table 10.1 Number of possible molecular formulas for a given mass, as a function of the
instrument mass accuracy, and considering isotopic distribution

2% isotopic

5% isotopic

abundance abundance
Without isotope abundance information accuracy accuracy
Molecular
mass [Da] 10ppm [ Sppm |3ppm |1lppm |0.1 ppm |3 ppm 5 ppm
150 2 1 1 1 1 1 1
200 3 2 2 1 1 1
300 24 11 7 2 1 1 6
400 78 37 23 7 1 2 13
500 266 115 64 21 2 3 33
600 505 257 155 50 5 4 36
700 1046 538 321 108 10 10 97
800 1964 973 599 200 20 13 111
900 3447 1712 1045 345 32 18 196

Only elements C and H used; reproduced with permission — [26]

Table 10.2 Candidate sum formulas for mass 180.1020, the corresponding double bond
equivalents (DBE), mass difference in milli-mass units (mmu) and parts per million (ppm) as well
as some selected element ratios with the range covered by 99.7% of the chemicals listed in the

Wiley mass spectral library (mass from 30 to 1,500 Da)

Sum formula | DBE Mass [Da] | Difference H/C* |[N/C |O/C |F/C |Cl/C |Si/C
0.2—

[mmu] | [ppm] 3.1 0-1.3/0-1.2  0-1.5/0-0.8/ 0-0.5
CoH ;0N 4.5 |180.10191 |0.09 | 0.526 1.3 01 02 |- -
CeH,;;,O,N,P 0.0 |180.10222 |-0.22 |-1.198 |2.7 |03 |03 |- - -
CsH;;0,N,F | 1.0 1 180.10171 [0.29 | 1.636 24 (0.8 04 (02 |- -
C,H,,ON;Si |0.5 |180.10236 |—-0.36 |—2.005 |6.5 |35 |05 |- - 0.5
C;H;ON,Cl 0.0 |180.10239 |-0.39 |-2.179 |23 |03 |01 |- 01 |-
CHNFESi 0.5 180.10146 |0.54 |3.004 21 |01 |- - - 0.1
C3H;4N,S 0.5 |180.10259 |-0.59 | -3.280 43 |23 |- - -
C;sH;5sNsCl 0.5 | 180.10105 |0.95 |5.276 28 (1.0 |- - 0.2 |-
H,N,(Si 1.0 |180.10102 |0.98 |5.450 - - - - - -
CHsONF 0.5 |180.10305 |—-1.05 |-5.819 [2.0 |01 (04 01 |- -

Bold and underlined entries are in agreement with the seven golden rules [24]

*Calculated without the hydrogen responsible for the positive charge
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10.4 Mass Spectrometry for Characterizing Interactions
of Chemicals with Organisms

EDA described above depends on the availability of established bioassays measur-
ing biological responses that can be mapped onto a particular toxicity pathway lead-
ing to an apical outcome of interest. However, cellular and physiological changes
occurring in response to environmentally relevant chronic exposure to low levels of
contaminant mixtures can be rather subtle and not easy to pinpoint with ‘traditional’
bioassays, as these may suffer from inferior sensitivity. To develop novel bioassays
for EDA that cover additional toxicity pathways, in particular those leading to sub-
lethal effects as a result of chronic exposure, a solid understanding of how a chemi-
cal or a chemical mixture affects an organism is needed. However, for many
chemicals present in the environment the understanding of their effects and mecha-
nisms of toxicity, both individually and in a mixture, is currently incomplete.

Interactions between chemicals and living organisms are typically characterized
by two aspects — toxicokinetics and toxicodynamics [27, 28]. Toxicokinetics covers
everything that an organism does to and with a chemical, i.e. uptake, biotransforma-
tion, and excretion, but also internal distribution to the target sites where the chemi-
cal or its metabolite will actually exert its toxic action(s). These are addressed by
toxicodynamics, i.e. what a chemical does to an organism. This includes for exam-
ple, causing DNA adduct formation [29], oxidizing membrane lipids [5], or inter-
acting with a nuclear receptor and by that triggering a molecular cascade resulting
in gene expression changes and metabolite alterations [30]. MS-based techniques
can be applied to obtain both toxicokinetic and toxicodynamic data.

Internal chemical concentrations of chemicals and their transformation products
can be determined for biological specimens with the same approaches used for
chemical measurements in environmental compartments [8, 27]. Taking samples at
different time points, performing depuration experiments, or carrying out non-
targeted or targeted metabolite screening allows constructing time-resolved profiles
of chemical uptake, biotransformation, and excretion [31, 32]. Furthermore,
MS-imaging techniques such as matrix-assisted laser desorption-ionization
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(MALDI) can be used to study the internal distribution of chemicals. This is done
by measuring the analyte of interest on histological sections from different body
parts and organs. MALDI MS imaging (MALDI MSI) has for instance been suc-
cessfully applied to study the internal distribution of cocaine in zebrafish larvae.
This study showed that, following waterborne exposure, the chemical distributes
not only to the expected site of action, the brain, but also to other body sites, notably
melanin-containing cells along the body and in the eyes [32]. These data were criti-
cal to the interpretation of behavioral changes occurring in this model organism in
response to waterborne cocaine, in particular for understanding the differences in
responses observed in zebrafish larvae and mammals.

When investigating the toxicodynamics of chemical interaction with the organ-
ism, in particular when looking at molecular mechanisms of toxicity, MS can pro-
vide data on gene expression and cellular signaling cascades. MS-based approaches
are especially useful when looking at proteins (proteomics) and metabolites (metab-
olomics) [33].

On the protein level, both global and targeted MS-based techniques can be used
to characterize the protein abundance as well as post-translational modifications of
proteins. For example, Multidimensional Protein Identification Technology
(MudPIT) allows the simultaneous characterization of several thousands of protein
species as well as their alterations in response to toxicants. Thanks to the advance-
ment of sequencing techniques and the availability of sequencing information,
global proteomics analysis can now be carried out not only in the relatively well-
characterized species often used in the lab, such as zebrafish (Danio rerio) [34] or
green alga (Chlamydomonas reinhardtii) [5, 35], but also in field-relevant species
such as mussels (Mytilus galloprovincialis) [4]. Recently, global proteomics was
also used to investigate the identity of proteins forming a corona of silver nanopar-
ticles (AgNP) in a gill cell line from rainbow trout (Oncorhynchus mykiss) [36]. MS
can also be used to study the epigenome and epigenetic alterations, which are often
governed by specific interactions between nucleic acids and proteins [37]. One such
example are the histone proteins whose post-translational modifications play a cru-
cial role in determining the chromatin state and hence activation or silencing of
transcription in particular chromatin regions [38]. Diverse MS-based techniques are
being increasingly applied to study these epigenetic marks [39]. Overall, global
proteomics is well suited for obtaining initial proteome information needed to
investigate diverse ecotoxicological questions in various species.

One important drawback of global proteomics is its general bias towards higher
abundance proteins, as this limits its ability to characterize all relevant proteins that
could play a role in a particular toxicity mechanism. Meta-analyses performed with
mammalian [40] and zebrafish [41] global proteomics data have shown that many
proteins commonly reported to be altered in global differential proteomics studies
may in fact represent non-specific general stress responses, while more toxicant-
specific responses, commonly occurring among the lower-abundance proteins, such
as transcription factors or xenobiotic-metabolizing enzymes, cannot be character-
ized by global proteomics due to insufficient sensitivity.
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Fig. 10.10 Applicability of transcriptomics and proteomics for studying chemical effects on gene
expression (Schematic representation of gene expression trajectories adapted from Van Straalen
and Feder [42])

Indeed, many aspects of the general stress response are shared among different
species and stressors, since they represent a reaction to any form of macromolecular
damage, with common features being manifested once the insult exceeds a certain
threshold, regardless of the causative stressor [43]. These features may include gross
adjustments in energy metabolism, degradation of cellular components, but also
upregulation of defense and damage repair mechanisms. However, in parallel or
often even preceding the general stress response developing with an ensuing damage,
many other, potentially more stressor-specific responses do occur in the cell. These
include rapid gene expression changes, activation or inhibition of specific enzymes
or transporters, recruitment of transcription factors, or alterations in the levels of
signaling molecules. These multiple toxicity pathways specifically activated in
response to different stressors, have a tendency to converge on a few common gen-
eral stress responses, which will be manifested once the damage becomes too high.

When approached from the gene expression point of view (see Fig. 10.10), the
responses that can be grouped under the general stress response umbrella may be
considered as markers of effect (e.g. consequences of damaging influences occur-
ring on the cellular level, such as oxidative stress or inhibition of ATP synthesis),
while those responses that are stressor-specific may be denoted as markers of expo-
sure. It is this group of responses that may allow gaining detailed insights into spe-
cific mechanisms of action for each toxicant, allowing to distinguish between
different toxicant groups, but also to predict their toxicity and potency [42]. Meta-
analysis of global proteomics studies performed in zebrafish has shown that these
datasets tend to over-represent the proteins belonging to the general stress response
group, and under-represent those that can be considered to be involved in more
specific responses [41]. This bias is a consequence of the overall bias of global pro-
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teomics towards better detection of higher abundance proteins. Thus, compared to
transcriptomics and sequencing technologies that have a superior sensitivity and can
thus deliver information on both markers of exposure and markers of effect, the
most commonly applied MS-based proteomics techniques (i.e. global proteomics)
appear capable of providing comprehensive information only for the latter group.

However, information on mRNA expression is not a reliable proxy for protein
expression [5] due to multiple additional levels of control coming into play after the
mRNA synthesis [44]. Therefore, the improvement of sensitivity and versatility of
high-throughput proteomics approaches is a crucial prerequisite for improving our
ability to study and understand molecular mechanisms of toxicity. Fortunately, sen-
sitivity for protein detection can be significantly improved by using targeted pro-
teomics. With this technique, specific MS/MS transitions of peptides representative
of target proteins of interest are monitored, allowing to focus on a few peptides
instead of attempting to simultaneously measure all analytes present. Due to signifi-
cantly shorter MS run durations compared to global approaches, targeted proteomics
can also be used to measure panels of select proteins across multiple samples and
conditions, thus providing detailed comparative data for proteins of interest. For
example, targeted proteomics was used to characterize expression of multiple pro-
teins potentially involved in sex determination and differentiation in zebrafish, at
multiple time points during gonad differentiation [45]. Targeted proteomics has also
been used to monitor a panel of proteins expected to respond to a particular chemi-
cal class, for example glucocorticoids [46], in search of biomarkers of exposure or
effects of these chemicals. Furthermore, targeted proteomics methods have been
developed for glutathione-S-transferases to study their involvement and signifi-
cance for phase II biotransformation of xenobiotics in zebrafish [47]. Despite these
advances, the sensitivity of MS-based proteomics applied in environmental toxicol-
ogy currently remains suboptimal and may require further technical advancements,
such as the employment of laser microdissection or cellular sorting techniques to
allow collecting and analyzing cells of one type, or incorporation of dedicated
enrichment workflows to allow increasing the concentration of analytes of interest.

It is commonly accepted that any physiological change in the organism in response
to a stressor is accompanied by certain molecular and biochemical alterations, and in
fact it can be viewed as an apical adverse outcome of such alterations. Hence, obtaining
a better understanding of molecular responses may allow linking to adverse outcomes
at higher levels of organization, which may even provide the means for predicting such
outcomes. This assumption forms the basis of the adverse outcome pathway (AOP)
concept [48] which deals with organizing the knowledge on the progression of toxicity
through multiple levels of biological organization, starting with a molecular initiating
event and culminating in an adverse outcome of regulatory relevance, occurring on the
organism or population level [49]. Data generated by various ‘-omics’ techniques can
be used to hypothesize on the mechanisms of action, helping to construct putative
AOPs potentially triggered by certain toxicants [50]. However, it is important to realize
that a mere demonstration of certain molecular changes is not enough for an AOP, and
experimental studies should be designed in a way allowing to understand not only the
molecular alterations but ideally also the apical outcomes of relevance perceived to
affect the fitness and survival chances of the whole organism [48].
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10.5 Conclusions

In conclusion, MS-based techniques have become essential in environmental toxi-
cology and chemistry, (i) for determining chemicals in environmental and biologi-
cal compartments, (ii) for identifying unknown chemical stressors using
effect-directed analysis, scan-dependent and —independent techniques and (iii) for
helping to fill the knowledge gaps regarding the molecular mechanisms of toxicity
and apical effects caused by a certain chemical. Thus, MS plays an important role in
both fundamental and applied research in environmental toxicology, supporting
environmental risk assessment and management.

References

1. Bertazzi PA, Bernucci I, Brambilla G, Consonni D, Pesatori AC (1998) The Seveso studies on
early and long-term effects of dioxin exposure: a review. Environ Health Perspect 106:625-633

2. Eckermann I (2005) The Bhopal saga — causes and consequences of the world's largest indus-
trial disaster. Universities Press, Hyderabad

3. Giger W (2009) The Rhine red, the fish dead — the 1986 Schweizerhalle disaster, a retrospect
and longterm impact assessment. Environ Sci Pollut Res 16:S98-S111

4. Oliveira IB, Groh KIJ, Stadnicka-Michalak J, Schonenberger R, Beiras R, Barroso CM,
Langford KH, Thomas KV, Suter MJ-F (2016) Tralopyril bioconcentration and effects on
the gill proteome of the Mediterranean mussel Mytilus galloprovincialis. Aquat Toxicol
177:198-210

5. Pillai S, Behra R, Nestler H, Suter MJ-F, Sigg L, Schirmer K (2014) Linking toxicity and
adaptive responses across the transcriptome, proteome, and phenotype of Chlamydomonas
reinhardtii exposed to silver. Proc Natl Acad Sci 111:3490-3495

6. C.A. Service, CAS assigns the 100 millionth CAS registry number® to a substance designed
to treat acute myeloid leukemia, in 2015

7. Schwarzenbach RP, Escher BI, Fenner K, Hofstetter TB, Johnson CA, von Gunten U, Wehrli
B (2006) The challenge of micropollutants in aquatic systems. Science 313:1072-1077

8. Ammann AA, Macikova P, Groh KJ, Schirmer K, Suter MJ-F (2014) LC-MS/MS determi-
nation of potential endocrine disruptors of cortico signalling in river and waste water. Anal
Bioanal Chem 406:7653-7665

9. Kern S, Baumgartner R, Helbling DE, Hollender J, Singer H, Loos MJ, Schwarzenbach RP,
Fenner K (2010) A tiered procedure for assessing the formation of biotransformation prod-
ucts of pharmaceuticals and biocides during activated sludge treatment. J Environ Monit
12:2100-2111

10. Ammann AA, Suter MJ-F (2016) Multimode gradient high performance liquid chromatog-
raphy mass spectrometry method applicable to metabolomics and environmental monitorin.
J Chromatogr A 1456:145-151

11. Burkhardt-Holm P, Giger W, Giittinger H, Ochsenbein U, Peter A, Scheurer K, Segner H,
Staub E, Suter MJ-F (2005) Where have all the fish gone? The reasons why fish catches in
Swiss rivers are declining. Environ Sci Technol 35:441A-447A

12. Friedl C (1999) Fischfangriickgang in schweizerischen Fliessgewdssern. Swiss Agency
Environ For Landscape (SAFEL) 32

13. Vermeirssen ELM, Korner O, Schoenenberger R, Suter MJ-F, Burkhardt-Holm P (2005)
Characterization of environmental estrogens in river water using a three pronged approach:
active and passive water sampling and the analysis of accumulated estrogens in the bile of
caged fish. Environ Sci Technol 39:8191-8198



14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.
26.
27.

28.

29.

30.

31.

32.

Mass Spectrometry in Environmental Chemistry and Toxicology 175

Brack W (2003) Effect-directed analysis: a promising tool for the identification of organic
toxicants in complex mixtures? Anal Bioanal Chem 337:397-407

Liedtke A, Schoenenberger R, Eggen RIL, Suter MJ-F (2009) Internal exposure of whitefish
(Coregonus lavaretus) to estrogens. Aquat Toxicol 93:158-165

Thomas KV, Hurst MR, Matthiessen P, Waldock MJ (2001) Characterization of estrogenic
compounds in water samples collected from United Kingdom estuaries. Environ Toxicol Chem
20:2165-2170

Bandow N, Altenburger R, Streck G, Brack W (2009) Effect-directed analysis of contaminated
sediments with partition-based dosing using green algae cell multiplication inhibition. Environ
Sci Technol 43:7343-7349

Bernet D, Wahli T, Kueng C, Segner H (2004) Frequent and unexplained gonadal abnormali-
ties in whitefish (central alpine coregonus sp.) from an alpine oligotrophic lake in Switzerland.
Dis Aquat Org 61:137-148

Schymanski EL, Singer HP, Longrée P, Loos M, Ruff M, Stravs MA, Ripollés Vidal C, Hollender
J (2014) Strategies to characterize polar organic contamination in wastewater: exploring the
capability of high resolution mass spectrometry. Environ Sci Technol 48:1811-1818

Singer HP, Wossner A, McArdell CS, Fenner K (2016) Rapid screening for exposure to “non-
target” pharmaceuticals from wastewater effluents by combining HRMS-based suspect screen-
ing and exposure modeling. Environ Sci Technol 50:6698-6707

Liedtke A, Schoenenberger R, Eggen RIL, Suter MJ-F (2009) unpublished results

Soto AM, Sonnenschein C, Chung KL, Fernandez MF, Olea N, Serrano FO (1995) The
e-screen assay as a tool to identify estrogens — an update on estrogenic environmental-
pollutants. Environ Health Perspect 103:113-122

Gillet LC, Navarro P, Tate S, Rost H, Selevsek N, Reiter L, Bonner R, Aebersold R (2012)
Targeted data extraction of the MS/MS spectra generated by data-independent acquisition: a
new concept for consistent and accurate proteome analysis. Mol Cell Proteomics 11: PMID
22261725

Kind T, Fiehn O (2007) Seven golden rules for heuristic filtering of molecular formulas
obtained by accurate mass spectrometry. BMC Bioinformatics 8:1-20

Wiley, Wiley Registry of Mass Spectral Data, 2016

Kind T, Fiehn O (2006) Metabolomic database annotations via query of elemental composi-
tions: mass accuracy is insufficient even at less than 1 ppm. BMC Bioinformatics 7:234
Hidasi AO, Groh KJ, Suter MJ-F, Schirmer K (2017) Clobetasol propionate causes immu-
nosuppression in zebrafish (Danio rerio) at environmentally relevant concentrations, ecotox.
Ecotox Environ Safe 138:16-24

Ashauer R, Agatz A, Albert C, Ducrot V, Galic N, Hendriks J, Jager T, Kretschmann A,
O'Connor I, Rubach MN, Nyman AM, Schmitt W, Stadnicka J, van den Brink PJ, Preuss TJ
(2011) Toxicokinetic-toxicodynamic modeling of quantal and graded sublethal endpoints: a
brief discussion of concepts. Environ Toxicol Chem 30:2519-2524

Madureira DJ, Weiss FT, Van Midwoud P, Helbling DE, Sturla SJ, Schirmer K (2014) Systems
toxicology approach to understand the kinetics of benzo(a)pyrene uptake, biotransformation,
and DNA adduct formation in a liver cell model. Chem Res Toxicol 27:443-453

Mottaz H, Schoenenberger R, Fischer S, Eggen RIL, Schirmer K, Groh KJ (2017) Dose-
dependent effects of morphine on lipopolysaccharide (LPS)-induced inflammation, and
involvement of multixenobiotic resistance (MXR) transporters in LPS efflux in teleost fish.
Environ Pollut 221:105-115

Di Paolo C, Groh KJ, Zenneg M, Vermeirssen E, Murk A, Eggen RIL, Hollert H, Werner I,
Schirmer K (2015) Early life exposure to PCB126 results in delayed mortality and growth
impairment in the zebrafish larvae. Aquat Toxicol 169:168—178

Kirla KT, Groh KJ, Steuer AE, Poetzsch M, Banote RK, Stadnicka-Michalak J, Eggen RI,
Schirmer K, Kraemer T (2016) Zebrafish larvae are insensitive to stimulation by cocaine:
importance of exposure route and toxicokinetics. Toxicol Sci 154:183-193



176 K.J. Groh and M.J.-F. Suter

33. Groh KJ, Suter MJ-F (2014) Mass spectrometry in environmental toxicology. Chimia (Aarau)
68:140-145

34. Groh KIJ, Nesatyy VJ, Segner H, Eggen RI, Suter MJ-F (2011) Global proteomics analysis of
testis and ovary in adult zebrafish (Danio rerio). Fish Physiol Biochem 37:619-647

35. Nestler H, Groh KJ, Schoenenberger R, Eggen RI, Suter MJ-F (2012) Linking proteome
responses with physiological and biochemical effects in herbicide-exposed Chlamydomonas
reinhardtii. ] Proteome 75:5370-5385

36. Yue Y, Behra R, Sigg L, Suter MJ-F, Pillai S, Schirmer K (2016) Silver nanoparticle-protein
interactions in intact rainbow trout gill cells. Environ Sci Nano 3:1174-1185

37. Vandegehuchte MB, Janssen CR (2011) Epigenetics and its implications for ecotoxicolog.
Ecotoxicology 20:607-624

38. Bannister AJ, T. Kouzarides T (2011) Regulation of chromatin by histone modifications. Cell
Res 21: 381-395

39. Brunner AM, Tweedie-Cullen RY, Mansuy IM (2012) Epigenetic modifications of the neuro-
proteome. Proteomics 12:2404-2420

40. Petrak J, Ivanek R, Toman O, Cmejla R, Cmejlova J, Vyoral D, Zivny J, Vulpe CD (2008)
Deja vu in proteomics: a hit parade of repeatedly identified differentially expressed proteins.
Proteomics 8:1744-1749

41. Groh KJ, Suter MJ-F (2015) Stressor-induced proteome alterations in zebrafish: a meta-
analysis of response patterns. Aquat Toxicol 159:1-12

42. van Straalen NM, Feder ME (2012) Ecological and evolutionary functional genomics—how can
it contribute to the risk assessment of chemicals? Environ Sci Technol 46: 3-9

43. Kultz D (2005) Molecular and evolutionary basis of the cellular stress response. Annu Rev
Physiol 67:225-257

44. Schwanhaeusser B, Busse D, Li N, Dittmar G, Schuchhardt J, Wolf J, Chen W, Selbach M
(2012) Global quantification of mammalian gene expression control. Nature 473:337-342

45. Groh KJ, Schoenenberger R, Eggen RI, Segner H, Suter MJ-F (2013) Analysis of protein
expression in zebrafish during gonad differentiation by targeted proteomics. Gen Comp
Endocrinol 193:210-220

46. Hidasi AO (2016) Personal communication, Eawag

47. Tierbach A (2016) Personal communication, Eawag

48. Groh KJ, Carvalho RN, Chipman JK, Denslow ND, Halder M, Murphy CA, Roelofs D, Rolaki
A, Schirmer K, Watanabe KH (2015) Development and application of the adverse outcome
pathway framework for understanding and predicting chronic toxicity: 1. Challenges and
research needs in ecotoxicology. Chemosphere 120:764-777

49. Ankley GT, Bennett RS, Erickson RJ, Hoff DJ, Hornung MW, Johnson RD, Mount DR,
Nichols JW, Russom CL, Schmieder PK, Serrano PK, Tietge JE, Villeneuve DL (2010)
Adverse outcome pathways: a conceptual framework to support ecotoxicology research and
risk assessment. Environ Toxicol Chem 29:730-741

50. Sturla SJ, Boobis AR, FitzGerald RE, Hoeng J, Kavlock RJ, Schirmer K, Whelan M, Wilks
MEF, Peitsch MC (2014) Systems toxicology: from basic research to risk assessment. Chem Res
Toxicol 27:314-329



Chapter 11

Enhancing the Analysis of Complex Lipid
Samples Through Developments

in Chromatography and Chemical
Derivatization

Samuel W.]J. Shields, Carlos R. Canez, Karl V. Wasslen, Hyunmin Lee,
Danisz Stalinski, Lennart Trouborst, Shira Joudan, Sarah Whitton,
Hillary P. Weinert, Jeffrey M. Manthorpe, and Jeffrey C. Smith

Abstract Lipids are one of the main building blocks of cellular life and represent
the most abundant class of biomolecule by weight. Some of their most obvious roles
include providing a source of energy storage within cells and creating barriers to
compartmentalize cells by forming boundaries between cells and organelles. More
recently, the roles that lipids and lipid metabolites play in cellular signaling have
been increasingly revealed by the scientific community, fueling interest in this field.
Chromatography coupled to mass spectrometry has emerged as an eminent analyti-
cal tool with which to study lipids, however not without challenges along the way.
This chapter first summarizes some of the recent developments in the use of chro-
matography to separate complex lipid samples in an efficacious manner including
the presentation of new techniques to increase precision and avoid sample carry-
over. The latter part of the chapter details recent strategies to chemically derivatize
lipids to enhance their analytical characteristics for separation and analysis by mass
spectrometry with the aim to gain greater insight into the roles that these biomole-
cules play in living systems.
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11.1 Lipidomics, Lipid Structure and Function

Lipidomics is an ever-expanding field that studies lipids and their interactions
within biological systems [1]. A large portion of the field is devoted to the structural
characterization and quantitation of lipids to gain insight into their function. The
goal of lipidomics research is to obtain the full characterization of lipid species and
their specific biological roles within the context of all other other cellular mecha-
nisms (e.g. gene transcription, protein translation and other metabolomic processes).
This goal can be realized by several different methods but few as sensitive and
powerful as mass spectrometry (MS). MS has been used in lipidomics research to
find and identify potential lipid biomarkers, compare two or more lipid profiles,
discover new lipids and lipid metabolites and provide quantitative information on
these analytes in the context of complex biological systems [1].

Abnormal lipid behavior in humans has been implicated in a variety of patholo-
gies including diabetes, cancer, and some neurodegenerative diseases. Apart from
being energy storage molecules, lipids are involved in many biochemical functions
related to disease states such as: signal transduction pathways, proliferation, apop-
tosis and membrane trafficking in the cell [2-5]. Accordingly, the field of lipidomics
is of great interest to many factions of the health sciences.

Lipids are generally non-polar or amphiphilic molecules and usually possess
large hydrocarbon (non-polar) chains and in some cases a polar head group (e.g.
carboxyl, phosphate, amino, or carbohydrates). Figure 11.1 depicts some of the
most common lipid classes. Although lipids are composed of very simple building
blocks they have the potential for ~100,000 unique molecular species [6]. With each
of the different lipid structures and classes having important biological roles to play,
lipidomics has become one of the leading fields in health research with the potential
for many significant clinical applications.

Each structural variant of lipids can have many different functions within a bio-
logical system. For example, fatty acyl lipids can be used in fatty acid oxidation for
the generation of energy for cells but also are the main building block for other
higher order biomolecules [7]. In vivo, fatty acyl chains can be converted to mono-,
di-, or tri- acylglycerols which are the main long term energy storage biomolecules
for mammals (Scheme 11.1). Along the same pathway glycerophospholipids can
also be produced from the 1,2-diacyl glycerols. Glycerphospholipids are comprised
of a polar phosphate head group and two fatty acyl chains labeled as sn-1 and sn-2
(Fig. 11.1) and are subdivided into sub-classes depending on the phosphate head
group and the nature of the fatty acyl chains. Phospholipids make up ~60% of a cells
lipidome with phosphatidylethanolamine (PE) and phosphatidylcholine (PC)
classes composing 75 mol% of eukaryotic membranes [8].

Two other glycerophospholipids that play important roles in nervous system and
cardiovascular system cellular membranes are sphingolipids and plasmalogens.
Sphingomyelins (SM) are characterized by having a polar phosphate group, a fatty
N-acyl group at the sn-2 position, and a fatty allylic alcohol moiety at sn-1. These
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lipids make up a large percentage of the myelin sheath of neurons that insulates the
axon allowing for signal transduction [9]. Abnormalities in sphingolipid composi-
tion of neuronal cells can lead to neurodegenerative disorders like multiple sclerosis
[9]. Plasmalogens are characterized by having a polar phosphate group, a vinylic
fatty ether component at sn-1 position, and a fatty acyl substituent at the sn-2 posi-
tion. Aberrant plasmalogen behavior can be linked to Alzheimer’s disease [10]. It is
hypothesized that many other lipids play roles in disease states in the human body
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and therefore new technologies and analytical techniques are required to accurately
determine lipid structure and ascertain the composition of complex lipidomics in
order to progress towards a full understanding of the diseases that plague
humankind.

11.2 Lipid Extraction, Separation and Analysis

To analyze lipids and gain insight into cellular function, they must first be extracted
from a biological sample. Biological samples contain many interfering compounds
such as carbohydrates, nucleic acids, proteins, and salts that must be first separated
from the lipids. The most common approach to extract lipids is to use some varia-
tion of a micro-scale liquid-liquid extraction. Briefly, the biological sample is
homogenized and suspended in aqueous and alcoholic media with a non-polar sol-
vent (e.g. chloroform, ethanol, benzene) to form a monophasic system. The mixture
is then agitated vigorously and centrifuged at high speeds to obtain a biphasic sys-
tem. The non-polar layer can then be removed and the remaining aqueous layer re-
extracted with more non-polar solvent [11, 12]. The most common solvent extraction
technique that follows these steps is the Bligh and Dyer extraction and the resulting
extract is often complex and contains a wide variety of different lipids. Variations on
the Bligh and Dyer extraction include modifications designed to remove some lipid
classes over others to obtain a more simplified sample, while others control pH
using buffers or alter the ratio of alcohol to water to modulate the disruption of lipid-
protein complexes [13].

11.2.1 MS Analysis of Lipid Samples

MS is a powerful tool that may be used to analyze complex lipid samples containing
hundreds to thousands of analytes. Electrospray ionization (ESI) and atmospheric
pressure chemical ionization (APCI) have demonstrated their utility to ionize non-
volatile lipid analytes and are most commonly cited in the lipidomics literature [13,
14]. In the case of glycerophospholipids, triple quadrupole or hybrid quadrupole
instruments are used to analyze the composition of the lipidome by single MS scans
and tandem MS analysis (MS/MS or MS?). MS? analysis helps to provide informa-
tion on the fatty acyl components (product ion scan in negative ion mode), the polar
head group (product ion scan in positive ion mode), and analyze the composition of
a particular lipid class (precursor and neutral loss scans). There are many challenges
in analyzing lipids via MS such as their amphipathic nature, low proton affinity, vast
and often subtle structural diversity, wide range of abundances and low relative
abundance of some lipid biomarkers.
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In the case of a triple quadrupole instrument, MS? data is collected by selecting
a small bandwidth (~1 Da) of ions in the first quadrupole (Q1), colliding these ions
in the second quadrupole (q2) with an inert gas to induce fragmentation (collision
induced dissociation (CID)) and scanning the m/z values of the resulting fragments
in the third quadrupole (Q3). There are four different MS? scanning modes that this
instrument geometry affords that are most commonly employed in lipidomics anal-
yses, product ion scanning, precursor ion scanning, neutral loss scanning and mul-
tiple reaction monitoring (MRM). Production ion scanning uses QI to select a
single ion of interest and fragment it in q2 via CID where Q3 scans and reports the
m/z values of the resulting fragments. The mass spectrum of a product ion scan
displays the ion fragments that originate from a single ion in the sample, which
provides structural information about the molecule. Precursor ion scanning is the
inverse of product ion scanning in that Q1 scans a range of m/z ratios that in turn are
fragmented in q2 whereas Q3 is set to select only one of the fragment ions. The final
mass spectrum displays the parent ions that fragmented in Q2 to yield a specific m/z
fragment that passed through Q3. Neutral loss scanning employs both Q1 and Q3
scanning a range of m/z values offset by a constant amount; ions that fragment in q2
and lose a specific neutral mass will successfully transmit through Q3. The final
mass spectrum will display the m/z of ions that passed through Q1 and fragmented
to lose a specific neutral mass. MRM does not employ m/z scanning and fixes Q1
and Q3 on specific m/z values, ions at a specific m/z value pass through QI, frag-
ment in q2 and a specific fragment passes through Q3. MRM is a highly sensitive
scanning mode as the instrument duty cycle is focused on one or more specific ion-
ion fragment transitions rather than scanning for m/z values that may not exist in the
sample. MRM simply displays the intensity of the ion signal for each transition and
therefore is most useful when coupled with chromatography. Lipids extracts are
most commonly analyzed by product ion scans to help probe structural features
(head group and fatty acyl chains), and by precursor ion scans to simplify complex
biological samples to just specific lipid classes.

Figure 11.2 illustrates the general workflow for a lipidomics experiment initiated
with lipid extraction leading to analysis via MS. The use of chromatography for
further separation of lipid extracts prior to MS analysis is debated in the literature
[14]. Lipid extracts are complex and warrant chromatographic separation; however,
complications with lipid chromatography are non-trivial.

In the case of glycerophospholipids, analyte molecules are amphipathic which
means they possess properties that allow adsorption to both polar and non-polar
surfaces. As a result, some literature suggests that direct infusion of complex lipid
extracts into a mass spectrometer via electrospray ionization (ESI) is the best course
of action [14]. Direct infusion minimizes the exposure that a lipid sample has to
capillary tubing leading up to ESI, decreasing sample loss and non-specific adsorp-
tion to sample handling surfaces. Direct infusion necessitates the need for high reso-
lution MS to distinguish lipids of similar mass and literature has emerged that has
demonstrated the analysis of thousands of lipids from a single extract via direction
infusion high resolution MS [14]. Some of the limitations of direct infusion how-
ever include the fact that high resolution MS is not always available and that many
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Fig. 11.2 A general workflow for lipid analysis [13]

isobaric lipid species exist that may be chromatographically separable but are indis-
tinguishable based on mass alone. Furthermore, chromatography offers the benefit
of desalting a sample and reducing the number of analytes being simultaneously
ionized via ESI. Salts such as sodium are prevalent in biological samples and persist
in lipid preparations; the presence of salt will lead to signal splitting in the mass
spectrum as lipid analytes may be protonated or cationized by a salt to achieve ion-
ization. ESI operates on the principle that analytes are ionized based on having a
higher proton affinity in comparison to the solvent within which they are contained;
when samples are increasingly complex, ion suppression occurs as analytes of
higher proton affinity are protonated while analytes of lower proton affinity are not
and remain neutral [14]. Chromatography remediates both of these problems. By
binding lipid analytes to a stationary phase, salts are removed and analytes are
eluted in order of increasing hydrophobicity reducing sample complexity during the
ESI process and remediating ion suppression. Furthermore, chromatographic sepa-
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ration concentrates analytes into a narrow elution window and therefore increases
the sensitivity of analyses; quantitation is easily achieved by integrating the area
under the peak produced from MS signal as the peak elutes from the column. These
benefits are the main driving force behind the use of chromatography in most
HPLC-ESI-MS applications. However, the amphipathic nature of lipids causes con-
siderable sample carryover that interferes with the precision of analyses and for this
reason many research groups in this field have discontinued the use of chromatog-
raphy. In light of this, we collected data to document the extent to which precision
is hampered in HPLC-ESI-MS analyses of complex lipid samples and investigated
novel chromatographic strategies to remediate these issues so that the fundamental
benefits of using chromatography may be realized in the field of lipidomics.

11.2.2 Optimization of Lipid Chromatography

The vast majority of chromatographic separations are conducted using an octadecyl
or Cyg functionality covalently bonded to the stationary phase and a mixture of aque-
ous and less polar organic mobile phases to create a reversed phase separation.
Within this chromatography scheme, analytes partition to the less polar stationary
phase and are eluted either over time isocratically or when the eluent strength of the
mobile phase is altered in a gradient to collapse the sample and elute it as a narrow
band of eluate. The columns and hydraulic path of an HPLC are generally a mixture
of stainless steel, polyetheretherketone and/or fused silica tubing. Therefore, lipid
analytes are exposed to both polar surfaces within the hydraulic path as well as non-
polar surfaces on the stationary phase. In the case of glycerophospholipids, the
separation capabilities of liquid chromatography are complicated by the amphipa-
thic nature of lipid molecules as adsorption to any component of the hydraulic path
via their polar head groups or hydrophobic tails is possible. To demonstrate this
principle and the extent to which sample carryover is a result of polar interactions
with the hydraulic path, we conducted several experiments where the column was
removed in a reversed phase HPLC separation and sample carryover was observed,
Fig. 11.3.

The four panels in Fig. 11.3 demonstrate that glycerophospholipids (PC and SM)
have a propensity to adsorb to the hydraulic path of an HPLC. Although the elution
time for all species is within the first 15 min of the solvent gradient (Fig. 11.3a), the
lipids had persisted despite several volumes of column washing following injection
onto the empty column. The lipids shown in Fig. 11.3b are an average of the entire
chromatographic run and demonstrate that dozens of phosphocholine-containing
species elute from the column. The intensity of these peaks are roughly two orders
of magnitude higher when examining an individual time point, their intensities have
been diminished by averaging the signal at every m/z over 60 min. Following the
acquisition of this data, a 20-min wash of 100% acetonitrile was flushed through the
system. Figures 11.3c and 11.3d repeat this experiment, injecting distilled water
instead of lipid extract and demonstrate the extent of sample carryover despite
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injecting a blank and conducting a “column wash” (in quotations since there was
actually no column present). These results demonstrate the extent to which polar
lipids may adsorb to fused silica and stainless steel and highlight the challenge of
separating amphipathic analytes. Interestingly, amphipathic cationic surfactants
such as didodecyldimethylammonium are intentionally used to bind to the surface
of fused silica in capillary electrophoresis (CE) and create a bilayer that reverses the
charge on the wall of the capillary and therefore the flow of the electrolyte through
the column [15]. The parallels between this experimental practice in CE and the
injection of polar lipids in a chromatographic system are striking; it is of little sur-
prise that polar lipids such as PC and SM adsorb strongly to fused silica. The chal-
lenge in this result is that the methods that were used to obtain the data in Fig. 11.3
mirrored the most commonly used mobile phase system that appeared in the litera-
ture for lipid separation at the time. Due to these reasons the field as a whole had
begun to move towards direct injection for MS analysis to avoid carryover issues.
Sample carryover and chromatographic performance was made even worse when a
reversed phase column was set within the hydraulic path, Figs. 11.4 and 11.5.

Figure 11.4 demonstrates the performance of both C;3 and C, reversed phase
chromatography with lipid analytes by highlighting the elution profile for m/z 524
via a precursor ion scan. The panels a) and b) of Fig. 11.4 reveal a broad tailing band
for this peak with the C, resin allowing the lipid to elute earlier than the Cg resin
due to relatively weaker hydrophobic interactions between the analyte and station-
ary phase. Even on a new column, the chromatographic performance is less than
desirable with bandwidths in excess of 10 min. The performance is compromised
further with multiple injections however, as revealed in panel c¢) of Fig. 11.4. Despite
washing the column with 100% acetonitrile and 0.1% formic acid for 20 min
between analyses, carryover is so significant that chromatographic performance is
essentially lost. The precision of replicate injections using this quality of separation
is low to the point that extrapolation of biological meaning from a dataset is highly
unlikely. To demonstrate the amount of lipid extract that remained on the column
between runs, a blank run was conducted after three injections on a C;3 column,
Fig. 11.5.

As revealed in Fig. 11.5, adding a stationary phase to the chromatographic sepa-
ration complicated the carryover issues further compared to Fig. 11.3. The peak at
m/z 807 was chosen randomly as an example of a lipid analyte that demonstrated
persistent ion current throughout the entire separation, other lipids showed the same
separation behavior with XICs having significant intensities throughout the entire
run (data not shown). The poor chromatography and carryover hampered the preci-
sion of this analytical method and ultimately rendered datasets impossible to inter-
pret. To exemplify this, lipids from PC12 cells were extracted four times and each
extract was analyzed in triplicate, Fig. 11.6.

The complications of carryover and poor chromatography are illustrated in
Fig. 11.6 as precision is hampered to the point of obscuring any biological trend and



S.W.J. Shields et al.

186

uwnjod mau & uo uondafur jsiy ay) 03 paredwos ajdwes jo suonoofur opdnnu
SUIMOT[0J PaAIasqo ST ouewIojrad oryderSojewoIyd Jo UONeIOLSAp Juedoyrugis pue J0o0d st sjoued [[e ur paalasqo ouewiofrad oryderSojewoyd Ay, “10enxa
pidiy jo suoneredas snoraaxd om) 193je uWN[Od 817 pasn © U0 4G 2/t 10J DIX (9) ‘yurodowin I9I[IE UL Je uwnjod 9y} Wolj 2510w jnq porrad awn 103Uo] B 19A0
QN[ 0} PIAIASAO ST /7§ Z/ui PUB UWN[0d ) Mau e Suisn pajeadar sem juawiodxa oy (q) ‘Surjre) awos pue mopuim uonnja urw § Ajyewrxoidde ue sjeasar uwn
-109 81 mou © Sursn uoneredas UIW ()9 B I9A0 G 2/ul 10§ (DIX) JU2LMD Uol pajoenxa ay) (&) -eouewriofrad orjderoreworys a)yensuowop 0} pAjod[as sem 47§
2/ut pue saroads pidi] Sururejuod-surjoyooydsoyd JuaIoJIp AU PA[BIAI 8] 2/u JO UBDS UOT J0sINdId W "¢* [ ] "SI, Ul paquIosap se pajeredas pue S[[90 Z1Dd
wolj pajornxa a1am spidry ‘suwnjod aseyd pasiodr wirl ooz x wod ¢ ym paddinbe waishs JdH ue urm Ayderorewoayd pidif Jo uonearssqQ $°11 “Sig

L b o5 Ll o T 5 -E.-en T g wh L # "
|
uoljesedas yoes wos
3uimo||o) saysem NIV Yim il
di3 |SJoueuU pue uwn|od L
813 uo uondaful paryL s
Ll ¥ L L oy L n)lor\u»n &
._._o
gL
oz w
di1 |SJoueu pue uwnjod ¥ maN i
isgr
b Ld Ld Ll o & e ¥
" o
T m
di3 |SJoueu pue uwn|od 8y mapN o w0t
[ 414




187

Enhancing the Analysis of Complex Lipid Samples Through Developments. ..

11

(umoys jou e1ep) 9,0¢ A[orewrxordde Jo 10A0411eD 9FRIOAR UB PUB 2OUBW

-10312d oryderSoyewoayd 1ood pajensuowdp [[0s 394 aseyd Areuonels ¥y v 0 Juryoyims Aq parordur Apysis sem AyderSorewonyd ayJ, I0A0ALIRD JUBOYIUSIS
pue 2oueurrojrad osmyder3ojewoyo Ayfenb moy Ajowanxe Suneosrpur juowtradxa oy Jo Ajurofew oY) J0J PAAISSqO ST [BUSIS JUAWLIAAX? oY) JO 9SIN0D AY) JOAO
L08 2/ut 3o DIX (9) L08 27w ye yead pidif juounwold e Surfeasds utw 4 18 (SINH) Ueds ssew paoueyuo (q) ‘uoneredas urw ()9 9y JOAO JUALIND UOT [€)0) A}
(®) *¢'11 "S1 ur paquIosap se pajeredos pue pajoafur sem Iajepy “uwnjod 1)  yim paddmboe weyshs JIdH ue unypim 1oaokires pidif Jo uoneardsqo S'I1 S1d

L m
e LT o m
sl 95elaAe Uo 1an0ALIBD Y0E. g
L "oz
pajeaAad ||13s Inq J2A0Alled paiamo| pue adeys
i i wer
yead oiydesSolewolyd paroidwi ¥y 01 Suiyolimg e
Bt Ll - o [y o4 Seung Pio - G50 el | SpduIrg wei £ B4 208 4 S50 008 ¢ N3 1S3 e 1 I -m
o oi%0n svvos BOTOE  wOD0S I
oF80e "oE

jualpess NIV / O°H pue uwnjod

815 e Suisn ,8ulysem uwn|od,, pue
sisAjeue pidi| ||n} Suimo||o) ajdwies Jyue|g

%
=
503 " Asusu

2
g
H
503 "REua)

4Rl L

a BAG ple - 10 D s Mdwes wes i) gy |




188 S.W.J. Shields et al.

12
Conclusion: traditional RP HPLC
10 - separation schemes produced
quantitative data that lacked
- _ precision when biological or
8 technical replicates were
involved
z
S 147 T T
£
4
> T ALET I T I [ Tﬂ TLT T
0 . T T ] T T T 1 T 1 T T 1 1 T T
o [y.] (=] w = (=] =t o ~ o0 =] o~ (t=] o~
B eIz 335§ 358888 3RTeB
-2
m/z

Fig. 11.6 The lipids from PC12 cells were extracted four times and each extract was analyzed in
triplicate as described in Fig. 11.3. MS analysis included a precursor ion scan for m/z 184 to detect
phosphocholine-containing lipids. The figure indicates the m/z values of PC and SM lipids from
the extract and indicates their intensities normalized to an internal standard that was spiked in at
constant concentration. Lipids from different extractions are indicated by the colour of the bar in
the histogram, standard deviations on the measured relative intensities are indicated by the error
bars for each lipid. Each extraction is identical and the intensities of each lipid should be consis-
tent; the differences in intensities with significant error bars highlights the deficiencies that were
prevalent in the lipid chromatography that was used by the field at that time

defeating the purpose of the experiment. In the field, some lipidomics laboratories
had reverted to the costly practice of changing columns for every analysis to avoid
stationary phase carryover or randomizing samples to condition chromatographic
pathways with consistent carryover with the aim that precision would be negatively
affected, but not completely compromised (personal communications). Most in the
field however, switched to direct infusion of lipid extracts for MS analysis and
avoided chromatography altogether.

To our mind however, the potential benefits of using chromatography were too
great to overlook and our team conducted a series of experiments where different
mobile phases were tested in our microflow reversed phase chromatographic system
to remediate the poor chromatographic separation of lipid extracts that had been
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observed until this point in time. The optimization data is beyond the scope of this
chapter; however, optimized conditions will be described and presented below.

In order to eliminate carryover of an amphipathic analyte, the mobile phase that
is used must also possess amphipathic character in that it must have a polar character
as well as a non-polar character. To complicate this further, the mobile phase must
be compatible with ESI meaning any salt must be volatile and not contribute to or
interfere with the mass spectrum being generated. Moreover, any salt must not
adduct to the lipid analyte and split the signal between different cationization (e.g.
Na*, K*, Li*) states (chromatography is used to remove salts). The polar character of
the mobile phase must be tuned to create ion pairs with the analytes and disrupt any
hydrophilic activity, specifically between the lipids and the chromatographic
hydraulic path. The non-polar character of the mobile phase must be tuned to dis-
rupt hydrophobic adsorption of the lipids to the stationary phase and eliminate car-
ryover by cleaning the column effectively between separations.

Many mobile phase compositions were tested for their effect on chromatographic
performance, all of them being a non-polar solvent containing a polar modifier.
Ammonium-based salts were investigated for their effect on the system and it was
determined that 10 mM ammonium acetate was the most effective at disrupting
hydrophilic interactions within the system. Higher concentrations of this salt did not
yield an increase in performance and as the concentration was increased the
likelihood of flow stoppages increased as well, particularly in the ESI tip. It was also
determined that 10 mM ammonium acetate was beneficial to add to all mobile
phases to continually disrupt polar interactions throughout the separation. Several
modifications were made to the non-polar solvents that were used for analyte elu-
tion as well as system cleaning following analyses. The first modification was made
following a series of experiments looking at the solubility of lipid extracts in aque-
ous buffers operating on the hypothesis that lipid analytes dissolved in ethanol
injected into a column running aqueous buffers may render the lipids insoluble
through the formation of micelles or aggregates. Although the nature of the insolu-
bility was not determined, it was concluded that chromatographic performance
diminished when the mobile phase solvents were composed of anything greater than
70% water. Furthermore, it was determined that no sample was lost via immediate
elution at 70% water (not being retained by the column). Ultimately, it was deter-
mined that the best mobile phase starting condition (buffer A) was 30% methanol in
water with 10 mM ammonium acetate. A variety of solvents were tested to elute
lipid analytes including 100% acetonitrile or methanol but the carryover was signifi-
cant demonstrating insufficient eluent strength for these solvents. Solvents with no
polarity whatsoever were evaluated for lipid elution as well (e.g. hexanes) and it was
observed that chromatographic elution was effective however ESI performance was
deleteriously affected. Furthermore, the immiscibility of hexanes with aqueous buf-
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fers limited their use in a binary solvent system. Ultimately what was determined to
elute the lipids most effectively was a ternary solvent system that provided excellent
chromatographic performance and low carryover while maintaining ESI stability
and remained miscible at all times. Buffer A was 30% methanol with 10 mM ammo-
nium acetate as described above, buffer B was isopropanol with 10 mM ammonium
acetate and buffer C was 100% hexanes. Lipids would effectively elute as the mobile
phase composition was ramped to 100% buffer B and continue to elute as buffer B
was gradually replaced with buffer C. The mobile phase composition was then
ramped to 100% buffer C and flow rates were increased to increase column back-
pressure for effective column washing to minimize carryover. Surprisingly, our data
indicated that long periods of high pressure hexane washes were imperative to
reduce carryover to acceptably low levels; optimization experiments in this regard
ultimately settled on 60 min of washing time at 100% buffer C. The gain in chro-
matographic performance may be observed in Fig. 11.7.

As observed in panel (c) of Fig. 11.7, the ternary solvent system with 10 mM
ammonium acetate more effectively elutes the lipid analytes and eliminates tailing
arising from hydrophilic interactions between the analytes and hydraulic path.
These chromatographic improvements translated to a more robust separation
scheme that had a positive impact on the reproducibility of replicate analyses and
minimized carryover to acceptably low levels, Fig. 11.8.

Figure 11.8 demonstrates that run to run reproducibility is feasible when chro-
matographically separating complex lipid samples. The ternary solvent system
effectively eluted analytes at an efficiency where carryover was minimized to
acceptable levels. The net effect of such reproducibility is a gain in the precision of
replicate measurements and therefore confidence that the trends observed in the
data relate to a biological variable(s) rather than random variation in the experiment,
Fig. 11.9.

Figure 11.9 demonstrates the ultimate success of the optimized ternary gradient
in that precision is significantly improved permitting the observation of biological
variation in a given experimental system. Although a discussion of the differences
between the normoxic and hypoxic samples are beyond the scope of this document,
the precision of the measurement of each lipid is sufficient to draw out statistically
significant differences and gain biological insight. Overall, we believe that the
challenges associated with lipid chromatography are surmountable and that the ben-
efits of chromatographic separation prior to ESI MS analysis may be realized using
an optimized ternary solvent system.
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11.3 Chemical Derivatization to Improve Sensitivity
in Lipidomics Analyses

Chemical derivatization of lipids is one approach to increase sensitivity, separate
isobaric masses, probe double bond location, and allow for methods of absolute
quantitation of certain lipid classes. Here we review of some of the chemical
derivatization techniques that have been developed to overcome challenges in MS
analysis of lipids.

11.3.1 Fatty Acyl Derivatization

One of the earliest methods of chemical derivatization of fatty acids is methylation
followed by GC-MS analysis. Methylation of fatty acid lipids (Scheme 11.2),
improves gas chromatographic properties such as volatility and polarity [16]. The
three main methylation derivatization procedures are acid catalyzed Fischer esteri-
fication, alkylation via diazomethane and base catalyzed transesterification. Briefly,
acid catalyzed esterification and base catalyzed transesterification relies on a large
excess of methanol to push the equilibrium to completion, while alkylation via
diazomethane proceeds irreversibly to the corresponding fatty acid methyl ester
(FAME).

A modern example of preparing fatty acid methyl esters (FAMESs) to improve
their chromatographic separation is shown below (Fig. 11.10). This experiment uses
methanolic potassium hydroxide to transesterify the lipids extracted from eggs [17].
Figure 11.10 (left) shows the gas chromatograph of several fatty acid methyl esters,

Acid (Bronsted or Lewis) Catalyzed Fischer esterification
and alkylation via Diazomethane

H* or BF3 H
o A, MeOH *ol/
R/\/\)J\OH R/\/\)\OH
-H,0
Ho, \
>=N=N o
Et,0 N R/\/\)J\O/
o HoL "
kaof H%—N:N
H
Base catalized transesterification
_ o o
O_ OMe
RJKO/\/\OJKR NaOMe RLO/\_/\O R RJ\O/\/\OH MEOJ\R
"yr° "y "yr°
o \(ﬂ)/ (¢}

Scheme 11.2 Synthesis of fatty acid methyl esters
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Fig. 11.10 Gas chromatograph of FAMEs derived from eggs (left) and EI-MS of methyl palmitate
16:0 (right) [17]
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Scheme 11.3 General reaction scheme and mechanism of adduct formation of 4-hydroxyalkenals
and carnosine

which are denoted by number of carbons in the chain and number of unsaturations
in the chain. Figure 11.10 (right) shows an electron impact MS of methyl palmitate
(16:0) that was successfully derivatized, extracted and separated via GC. This is a
standard chemical derivatization technique to improve the gas chromatographic
properties of fatty acyl components.

Han et al. have also employed a novel chemical derivatization technique for fatty
acyls. The first example is the derivatization of 4-hydroxyalkenals to improve their
quantitation from complex biological samples [18]. 4-hydroxyalkenals are known
lipid peroxidation metabolites that can be used as lipid biomarkers for estimating
the level of oxidative stress within a biological sample. However the analysis of
these compounds by MS is relatively difficult since they readily form adducts with
proteins and peptides from cell extracts. The general reaction scheme and mecha-
nism is shown below (Scheme 11.3), the 4-hydroxylalkeanl is incubated at body
temperature in water for 24 h before a microscale liquid-liquid extraction. These
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Fig. 11.11 Quantitation of a variety of 4-hydroxyalkenals using neutral loss scans [18]

adducted products could then be analyzed using a triple quadrupole mass spectrom-
eter. Each of the samples also contained 4-hydroxynoneneal-d; as an internal stan-
dard where the deuterium is added to give a mass shift of 3 Da to avoid complicating
the spectra.

After analysis of 4-hydroxyalkenal standards using product ion scanning, it was
observed that the carnosine moiety had extremely reliable fragmentation. The loss
of 17, 63, 71, and 117 Da corresponded to the neutral loss of ammonia, carbon
dioxide plus ammonia, carbonyl chain (fragmentation at amide bond), and carbonyl
chain plus carbon dioxide respectively. It was noted by the experimenters that the
same fragments occurred with the deuterated standard as with the non-deuterated
compound and thus it could be used as a relative standard for quantitation purposes.
Figure 11.11 illustrates the results of neutral loss scans from derivatized
4-hydroxyalkenals from rat liver. By forming carnosine adducts, four different
4-hydroxyalkenals could be observed and precisely quantified by the requisite neu-
tral loss scans.
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Scheme 11.4 General reaction and mechanism of the ozonolysis of triacylglycerols

11.3.2 Di-, and Triacylglycerol Derivatization

The analysis of di- and triacylglycerols is important as these lipids are some of the
most ubiquitous classes found in mammalian biology. The primary function of these
lipids is energy storage and they often serve as precursors to more complex lipid
classes (e.g. glycerophospholipids); however, they can play roles in signal transduc-
tion pathways as well [13]. The elucidation of absolute lipid structure (location of
the unsaturations and position of fatty acyl chains with respect to sn-1 and sn-2) is
an obstacle that cannot be entirely surmounted by MS alone highlighting the impor-
tance of breakthroughs in chemical derivatization in this area.

In 2010 Blanksby et al. devised a chemical derivatization technique to help elu-
cidate the absolute structures of triacylglycerols via gas phase ozonation (Scheme
11.4) [19]. Using a modified linear ion trap, methods were developed to use ozone-
induced dissociation (OzID) to yield characteristic fragments that indicated the
position of the double bonds within fatty acyl chains. Ozone was generated exter-
nally from O, (~11% by volume) and was flowed into the collision cell along with
nitrogen gas at pressures of ~10~3 Torr. Tons that were generated from a lipid solu-
tion in methanolic sodium acetate were trapped in the collision cell for 10-25 ms
before being analyzed by the final quadrupole to generate product ion mass
spectra.
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Fig. 11.12 Optimization of collision energy for OzID (left), possible products of OzID (right)
[19]

A triacylglycerol standard was used to optimize collision energies to fragment
the primary ozonide into two main products, an aldehyde and carbonyl oxide frag-
ment. Both fragments can be used to determine double bond location since ozone
will selectively react with an alkene in the lipid and predictable mass losses will
ensue. The collision energy was adjusted until all of the primary ozonide was frag-
mented (Fig. 11.12). From the mass losses of 158 (CoH;30,) and 142 (CyH;30) Da
from the primary ozonide, the location of the unsaturation was determined to be at
C9 (w-9 unsaturated fatty acyl). Using this method of chemical derivatization, pre-
dictable fragmentation of OzID is a useful tool in the structural elucidation of
triacylglycerols.

Although diacylglycerols (DAG) play very important roles in biological mecha-
nism, their quantitation has been challenging due to low abundance and poor proton
affinity [20, 21]. An example of chemical derivatization of acylglycerols is pre-
sented by Han et al. in 2014, where the use of a common peptide coupling reaction
(esterification/amidation) is used to allow for enhanced ESI-MS ionization efficacy
[22]. The general reaction conditions and mechanism are shown in Scheme 11.5,
whereby adding a tertiary amine to the DAG, a large increase in proton affinity
(ionization efficiency) was observed. The MS analysis was performed on a triple
quadrupole instrument to provide product, precursor and neutral loss scans.

Using an equimolar amount of 16 different DAG standards at fmol/pL concentra-
tions, this group showed extremely favorable fragmentation of dimethylglycine
(DMG) modified DAG that gave a reproducible ion at m/z 110 corresponding to
lithiated DMG. This predictable fragmentation could then be used in precursor and
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Scheme 11.5 Esterification of diacylglycerols

neutral loss scans to simplify complex biological samples for relative quantitation
of many DAG species. Figure 11.13 shows the results of both protonated and lithi-
ated neutral loss scans. The spectrum on the right illustrates all peak intensities are
approximately equal which is advantageous for the quantitation of each of the lipid
species; the spectrum on the left however (using LiOH to initiate the ionization),
showed a variety of peak intensities. The reason for using a lithium additive is that
lithium facilitates fatty acyl cleavage upon CID and thus some structural informa-
tion is obtainable. In summary, this chemical derivatization method greatly increases
the ionization efficiency of DAGs, permitting quantitation when formic acid or
structural elucidation when Li* are added as additives, respectively.

11.3.3 PE and PC Derivatization

As described above, PE and PC constitute the majority of the total lipids in a cell
and therefore require rigorous analytical methods. Challenges encountered when
analyzing PE and PC include sensitivity loss via ion suppression in ESI and isobaric
interference. For example, a PC with fatty acyl chains of 16:0 and 22:6 would have
the exact same m/z value as a PC with 18:1 and 20:5. The absolute structural
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Fig. 11.14 OzID of triacylglycerols isolated from cow brain [19]

elucidation of PE and PC is crucial to fully understand lipid biochemistry and the
roles they play in cellular life highlighting the need and importance of chemical
derivatization techniques in this area.

The Blanksby group used their OzID methodology to analyze PCs from lipids
extracted from cow brain [19]. Figure 11.14b illustrates the resulting spectrum
when OzID is used on a lipid observed at 782.6 Da. Two fragmentation products are
observed for each structural isomer, where the higher mass fragment corresponds to
a sodiated carbonyl oxide and the lower mass fragment corresponds to a sodiated
aldehyde fragment. The peaks denoted with a diamond are directly from ®-7 and
-9 oxidative cleavage where peaks marked with asterisks are from the loss of
59 Da corresponding to neutral loss of NMe; from the choline head group. In this
way, the location of the double bond within fatty acyl substituents can be obtained
as well as the differentiation of isobaric PC species.
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PE lipids have a free amine (at higher pH) that can act as a nucleophile for acti-
vated electrophiles such as acid chlorides and N-hydroxy succinimide (NHS) esters.
In 2012, the Reid group developed a novel chemical derivatization procedure for
PEs based on a common nucleophilic substitution of an activated NHS ester,
Scheme 11.6 [23]. Interestingly, ds-dimethylthibutanoylhydroxysuccinimide ester
(de-DMBNHS) bears a fixed positive charge in the form of a sulfonium ion.
Therefore when ds-DMBNHS is reacted with PE species to form a new amide bond,
the lipid will also bear a fixed positive charge improving its ionization efficiency
greatly. This will greatly increase the sensitivity of the lower abundance PE species
as well as separating the isobaric lipid species due to the mass shift of the d¢-DMB
moiety (136 Da). Again, some of the challenges with quantitation and isobaric lipid
species can be overcome by a facile one step chemical derivatization procedure.

This group were interested in obtaining the global lipid profile of metastatic
colon adenocarcinoma cell lines by using their novel technique to identify and
quantify some low abundant PE species as well as the more abundant ones.
Figure 11.15 illustrates the results of a non-derivatized lipid extract and de-DMB
modified lipid extract from SW480 cancer cell lines. The emergence of higher mass
peaks as well as the decrease in intensity of many of the residual peaks from the
unmodified lipid extract indicates that a significant number of isobaric lipid species
were separated. Many of the modified lipids were identified and accurately quanti-
fied using high-resolution/accurate-mass analysis, permitting a global lipid com-
parison of the two cancer cell lines. This information can be used to monitor the
differences between non-cancerous and metastatic cell and perhaps be used to help
identify colon cancer at its early stages.

Other modifications of PE and PC head group can be accomplished by methyla-
tion via an activated methyl electrophile. Some examples of methyl electrophiles
used to alkylate the amine moiety of ethanolamine phospho-lipids includes, methyl
iodide [24] and reductive amidation with formaldehyde/sodium cyanoborohydride
[25]. Our group has developed the used of acid initiated diazomethane (DZM)
alkylation [26] as a simple, fast, and cost effective method of PC and PE alkylation
entitled trimethylation enhancement using diazomethane (TrEnDi, Scheme 11.7).
This method is observed to methylate primary amines as well as the phosphate oxy-
gen giving a truly permanent positive charge residing on derivatized lipid. The
scheme below shows the general reaction of diazomethane with PE. This reaction
requires the use of an acid to mediate the eventual protonation of diazomethane
leading to the loss of N, Gas.

The signal of unmodified PE/PC lipids can be split between protonated and sodi-
ated species that inevitably decreases sensitivity as well as further complicating
spectra. The methylation of PE and PC via TrEnDi requires the use of an acid with
a non-coordinating counter ion because the counterion can react with the DZM in
an unsatisfactory way. This type of modification is very efficient in that, the reac-
tions go to 99% completion as well as only producing N, and the sole byproduct.
Thus a post extraction protocol is not required.

The reaction of diazomethane with PE and PC lipid standards yielded a signifi-
cant increase in sensitivity (Table 11.1). This increase was measured by comparing



202

S.W.J. Shields et al.

0 0 0 o
AL B NH JU B § +_CD
R O/\:/\O/I\O/\/ 2 DMBNHS, TEA R O/\:/\O/I\O/\/ \n/\/\lsz 3
i - - H -
R o °© CHCI3:DMF, rt. R’ o °© o CD3
\ﬂ/ 30 min \ﬂ/
o) o
o R
AN H -
N ﬂ/\}gDa 0/\/N><ﬂ/\;gD3
RS g~ N2 ~o ~CDy o ~CDs
°© DMBNHS oﬂfo

Scheme 11.6 Chemical derivatization of PEs with de-DMBNHS general reaction and

mechanism

L31ES 748.6202
748.5852
A 743.54{@?%
748.5279,
SW480 9.69E5 7466035 KI
748.40 748.50 748.60 748.70 748.80
2.40E6 760.5843 7475736
~ 100
IS 747.6092
g N S| 748.6202 750.5433
| \| 7455939 ) | 749.6248 ¥
5 746.6055 T ; ; e
2 732.5540 \ 744 745 746 747 748 749 750 751
° 720.5900 786.6001
= | aawan
= PE( 50140 6785067 1
o~ 6364598 f?02‘5333“ g o 8146317 882.6065
600 650 700 750 800 850 900 950 1000
B 119E6 746.6056
SWe620
747.5739
1 .8_2]56 760.5844 {747.6093
,\3100 7445547 ?46,571__:‘1 | assos
<] 1744.5908 oo 1748.6199 7505431
8 ‘J 745.5942 i '\\l 749.6253 "
: ?46'6056 1 T J T T 3 T A T I T A 1
S 744 745 746 747 748 749 750 751
Z messs | |
§ ] PC:]e:a-uEnl 8'5‘{44 |
= 678.5066 Y ¥ 850.7857
‘g 7 PE[ld:wu:a} 703.5748 i
) 636.4598 t 810.7907 v 878.8169
[ - L - , T I . v .
600 650 700 750 800 850 900 950 1000
m/z

Fig. 11.15 Unmodified lipid extract (fop) and d-DMB modified lipid extract (bottom) [23]



11 Enhancing the Analysis of Complex Lipid Samples Through Developments... 203
o (0] o (0]
Jl\ 1l JI\ 1l . |
R o/\._/\o’ Tjo/\/NHz DZM, HBF, R o/\/\o’ T\o/\/ N
RO © EtOH, rt. RO N
\[]/ 5 min \[]/
(0] (6]
.N2
(0]
B NH HBF4 B NHy, — 3 P NH
Rozlto/\/ 2 RO/I;O/\/ 3 RO/IEO/\/ 2
° %, G
H N=N
H

H . -
>=N=N >
H

)‘—ﬁEN

et

Scheme 11.7 Reaction of Diazomethane (DZM) with PE general reaction and mechanism

Table 11.1 Sensitivity comparison of methylated PE/PC against non-modified lipids [26]

Unmodified TrEnDi-modified
Relative [M™]* | Relative Sensitivity

Lipid Species m/z (Th) | intensity (%) | (Th) intensity (%) | increase”
PE (16:0/18:1(92)) |[M+H]* |718.52 |0.16 774.59 1100 625x

[M + Nal* |740.52 45.0 2.22x

sum 452 2.21%
PS [M+H]* |788.59 0.09 858.67 | 100 1110x
(18:0/18:2(9Z,127)) | [M +Na]* |810.59 |1.16 86.2x

[M—H+ |832.57 1.84 54.3x

2Nal*

sum 3.09 32.4x
PC (18:1(92)/14:0 [M+H]J* |732.56 |0.69 746.57 | 100 145x

[M+ NaJ* |754.54 96.2 1.04x%

sum 96.9 1.03x
SM (d18:1/16:0) [M+H]* |703.60 |3.79 717.60 | 100 26.4%

[M + NaJ* |725.58 | 36.1 2.77%

sum 39.9 2.51x

“Fold increase calculated by dividing the relative intensity of the TrEnDi-modified lipid species to
the relative intensity of the unmodified lipid species

the relative intensities of modified lipid with non-modified in the same sample solu-
tion (i.e. the modified and non-modified samples were mixed in a equimolar ratio
before analysis). It was observed that protonated PE shows a 625-fold sensitivity
increase, and sodiated PE shows a 2.2-fold increase. For PC the results were similar
where protonated and sodiated PC gave 145- and 1.04-fold increases. These results
were the first of their kind in the chemical derivatization of glycerophospholipids.
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BCH,N, [27]

More recently, we have developed a strategy using '*C-labelled diazomethane to
isotopically label glycerophospholipids via TrEnDi, termed '*C-TrEnDi [27]. This
modification to the derivatization remediates the isobaric overlap of PE and PC
lipids with identical acyl chains, Scheme 11.8.

The utility of this derivatization was demonstrated on a lipid extract from HeLa
cells where the number of PE lipids observed above the limit of detection almost
doubled and several phosphatidylserine lipids were observed that were previously
invisible to MS analysis

11.4 Conclusion

Through carful optimization, the benefits of chromatography may be applied to the
separation of complex lipid samples. Using a ternary gradient, the precision of lipid
separations is maintained with good chromatographic peak shape and minimal car-
ryover. Deeper insight into lipid biochemistry is empowered via chemical derivatiza-
tion techniques that help overcome challenges in analyzing lipids by
MS. Derivatization techniques increase sensitivity, separate isobaric masses, and
elucidate absolute structure of a variety of different lipid classes. Successful
derivatization techniques are typically simple organic reactions performed on a very
small scale and are effective on standard solutions as well as complex lipid samples.
Early indicators in the literature reveal that additional developments in the chemical
derivatization of lipids will continue to emerge in this field as the importance of
lipids in cellular biochemistry becomes more fully realized.
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Chapter 12
Advanced Mass Spectrometric Methodologies
in the Evaluation of Health Risk Assessment

Associated to Exposure to Drugs
and Fraudulenty Modified Foods

Giovanni Sindona

Abstract Environmental prevention strategies include the development of suitable
analytical protocols to assess health risk associated to exposure to drugs and fraudu-
lently modified foods. Mass spectrometry (MS) is the analytical methodology of
choice since it is based on the identification and assay of organic and inorganic
components present, and eventually fraudulently added, to foods. An important
achievement of the methodology is represented by the so-called ambient ionization
approach that allows the direct evaluation of species present in fluids and/or solids
without any previous chemical manipulation.

12.1 The Absolute Method of Analysis

The role of Mass Spectrometry (MS) in the identification and assay of ionizable
species present in complex mixture is well established in the world of chemistry
scientists. It is still problematic, however, to promote a successfull interplay of MS
scientific results with real life tradition and demands. An emblematic case could be
represented by the results recently published by german scientists proving that non-
stick parchment papers transfer polydimethylsiloxane (PDMS) species to baked
cookies and pizzas, as shown by the presence of ions of general structure
[(C,H¢Si0), + NH,]* in the m/z 800—1900 range [1]. The MS spectra were obtained
by applying a relatively new ambient ionization system (DART) [2] coupled with
electrospray ionization (ESI).
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Fig. 12.1 The deuterated analog is added to olive oil samples to determine the real amount of the
antioxidant by MS/MS absolute method

Unfortunately, no notice has appeared in the news about private or public enter-
prises interested in the evaluation of the risk that PDMS contaminated foods can
cause to consumers.

Either the identification, but more important the assay of a specific molecule in
any environment can confidently be performed by MS using stable, labelled internal
standards which have the same structure of the analyte to be checked.

The labelling should not affect the chemistry of the reference compound with respect
to the analyte in the experimental conditions typical of the methodology here examined.

Figure 12.1 reports the structure of the secoiridoid Oleuropein whose presence
and relative abundance in foodstuffs derived from olives has been determined easily
by the methodology here presented [3-5].

A very important field of application is represented by the so-called newborn
screening (NBS) [6] which allows the identification and quantitation by MS/MS, of
tens of Inborn Errors of Metabolism (IEM) in babies, in runs of 2 min or less, from
dried blood spots collected on a filter paper in the first 3 days after the birth.

Concerns about the use of sophisticated analytical instruments are often arisen by
well-informed people about the cost of analysis requiring the use of isotopically labelled
compounds as reference standards. Although this is not true (the cost of a full NBS
analysis is in the order or tens of dollars), it should be emphasized that the synthesis of
labelled compounds is a routine application of synthetic organic chemistry and that sup-
pliers in the research and fine chemicals products are present in the worldwide market.

12.2 Quality Safety and Tracebility of Foods [7]

12.2.1 Babies Injured by Melamine Fraudulently Added
in Milk

The milk scandal that occurred in China in 2008 was a food safety incident which
caused 300,000 victims, most of them infants and babies. Milk was deliberately
adulterated with melamine (2,4,6-triamino-1,3,5-triazine) a low molecular weight
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compounds (126,12 uma) with a relatively high content of nitrogen atoms. This
was not only a chinese problem, since nowadays the determination of the proteins
present in dairy products is still based (worldwide!) on the determination of the
total nitrogen content, by applying the Kjeldahl analysis developed in 1883 [8]. It
does not provide a measure of true protein content, since non-protein nitrogen
deriving from the degradation of natural or fraudulently added compounds, such as
melamine, contribute as well to the total nitrogen counts. As a matter of fact,
Chinese scientists clearly have demonstrated, soon after the scandal appears on the
international press, that melamine could be easily detected in milk by the absolute
analytical method whereby tandem mass spectrometry, in the multiple Reaction
Monitoring (MRM) mode, was applied to milk samples containing *C and "N
labelled standard.

The spectra reported in Fig. 12.2 clearly show how molecular and specific prod-
uct ion species can be easily identified and evaluated.

It is important to underline that the limits of quantification were 8 ng/g for liquid
milk and 15 ng/g for dry milk powder and the run time of the measurement was
5.5 min [9].
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Fig. 12.2 MRM spectra of (a) melamine and (b) isotopically labelled analogue
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Table 12.1 Evaluation of sudan dyes in 2004 in chili pepper and in typical Calabrian foods (fresa
and nduja)

Reproducibility of the measurements: recovery, LOQ, and LOD from foodstuff matrixes

Mean value LOQ LOD
Typical product (ppm) RSD% | (ppm) (ppm) | Recovery
“fresa bread” I hot chili 0.777 = 0.025 3.24 1 0.008 0.007 | 84%
pepper “nduja” 909.267 +37.434 | 4.12 | 0.008 0.007 |85%
93.263 +3.154 338 0.010 0009 | 70%

100 255.10
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300.01

150.02 Sudan IV

Sudan 1T 387.18
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Fig. 12.3 Mass spectrum of the family of labelled (ds) Sudan molecules used as internal standard
obtained by PS-MS

12.2.2 Cancerogenic Sudan Dyes Molecules Added
to Sausages

A family of azo dyes named Sudan was illegaly added to chili powder and chili
products to extend the lifespan of the typical reddish colour produced by the natural
chili added, for centuries, to sausages and some meat foods prepared in Italy. Sudan
dyes, have been classified as category 3 carcinogens by the International Agency for
Research on Cancer (IARC), and are unsafe for human consumption.

The Department of Chemistry of our university was required by the regional
Federation of Italian Employers (Confindustria) to provide an absolute method for
the detection and assay of the dangerous sudan dyes poisons in Italian food.
Table 12.1 reports on the application of the MS/MS method here discussed to com-
mercially available powdered chili pepper and to some typical Calabrian foods. The
results [10—12] were shocking because unaware consumers were deliberately
exposed to very dangerous poisons.

A modern fast method of determination such as Paper Spray (PS) MS was
recently applied to promote the application of this unique procedure, on site
(Fig. 12.3) [13].
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Fig. 12.4 Schematics of PS/MS operating procedure

PS-MS, developed by Cooks (Fig. 12.4) [14] allows the generation of ions by
applying a high voltage to a paper triangle wetted with a small volume of solution.
In particular, the technique appears applicable to a wide range of molecules, such as
small organic compounds, peptides or proteins. In this study, we report a paper
spray analysis applied to the assay of Sudan azo dyes, a class of colorants widely
used in household commodities and in the textile [13].

12.2.3 PS/MS Discrimination Among Citrus Essential Oils

A novel approach for a rapid molecular profiling of citrus fruits essential oils,
bypassing chromatography, was introduced using PS-MS. Oxygen heterocyclic
compounds such as psoralens, coumarins and some flavonoids were easily deter-
mined (Fig. 12.5), whereby the coupling of the analytical methodology with chemo-
metric analysis provided a reliable and molecularly based comprehensive
discrimination of essential oils from different citrus fruits [15].

The employment of PS-MS profiling as marker for the classification of bergamot
essential oils was evaluated by using multivariate statistical analysis. Two pattern
recognition techniques (LDA and SIMCA), each with different characteristics, were
applied to MS data, and prediction ability of these chemometric techniques was
tested using cross-validation procedure. Both approaches allowed us to obtain
excellent results because the constructed models have correctly

12.2.4 Analysis of Sexual Assault Evidence

Francese and coworkers have introduced the potentiality of MALDI-MS in sexual
assault forensic analysis [16], with a specific reference, in particular, to the identifi-
cation of condom-doped latent fingerprints, an evidence when condoms are used in
a crime. The maintenance of the sample for further examination can be achieved by
reducing or eliminating the sample preparation, and, in that perspective, the use of
ambient ionization techniques is particularly well suited.
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Fig. 12.5 PS-MS molecular profiling within 100-500 mass range of different essential oil sam-
ples from different citrus fruits

Even if analysis of the same sample with complementary techniques can be use-
ful for discrimination, it is important to investigate the possibility to achieve an
effective discernment of different condom samples by using mass spectrometric
techniques only. Here, we present a statistical approach to differentiate and identify
condoms analyzed by DESI-MS and EASI-MS, an analytical approach showing the
feasibility and the potential of in sifu analysis [17]. Each condom model had shown
a peculiar spectrum allowing the differentiation one from the others, it was impor-
tant, however, to find a systematic and reproducible way to differentiate them based
on their chemical composition and this goal was achieved by using multivariate
statistical analysis.

12.2.5 Identification of Minor Components in Food by LTP
Mass Spectrometry

A relatively new ambient plasma-based ionization technique has been introduced by
Cooks group termed low temperature plasma (LTP), which permits the direct analy-
sis of trace compounds on solid surfaces and in complex matrices, without the need
for solvents or reagents besides a low flow of carrier/discharge gas [18]. Olive oil
has been used as model to show the identification, and in some case quantitation, of
different species at different concentration scales from a particular foodstuff
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Fig. 12.6 LTP-MS full scan spectrum of crude virgin olive oil in the negative ionization mode

containing more than 98% of fats while the rest is characterized by volatile and rela-
tively polar antioxidants species. This very rapid screening allows, however, a rough
estimation of the concentration range of particular analytes in terms of antioxidant
activity (total phenolic content), fatty acids and volatiles (Fig. 12.6) [19, 20].

12.2.6 Clinical Applications of Ambient Ionization Procedures

Caffeine is a natural alkaloid present in many drinks and drugs classified by FDA as
generally recognized as safe (GRAS), the toxic doses for an adult being over 10 g
per day. A very structurally similar species is represented by Theophylline usually
conjugated with Amphetamine in the poisoning drug Fenethylline a drug of abuse
known as Capatagon, or more often recently indicated as the jihadist drug, easili
found in the middle east countries.

A reliable, fast, and green method for the assay of caffeine present in commercial
beverages and drugs has been developed to provide alternative and faster strategies
to the classic approaches for quantitative analysis commonly used and reported in
literature, such as LC-UV methods (Table 12.2) [21].

PS-MS/MS absolute method was employed using the *C; Trimethyl derivative
of caffeine as internal standard for the quantitative assays of the analyte. The data
reported in table two matched with the results obtained by LC-UV data, enforced
the exceptionality of the PS-MS technique. Since ambient MS is quite adaptable to
rapid and reproducible molecular screenings and quantitative analyses, the method
could be extended to the assay of other similar species such as Fenethylline.
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Table 12.2 Amount of caffeine in real samples

Samples Caffeine found (PS-MS) pg/mL | RSD % | HPLC analysis pg/mL
Cola 1159 +8.2 4.14 123
Coffee espresso 1 6887.8 +203.9 3.38 6935
Coffee espresso 2 4921 x 154.1 3.13 4650
Coffee espresso 3 4074 +201.5 4.94 4190
Coftee espresso 4 7864 + 305.6 3.9 8177
Coffee espresso 5 6742 +287.2 4.2 6600
Energy drink 381.5+12.0 3.15 378
Tea 119.7+15.3 12.7 121
Drug 1 126.8 + 8.9 7.03 122
Drug 2 164.3+9.5 9.48 165

12.3 Conclusion

Most of the MS/MS analytical approach previously discussed deal with the charac-
terization of a specimen, in terms of identification and assay, based on the use of
labeled internal standard. This approach belongs to the so-called absolute methods
of analysis. Quality safety and traceability of foods can be determined not only for
environmental health but also to assess unambiguously the presence of fraudulently
added molecules, such as the Sudan or melamine, extremely dangerous to people.
The use of paper spray (PS) for the determination of Caffein in coffee drinks can be
used for the evaluation of the presence of drugs like Captagon in the environment.
The QUASIORA laboratory active at the University of Calabria is providing facili-
ties to safeguarding people from environmental risks.
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Chapter 13

A Tandem Mass Spectrometry Strategy

for Validating the Synthesis of Glycoconjugate
Vaccines

Wael L. Demian, Farid Jahouh, and Joseph H. Banoub

Abstract In principle, various types of vaccines that are commercially used as
“antibacterial or anticancer vaccines” can be produced using various types of anti-
genic carbohydrate haptens containing relevant epitopes.

This review highlights the strategies used for the characterization of such glyco-
conjugate vaccines as well as a complete mass spectrometry-based strategy for vali-
dating their synthesis. The location of the covalently linked antigenic saccharide
haptens on the protein carrier is usually termed as “glycation sites” and these are
determined using tandem mass spectrometry. The ratio of carbohydrate hapten:
BSA is determined by availing of the matrix-assisted laser desorption/ionization-
TOF-MS analyses of the glycoconjugates. The outcome of our different studies was
that all the glycated residues were located mainly near the outer surface of the car-
rier protein.

Keywords Protein carrier * TACA ¢ MALDI-TOF-MS ¢ LC-ESI-QqTOF-MS/MS
* Glycoconjugate vaccines ® Glycation sites
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13.1 Introduction

A vaccine is a substance used to confer protection by stimulating the immune sys-
tem to secrete antibodies against diseases [1, 2]. In 1796, Edward Jenner discovered
that the human inoculation with cowpox was able to protect against smallpox infec-
tion [1, 2]. Since then, different vaccines were developed to prevent infectious dis-
eases [1, 2].

There are different forms of vaccines: attenuated vaccines, inactivated vaccines,
toxoid vaccines, subunit vaccines, DNA vaccines, recombinant vector vaccines and
conjugate vaccines [3]. This review is more focused on the science behind the for-
mation of synthetic neoglycoconjugate vaccines.

Lipopolysaccharides or LPSs are one of the major constituents of the cell walls
which coat the Gram negative bacteria [4, 5]. LPSs consist of three main parts: an
external part called the O-antigen, composed of repeats of identical sugar oligosac-
charide units, and an internal core which is covalently linked to the third part, the
“lipid A” [4, 5]. The lipid A represents the toxic part of the LPS, and it consists of a
B-D-(1 — 6) glucosamine (GIcN) disaccharide in which O-3, O-3’, O-4’, C2-N and
C2-N’are acylated with different C:12 and C:14 fatty acids [4, 5]. The carbohydrate
part of the LPS, such as the core oligosaccharide or the O-antigen part, can be con-
jugated with biomolecules like proteins or dendrimers, to form elegant branched
molecules to produce the glycoconjugate vaccine [4-7].

A carbohydrate antigen neoglycoconjugate vaccine is composed of the antigenic
carbohydrate part called the “hapten”, covalently linked by a spacer to a carrier
biomolecule (usually a protein, Fig. 13.1).

The synthesis of efficient glycoconjugate vaccines depends on many factors, and
their efficacy relies on the saccharide size, the average number of saccharide chains
per conjugate molecule, the nature of the carrier and the distance between the sac-
charide and the protein in the formed glycoconjugate [8—11].

It is worthy to mention that antigenic carbohydrate-protein vaccines are not
limited to fighting bacteria, as they can also be developed as anticancer drugs by
conjugation of a tumor associated carbohydrate antigen (TACA) to a carrier pro-
tein [12]. The first carbohydrate-protein vaccine was reported by Landsteiner’s
group [13, 14], and later, it was discovered that they can induce strong antibody
reaction [15].

Fig. 13.1 Composition of

the glycoconjugate vaccine fCarboh drat Spacer J
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13.2 Methods for Neoglycoconjugates Synthesis

Different methods have been used for the synthesis of carbohydrate antigen-protein
neoglycoconjugates. One of these methods consisted of the use of the squaric acid
chemistry to perform a single-point attachment of carbohydrates to proteins [15—
18]. Tietze et al. used squaric acid diethyl esters for conjugation [16]. It has also
been reported that squaric acid dimethyl esters [19, 20], as well as didecyl squarate,
can be used for the single point attachment of carbohydrates to proteins [19-22]. In
addition, Kamath ef al. used squaric acid amide ethyl esters for the conjugation of
oligosaccharides to protein and monitored the conjugation using Matrix Assisted
Laser Desorption Ionization-Time Of Flight-Mass Spectrometry (MALDI-
TOF-MS) [23].

More recently, the group of Kovac utilized the squaric acid chemistry to conju-
gate different carbohydrate antigens to protein carriers [24-26]. They used this
strategy to conjugate the synthetic tetrasaccharide side chain of the Bacillus anthra-
cis exosporium to the bovine serum albumin (BSA) protein [25].

Furthermore, the development of glycoconjugate vaccines can also be achieved
by the Michael addition of carbohydrate antigens to the carrier protein. This has
been used for the synthesis of anticancer vaccines by targeting the sulthydryl group
of the cysteine residues, and the e- amino groups of the lysine residues [27-30].
Basically, the Michael reaction or Michael addition is the nucleophilic addition of a
carbanion or nucleophile to an a,f-unsaturated carbonyl compound.

13.3 Role of the Biomolecule Protein Carrier

In essence, the carrier protein used in the glycoconjugate vaccine synthesis is very
important, since it is responsible for the production of memory cells that confers the
immune protection [33]. Recently, Roy’s group provided evidences of the role of the
carrier protein [34]. The carrier protein had been replaced with repetitively branched
molecules called dendrimers. Conversely, dendrimers do not elicit the memory B cells,
although they provoke plasma B cells to secrete enough antibodies [34].

In case of infection, the immune system produces antibodies to kill the infected
cells. However, the memory pool is depleted and the memory B cells are not secreted
[33]. Previous studies showed the molecular mechanisms of the generation of
immune responses against protein-polysaccharide conjugate vaccines [33]. The
protein carrier is known to stimulate helper T-cells that elicit the memory B cells
production. Two possible theories are reflecting the vital role of the protein carrier
for stimulating the helper T-cells. The first theory suggests that the processed pep-
tide epitope derived from the carrier protein is presented by MHC II and recognized
by a peptide-specific T cell (Fig. 13.2a).

As the hydrophilic polysaccharide cannot enter the MHC II cavity, the polysac-
charide itself cannot be presented to T cells by MHC II on the surface of the B cell
in order to induce T cell help. The other mechanism suggests that the peptide
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Help

Fig.13.2 Two possible mechanisms for the generation of immune responses against protein-poly-
saccharide conjugate vaccines [33]. (a) The processed peptide epitope derived from the carrier
protein is presented by MHCII and recognized by a peptide-specific T cell. (b) The peptide anchors
the sugar epitope to the MHC and allows presentation of the sugar epitope to a polysaccharide-
specific T cell

anchors the sugar epitope to the MHC II and allows the presentation of the sugar
epitope to a polysaccharide-specific T cell (Fig. 13.2b) [33].

To summarize, polysaccharide vaccines (without protein carriers conjugation)
stimulate primarily an IgM response. However, conjugation with protein carriers
stimulates both IgM and IgG immune responses. Different protein carriers such as
BSA, keyhole limpet hemocyanine (KLH), diphtheria toxoid (DT), cross-reactive
material 197 (CRM197) and tetanus toxoid (TT) have been used for the synthesis of
various anticancer carbohydrate-based vaccines [35-37].

BSA is a plasma protein in cattle that is one of the most stable and soluble albu-
mins available. It has a MW of 67 x 103 Da, and includes 59 lysines. There are
~30-35 lysine residues accessible for use in linker conjugation, and so BSA is a
popular carrier protein for weakly antigenic compounds [38]. In this review, we
discuss two examples of the conjugation of carbohydrates to BSA.
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13.4 Role of the Antigenic Carbohydrate Hapten
in the Glycoconjugate Vaccine

Haptens are small molecules “antigens” that cannot elicit an immune response
unless they are attached to a large carrier such as a protein. Although haptens are
able to bind to the secreted antibodies, they usually do not initiate any immune
response. Karl Landsteiner first pioneered the use of different synthetic haptens to
study immunochemical phenomena [13, 14]. The first example of hapten used was
an diazonium salt obtained from either o-, m- and p-aminobenzoic acid, that readily
formed a covalent bond with nucleophilic amino acid residues on carrier proteins
[13, 14]. The usage of the hapten-carrier protein conjugates is still commonly prac-
ticed today, in order to obtain hapten-specific antibodies. Bacterial polysaccharides
have been used successfully as hapten for glycoconjugate vaccines production. For
instance, direct conjugation of polyribosyl ribitoyl phosphate (PRP) oligomer to the
protein carrier CRM 197, a nontoxic variant of diphtheria toxin, was used to gener-
ate specific antibodies against Haemophilus influenza type b (Hib) [39]. Epitopes of
capsular polysaccharides offer promising possibilities for the development of vac-
cines for the prevention of infectious diseases such as Haemophilus influenzae type
b, human immunodeficiency virus (HIV), Plasmodium falciparum, Vibrio cholerae,
Shigella dysenteriae, Cryptococcus neoformans, Streptococcus pneumoniae,
Neisseria meningitides, Bacillus anthracis and Candida albicans [17, 39-44].

The potency of neoglycoconjugate vaccines are determined by changing differ-
ent lengths of the oligosaccharide chain. The effectiveness of synthetic polysaccha-
ride type-3 related di- tri- and tetrasaccharide-CRM 197 conjugates were investigated
to provide protection against S. pneumoniae type 3 infection [44]. These synthetic
oligosaccharides were coupled via the squarate method. Mice were injected with the
di- tri- and tetrasaccharide-CRM197 conjugates [45]. All mice immunized with the
tri- or tetrasaccharide conjugates had IgG antibodies that bound the capsular poly-
saccharide [41]. Another study showed that a hexasaccharide derived from polysac-
charide type 3 coupled to KLH was capable to induce the immune response against
type 3 pneumococci in mice [45].

An interesting example of glycoconjugate vaccine against H. influenzae type B
showed the potency of conjugates of tri- and tetrameric 3-p-D-ribose-(1 — 1)-ribitol-
5-phosphate and tetanus or diphtheria toxoid. These conjugates were capable to
initiate an immune response against capsular-polysaccharide responses in adult
mice and monkeys with an increasing in IgG/IgM ratio [41].

Lately reliable vaccines against B. anthracis has been developed using different
synthetic protocols, as a precautionary measure for prevention of Anthrax infection
[25, 47, 48]. These different protocols were based on the preparation of immuno-
genic conjugates of the capsular polypeptide (polyglutamic acid) of B. anthracis,
and anthrax capsular vaccine. Kova¢ et al. synthesized the tetrasaccharide isolated
from B. anthracis exosporium and linked it to the BSA using the squaric acid chem-
istry [25]. For instance, B. anthracis neoglycoconjugate vaccines were investigated
by MALDI-TOF/TOF-CID-MS/MS and LC-ESI-QqTOF-tandem mass spectrome-
try [48-51].
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13.5 Role of Antigenic Haptens Conjugates Against Cancer

The identification of distinct glycoproteins on the cell surface of malignant cells has
spurred intense research into exploiting these tumor-associated carbohydrate anti-
gens (TACA) for the development of anticancer vaccines. These antigens shared by
several cancer types, or expressed by the normal tissue from which the tumor grows
[12, 52, 53]. Some of these antigens are carbohydrates and several trials are being
carried out to explore their possibilities to be used for the development of
vaccines.

The cytotoxic T cells (CD8+ T cells) play an important role in fighting cancer
cells through recognizing the TACAs in a conventional class | MHC-restricted fash-
ion [12, 54-56]. Accordingly, in some forms, the resulting increase in the numbers
of glycosylation sites are reflected by the presence of the TACAs such as: Tn
(GalNAcal — Ser/Thr), sialyl-Tn (NeuSAca2 — 6GalNAc) and Thomsen-
Friedenreich (TF: Galpl — 3GalNAcal — Ser/Thr) antigens [12, 55-58].

13.6 Role of Mass Spectrometry in Validation
of Glycoconjugate Vaccines Synthesis

The analysis and the localization of the glycation sites in carbohydrate-protein neo-
glycoconjugates are very important features for the quality control of conjugate
vaccines. Different strategies have been developed for the analysis of glycoproteins,
mainly based on the mass spectrometry analysis of enzymatic digests. Herein, we
did explore strategies for the characterization of glycoconjugate vaccines using MS,
and for the determination of the glycation sites [48-51].

13.6.1 Strategies for the Characterization of Glycoconjugate
Vaccines Using MS

Initially, the use of MALDI-TOF-MS for the analysis of different hapten-BSA gly-
coconjugate vaccines allowed the determination of the molecular weights of the
glycoconjugate and concurrently permitted the determination of the hapten-to-BSA
ratios [50-53]. This is followed by the enzymatic digestion of the glycoconjugate
vaccine and the MALDI-TOF/TOF-MS/MS and LC-ESI-QqTOF-MS/MS analysis
of the digests for the determination of the glycation sites using de novo sequencing.
The enzymatic digestion is usually done with two different enzymes. The first one,
trypsin, does not digest or react with the glycated lysine residues of the protein, but
cleaves the lysine and asparagine residues. The second enzyme that is commonly
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used is the GluC V8 endoproteinase which is known to digest proteins at C-terminus
of aspartic acid and glutamic acid residues [42, 50].

13.6.2 Molecular Mass and Carbohydrate-to-Protein Ratio
Determination

The purpose of determining the molecular mass and the carbohydrate-to-protein
ratio of a carbohydrate-protein neoglycoconjugate is to define the number of carbo-
hydrates that are incorporated into the protein carrier, as a result of conjugation.
Two main methods are currently used for the molecular mass determination of
carbohydrate-protein  glycoconjugates: MALDI-TOF-MS [61] and Surface
Enhanced Laser Desorption Ionization Time-Of-Flight Mass Spectrometry (SELDI-
TOF-MS) [23-25, 60-62].

Both of these methods allow the carbohydrate-to-protein ratio determination of
the neoglycoconjugates by comparing the molecular mass of the protein before and
after the conjugation.

13.6.3 Glycation Sites Determination

One of the first method for the glycation sites determination of carbohydrate-protein
neoglycoconjugates ever carried out in the literature, involved the digestion the neo-
glycoconjugate using a protease, such as trypsin or GluC V8 endoproteinase, fol-
lowed by MALDI-TOF-MS/MS or LC-MS/MS [48-51].

It is primordial to note that during the tandem mass spectrometry analysis of the
glycoconjugate digests, the identification of the glycated peptides are usually initi-
ated by distinguishing the presence of diagnostic carbohydrate product ions in the
CID-spectrum. In addition, the tandem mass spectrometry analysis allows also the
unraveling of sequence of the peptide through diagnostic product ions of the peptide
moiety of the glycated peptide. The combined information allows the unambiguous
characterization of the carbohydrate-peptide and glycation site identification.

During tandem mass spectrometry analyses of the glycated peptides, the product
ions corresponding to the fragmentation of the peptide portion are identified using
the nomenclature established by Roepstorff et al. and lately is modified by Johnson
and coworkers [63, 64], whereas, the product ions resulting from the fragmentation
of the carbohydrate moiety are assigned using the nomenclature introduced by
Domon and Costello, as: A, B, C, X, Y and Z [65].
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13.6.3.1 Neoglycoconjugate Vaccine of the Biological Agent Bacillus
anthracis, the Etiological Agent of Anthrax

Bacillus anthracis is a Gram-positive bacterium that causes anthrax to both humans
and animals [66]. The formation of endospores at the maturity stage of the bacte-
rium allows a protection against severe conditions, such as extreme temperatures,
radiations, physical damages and chemicals [67, 68]. Bacillus anthracis is the etio-
logic agent of anthrax that can be used as a biological weapon [69, 70]. Indeed,
Bacillus anthracis a pathogen that is lethal in most cases for both humans and ani-
mals. There are different Bacillus anthracis strains, among those, 89 of them were
identified, such as the Sterne strain [76], the Vollum strain [77], the Ames strain [75,
78] and the H9401 strain [74]. The last strain has also been studied for the develop-
ment of the anthrax vaccine [74]. In addition, Bacillus anthracis has been exten-
sively studied in the aim of understanding its pathogenesis, identifying new
biomarkers and vaccines design [75]. The capsular polypeptide (polyglutamic acid)
of the Bacillus anthracis has been targeted for the development of synthetic vac-
cines [46].

Daubenspeck et al. reported the structure of the tetrasaccharide side chain of the
collagen like region of the major glycoprotein of the B. anthracis exosporium [47].
Their findings was that the upstream terminal of the tetrasaccharide corresponds to
the sugar anthrose [4,6-dideoxy-4-(3-hydroxy-3-methylbutyramido)-2-O-methyl-
D-glucopyranose].

The group of Kovac prepared a vaccine composed of a synthetic tetrasaccharide
side chain of the collagen like region of the major glycoprotein of the B. anthracis
exosporium (MW = 950.43 Da) attached to the BSA using the squaric acid chemis-
try [25]. The conjugation leaded to the formation of vaccines with different carbo-
hydrate: BSA ratios. The carbohydrate: BSA ratio and glycation sites were well
validated and determined in our previous work [51].

e Carbohydrate:BSA ratio of the anthrax vaccine

MALDI-TOF-MS analysis of the synthetic vaccine allowed to observe the fol-
lowing protonated molecular ions: [M + H]* at m/z 71,448.36 and [M + 2H]*" at m/z
35,730.08. The molecular weight of this vaccine was thus found to be 71,447.36 Da.
Similarly, the MALDI-TOF-MS analysis of the BSA revealed the following proton-
ated molecular ions: [M + H]* at m/z 66,318.88 and [M + 2H]** at m/z 33,161.81,
which allowed to determine the molecular weight of BSA, being 66317.88 Da. It
was observed in our previous that the squaric acid chemistry allows the attachment
of the synthetic carbohydrate antigens to the e-amino groups of the lysine residues
in BSA with loss of a molecule of ethanol [48—50]. Thus, the molecular weight of
the synthetic tetrasaccharide side chain of the collagen like region being 950.43 Da,
the carbohydrate: protein ratio of the synthetic vaccine was determined to be 5.4:1.

e Glycation sites determination of the anthrax neoglycoconjugate vaccine

The determination of the glycation sites of the hapten-BSA vaccine neoglyco-
conjugate was carried out by its enzymatic digestion with the trypsin or GluC V8§
proteases, followed by the MALDI-MS/MS and LC-MS/MS analysis of the digests.
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The enzymatic digestion of the hapten-BSA glycoconjugate and MALDI-MS/MS
as well as LC-MS/MS analyses were carried out as previously described [49].

* MALDI-CID-MS/MS of the anthrax neoglycoconjugate vaccine

The spectra obtained during the MALDI-CID-MS/MS analysis of the tryptic and
GluC V8 digests were submitted to the MASCOT library to identify by PMF the
peptides matching to the BSA (Fig. 13.3). Two Serum Albumin protein isoforms
from the Bos taurus species were identified for the tryptic and GluC V8 digests: the
serum albumin precursor (gil1351907) and the serum albumin (gil74267962). The
detected peptides that were not identified in the database were analyzed by tandem
mass spectrometry. The MALDI-MS/MS analysis of the tryptic digests allowed to
identify three glycated peptides (Fig. 13.3) corresponding to BSA peptides with an
increment of 950 Da to their original molecular mass, namely: ALK*AWSVAR at
m/z 1951.0130, VTK*CCTESLVNR at m/z 2416.1372, and QNCDQFEK*LGE
YGFQNALIVR at m/z 3478.6429 (glycation represented with an asterisk on the
lysine residue).

The high-energy CID-MS/MS analysis of the glycopeptide ALK*AWSVAR
(Fig. 13.4) at m/z 1951.0130 afforded a series of product ions corresponding to the
entire precursor ion that losses different carbohydrate portions, the monosaccharide
B, (=259 Da), disaccharide B, (=405 Da), trisaccharide B; (=551 Da) and/or the
tetrasaccharide B4 (—697 Da), leading respectively to the formation of the following
product ions: Y5* at m/z 1691.8829, Y," at m/z 1545.8376,Y," at m/z 1399.7768 and
Yo' at m/z 1253.7010 (Fig. 13.4). The mass difference between Y5 and Y,*, Y," and
Y,*, Y, and Y,* was found to correspond to one a-L-rhamnopyranosyl unit (146
Da). Moreover, product ions resulting from the fragmentation of the same tetrasac-
charide were observed: C,;H,,N;O,* at m/z 336.1242, B,* at m/z 260.0739, [B, -
H,0]* at m/z 242.0709, *3A,* at m/z 230.0719, C;;H,,N;0," at m/z 222.0670 and
[C; - CsH NO,J* at m/z 159.0486 (Fig. 13.4).

Accordingly, the fragmentation of the carbohydrate portion allowed to confirm
its structure and contributed to establish a diagnostic fragmentation signature of the
synthetic tetrasaccharide. In addition, the fragmentation of the peptide portion
leaded to the formation of b- and y- product ions that allowed the determination of
the sequence of the glycated peptide. However, some peptide product ions had the
particularity to have lost the carbohydrate portion but were still attached to the
spacer-squaric acid chain: [b; - B4]* at m/z 565.2661, [b, - B,]* at m/z 636.2715 and
[y, - By]" at m/z 1361.7265. Thus, the identified glycated peptides ALK*AWSVAR
atm/z1951.0130, VTK*CCTESLVNR atm/z2416.1372,and QNCDQFEK*LGEYG
FQNALIVR at m/z 3478.6429 allowed determining the glycation site on the follow-
ing lysine residues: Lys 235, Lys 498 and Lys 420, respectively.

Similarly, the MALDI-MS/MS analysis of the GluC V8 digests afforded differ-
ent glycated peptides: LCK*VASLRE at m/z 2025.0186, YAVSVLLRLAK*E at m/z
2311.2476 and YAVSVLLRLAK*EYE at m/z 2603.3484, allowing the identifica-
tion of the following glycation sites on lysine residues: Lys 100 and Lys 374. To
sum it up, only 5 glycation sites were identified during the MALDI-MS and MS/MS
analyses of the tryptic and GluC V8 digests of the hapten-BSA glycoconjugate: Lys
100, Lys 235, Lys 374, Lys 420 and Lys 498.
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teinase digests (b) [51]
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e LC-ESI-CID-MS/MS of the anthrax neoglycoconjugate vaccine

The second approach for the determination of the glycation sites of the vaccine
neoglycoconjugate was the LC-MS/MS analysis of the tryptic and GluC V8 digests.
It has to be noted that the LC-MS/MS analysis of peptides has the advantage of
minimizing the ionization suppression effect comparing to the MALDI-MS/MS
analysis [76, 77].

The LC-MS/MS data of the analysis of the tryptic and GluC V8 digests were
submitted to the MASCOT library and also matched two serum albumin protein
isoforms: the serum albumin precursor (gill351907) and serum albumin
(gil74267962) from Bos taurus.

For the tryptic digests, the BSA sequence coverage was found to be 57% for the
serum albumin precursor from Bos taurus (gil1351907) and 58% for serum albumin
protein from Bos taurus (gil74267962). The LC-MS/MS analysis of the hapten-
BSA tryptic digests allowed the identification of 18 glycated peptides, reported in
Table 13.1.

The low-energy CID-MS/MS analysis of the extracted precursor ions of the gly-
cated peptides allowed to localize the glycation sites on the following 18 lysine resi-
dues: Lys 140, Lys 155, Lys 156, Lys 204, Lys 211, Lys 228, Lys 235, Lys 304, Lys
374, Lys 401, Lys 420, Lys 437, Lys 455, Lys 463, Lys 495, Lys 498, Lys 547 and
Lys 559.

The LC-MS/MS analysis of the hapten-BSA vaccine GluC V8 digest allowed the
identification of the serum albumin from Bos taurus (gil74267962) with a sequence
coverage of 42% and the precursor serum albumin from Bos taurus (gil1351907)
with a sequence coverage of 45%, in the MASCOT database. Table 13.2 displays
the identified glycated peptides during the LC-MS/MS analysis of the GluC V8§
digests. Thus, the CID-MS/MS analysis of theses glycated peptides allowed to dis-
cover 17 glycation sites, localized on the following lysine residues: Lys 65, Lys 75,
Lys 88, Lys 100, Lys 117, Lys 151, Lys 183, Lys 197, Lys 256, Lys 266, Lys 304,
Lys 309, Lys 336, Lys 374, Lys 420, Lys 455 and Lys 495 (Table 13.2).

In summary, the LC-MS/MS analysis of both tryptic and GluC V8 digests
allowed the identification of a total of 30 glycation sites on the lysine residues
(Fig. 13.5). Mapping these glycation sites on the 3D representation of the BSA
(Fig. 13.5), lysines highlighted in red) permitted to observed that they correspond to
lysine residues located at the outer surface of the BSA. In addition, the number of
the identified glycation sites (30 lysine residues) being higher than the determined
hapten: BSA ratio 5.4:1) of the tetrasaccharide-BSA neoglycoconjugate, it was con-
cluded that the vaccine is composed of a mixture of glycoforms.
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Table 13.2 Glycopeptides identified in the bovine serum albumin protein by LC-ESI-QqTOF-MS/
MS analysis of the hapten-BSA glycoconjugate digested with the endoproteinase GluC V8 [51]

Precursor

ion

m/z Deviation | Missed

(charge) Mr(expt) Mr(calc) Da cleavage| Peptide

698.3598 1394.7051 | 1394.6803 | 0.0248 0 K*LGE (Lys 420)

(+2)

790.3774 1578.7403 | 1578.7288 | 0.0115 1 K*QEPE (Lys 117)

(+2)

844.3721 1686.7297 | 1686.7499 | —-0.0202 |1 EFK*ADE (Lys 151)

(+2)

894.4637 1786.9128 | 1786.8976 | 0.0152 0 HVK*LVNE (Lys 65)

(+2)

862.9539 1723.8933 | 1723.8754 0.01179 |1 VTK*LVTD (Lys 256)

(+2)

897.4200 1792.8255 | 1792.8176 |0.0079 0 K*SHCIAE (Lys 309)

(+2)

902.4801 1802.9456 | 1802.9289 |0.0167 0 LTKVHK*E (Lys 266)

(+2)

962.1552 2883.4439 |2883.4093 | 0.0346 0 VSRSLGK*VGTRCCTKPE
(+2) (Lys 455)

987.9658 19739171 | 1973.8949 |0.0222 0 K*VTKCCTE (Lys 495)
(+2)

989.9697 1977.9248 | 1977.9154 |0.0094 2 K*QEPERNE (Lys 117)
(+2)

992.4568 1982.8989 | 1982.884 0.0149 1 CCDK*PLLE (Lys 304)
(+2)

995.4702 1988.9258 | 1988.8912 |0.0346 1 FAK*TCVADE (Lys 75)
(+2)

1013.0142 12024.0138 |2024.0123 |0.0015 0 LCK*VASLRE (Lys 100)
(+2)

1048.5225 12095.0305 |2094.9984 | 0.0321 1 K*SLHTLFGDE (Lys 88)
(+2)

1097.0595 12192.1045 |2192.0909 |0.0136 0 DK*GACLLPKIE (Lys 197)
(+2)

1124.5018 | 2246.9890 |2246.9876 |0.0014 1 DK*DVCKNYQE(Lys 336)
(+2)

1336.1446 | 2670.2746 | 2670.2728 |0.0018 0 LLYYANK*YNGVFQE (Lys
(+2) 183)

1156.132 2310.2495 |2310.2345 | 0.0150 0 YAVSVLLRLAKZ*E (Lys 374)
(+2)

13.6.3.2 Anti-tumor Thomsen-Friedenreich Neoglycoconjugate Vaccine
Prepared by Michael Addition

Thomsen-Friedenreich (TF) is a TACA recognized by major histocompatibility pro-
tein class (MHC) I [86-90]. TF is a disaccharide (p-D-Galactose and
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(@)
1 MEWVTFISLL LLFSSAYSRG VFRRDTHKSE IAHRFKDLGE EHFKGLVLIA

51 FSQYLQQCPF DEHVK*LVNEL TEFAK*TCVAD ESHAGCEK*SL HTLFGDELCK*
101 VASLRETYGD MADCCAK*QEP ERNECFLSHK DDSPDLPKLK* PDFNTLCDEF
151 K*ADEK*K*FWGK YLYEIARRHF YFYAPELLYY ANK*YNGVFQE CCQAEDK*GAC
201 LLPK*IETMRE K*VLTSSARQR LRCASIQK*FG ERALK*AWSVA RLSQKFPKAE
251 FVEVTK*LVTD LTKVHK*ECCH GDLLECADDR ADLAKYICDN QDTISSKLKE
301 CCDE*PLLEK*S HCIAEVEKDA IPENLPPLTA DFAEDK*DVCK NYQEAKDAFL
351 GSFLYEYSRR HPEYAVSVLL RLAK*EYEATL EECCAKDDPH ACYSTVFDKL
401 K*HLVDEPQNL IKQNCDQFEK* LGEYGFQNEL IVRYTRK*VPQ VSTPTLVEVS
451 RSLGK*VGTRC CTK*PESERMP CAEDYLSLIL NRLCVLHEKT PVSEK*VTK*CC
501 TESLVNRRPC FSALTPDETY VPKAFDEKLF TFHADICTLP DTEKQIK*KQT
551 ALVELLKHEK*P KATEEQLKTV MENFVAFVGK CCAADDKEAC FAVEGPKLVV
601 STQTALA

(b)

Fig.13.5 (a) BSA sequence where the glycation sites are indicated by an asterisk (red = identified
on tryptic digests, blue = identified on GluC V8 digests and red and underlined = identified on both
tryptic and GluC V8 digests) and (b) 3D structure of the BSA. The glycated lysine residues are
highlighted in red (Swiss-Pdb Viewer software) [51]
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a-D-Galactoseamine) bound to the hydroxyl group of threonine and serine residues
on the core of mucin protein [86—-90]. This antigen was found on different cancers
such as breast, colon, prostate or bladder to metastasize, and it was also responsible
for causing aberrant O- glycosylation of the mucin protein. In case of cancer, 50%
of mucin O-sites gain O-glycosylation by TF and Ty (N-acetylglucoseamine) anti-
gens. Additionally, sialic acid glycoproteins are overexpressed by cancer cells.
Consequently, in case of cancer, sialyl TF and silayl Ty are formed, causing aberrant
glycosylation [57-60, 78].

Several studies were reported for a drug design against the “TF’ antigen.
Monoclonal antibodies had been produced from mouse, such as the JAA-F11 (IgG3)
and the C5 (IgM). More recently, Hoffmann-Rdder et al. prepared several synthetic
antitumor vaccines composed of BSA conjugates of mucin 1 (MUCI) glycopep-
tides with the TF (TF -MUC1-BSA conjugate) and a fluorine-substituted analogue
(difluoro- TF -MUCI1-BSA conjugate) [57-60, 78].

In the following example, the TF:BSA protein conjugate based vaccine was syn-
thesized by Michael reaction. To the best of our knowledge, the systematic use of
the L-lysine e-amino groups of the protein carrier has scarcely been investigated as
nucleophilic partners for the chemical ligation by a 1,4-conjugate addition [79-81].
Furthermore, the detailed structural identity of the glycoforms which result from the
1,4-conjugate addition (Michael reaction) has never been used for the conjugation
of the anticancer TF to BSA as a protein carrier.

¢ Synthesis of the anti-tumor Thomsen-Friedenreich neoglycoconjugate vac-
cine prepared by the Michael addition.

The Michael addition reaction was used to target the free sulfthydryl group of
cysteine 34 (Cys 34) of the BSA protein carrier during the synthesis of this neogly-
coconjugate vaccine. BSA is rich in potential glycation sites, because it contains 59
lysine residues and 35 cysteine residues, 34 of which form 17 disulfide groups, leav-
ing one free sulthydryl group on the Cys 34 [31].

The TF-antigen was prepared according to a published procedure [81]. Briefly,
the photocatalyzed reaction of the allyl glycoside of Thomsen—Friedenreich (TF)
disaccharide [allyl 3-0-(B-D-galactopyranosyl)-2-acetamido-2-deoxy-a-D-
glucopyranoside] (1) with cysteamine gave the TF glycoside derivative 2 with a
terminal primary amino group in 83% yield (Scheme 13.1, Fig. 13.6).

Subsequently, compound 2 was treated with acryloyl chloride in methanol to
yield the a,B-unsaturated amide derivative 3 via the nucleophilc displacement of the
chloride with the amino function. This reaction was carried out in the presence a
strong base anion resin to remove the formed HCI. Finally, the acrylamide-ending
TF-antigen 3 was anchored to the BSA carrier protein by treating the a,-unsaturated
amide with BSA at room temperature and at 40 °C, respectively in a 0.2 M carbon-
ate buffer for 3 days to afford the two desired TF-BSA anti-tumor vaccine conju-
gates having a low and a high TF-content. A colorimetric phenol-sulfuric acid test
was performed onto the BSA-TF conjugates using compound 1 a standard [81]. The
analysis showed the conjugates to contain 2 + 1 and 8 + 2 TF-antigens,
respectively.
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Scheme 13.1 Structure of the TF antigen and its chemical transformation into a suitable Michael
acceptor 3 [83]

pH =10,40° C
—r

—C SH
b 3 days

Fig. 13.6 Synthesis of Thomsen—Friedenreich antigen-BSA glycoconjugate vaccines using a
Michael addition [83]

¢ MALDI-TOF-MS analysis of two TF-BSA glycoconjugates

The group of Rene Roy prepared two TF-BSA glycoconjugate vaccines, differ-
ing from each other on the targeted hapten-to-BSA ratio as described in the above
section [83]. For the determination of the average number of carbohydrate-spacer
moieties linked to BSA (TF-antigen: BSA), the two glycoconjugates were ana-
lyzed by MALDI-TOF-MS [83]. The MALDI-TOF mass spectra were character-
ized by the formation of a protonated molecular ions [M + H]* at m/z 67599.23 and
m/z 70904.76. Knowing that TF-antigen is composed of the disccharide Galf1 —
3GalNAcal — O-linked to spacer [-(CH,);S(CH,),NH-CO-CH = CH,] with a
molecular mass of 555.22 Da, the TF-BSA ratios were calculated to be 2:1 and
8:1, respectively. Please, note that the molecular mass of the synthesized neogly-
coconjugates were measured four times and are given with a standard error of the
mean measurements (SEM). Henceforth, the neoglycoconjugate prepared with a
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hapten: BSA ratio of 2:1 produced the protonated molecule [M + H]* at m/z
67599.23, 67599.22, 67599.22 and 67599.22. Accordingly, its actual molecular
weight is 67598.22 + 0.0014 Da. On the other hand, the molecular weight of the
neoglycoconjugate with a hapten: BSA ratio of 8:1 gave protonated molecule [M
+ HJ* at m/z 70904.76, 70904.76, 70904.76, 70904.76, 70904.76.

The molecular mass calculations of these glycoconjugates (Hapten:BSA ratios
of 2:1 and 8:1) were based on the presumption that one molecule of the TF-antigen
will be covalently linked to the free sulthydryl (Cys-34) group forming a C-S glyco-
side bond, by a Michael addition. The remaining stoichiometric amounts of the
TF-antigen, that is one remaining molecule for the glycoconjugate with a
Hapten:BSA of ratio of 2:1 and seven molecules of the glycoconjugate with a
Hapten:BSA ratio of 8:1), respectively, will conjugate by direct targeting of the
e-amino groups of the various lysine residues of BSA, forming a C-N bond which
occur by loss of ethanol molecules.

¢ LC-ESI-CID-QqTOF-MS/MS analysis of tryptic digests of the glycoconju-
gate vaccines with TF: BSA ratios of 2:1 and 8:1

The use of high-energy collision induced dissociation MALDI-MS/MS was cir-
cumvented in exploring the tryptic digests MS/MS data. This was completed in order
to improve the glycopeptides chromatographic separation and to hinder the ioniza-
tion suppression effect observed during MALDI-TOF-MS analysis [78, 79]. For
these reasons, peptide identification was achieved by nano-LC-ESI-MS/MS analy-
sis. This was completed in order to improve the glycopeptides chromatographic
separation and to hinder the ionization suppression effect observed during MALDI-
TOF-MS analysis [76, 77]. Hereafter, nano-LC-ESI-QqTOF-MS/MS analysis was
carried out on tryptic digests of glycoconjugates with TF: protein ratios of 2:1 and
8:1, and this was followed by de novo peptide sequencing using low-energy CID-MS/
MS. The obtained low-energy CID-MS/MS were submitted to the Mascot library to
indentify the proper sequences of the peptides and glycopeptides released from BSA.

The Mascot reports of LC-MS/MS data of the tryptic digests of both glycocon-
jugates demonstrated the identification of two serum albumin isoforms from Bos
taurus species. The serum albumin precursor (gill,351,907) was identified and had
a sequence coverage of 46% and 21% for the glycoconjugate vaccines formed with
TF-antigen: BSA ratios of 2:1 and 8:1, respectively. In addition, the serum albumin
protein isoform (gil229,552) was also identified for the tryptic digests of both gly-
coconjugates and this allowed us to observe a sequence coverage of 42% and 19%
for the glycoconjugates with hapten: BSA ratios of 2:1 8:1, respectively.

It is fundamental to remark that the tryptic glycopeptide m/z values of the precur-
sor ions that were not matched to that of the predicted BSA peptides were calculated
by the addition of the exact mass of the carbohydrate TF-antigen (Molecular Weight,
555.22 Da) to that of the predicted BSA peptide.

As mentioned previously, de novo sequencing of the glycopeptides was achieved
by measuring the product ion spectra of the potential glycopeptides, identified as
described previously [48-51]. Hence, we were able to identify 3 glycated peptides
for the glycoconjugate prepared with an antigen-TF:BSA ratio of 2:1 (Table 13.3a):
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Table 13.3a Identified glycated peptides during the LC-MS/MS analysis of the trypsin digests of
the TF-BSA vaccine with TF: BSA ratio 2:1 [83]

TF: BSA ratio 8:1
Missed Observed m/z
Glycated peptide sequence Cleavage (charge) Deviation (Da)
FK*DLGEEHFK (Lys 12) 1 902.1155(+2) | —0.0214
GLVLIAFSQYLQQC*PFDEHVK (Cyst 34) 0 1015.4871 0.0052
(+3)
HKPK*ATEEQLK (Lys 535) 1 620.5411(+3) | —0.0044

Table 13.3b Identified glycated peptides during the LC-MS/MS analysis of the trypsin digests of
the TF-BSA vaccine with TF: BSA ratio 8:1 [83]

TF: BSA ratio 8:1

Missed Observed m/z | Deviation
Glycated peptide sequence Cleavage | (charge) (Da)
FK*DLGEEHFK (Lys 12) 1 902.1251(+2) | —0.0331
LK*PDPNTLCDEFK (Lys 116) 1 1065.5890(+2) |0.0762
K*QTALVELLK (Lys 522) 1 848.7161(+2) | —0.0776
K*VPQVSTPTLVEVSR (Lys 412) 1 731.4685(+3) |0.0317
GLVLIAFSQYLQQC*PFDEHVK (Cyst 34) 0 1015.4614(+3) | —0.0309
LKPDPNTLCDEFK*ADEK (Lys 127) 2 858.2895(+3) | —0.0822
NECFLSHK*DDSPDLPK (Lys 106) 1 818.7910(+3) 1 0.0198
DAIPENLPPLTADFAEDK*DVCK (Lys 312) 1 1004.2688(+3) | —0.021
SLGK*VGTR (Lys 429) 1 685.2528(+2) | 0.0073
EK*VLTSSAR (Lys 186) 1 765.8557(+2) | —0.01
ALK*AWSVAR (Lys 210) 1 777.3762(+2) | 0.0036
DTHK*SEIAHR (Lys 4) 1 873.4264(+2) |0.0033
HKPK*ATEEQLK (Lys 535) 1 620.5352(+3) | 0.0015
GACLLPK*IETMR (Lys 179) 1 942.6395(+2) | —0.0094

These glycated peptides were as follows: FK*DLGEEHFK (C-N glycation site

is Lys 12) at m/z 902.1155(+2), GLVLIAFSQYLQQC*PFDEHVK (C-S glycation
site is Cyst 34) at m/z 1015.4871(+3) and HKPK*ATEEQLK (C-N glycation site is
Lys 535) at m/z 620.5411(+3). Additionally, 14 glycated peptides were also identi-
fied for the glycoconjugate prepared with an antigen-TF:BSA ratio of 8:1 respec-
tively (Table 13.3b).

These glycated peptides were as follows: FK*DLGEEHFK (C-N glycation site
is Lys 12) at m/z 902.1251(+2), LK*PDPNTLCDEFK (C-N glycation site is Lys
116) at m/z 1065.5890(+2), K*QTALVELLK (C-N glycation site is Lys 522) at m/z
848.7161(+2), K¥*VPQVSTPTLVEVSR (C-N glycation site is Lys412) at m/z
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731.4685(+3), GLVLIAFSQYLQQC*PFDEHVK (C-S glycation site is Cyst34) at
m/z 1015.3614(+3), LKPDPNTLCDEFK*ADEK (C-N glycation site is Lys 127) at
m/z 858.2895(+3), NECFLSHK*DDSPDLPK (C-N glycation site is Lys 106) at m/z
818.7910(+3), DAIPENLPPLTADFAEDK*DVCK (C-N glycation site is Lys 312)
atm/z1004.2688(+3), SLGK*VGTR (C-N glycation site is Lys 429) at m/z 685.2528
EK*VLTSSAR (C-N glycationssite is Lys 186) at m/z 765.8557(+2), ALK*AWSVAR
(C-N glycation site is Lys 210) at m/z 777.3762(+2), DTHK*SEIAHR (C-N glyca-
tion site is Lys 4) at m/z 873.4264(+2), HKPK*ATEEQLK (C-N glycation site is
Lys 535) at m/z 620.5352(+3) and GACLLPK*IETMR (C-N glycation site is Lys
179) at m/z 942.6395(+2). All aforementioned glycation sites were displayed in
Fig. 13.7 [83].

As an example, the CID-fragmentation of the S-glycated peptide
GLVLIAFSQYLQQC*PFDEHVK (C-S glycation site located at Cyst34) at m/z
1015.3614(+3) is shown in Table 13.4.

The MS/MS spectrum afforded the following series of products ions. First, we
noted the product ions formed only by the fragmentation of the carbohydrate hap-
ten: [B, - Gal - CH,CO - 2H,0]* at m/z 126.0578, [B, - Gal- H20]* at m/z 186.0773,
[B, - Gal]* at m/z 204.0845, B," at m/z 366.1487, Y,** at 1341.1178 and Y >
1442.6371. Additionally, we also noted the peptide product ions resulting from the
release of the carbohydrate portion from the glycopeptide [-B,*] and these were the
following: [ys - B,]* at m/z 261.3074, [b; - B,]* at m/z 348.4520, [y - B,]* at m/z
408.3712, [bg - B,]* at m/z 435.4821, [by - B,]* at m/z 563.5424, [y - B,]* at m/z
665.4677, [byo - Byl at m/z 726.6014, [by; - B,]* at m/z 839.7011, [y, - B,]* at m/z
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Fig. 13.7 CID-MS/MS spectra of identified glycated peptide GLVLIAFSQYLQQC*PFDEHVK
5 (Cys34) at m/z 1015.4614 (+3) [83]



13 A Tandem Mass Spectrometry Strategy for Validating the Synthesis... 237

Table 13.4 Identified product ions for the glycated peptide GLVLIAFSQYLQQC*PFDEHVK
(Cyst34) at m/z 1015.4614(+3) [83]

Production Calculated m/z Observed m/z Deviation (Da)
by* 1980.9888 1980.9884 0.0004
[bis - Bo]* 1499.9619 1499.9621 —0.0002
Y 1442.6635 1442.6371 0.0264
Y 1341.1685 1341.1178 0.0507
[bis - B,]* 1255.8407 1255.8424 —0.0017
[bis - B,]* 1095.8100 1095.8145 —0.0045
[yi0- BaJ* 921.5786 921.5777 0.0009
[by, - By]* 839.7000 839.7011 —0.0011
[b - Bo]* 726.6014 726.6004 0.0010
[ys - Bo]* 665.4615 665.4677 —0.0062
[by - B,]* 563.5455 563.5424 0.0031
bs* 496.3493 496.3487 0.0006
[bs - B,]* 435.4869 435.4821 0.0048
[ys - B,]* 408.3781 408.3712 0.0069
B,* 366.1400 366.1487 —0.0087
[b; - B,]* 348.4549 348.4520 0.0029
[ys - B,]* 261.3097 261.3074 0.0023
[B, - Gal]* 204.0866 204.0845 0.0021
[B, - Gal- H,0]* 186.0761 186.0773 —-0.0012
b+ 171.1128 171.1100 0.0028
[B, - Gal - CH,CO - 2H,O]* 126.0550 126.0578 —0.0028

921.5777, [by; - B,]* at m/z 1095.8145, [by, - B,]* at m/z 1255.8424 and [b,s - B,]* at
m/z 1499.9621. Finally, we noted products ions created by the straight forward frag-
mentation of the peptide portion only and these are exemplified by the following
product ions: b," at m/z 171.1100, bs* at m/z 496.3487 and b;* at m/z 1980.9884. It
is important to mention that for the CID-MS/MS of this described precursor ion at
m/z 1015.3614(+3) (C;H;3NO,S*), no product ions containing the spacer linker arm
were noted [83].

13.7 Conclusion

While it has been reported in several studies that MALDI-TOF-MS is a reliable
technique for the average hapten: protein ratio determination, nevertheless, the
digestion of the hapten-protein neoglycoconjugate vaccine followed by LC-MS/MS
analysis of the digests is a powerful method for the discovery of the glycation sites.

Most of the time, the vaccines prepared using the squaric acid chemistry revealed
the attachment of the hapten to lysine residues and leaded to the formation of a
mixture of glycoforms. However, the coupling of haptens to protein carriers using



238 W.L. Demian et al.

the Michael addition showed that the reaction allowed the conjugation of hapten not
only to lysine residues, but also on a cysteine residue.

Finally, in the two examples we discussed, most of the glycation sites were found
to be located at the outer surface of the protein.
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Chapter 14
Explosive Detection Strategies for Security
Screening at Airports

Peter Pallister, Terri D’Souza, Chelsea Black, Nigel Hearns,
and Jeffrey C. Smith

Abstract Commercial airline traffic is at an all-time high during a period in history
when security threats are real and the access to explosive materials is relatively easy.
Governments, in cooperation with travel and security industries have established
numerous strategies and technologies to allow flying to remain one of the safest
modes of transportation today. This short chapter provides a brief outline of some of
the main technological advances that are used to detect explosives and ensure the
safety of passengers when flying. This chapter describes technologies that are used
to scan for explosives within other objects as well as those that are able to detect
explosives or explosive residues on the surface of objects or persons with a focus on
those that employ mass spectrometry or mass spectrometry-based tools.

14.1 Introduction

Modern security screening methods for detecting explosives cover a wide variety of
technologies and are aimed at targeting the explosive chemical compound or the
overall explosive device. In recent years there have been significant advances to
both fronts. Although the intentional harmful use of explosives is a risk anywhere in
the world, stringent security measures have been established for air travel due to the
vulnerability of this form of travel to devastating loss should an explosion occur
mid-flight. The World Bank has published data indicating that by the year 2015,
over 3.4 billion human passengers have travelled by air and that this number is set
to increase exponentially over time [1]. Similarly, tools to detect explosives for air
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travel have emerged over the years and the literature indicates that new develop-
ments in security technology are continually being made. This short chapter will
briefly outline some of the main security technologies that currently exist to ensure
that flying remains one of the safest modes of transportation available today with a
focus on the use of mass spectrometry-related tools to accomplish this task.

14.2 Security Technologies to Detect Explosives Contained
Within Objects

Explosive compounds are typically contained within a hard (e.g. metal) container
until detonation. Several technologies exist that identify suspicious looking contain-
ers or objects, rather than the explosive chemical itself, employing strategies that
permeate surfaces or objects to detect them. Metal detectors, X-ray scanners, and
more recently radio frequency (RF) scanners or millimetre-wave scanners are being
used routinely as screening technologies. Metal detectors and X-ray scanners are
not new technologies but are still used routinely at most portals or points of entry for
detecting potential threats or explosive devices. Metal detectors are relatively sim-
ple devices that can be stationary or held as a portable “wand” and consist of an
electronic “transmitter coil” that sets up a magnetic field as well as a “receiver coil”
that has current induced in it by the first coil. When electrically conductive objects
come in close proximity to the magnetic field, eddy currents are induced in the
metal, which produces a magnetic field of its own, which is detected by the receiver
coil, Fig. 14.1. Metal detectors enable a screening operation to determine whether
an object or person contains electrically conductive materials that may comprise the

Fig. 14.1 Simple Transmitter
schematic of a metal Coil
detector. A transmitter coil

creates a magnetic field Receiver l

that is detected in a Coil

receiver coil
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components of an explosive device. Similarly, X-ray scanners allow a security
checkpoint to gain insight into the contents of a package. Due to the relative energy
of X-rays, these scanners are not used on humans directly but are used to scan both
carry-on and checked luggage at airport terminals. X-ray scanners irradiate an
object with electromagnetic radiation in the 0.01-10 nm wavelength range. At this
range, the energy of the waves ranges between 100 eV and 100 keV and has fre-
quencies between 3 x 10' and 3 x 10" Hz [2]. The short wavelength of X-ray
electromagnetic radiation results in it passing through most soft objects without
being absorbed while harder or denser objects can absorb these high-energy pho-
tons. Detection of the radiation creates an image based on what was absorbed which
allows the expert user to view the hard objects within a closed container. X-ray
scanners are particularly useful to detect weapons such as firearms or knives and
may detect the hard physical structures, such as electronics, of an explosive device.
X-ray scanners are also able to image liquids that are concealed within packages
that may be accelerants or explosive compounds. An x-ray scanner is of relatively
simple design with a conveyor belt that allows packages to travel past an enclosed
beam of X-rays for imaging, Fig. 14.2.

Millimetre-wave scanners were developed in the early 1990’s [3, 4] but only in
the last decade have they seen significant adoption as commercial threat screening
devices. These systems use millimetre-wave (24-60 GHz frequency range) electro-
magnetic radiation to produce 3D images of the target, Fig. 14.3.

RF-scanners are particularly useful as they penetrate clothing easily and are sen-
sitive to concealed weapons and explosives. They are advantageous over X-ray
technology as there is a reduced risk to human health using lower energy radiation.

Fig. 14.2 An X-ray
scanner. Packages pass
through the device on the
conveyor belt where they
are irradiated with X-ray
electromagnetic radiation
to permit imaging of their
contents
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Fig. 14.3 A radio-frequency (RF) scanner. Millimetre-wave electromagnetic radiation passes
through clothes but reflects off of skin and tissue. Hard objects that are concealed under clothing
on a passenger are imaged, depicted by a yellow region in the example above.

Other advantages include the speed and convenience at which passengers may move
through a security checkpoint as metal objects in clothing (e.g. belts, jewelry, and
shoes) do not need to be removed prior to screening, unlike metal detectors.

There are also a few methods that are currently employed that detect individual
chemical compounds in an explosive device or in residue from explosives handling
from within objects. These stand-off or long-range techniques to detect explosives
are not as common as those mentioned above in regards to passenger air travel but
are more commonly employed at customs checkpoints for the shipping of packages.
A less widely used technology uses neutron radiation to determine chemical com-
position [5]. However, due to the shielding requirements and poor public appeal this
technology has not seen significant adoption by commercial security. Another
stand-off technology used for explosives detection is a spectroscopic method that
uses Raman lasers to detect explosive composition [6]. While this technology is
currently not used extensively in commercial security, research is ongoing in this
area [7]. In addition to stand-off techniques, there are a number of methods that rely
detecting the explosive compound in the vapour phase. Gas chromatography with
chemiluminescence and gas chromatography with electron capture detector are two
methods that provide trace explosives detection particularly as hand-held devices
[8]. However, arguably the most widely used technology currently for trace explo-
sives detection is ion mobility spectrometry (IMS).



14 Explosive Detection Strategies for Security Screening at Airports 247

14.3 Security Technologies to Detect Explosives Contained
on the Surface of Objects

IMS is not a new technique and the first discoveries related to ion mobility date back
to the early 1900’s. However, the first commercial, widely adopted benchtop IMS
instrument used for detecting explosives was not released until 1990, the IONSCAN
from Barringer Research Ltd., now Smiths Detection. There have been many
improvements made to these devices since then [9] but the working principle
remains the same, as illustrated in Fig. 14.4.

A sample of analyte is volatilized into the gas phase and ionized by some means,
traditionally via a sealed radioactive *Ni source. Small bursts of ions are released
into a drift tube that has a uniform electric field gradient along the length of the tube.
The ions are accelerated through the tube and are separated based on their “mobil-
ity” constant, K. The mobility of a given ion is a function of the ion’s charge, mass,
collision cross section, and temperature. So, in general, heavier, larger analytes have
a smaller mobility and arrive at the detector at a later time than lighter, smaller ana-
Iytes. Given this working principle, IMS actually acts like a chromatography tech-
nique, and indeed when the technique was beginning to be commercialized it was
initially called “plasma chromatography” [10]. IMS has been shown to work very
well for trace detection of explosives but does not work for extremely low vapour
pressure compounds and is, in general, limited to nanogram or subnanogram detec-
tion limits [9, 11]. As well, given that IMS is essentially a form of chromatography,
positive identification of compounds must be made through the use of comparison
with standards on a given instrument. Given the limitations of IMS, the next logical
step to improving trace explosives detection and explosives screening would be to
use mass spectrometry (MS), which has an inherently higher sensitivity and pro-
vides accurate mass-to-charge information which reduces the potential for false
positives. While MS would provide significantly improved detection capabilities,
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Fig. 14.4 An ion mobility spectrometer. lons are separated in the gas phase as they travel under
the influence of an electric field against a drift gas flowing in the opposite direction
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there are a number of factors that prevent MS from being widely adopted for com-
mercial security applications. MS is performed under reduced pressure requiring
potentially sophisticated vacuum systems.

In either case, for both IMS and MS, one of the limiting factors for analysis of
explosives is the ability to ionize the analyte efficiently in a potentially complex
matrix. As mentioned, IMS typically uses a radioactive ©Ni source but it requires
efficient volatilization of the analyte before being ionized by the radioactive source.
MS uses a wide variety of ionization methods [12] but most either require the ana-
lyte to be in the gas phase first (like with ©Ni) or they require the analyte to be in
solution first, which increases sample preparation time. However, in the
last decade, novel ionization sources have been introduced that overcome the poten-
tial cost and time constraints needed for commercial security screening applications
which will be discussed in the next section.

14.4 Novel Ionization Methods

Desorption electrospray ionization (DESI) was first introduced in 2004 and is a very
simple modification of a more traditional electrospray ionization (ESI) source,
Fig. 14.5 [13].

A DESI source consists of a spray capillary and a surrounding nebulizer capil-
lary. A high voltage (around 4 kV) is placed on the spray capillary while a solution
is directed through it. A nebulizing gas is directed through the nebulizer capillary to

Electrospray Solvent
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Fig. 14.5 Desorption electrospray ionization (DESI) produces analyte ions for MS detection via
desorbing analyte from a surface using positively charged solvent ions
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Fig. 14.6 Direct analysis in real time (DART) ionization source. Samples are ionized via Penning
ionization from an excited stream of helium or nitrogen

aid in the production of charged microdroplets of solution exiting the source. The
electrospray is then directed at an insulating sample. The spray interacts with the
sample at the surface causing desorption of ionized analyte which then enters the
orifice to the mass spectrometer. The major advantages of DESI are that the target
can be almost any surface (e.g. dollar bill, luggage, etc.) and analysis time can be
extremely short. This significantly enhances the ease of use and reduces sample
preparation time. One of the early applications of DESI was analysis of trace levels
of explosives on paper, plastic, and metal [14]

Direct analysis in real time (DART) is another ionization method introduced
recently [15] that is extremely fast and easy to use, Fig. 14.6.

DART is similar to DESI in that ionization of desired analyte occurs by directing
an energetic spray of particles at the target producing ions. However, instead of a
solution spray-based approach, DART creates a plasma from a source gas, typically
helium or nitrogen. The plasma is created by directing the source gas through a
chamber with an applied voltage followed by a heated tube producing a stream of
metastable excited-state atoms and ions. This plasma stream is directed at a surface
to produce ions which then enter the orifice of a mass spectrometer [16]. As with
DESI the target can be almost any material and analysis time is very short. As well,
positioning of the source is not critical for ion production making it suitable for fast
analysis of complex target. Indeed, in the original paper by Cody et al. describing
the DART source, trace levels of explosives (TNT, HMX, Tetryl, etc.) were detected
on targets such as a man’s necktie and water from a muddy pond [15].

14.5 Conclusion and Future Developments for Explosives
Detection

In light of the global security climate, the technologies described above will con-
tinue to be used for security screening for the foreseeable future. Technologies to
detect concealed explosive devices remain the most predominant tools at check-
points; however, advances in MS-based technologies may give rise to their increased
prevalence in passenger and cargo screening. The advent of novel ambient pressure
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ionization sources allows for analysis of samples and sample matrices of greatly
increased complexity. This clearly increases the accessibility of MS as a tool for
analyzing improvised explosive devices (IEDs) and concealed explosives. Given the
somewhat standoff nature of DART and DESI, as well as the fast analysis time,
threats can be easily detected before reaching their intended targets. Additionally,
these techniques lend themselves to highly sensitive, fast analysis of post-blast
explosive fragments. Since DART and DESI effectively ionize analyte molecules
from the surfaces of a wide variety of substrates, these techniques can be easily
implemented to analyze explosive compound residues as well as fabrication materi-
als used in a pre-blast, or post-blast, IEDs. The analysis of post-blast fragments
would be extremely useful for forensic analysis of blast sites. Indeed, DESI-MS has
been used recently for the study of explosives in soil samples in post-blast scenarios
[17]. It is interesting to note that in this work the chloride adduct of RDX, PETN,
Tetryl, and HMX was used for quantitation instead of the molecular ion. Additionally,
the MS response was very sensitive to the solvent spray composition. While it is
possible to obtain ultra-trace detection of explosives with reasonable sensitivity
(sub-pg/kg) there is still room for improvement. It is possible that the controlled use
of a dopant to force adduct formation could improve sensitivity greatly.

Significant technological improvements have been made to detect explosives
over the past few decades. It is now possible to accurately determine with high sen-
sitivity the presence of explosive compounds with novel ionization sources and
mass spectrometry. Continued research will lead to future developments in this field
that will provide rapid analysis with easy-to-use instrumentation, ultimately reduc-
ing the threats from explosives globally.
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Chapter 15
Synthesis and ESI-MS/MS Fragmentation

Study of Two New Isomeric Oxazolidin-2-One
Derivatives

Ahoya Anothane Caleb, Youssef Ramli, Hicham Benabdelkamel,
Rachid Bouhfid, Nour-eddine Es-Safi, E1 Mokhtar Essassi,
and Joseph H. Banoub

Abstract Two new isomeric oxazolidin-2-one derivatives have been synthesized
through reaction of (E)-3-styrylquinoxalin-2-one with bis-dichloroethylamine
hydrochloride in presence of potassium carbonate. The structures of the formed
products were established by NMR and mass spectroscopy. The fragmentation pat-
terns of the two novel synthesized oxazolidin-2-ones (1, 2), possessing the same
backbone structure, were investigated using electrospray ionization mass spectrom-
etry (ESI-MS) and tandem mass spectrometry (MS/MS) techniques. A simple meth-
odology, based on the use of ESI (positive ion mode) and by increasing the
declustering potential in the atmospheric pressure/vacuum interface, collision
induced dissociation (CID), was used to enhance the formation of the fragment ions.
In general, the novel synthetic oxazolidin-2-one derivatives afforded, in the gas
phase, protonated molecules leading to the confirmation of the molecular masses
and chemical structures of the studied compounds. The breakdown routes of the
protonated molecules were rationalized by conducting low-energy collision
CID-MS/MS analyses (product ion scans) using. The structural similarity between
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the two studied oxazolidin-2-ones explains the similarity observed in their CID-MS/
MS spectra and their fragmentation pathways. ESI-MS/MS recorded with increased
collision energy values permits us to observe different product ions and allow us to
differentiate the two studied isomers. ESI-MS and CID-MS/MS analyses have thus
proven to be a specific and very sensitive method for the structural investigation of
the two novel synthesized oxazolidin-2-one derivatives.

Keywords Quinoxaline ¢ Oxazolidin-2-one ¢ Potassium carbonate ¢ ESI-MS e
Tandem MS ¢ MS-MS ¢ Fragmentation pathways

15.1 Introduction

Oxazolidin-2-ones derivatives are a very important class of heterocyclic compounds
which have attracted attention in various areas of drug development for antibacterial
activity, fine chemicals, pesticides, herbicides and have found applications as drugs
and agrochemicals [3-9]. Oxazolidin-2-ones have also been widely used as excel-
lent intermediates in the synthesis of natural products and pharmacologically active
compounds [10] such as fine chemicals, pharmaceuticals, pesticides, and herbicides
[11]. Thus, oxazolidinone skeleton has been incorporated into a wide variety of
therapeutically interesting compounds that have potent biological activities
[12-16].

Owing to their importance in such important biological and synthetic research
areas, the chemistry of oxazolidinones derivatives has received considerable atten-
tion [17]. From a synthetic point of view, a wide choice of synthetic methods are
available in the literature to prepare oxazolidin-2-ones such as base-mediated
cyclization of N-boc-f-amino alcohols [18-20], reduction followed by carbonyl
insertion of B-azido alcohols [18, 19], carbonyl insertion in f-amino alcohols using
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Fig. 15.1 Structure of the isobaric/diastereomeric oxazolidin-2-one derivatives 1, 2

either phosgene derivatives [18, 19], carbon dioxide pressure [20] or
1,10-carbonyldiimidazole [21, 22]. Reaction of amino alcohols with phosgene and
related compounds furnishes oxazolidinones [23, 24]. Also, treatment of amino
alcohols with ethyl chloroformate produced carbamates which in turn can be
cyclized to 2-oxazolidinones [24-26]. However, most of these methods suffer from
either lower yields or use of hazardous reagents.

In continuation of our work on the synthesis of new heterosyclic systems con-
taining quinoxaline and oxazolidinone moieties [11-26], we herein report the syn-
thesis and characterization of two new isomeric oxazolidin-2-one derivatives which
have been obtained from (E)-3-styrylquinoxaline-2-one. Their characterization was
achieved through NMR and electrospray ionization mass spectrometry ESI-MS (+
ion mode) analysis. In addition, and in a continuation of our research work on the
structural elucidation and MS fragmentation breakdown of novel biomolecules, we
present herein the single-stage ESI-MS of the two new synthesized oxazolidin-2-
ones measured with a hybrid QqTOF-MS instrument. We also report the low-energy
collision-induced dissociation (CID-MS/MS) analyses of the selected protonated
molecules.

The two novel isobaric/diastereomeric oxazolidin-2-ones derivatives 1, 2 are
shown in Fig. 15.1. To the best of our knowledge, there have been no previous
reported studies on the ESI-MS characterization and/or Cid-MS/MS fragmentation
routes of this type of compounds.

15.2 Experimental

15.2.1 General

Melting points were determined on a Koffler melting point apparatus and are uncor-
rected. 'H, *C and DEPT NMR spectra were recorded with an AVANCE 300 Bruker
instrument in Me,SO-ds using Me,Si as an internal standard. Mass spectra were
recorded on a QqTOF-MS. Positive ESI was used as ionization mode.
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15.2.2 Synthesis

The two studied isobaric oxazolidin-2-one derivatives were synthesized from (E)-3-
styrylquinoxaline-2-one (compound A) as described in Scheme 15.1. The isolated
compounds were structurally elucidated by ESI-MS (+ ion mode) and low-energy
collision dissociation tandem mass spectrometry (CID-MS/MS) and by 1D 'H- and
BC-NMR analysis.

In a 100 mL reactor flask, 3-styrylquinoxaline-2-one (0.0125 mol) was mixed
with bis(2-chloroethyl)amine hydrochloride (2.66 mol) in dimethylformamide
(40 mL) and in presence of potassium carbonate (2.87 mmol) and tetra-n-
butylammonium bromide (BTBA) (1 mmol). The mixture was refluxed in a sand
bath, under stirring and the reaction was monitored through TLC. After disappear-
ance of the starting material, the solvent was evaporated under reduced pressure.
Separation of the two compounds was performed through silica gel column chroma-
tography using the mixture hexane/ethyl actetae (4/6) as eluent. The pure com-
pounds 1 (168—170 °C) and 2 (184-186 °C) were obtained with yields of 37 and
57% respectively after recristallization from the same mixture.

In a 100 mL reactor flask, 3-styrylquinoxaline-2-one (0.0125 mol) was mixed
with bis(2-chloroethyl)amine hydrochloride (2.66 mol) in dimethylformamide
(40 mL) and in presence of potassium carbonate (2.87 mmol) and tetra-n-
butylammonium bromide (BTBA) (1 mmol). The mixture was refluxed in a sand
bath, under stirring and the reaction was monitored through TLC. After disappear-
ance of the starting material, the solvent was evaporated under reduced pressure.
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Scheme 15.1 Synthesis of the two isobaric compounds 1, 2
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Separation of the two compounds was performed through silica gel column chroma-
tography using the mixture hexane/ethyl actetae (4/6) as eluent. The pure com-
pounds 1 (168—170 °C) and 2 (184—186 °C) were obtained with yields of 37 and
57% respectively after recrystallization from the same mixture.

(E)-3-(2-(3-styrylquinoxalin-2-yloxy) ethyl oxazolidine-2-one: 1
"H-NMR (Me,SO-d¢, 300 MHz), & ppm: 3.7 (2H, t, J = 7.8 Hz, o-CH, NC = O);
3.8 (2H,t,J =5.4 Hz, f-CH, N(=0)); 4.3 (2H, t, ] = 7.8 Hz, —CH, OC); 4.7 (2H,
t,J=5.4 Hz, —CH,OC = O); 7.0-8.0 (9H, m, CHar).

BC NMR (Me,SO-dg, 75 MHz), 6 ppm: 43.2 (CH,); 44.8 (CH,); 61.8 (CH,); 63.5
(CH,); 121.6 (CH); 137.1 (CH); 125.9-136.44 (CHar); 138.9 (Cq); 139.2 (Cq);
140.1 (Cq); 143.6 (Cq); 149.2 (Cq); 154.9 (Cq).

(E)-3-(2-(2-0x0-3-styrylquinoxalin-1(2H)-yl) ethyl) oxazolidin-2-one: 2
"H-NMR (Me,SO-dg, 300 MHz), & ppm: 3.6 (2H, t, J = 6.0 Hz, a-CH, N(=0)); 3.6
(2H, t,J = 6.6 Hz, f-CH, N(=0)); 4.2 (2H, t, ] = 6.6 Hz, —CH, OC); 4.4 (2H, t,

J =6.0 Hz, —CH, OC(=0)); 7.4-8.0 (9H, m, CHar).

BC NMR (Me,SO-dg, 75 MHz), 6 ppm: 39.8 (CH,); 40.1 (CH,); 40.1 (CH,); 61.9
(CH,); 121,9 (CH); 137,1 (CH); 114.2 (CH); 123.7 (CH); 127.7 (CH); 128.9 (CH);
129.5 (CH); 130.1 (CH); 132.1 (Cq); 132.1 (Cq); 135.8 (Cq); 151.3 (Cq); 154.4
(Cq); 157.9.

15.3 Results and Discussion

The two synthesized isobaric heterocyclic compounds, C,;H;yN3;0;, are new syn-
thetic molecules containing oxazolidine and quinoxaline rings with a styryl sub-
stituent linked in the position 3 of the quinoxaline moiety. The structure of both
compounds is built up from two fused six-membered rings linked to a five-membered
oxazolidin-2-one ring by a C-2 chain. The two isomeric compounds differed by the
position of the C-2 chain on the quinoxaline skeleton being on the 3 position oxygen
atom of the quinoxaline moiety for compound 1 and on the position 2 nitrogen atom
of the quinoxaline moiety.

The molecular structures of compounds 1 and 2 were elucidated on the basis of
their ESI-MS, 'H and *C NMR spectral data. The NMR data were in agreement
with the proposed structures.

In order to characterize the fragmentation pathways of these oxazolidin-2-ones,
the ESI- MS spectra of compounds 1 and 2 were recorded in the positive ion mode.
In agreement with their chemical structures the ESI-MS indicated the formation of
the protonated molecules [M + H]J* respectively at m/z 362 for both compounds. The
low-energy CID-MS-MS analyses conducted on the precursor protonated molecules
generated from both oxazolidin-2-one derivatives resulted in the formation of a
series of the diagnostic product ions and the obtained results are discussed below.
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15.3.1 Product Ion Scan of the Protonated Molecule [M + H[*
la at m/z 362

In order to investigate the fragmentations pathways observed in compound 1, low-
energy collision CID-MS/MS analyses were conducted in order to determine the
fragmentation routes leading to the formation of the various product ions observed in
the conventional mass spectra obtained at different fragmentation voltages. The
product ion scan of the protonated molecule [M + H]*1a at m/z 362 was recorded
with a CE = 30 eV and the obtained spectrum is showed in Fig. 15.2. The CID-
spectrum showed four major product ion signals located at m/z 70, 114, 249 and 275.

A tentative breakdown pattern of some of this major series of diagnostic product
ions is presented in Scheme 15.2 showing three major fragmentation routes. The
protonated molecule 1a eliminates an oxazolidinone molecule giving the product
ion 1b (m/z: 275) which possesses a 2-vinyloxy-3-styryl-quinoxalinium structure.
The protonated molecule 1a at m/z 362 can also lose a 3-styryl-quinoxalin-2-one
molecule yielding the product ion 1c at m/z 114 which represents the base peak of
the obtained MS/MS spectrum. This last formed product ion could also eliminate a
carbon dioxide molecule to give the ion 1d at m/z 70. Finally the precursor proton-
ated molecule 1a could eliminate a I-vinyl-oxazolin-2one molecule giving the
product ion 1e at m/z 249 which possess the 3-styryl-quinoxalin-2one structure.

A mechanism for the formation of the ions 1b, 1¢ and 1e from 1a is tentatively
proposed in Scheme 15.3.

In order to have more information on the gas phase fragmentations of compound
1, quasi-MS? analysis was conducted on one of the primary product ion 1b gener-
ated from the precursor protonated molecule 1a [27]. The quasi-MS? spectra of the
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Fig. 15.2 Low-energy CID-MS/MS spectra of the protonated molecule 1a (m/z 362) recorded
with a CE of 30 eV
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Scheme 15.2 Proposed fragmentation pathways observed for the CID-MS/MS of the precursor
protonated molecule 1a at m/z 362

product ion 1b at m/z 275 recorded with a CE = 20 eV showed three secondary
generated product ions at m/z 247, 232 and 169 (Fig. 15.3). The formation of these
second generation product ions could be tentatively explained as indicated in
Scheme 15.4. The product ion 1f at m/z 247 could be formed through a rearrange-
ment involving the loss of an neutral ethyne and a hydrogen molecules giving the
furoquinoxaline structure. This latter could yield the product ion 1 g at m/z 169
through the loss of neutral benzene molecule. The formation of product ion 1 h at
m/z 232 occurred from the precursor at m/z 275 by loss of a radical vinyloxy giving
a structure 2-styryl-quinoxaline with an odd electron number (Scheme 15.4).

15.3.2 Product Ion Scan of the Protonated Molecule [M + HJ*
2a at m/z 362

After having investigated the low-energy CID-MS/MS behaviour of compound 1,
we were interested to examine the gas-phase behaviour of its isobaric diastereomer
2 under the same conditions. Low-energy CID-MS/MS of the protonated molecule
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Scheme 15.3 Proposed mechanisms for the formation of the product ions 1b at m/z 275, 1c at m/z
114 and 1e at m/z 249 obtained from the precursor protonated molecule 1a at m/z 362

2a at m/z 362 afforded a series of the product ions as shown in Fig. 15.4. The CID-
spectra showed four major product ion signals at m/z 70, 114, 249 and 275.

The gas-phase CID-fragmentation routes of this precursor protonated molecule
2a at m/z 362 are tentatively described to occur by three major breakdown patterns
presented in Scheme 15.5. The precursor protonated molecule 2a at m/z 362 elimi-
nates an oxazolidinone molecule to afford the product ion 2b at m/z 275 (base peak).
The product 2a at m/z 362 can also yield the 3-styryl-quinoxaline product ion 2c¢ at
m/z 249 by elimination of 1-vinyl-oxazolidin-2-one molecule. This latter product
ion yields the furoquinoxalinium ion 2d at m/z 247 through an intra-molecular
cyclization followed by a loss of a hydrogen molecule. Finally the precursor ion 2a
at m/z 362 can also eliminate a 3-styryl quinoxalin-2-one molecule to give the
1-vinyloxazolidin-2-one product ion 2e at m/z 114. This latter lose a CO, molecule
to give the 1-vinylaziridine product ion 2f at m/z 70.
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Fig. 15.3 Low-energy quasi-MS? analysis of the primary product ion 1b at m/z 275 recorded with
a CE of 30 eV
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Fig. 15.4 Low-energy CID-MS/MS spectra of the protonated molecule 2a at m/z 362 recorded
with a CE of 30 eV

It is interesting to mention that the formation of the product ion 2b at m/z 275
could be explained through a fragmentation involving the migration of the methy-
lene hydrogen linked to the lactam nitrogen atom with concomitant elimination of
the oxazolidinone molecule. A mechanism for the formation of these ions is sum-
marized in Scheme 15.6.

In addition, we proposed that the product ion 2d at m/z 247 could be formed from
the tautomeric form of the 3-styryl quinoxalinium ion through a rearrangement
involving the hydroxyl group giving the dihydrofuroquinoxalinium ion 2¢’ at m/z
249 (Scheme 15.7). This latter aromatizes to produce, the furoquinoxalinium sec-
ondary product ion 2d at m/z 247. Finally, the ion product 2e at m/z 114 is formed
through the rearrangement of the precursor protonated molecule at m/z 362 as
indicated in Scheme 15.7 involving the methylene hydrogen linked to the oxazolidi-
none nitrogen atom.

The CID-fragmentation pathways of the second generation product ion 2b at m/z
275 created from the protonated ion 2a at m/z 362 was investigated through a quasi
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Scheme 15.5 Proposed fragmentation pathways observed for the CID-MS/MS of the precursor
protonated molecule 2a at m/z 362

MS? analysis performed with a CE = 20 eV (Fig. 15.5). The obtained CID-spectrum
showed the appearance of two major product ions at m/z 247 and 232, which cor-
responded respectively to 1-vinyl-2-styryl benzimidazole and 3-styryl quinoxaline
structures. The formation of the product ion 2 g at m/z 247 was obtained from the
precursor product ion through the loss of carbon monoxide molecule. The product
ion 2 h at m/z 232 was formed through the migration of a vinyl group from the lac-
tam oxygen atom yielding the 2-vinyloxy-3-styryl quinoxalinium product ion 2 h’.
This latter eliminates a vinyloxy radical to afford the product ion 2 h at m/z 232
(Scheme 15.8).
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Scheme 15.8 Proposed fragmentation pathways observed for the quasi-MS? of the selected prod-
uct ion 2b at m/z 275

It should be noted that most of the CID-fragmentation routes discussed herein
this manuscript involved the cleavage of the ethyl oxazolidin-2-one moiety. For this
reason, it became very difficult to differentiate between the two isobaric diastereo-
mers. Therefore, we considered to ensure this potential differentiation, to induce the
fragmentation involving the quinoxaline heterocycle. In order to produce such frag-
mentations, CID-MS/MS analyses were recorded with increasing collision energy
values. Accordingly, the CID-MS/MS analysis of the protonated molecule 2a was
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recorded with a higher collision energy of 40 eV; and it showed a series of product
ions which included two major ones at m/z 156 and 206 (Fig. 15.6.).

The genesis of this series of product ions could only be rationalized through the
fragmentation involving the cleavage of the two bonds of the quinoxaline heterocycle
ring (Scheme 15.9). The obtained product ion at m/z 206 contained the ethyl oxazoli-
din-2-one moiety and confirmed the existence of the corresponding isobaric diaste-
reomer 2. This example shows the practicality of low-energy CID-MS/MS technique
for the analysis and the differentiation of such isobaric oxazolidin-2-one derivatives.
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15.4 Conclusion

In summary, the present work present results the synthesis of two new isobaric
oxazolidin-2-one diastereomers from a quinoxalin-2-one derivative bearing a styryl
substituent at the position 3. The molecular structures of the two synthesized com-
pounds were elucidated on the basis of their NMR and MS data. The obtained
results showed that the two isomers differed by the position of the linkage point of
the ethyl-oxazolidin-2-one moiety on the quinoxalin-2-one skeleton, being the oxy-
gen for compound 1 and the N-1for compound 2.

The study of the ESI-MS and low-energy CID-MS/MS fragmentation routes of
two novel isobaric compounds allowed us to propose plausible fragmentation path-
ways of the observed product ions and propose mechanisms of their formation. The
structural similarity between the two oxazolidin-2-ones 1 and 2 explains the simi-
larity observed in their CID-MS/MS spectra and their fragmentation pathways.
However, low-energy CID-MS/MS recorded with increased collision energy value
permited us to observe different product ions and allow us to differentiate the two
studied novel compounds. This is a very interesting finding, which clearly demon-
strate the potential of mass spectrometry for the structural elucidation of
oxazolidin-2-ones.

References

1. Ford CW, Zurenko GE, Barbachyn MR (2001) The discovery of linezolid, the first oxazolidi-
none antibacterial agent. Curr Drug Targ Infect Dis 1:181-199

2. Kim SH, Jung MH, Yoo KH, Cho JH, Oh CH (2008) Synthesis and antibacterial activities of
novel oxazolidinones having cyclic sulfonamide moieties. Bioorg Med Chem Let
18:5815-5818

3. Gregory WA WA, Brittelli DR DR, Wang CLJ CLJ, Wuonola MA MA, Mc Ripley RJ RJ,
Eustice DC DC, Eberly VS VS, Bartholomew PT PT, Slee AM, PT FM (1989) Antibacterials.
Synthesis and structure-activity studies of 3-aryl-2-oxo-oxazolidines. J Med Chem
32:1673-1681

4. Hideaki K, Masayuki M, Hiroyki K, Tetsu-ichiro KMK, Hiroyuki O (1999) Cytoxazone: a
novel cytokine modulator containing a 2-oxazolidinone ring produced by Streptomyces sp.
J Org Chem 64:1052-1053

5. Wouters VJ (1998) Use of chiral glycerol 2,3-carbonate in the synthesis of 3-aryl-2-
oxazolidinone. Curr Med Chem 5:137-162

6. Gottschlich C, Ruecker H (1992) (5S)-3-aryl-5-(1-piperidinylmethyl)-2-oxazolidinones, a
new class of potential neuroleptics with a high affinity for sigma receptors. Bioorg Med Chem
Lett 2:165-116

7. Jeon H, Jo N, Cho J, Oh CH (2007) Synthesis and antibacterial evaluation of 1p-methyl-2-[5-
(1-methoxyimino-2-substituted sulfonamide ethyl)pyrrolidin-3-ylthio] carbapenems and their
related compounds. Eur ] Med Chem 42:358-366

8. Evans DA, Ny HP, Rieger DL (1993) Total synthesis of the macrolide antibiotic Rutamycin
B.J Am Chem Soc 115:11446-11459



268

9.

10.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

A.A. Caleb et al.

Jones TK, Reamer RA, Desmond R, Mills SG (1990) Chemistry of tricarbonyl hemiketals and
application of Evans technology to the total synthesis of the immunosuppressant (—)-FK-506.
J Am Chem Soc 112:2998-3017

Bouzina A, Grib I, Bechlem K, Belhani B, Aouf N-E, Berredjem M (2016) Efficient synthesis
of novel N-acylsulfonamide oxazolidin-2-ones derivatives. Karbala Int J Mod Sci 2:98-103

. Sebbar NK, Mekhzoum MEM, Essassi EM, Zerzouf A, Talbaoui A, Bakri Y, Saadi M, LEI A

(2016) Novel 1,4-benzothiazine derivatives: synthesis, crystal structure, and anti-bacterial
properties. Res Che Intermed 42:6845-6862

. Ramli Y, Essassi EM (2015) Advances in synthetic approaches, functionnalization and biologi-

cal properties of Quinoxaline derivatives. In: Taylor J C (ed) Advances in chemistry research,
Volume 27, Nova Science Publishers, Inc, New York, pp 109-160.
ISBN:978-1-63482-545-00

Alsubar A, Bouhfid R, Essassi EM (2009) Synthesis of new oxindole derivatives containing an
oxazolidin-2-one. ARKIVOC 12:337-346

Caleb AA, Bouhfid R, Essassi EM, El Ammari L (2009) 3-[2-(3-methyl-2-oxo0-1,2-
dihydroquinoxalin-1-yl)ethylJoxazolidin-2-one. Acta Cryst E65:02024-02025

Bouayad K, Kandri Rodi Y, Ouzidan Y, Essassi EM, Saadi M, El Ammari L (2015) Crystal
structure  of  5-chloro-1,3-bis[2-(2-  oxo-1,3-oxazolidin-3-yl)ethyl]-1H-benzimidazol
2(3H)-one. Acta Cryst E71:0735-0736

Daouda B, Doumbia ML, Essassi EM, Saadi M, El Ammari L (2013) 3-[2-(3-phenyl-2-oxo-
1,2-dihydroquinoxalin-1-yl)ethyl]-1,3-oxazolidin-2-one. Acta Cryst E69:0662

Ramli Y, Zouihri H, Essassi E, Ng SW (2012) 3-{2-[(3-{(E)-2-[4-(Dimethylamino)- phenyl]
ethenyl }quinoxalin-2-yl)oxy]- ethyl}-1,3-oxazolidin-2-one monohydrate. Acta Cryst
E68:0241

Ouzidan Y, Kandri Rodi Y, Fronczek FR, Venkatraman R, El Ammari L, Essassi EM (2011)
1,3-Bis[2-(2-0x0-1,3-0xazolidin-3-yl)-  ethyl]-1H-benzimidazol-2(3H)-one. Acta  Cryst
E67:0362-0363

OuzidanY, Jasinski JP, Butcher RJ, Golen JA, Essassi EM, El Ammari L (2011) 3-[2-(6-Bromo-
2-phenyl-3H-imidazo- [4,5-b]pyridin-3-yl)ethyl]-1,3-oxazolidin- 2-one. Acta Cryst E67:01095
Daouda B, Brelot L, Doumbia ML, Essassi EM, Ng SW (2011) 3-{2-[(3-Phenylquinoxalin-
2-yl)oxy]- ethyl}-1,3-oxazolidin-2-one>. Acta Cryst E67:01235

Ahmed Moussaif A, Essassi EM, Lazar S, Zouihri H, Leger JM (2010) 3-[2-(1H-Benzimidazol-
2-ylsulfanyl)- ethyl]-1,3-oxazolidin-2-one. Acta Cryst E66:03137

Daouda B, Ahabchane NH, Zouihri H, Essassi EM, Ng SW (2010) 1-[2-(2-Oxo-1,3-oxazolidin-
3-yl)ethyl]-4- phenyl-1H-1,5-benzodiazepin-2(3H)-one. Acta Cryst E66:02080

Bel-Ghacham H, Kandri Rodi Y, Saffon N, Essassi EM, Ng SW (2010) 6-Bromo-1-[2-(2-0xo0-
1,3-oxazolidin-3- yl)ethyl]-1H-imidazo[4,5-b]pyridin- 2(3H)-one. Acta Cryst E66:0456
Abdussalam Alsubari A, Bouhfi R, Zouihri H, Essassi EM, Seik Weng Ng SW (2010)
3-[2-(5H-Indolo[2,3-b]quinoxalin-5-yl)- ethyl]-1,3-oxazolidin-2-one. Acta Cryst E66:02461
Ahoya CA, Rachid Bouhfid R, Ballo Daouda B, Essassi EM, El Ammari L (2010)
3-[2-(3-Methylquinoxalin-2-yloxy)ethyl]-1,3-oxazolidin-2-one. Acta Cryst E66:01050
Banoub J. (ed) (2011) Detection of biological agents for the prevention of terrorism. NATO
science for peace and securuty Series A.: Chemistry and biology, DOI 10. 1007/978-90-481-
9815-3_1, Springer Science+Business Media B. V 319-360.

Joly N, El Aneed A, Martin P, Banoub J (2005) Structural determination of the novel fragmen-
tation routes of morphine opiate receptor antagonists using electrospray ionization quadrupole
time-of-flight tandem mass spectrometry. Rapid Commun Mass spectrom 19:3119-3130



Chapter 16

The Use of Multiple Fragmentation Events
in a Single Laser Shot for Improved Drug
Quantification by MALDI TOF/TOF Mass
Spectrometry

Boone M. Prentice, Chad W. Chumbley, Brian C. Hachey, Jeremy L. Norris,
and Richard M. Caprioli

Abstract Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF)
mass spectrometry is an important molecular detection technology due to its exten-
sive mass range, sensitivity, rapid analysis time, and minimal sample preparation.
However, quantitative MALDI-TOF approaches have historically suffered from
poor accuracy and precision, mainly due to the variability in analyte distribution and
a non-uniform sample surface and analyte suppression [1-5]. In order to alleviate
spectral complexity at low m/z and ensure chemical specificity, tandem mass
spectrometry (MS/MS) is often employed. Herein, we demonstrate that multiple
MS/MS events can be performed in a single laser shot [8,9]. This allows the refer-
ence of analyte instensity to that of an internal standard in each laser shot, thereby
improving accuracy, precision, and throughput.
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Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass
spectrometry has become a popular qualitative analysis tool due to its extensive
mass range, sensitivity, rapid analysis time, and minimal sample preparation.
These types of molecular detection strategies can play important roles in the anal-
yses of many different chemical and biological agents. However, quantitative
MALDI-TOF approaches have historically suffered from poor accuracy and pre-
cision, mainly due to the variability in analyte distribution and a non-uniform
sample surface [1, 2]. The accurate quantification of small molecules and metabo-
lites is further complicated by the vast excess of matrix signal that can dominate
ion signal in the low m/z region of the mass spectrum and often necessitates the
use of an internal standard [3-5]. In order to alleviate this spectral complexity at
low m/z and ensure chemical specificity, tandem mass spectrometry (MS/MS) is
often employed.

Conventional MALDI-MS/MS modalities, with some exceptions, typically scan
for only a single MS/MS transition per laser shot [6, 7]. Herein, we demonstrate that
multiple MS/MS events can be performed in a single laser shot [8, 9]. For the pur-
poses of this discussion, an MS/MS event refers to the isolation and fragmentation
of a single m/z window. As such, this technology allows multiple MS/MS isolation
and fragmentation events to be performed in each single laser shot. This allows the
reference of analyte instensity to that of an internal standard in each laser shot,
thereby improving accuracy, precision, and throughput.

Experiments were performed on a MALDI-TOF/TOF mass spectrometer (300
Tandem, SimulTOF Systems, Sudbury, MA) [10, 11]. The instrument was operated
in positive ion MS/MS mode at 4 kV and is equipped with a 349 nm frequency-
tripled Nd: YLF MALDI laser capable of repetition rates of up to 5 kHz (Spectra-
Physics, Santa Clara, CA). Figure 16.1 illustrates the process of individually
selecting and fragmenting two distinct precursor ions in a single laser shot using this
instrument [8]. Tons are initially extracted from the first source region of the instru-
ment and enter the first field-free drift region (TOF-1). A timed ion selector (TIS) is
then used to isolate a precursor ion of interest (t = 30 ps for the blue ion, t = 38 ps
for the red ion). The TIS is opened and closed multiple times within the same mass
spectrum, allowing multiple ions of increasing m/z to be isolated. After isolation,
the ions enter a collision cell and second source region. Similar to TIS isolation, the
second source region is ramped multiple times within the same mass spectrum to
reaccelerate ions of increasing m/z. Ions then enter the TOF-2 region of the instru-
ment prior to striking the multichannel plate detector.

In quantification experiments, multiple TOF/TOF events can be useful in exper-
iments where the internal standard is quite different in precursor m/z compared to
the analyte (i.e., when simply broadening the MS/MS window is not feasible
because it would transmit an excess of chemical noise). This is demonstrated in
Fig. 16.2 for the quantification of the drug enalapril, an angiotensin-converting
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Fig. 16.1 Scheme showing the individual selection and reacceleration of two distinct precursor
ions in a single laser shot. (a) lons are extracted from the source 1 region of the instrument and
separated according to m/z in TOF-1. (b) The TIS opens to allow the first (blue) ion through. (c) As
the first ion is fragmented and passes through the collision cell to the source 2 region, the TIS
closes again to prevent the second (yellow) ion from passing. (d) While the first (blue) ion is reac-
celerated into the TOF-2 region, the TIS reopens to allow the third (red) ion to pass into the colli-
sion cell. (e) The second (blue) ion is traversing the TOF-2 region while the third (red) ion has
reached the source 2 region and the TIS has closed again. (f) The first (blue) ion is still traversing
the TOF-2 region and the third (red) ion has been reaccelerated. (g) The fragment and precursor
ions of both the blue and red ions have reached the detector and are visible in the resulting spec-
trum. Note: fragment ions are shown here to arise from CID whereas actual experiments employed
PSD. The reflectron in the TOF-2 region has been omitted for simplicity. Ion intensities and frag-
ment ion sizes are not shown to scale (Reprinted with permission from Ref. [8])

enzyme (ACE) inhibitor used to treat hypertension, in 45% pooled human plasma.
This drug was analyzed in a concentration range of 0.03—10.0 pM using 0.50 pM
of the drug ramipril as an internal standard [8]. These samples were prepared using
an acetonitrile protein precipitation protocol and the extract was manually spotted
(1 pL) on a stainless steel MALDI target in a 1:1 mixture with 50 mg/mL of dihy-
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(a) without normalization to (b) upon normalization to the ramipril internal standard (n = 5)
(Reprinted with permission from Ref. [8])
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droxybenzoic acid (DHB, the MALDI matrix) in 20% methanol. Enalapril (m/z
377) and ramipril (m/z 417) are sufficiently different in their m/z values such that
broadening the MS/MS window to ~40 Da to accommodate both ions would trans-
mit an excess of chemical noise, diminishing sensitivity. However, using multiple
discrete fragmentation events allows enalapril to be normalized to the ramipril
internal standard, resulting in dramatically improved accuracies (data not shown),
improved linearity and > four-fold improvements in relative standard deviation
(Fig. 16.2). This assay resulted in a limit of quantification (LOQ) of ~11 ng/mL, a
value well below the expected serum level following a single 10 mg dose (50-250
ng/mL) [12, 13].

Finite ion transit times through the device as well as power supply limitations
require precursor ions to differ by ~6% in m/z in order to discretely isolate and reac-
celerate ions using this technology, preventing the use of multiple MS/MS windows
in the discrete analysis of a small molecule and a stable isotope analogue. However,
when using isotopically labeled compounds as internal standards, the MS/MS
window can be broadened to accommodate both the analyte and internal standard,
and multiple MS/MS events can be used to analyze multiple analyte/internal stan-
dard pairs, thereby increasing assay throughput. This is demonstrated in Fig. 16.3.
for the simultaneous quantification of three drugs, promethazine (PMZ), enalapril
(ENP), and verapamil (VPM), using deuterated analogues as internal standards. [8]
Normalization to the internal standards resulted in improvements in accuracies,
linarites, and precisions (data not shown). This assay provided accurate quantifica-
tion within toxic ranges (LOQs: ~199 ng/mL for PMZ, ~264 ng/mL for ENP, ~318
ng/mL for VPM) while increasing throughput by performing three assays in a single
experiment.

These results demonstrate the individual MS/MS analysis of multiple precursor
ions in a single laser shot on a MALDI-TOF/TOF mass spectrometer [8, 9]. Tandem
mass spectrometry affords chemical specificity and improves sensitivity by elimi-
nating chemical noise. This novel methodology allows the analyte intensity to be
referenced to that of the internal standard in each single laser shot, improving
accuracy, precision, and throughput. A unique benefit to this system is that, because
precursor ions are separated in the TOF-1 region of the instrument, isomeric frag-
ment ions (e.g., the fragment ions of enalapril and ramipril, m/z 235) are easily
resolved (data not shown).
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Chapter 17

Detection and Monitoring of Subsurface
Contamination by Using Geophysical Methods
and Data: Case Studies of Contamination
from Chemical and Biological
(Biogeochemical) Processes

Ali Ismet Kanli

Abstract Monitoring and distribution of bacterial transport, bioclogging processes,
imaging to infer biogeochemical processes associated with bioremediation,
remediation-induced biogeochemical end-products are detectable using geophysi-
cal methods. Biogeochemical processes alter the physical and chemical properties
in the subsurface, and efficient monitoring of these changes is important for suc-
cessful implementation of soil and groundwater remediation. In the study, two dif-
ferent geophysical studies are discussed from Germany and Hungary.

17.1 Introduction

One of the most critical encountered tasks to remediation of polluted environment
is determining the 3-D spatial distribution of contaminants which stimulate us to
provide accurately modeled subsurface. Although there are several conventional
methods for modeling the subsurface, to understand the hydrogeological process
and spatial distribution of contamination, these methods can be gathered under two
main branches that are invasive (e.g. invasive, semi-invasive, less invasive) and non-
invasive techniques. Classical borehole techniques, SPT and CPT are among the
invasive or less-invasive techniques whereas electrical and electromagnetic based
ERT and GPR, most widely used techniques in imaging the subsurface in the last
decade [2], are called as non-invasive geophysical methods. The first study area is
given in Fig. 17.1 which is located at Germany.

A.L Kanli (0<)

Faculty of Engineering, Department of Geophysical Engineering, Istanbul University,
Avcilar Campus, Istanbul 34320, Turkey

e-mail: kanli @istanbul.edu.tr

© Springer Science+Business Media B.V. 2017 277
J.H. Banoub, R.M. Caprioli (eds.), Molecular Technologies for Detection

of Chemical and Biological Agents, NATO Science for Peace and Security

Series A: Chemistry and Biology, DOI 10.1007/978-94-024-1113-3_17


mailto:kanli@istanbul.edu.tr

278 A.l Kanli

Fig. 17.1 Study area from Germany (From Ref. [3])

The determination method of 3D resistivity distribution from CPT petrophysical
parameters was tested on the certificated test area of Research Centre Jiilich
(Fig. 17.1). The test site is located in the Lower Rhine Embayment in Western
Germany and has an extension of 200 x 70 m. The test area was first set up in 1993
by the Research Centre Jiilich to research and execute some experiments on water
flow and solute transport processes.

The 3D geological profile of the area was defined after 73 boreholes, although
only four of them reached the depth of 15-20 m. The aquifer material consists
mainly of gravelly and sandy sediments deposited by the braided river system of the
Rur. The clay and silt content of the aquifer sediments vary between 0.5% and 7.5%
and the mean total porosity is 26 + 7%. The local base of the aquifer in a depth of
11-13 m consists of intermitting thin layers of clay and silt (Fig. 17.2a).

3D distribution of the electrical resistivity in the investigated depth range of
0-15 m is determined (Fig. 17.2b). Comparing the resistivity and the geological
sections a good correlation can be observed among the calculated resistivity distri-
bution and the geological structure. The effect of the clay layer F and the thicker
intermitting layers can be also marked clearly. The simplified explanation of the
subsurface geology corresponded to their resistivity values in the investigated test
area of Krauthausen can be given as follows; A and B layers which are characterized
by gravel or debris series are about 1-2 m depth and A has 10-30 Q-m or 50-90
Q-m resistivity values whereas B has 190-290 Q-m resistivity values. The layer C
is about 2 m depth and it has the range of 110-180 Q-m resistivity values. The mix-
ture of the D-E series is about 7 m depth and they are in the range of 50-90 Q-m or
110-170 Q-m resistivity values. The C, D and E series form the uppermost aquifer
which is characterized by sand and gravel. The layer F which is consisted of silt and
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Fig.17.2 3D geological interpretation (a) and 3D electrical resistivity distribution (b).of the study
area (From Ref. [3])

clay series has 10-30 Q-m resistivity values. The layer G which is characterized by
sandy gravel series has the range of 50-80 Q-m resistivity values [3].

Molybdenum does not occur naturally as a free metal on Earth, but rather in vari-
ous oxidation states in minerals. It readily forms hard, stable carbides in alloys, and
for this reason most of world production of the element (about 80%) is in making
many types of steel alloys, including high strength alloys and super alloys. Most
molybdenum compounds have low solubility in water, but the molybdate ion
MoO4?%" is soluble and forms when molybdenum-containing minerals are in contact
with oxygen and water. Industrially, molybdenum compounds are used in high-
pressure and high-temperature applications, as pigments and catalysts. About 86%
of molybdenum produced is used in metallurgical applications such as alloys, with
the rest of molybdenum used as compounds in chemical applications.
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A congenital molybdenum cofactor deficiency disease, seen in infants, results in
interference with the ability of the body to use molybdenum in enzymes. It causes
high levels of sulfite and urate, and neurological damage. The cause is the inability
of the body to synthesize molybdenum cofactor, a heterocyclic molecule that binds
molybdenum at the active site in all known human enzymes that use molybdenum.
Although human toxicity data is unavailable, animal studies have shown that chronic
ingestion of more than 10 mg/day of molybdenum can cause diarrhea, growth retar-
dation, infertility, low birth weight and gout; it can also affect the lungs, kidneys and
liver [1]. Therefore it is very important to monitoring and detection of the contami-
nation. The second study area is located nearby both agriculture and industrial envi-
ronment having some problems about molybdenum contaminations. Therefore, we
have conducted electromagnetic based geophysical surveys that are adequately used
in environmental studies in the area (Fig. 17.3).

Fig. 17.3 Study area from Hungary (From Ref. [1])
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Fig. 17.4 Contour map of the low conductivity zone (a). Depth slice from 150 cm processed with
450 MHz GPR data is given on the left. GPR section from the relatively high reflectivity zone is
given on the right (b). Depth slices of processed 450 MHz GPR data measured above the shallow
molybdenum contamination (¢) (From Ref. [1])

In the Fig. 17.3, some monitoring wells located in the survey area can be seen.
These wells have been monitored to acquire information on molybdenum contami-
nation with hydrogeological conditions of the investigated area. When the acquired
maps are interpreted (Fig. 17.4a), an “L” shaped (reversed) anomaly can be identi-
fied at the upper end of the map which has high conductivity (low resistivity) and
low susceptibility. On the other hand, when compared to their surroundings, three
higher conductivity and lower susceptibility anomalies can be identified about ~2 m
long stripes that showing up at different frequencies on the maps at near the well no.
13. Detailed interpretation results also show us that there is a shapeless, low conduc-
tivity zone, observed on conductivity maps that cannot be seen on the susceptibility
maps. The maximum of this zone is located near the high molybdenum
concentration.

In the second stage of measurements, GPR surveys were carried out in the study
area. The aim of this investigation was to find a container or other any geological
unit that can be a source of contamination. In geo-radar measurements, two differ-
ent type of antennas were used, 450 MHz and 50 MHz frequency respectively.
During the measurements, the attenuation of the waves was very high with thb2e
maximum penetration depth was about ~1.5 m. The data acquisition was carried out
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along profiles with 1 m interval. The data was collected in the area among the wells
numbered 34, 31, 32 and 33. The spatial sampling rate was less than 10 cm within
the sections. In radar measurements, we get some reflections from the border of the
materials with different conductivity properties due to the existence of plastic and
metal tubes. We processed the sections concerning reflection strength, and the
results are sliced at several depth levels. The maps at different depth levels from
50 cm to 150 cm are given in Fig. 17.4.b.

The important anomaly locations highlighted on the slices were searched in
details on the individual records to understand the causes of the reflections. As seen
on the 1.5 m depth slice, location of the significant anomaly can be recognized. The
depth slice with the recorded GPR data is displayed in Fig. 17.4.c. The reflections,
observed on the record, are coloured by transparent red. In the figure, a dashed red
line that indicates an anomaly can be observed on all the sections independently [1].

17.2 Conclusions

Biogeophysics, the use of time-lapse geophysical methods, has recently evolved as
an approach to remotely monitor biogeochemical transformations. Whether for
hydrogeophysical or biogeophysical applications, the main advantage of using geo-
physical data is that geophysical methods provide spatially extensive information
about the subsurface in a minimally invasive manner. Some recent biogeophysical
research that illustrates the potential of geophysical methods for providing informa-
tion about biogeochemical changes associated with natural plume evolution or
remediation treatments. Understanding how hydrological and biogeochemical
properties change over space and time in response to remedial treatments is hin-
dered by our ability to monitor these processes with sufficient resolution and over
field relevant scales.
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Chapter 18
Prospect for the Detection of the Jihadists
Drug Catagon in Waste Water

Emanuela Vitale

Abstract Fenethylline, commonly known by the trademark name “captagon”,
“biocapton” or “fitton”, is one of the most popular illegal drugs used by young com-
munities in the Middle East. It is a theophylline derivate of amphetamine having
stimulant effects similar to those of other amphetamine-type derivates. Fenethylline
was used as medicament for hyperactivity disorders in children, narcolepsy and
depression, but it is also used as a drug of abuse. Unlike other drugs of abuse, the
clandestine synthesis of fenethylline is simple, using inexpensive laboratory instru-
mentation and raw materials legal to obtain. An innovative technique to detect and
quantify captagon in waste water is showed, in order to help the police and the other
army forces to find terrorists in a smaller district of city.

18.1 Introduction

Fenethylline, also known as amphetaminoethyltheophylline or amfetyline, com-
merical name Captagon, is a psychostimulant synthetic drug derived by a linkage of
amphetamine and theophylline obtained via an alkyle chain. In 1960, the German
industry Degussa AG introduced fenethylline as 50 mg tablet in the Federal Republic
of Germany as a milder alternative to amphetamine and related compounds for use
as a psychostimulant; 3 years later after its production a strict prescription status
was requested. Consequently, its disposal was controlled, and the drug was used
only under medical supervision [1]. The history of misuses of Captagon was born in
1980 when thugs in Bulgaria (Sofia) commenced importing few quantities of
Captagon from West Germany, before starting their own illegal production on the
industrial scale. In order to increase its foreign currencies the Bulgarian regime
started trafficking captagon into war torn conflicts confirming that blood and money
are a perfect marriage.
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The production of Fenethylline drug was forbidden in 1986, however, after the
fall of Berlin wall in 1989, the distribution routes and production places have sur-
vived for many years. When trafficking became “private”, captagon drug made it to
the strongest Bulgarian mafia. Strangely enough, this big illegal development com-
merce permitted Bulgaria to shown excellent economic wealth that allowed its entry
in the European Union in 2007.

Captagon have played a major role also in the “Arabian spring” as its previous
uses were demonstrated by Ukrainian soldiers as stimulant during war operations in
the east part their country. Since then, Captagon production has shifted to Middle
East and, from 2011, in particular in Syria, where, nowadays, its production is out
of control. After its production in Syria, the trafficking exportation initiate in
Lebanon and the primary drug market for fenethylline are countries located in the
Arabian Peninsula and also in North Africa. Recently, on 26th October 2015, prince
of Saudi Arabia Abdel Mohsen Bin Walid Bin Abdulaziz, and four other people
were detained in Beirut on charges of drug trafficking when two tons of captagon
tables and cocaine were seized on a private jet by airport security before departure
for Saudi capital of Riyadh [2] In November 2015, Agency France Press reported
that the Turkish authorities had seized 2 tons of captagon on the Syrian border. The
seized tablets (approximately 11 million), that have been produced in Syria, were
being shipped to countries in the Arab states of Persian Gulf. It has been reported
that 7.3 million captagon tablets were seized “in one raid and were set to be shipped
to gulf countries by sea hidden in 1300 oil filters”, while the rest 3.6 million tablets
were seized in a depot [3]. These quantities represents a big source of income both
from drug party and from war and the amount is around 960 million € (1.3 billion
$). In other words, if on the hand captagon has become the “rich drug” because each
pill is sold 10-15 $ (between 7 and 15 €), on the other hand the proceeds bankrolls
war with weapons to destroy Assad regime [4].

18.2 Chemistry and Toxicology

Fenethylline is amphetamine conjugated with theophylline via an alkyl chain [5-7]
(Fig. 18.1). Its systematic IUPAC name is (R, S)-1,3-dimethyl-7-[2-(1-phenylpropan-
2-ylamino)ethyl]purine —2,6-dione, but it can be also encountered as amphetamino-
ethyltheophylline and amfetyline. Fenethylline is a crystal solid with the molecular
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Fig. 18.1 Fenethylline
structure
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formula C;gH»;NsO, (molecular weight 341.408 Da), and it is usually found as its
hydrochloric salt (molecular weight 377.95 Da) [8, 9].

There are many studies on captagon effects discussed in the literature. Various
metabolic studies have shown that fenethylline was prodrug for amphetamine and/
or theophylline. It should be noted that theophylline is a weak stimulant agent,
whereas amphetamine is an active stimulant [9-11], so the final biological effect is
the result of the combined action of both these two stimulant agents [12].

Fenethylline stimulates the central nervous system increasing alertness, concen-
tration ability and physical performance, while providing a feeling well-being and
appetite suppression, due to its chemical similarity to natural neurotransmitters, like
dopamine and adrenaline [13—15]. It also increases productivity and ability to con-
centrate. Captagon has also numerous side effects, due to the long-term use of it.
The most common of them are extreme depression, lethargy, sleep deprivation
(insomnia), anxiety, mood swings, feelings of anger and rage, irritably and impa-
tience. The chronic use of captagon could lead to hemorrhagic central retina vein
occlusion.

The abuse of captagon has been also correlated with acute myocardial infarction
and aggressive behavior. This is the principal reason whereby jihadists take pills
before their terrorist attacks. Captagon causes a state of amoral excitement leading
extreme aggression and moral irresponsibility.

As regarding fenethylline metabolism, Yoshimura et al. [16] demonstrated that
sixmetabolitesareproduced. Morespecificallyamphetamine, p-hydroxyamphetamine,
acetyltheophylline, 7-aminoethyltheophylline, hydroxyethyl theophylline and car-
boxymethyl theophylline are detected. They concluded that captagon metabolism
proceeds via oxidative cleavage. The last mentioned metabolite disappears earlier
and it can be detectable between 24 and 48 h, while amphetamine remains in the
urine over the same time interval [16, 17].

18.3 Analytical Measurements

In order to help army and police counter-terrorism units to discover terrorists in a
more restricted area of a city, a new ultra-concentration technique was developed
trying to search Captagon metabolites and its traces in waste water. We have used as
model the ultra-concentration technique developed for cocaine drug, which is one
of the most popular and used drug in Calabria (South Italy). This technique involved
liquid/liquid extraction from waste water, followed by SPME adsorption of analytes
onto fibers; following detection and quatification of analytes by GC-MS. Therefore,
we have taken 1 L of waste water and reduced it to 1 pl. Then, we extracted cocaine
and its metabolites with SPME technique and, finally, injected in GC-MS. We
obtained a LOD and LOQ), respectively, of 1.88 ng and 4.2 ng. After optimization of
this method, we tested it on the two principal Captagon metabolites, amphetamine
and theophylline, spiking 1 L of waste water. We obtained good results in term of
linear correlation coefficient (R? = 0.999) of LOD and LOQ (Table 18.1).
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Table 18.1 LOD and LOQ of Captagon drug

Drug LOD (ng) LOQ (ng) N
Amphetamine 3.0 6.1 12
Theophylline 0.25 0.5 12

The next step will be to test this method on the Captagon analyte itself and on
real samples.

18.4 Conclusion

Captagon is the drug of abuse most used in the Arabian Peninsula with Syria being
the major manufacturer, consumer and exporter, due to its strategic position at a
crossroads in the Middle East. It is likely to remain popular among the young afflu-
ent population in the Arabian Peninsula States, as well as among militants and
jihadist fighters. In Europe captagon is not common, so the ability to highlight
metabolites in waste water could facilitate the identification of abusers and their
preventive surveillance.
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Chapter 19

Monitoring of Cadmium and Lead

in the Kidneys of Ovine and Caprine Animals,
in Albanian Area

Ilir Pecnikaj, Elona Shahu, and Ederina Ninga

Abstract Exposure of human populations to cadmium (Cd) and Lead (Pb) from
food and products thereof may produce effects in organssuch as the kidneys, liver,
lungs, cardiovascular, immune and reproductive systems. Since Cd and Pb have
been identified as a human carcinogen, biomarkers for early detection of suscepti-
bility to cancer are important for the public health (Fowler, Toxicol Appl Pharmacol
238:294-300, 2009). The ability to evaluate Cadmium and Lead exposure of these
elements through monitoring is a step towards understanding their health effects.
We have carried out a monitoring program, in 3 years, in different areas of Albania.
Our target was the monitoring of the accumulation of Cd and Pb in the kidneys of
ovine/caprine. The samples were chosen because their products are commonly used
by the population. The determination of these two chemical elements was per-
formed in according with EC No 1881/2006. During the entire monitoring period
only two samples have been found to be noncompliant. Both samples resulted to be
from south of Albania, (Gjirokastra region).

19.1 Introduction

Heavy metal pollution is known to be a global environmental problem. Many of
these metals manifest high affinity for sulfur-containing ligands and strongly bind
the latter. Therefore, when such heavy metals enter the cell, they interact with
SH-groups, inactivate many enzymes and disturb many metabolic processes [1, 2].
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The idea that all heavy metals are highly toxic is misleading: this series com-
prises such elements as copper, zinc, manganese, iron, and other micronutrients
essential for all animals and plants. Among non-nutrient heavy metals, Cd and Pb
are the most widespread [3]. Most of Pb and Cd contamination results from four
human economic activities [4] Burning liquid and solid fuels smelting and foundry
works, sewage high in Pd and Cd, and soil-applied chemicals, including fertilizers
[4-7]. Cd and Pb enter into the food chain mostly through products of plant origin,
which often accumulate heavy metals from contaminated soils [8, 9]. When bound
on the cell surface and within the cells, Cd and Pb ions interact with the functional
groups of proteins, nucleic acids, polysaccharides, etc. and substitute for other metal
ions already bound to these functional groups (Fig. 19.1).

Various metabolic disorders arise, and it is usually difficult to tell which disor-
ders are primary and which are of secondary origin. In spite of the number of mono-
graphs and reviews on heavy metals published over the last years [4—10] many
issues stay insufficiently elucidated, including the distribution of heavy metals, their
toxic effects, and the mechanisms of plant responses to an excess of heavy metals.

During the last 50 years in Albania as well in the other countries in the region,
there has been a huge industrial evaluation in which the production and the process-
ing of heavy metal has been a big part of it. During those years no environmental
requiems were asked for the industry and as well no waste treatment was performed.
After several interventions of the government, such as closing the factory produc-
tion and processing of lead in 1992, the prohibition of the use of petrol and the lead-
based colorants in 2000 (DCM Nr.147, dated 21.03.2000 “On the quality of fuels,
gasoline and diesel”) and duty to control the collection and disposal of batteries in
2003 (Law No. 9010, dated 13.2.2003 “On the management of solid waste”), at the
end “Law No. 9537, dated 18.5.2006 “On the management of hazardous wastes”,
have meant that control of them to be more rigorous and the dispersion in the envi-
ronment is minimized to the maximum.

In the present study lead and cadmium were analyzed in ovine/caprine kidneys,
these trace metals, are included in National Residue Control Plan. Periodic monitor-
ing of cadmium and lead was performed in ovine and caprine samples. The samples
were taken over years 2013-2015. Our goal was to discuss the major trends in Cd
and Pb distribution in our country, through the control of accumulations in the ovine
and caprine kidneys of the Cd and Pb.

19.2 Materials and Methods

Sampling of ovine/caprine kidney were taken by Food Safety Inspectors in accor-
dance with EC No 333/2007. All the samples have been transported to the lab in
thermo box within the same day. The samples that could not be handled and ana-
lyzed during the arrival day have been stored in deep frozen conditions. Before
analytical determination the samples were cleaned fom fat and homogenized using
Ultraturrax homogenizer.
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The trace metal determination was carried out following standardized methods
for the analysis of cadmium and lead such as SSH EN 13804:2003, SSH EN
14084:2003, CE 1881/2006. Two parallels for each sample were prepared according
to the following procedure. Samples (1.0 £0.2 g) were weighed into Teflon diges-
tion vessels; 4.0 ml nitric acid (69.5% m/V) and 1.0 ml hydrogen peroxide (30%
m/V) were subsequently added. The sealed containers were placed in a microwave
oven (Microwave Digestion BERGHOF) for 17 min and the samples were heated
according to the temperature program. After complete digestion the sample solu-
tions were cooled for 20 min to the room temperature. The sample solutions were
diluted with ultra-pure water to the total volume of 20 ml and transferred into volu-
metric flasks, capped and stored at room temperature.

Atomic Absorption Spectrometer (ThermoSolaar GF 95/FS 95), equipped with
graphite furnace system, was used to determine the concentration of cadmium and
lead in kidney samples. The quantitative determination of Pb and Cd were performed
by using a four different point calibration curve for lead and three different point
calibration curve for cadmium. For both the element were used matrix modifiers.

Statistical analyses were performed by using IBM SPSS Statistics 20 Software.

19.3 Results and Discussion

Concentrations of the two elements investigated during this study are represented in
the Table 19.1. Their values are expressed in mg.kg~!, wet weight, as the mean value
of two parallel samples. Sampling was performed in different region of Albania,
during 2013-2015, in frame of National Residue Control Plan, on measures to mon-
itor certain substances and residues thereof in live animals and animal products.

Most of the samples, both ovine and caprine, have been shown to be compliant
with the Maximum Limit set in Commission Regulation 1881/2006.

Table 19.1 Concentrations of Cd and Pb (mg.kg™") in the kidneys of ovine and caprine animals

Caprine Ovine
Region Cd Pb Cd Pb
Berat 0.12-0.83 0.012-0.044 - 0.02-0.141
Diber 0,745 0.094 0.42-0.86 0.007-0.25
Elbasan - - 0.56 0.028
Fier - - 0.03-0.34 0.016-0.275
Gjirokaster 0.18-0,824 0.006-0.54 0,157-1.3 0.02-0.074
Korce 0.320-0,512 0.0082-0.070 0.086-0.49 0.0035-0.103
Kukes - - 0.72 0.059
Lezhe 0.034-0.089 0.025-0.045 0.08-0.523 0.08-0.41
Shkoder 0,048-0.076 0.005-0.057 - -
Tirane 0.09-0,653 0.009-0.041 0.146-0.48 0.011-0.105
Vlore 0,083-0.483 0.1-0.121 0.15-0.358 0.014-0.043
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Fig. 19.3 Cd in ppm in caprine and ovine in 3 years (2013, 2014, 2015)

During all the monitoring period only one of caprine samples exceeded the maxi-
mum limit of 0.5 mg.kg~! lead in wet weight (the amount of lead in this sample was
0.54 mg.kg™") (Fig. 19.2).

From the data represented in the Table 19.1, cadmium seem to be more present
in all the samples although only one all the samples exceeded the Maximum Limit.
It should be mentioned that the ML for this element is relatively high (1 mg.kg™).
The sample which was noncompliant with the EC regulation requirement was from
Gjirokastra region and the level of Cd on it was found to be 1.3 mg. Kg~!, Fig. 19.3.

All the date was evaluated by statistic programs using Principal Component
Analysis (PCA), Fig. 19.4. As it can be seen from the Fig. 19.4 the values of Cd and
Pb in ovine is quite stable. Almost all results are in the same area. Only three of
them are outside of the area, where one of these three is over of limits established
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by Law (example 25). While for the caprine, the trend they are decreased (Fig. 19.5).
All results are separated almost in years, where their trend is decreasing. Only one
of them is over of limits established by Law (example 11).

19.4 Conclusions

During 3 years of monitoring only two samples exceed the maximum limit estab-
lished by EC No 1881/2006. Both cases were founded to be in south of Albania.
One ovine sample for cadmium and the other one was caprine for lead.

These cases were in the same year (2014), but were only two isolated cases. By
repeated control in that area, we have not found any more similar cases.

Statistical data analysis have shown that the trend of the rate for Cd and Pb in
these years seems to be in marginally decline, regards caprine, and more stable
although in lower values in ovine.
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Chapter 20
Quantitative Analysis of Dysregulated
Proteome in Methylmalonic Acidemia

Costanzo Michele, Caterino Marianna, Minopoli Giuseppina,
Santorelli Lucia, P. Venditti Charles, and Ruoppolo Margherita

Abstract Methylmalonic Acidemias (MMNASs) are heterogenoeus severe autosomal
recessive inborn errors of metabolism, MMNAs are caused by deficency of vitamin
B12-dependent methylmalonyl-CoA mutase enzyme (MUT). Therefore, we used
MUT silencing and a proteomic quantitative approach to define the pathways
directly perturbed by this metabolic disease.

20.1 Background-AIM

Methylmalonic Acidemias (MMAs) are heterogeneous and severe autosomal reces-
sive inborn errors of metabolism (IEM) belonging to the rank of organic acidemias
(OAs). MMA is caused by deficiency of the vitamin B12-dependent methylmalonyl
— CoA mutase enzyme (MUT), which converts L-methylmalonyl — CoA into
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succinyl — CoA, a Krebs cycle intermediate. This enzymatic block is responsible
for the accumulation of high levels of methylmalonic acid in body fluids.

The disorders are caused by deficiency of MUT apoenzyme or defective metabo-
lism of the enzymatic cofactor, 5’-deoxyadenosylcobalamin (Ado-Cbl). When the
defect is caused by mutations in the sequence of MUT gene, the pathology is defined
isolated Methylmalonic Acidemia. Mutations in one or more of the genes codifying
for cobalamin biosynthesis enzymes lead to cbl-related MMA. Two pathologic phe-
notypes related to MUT apoenzyme defect are known: mut’ patients show a totally
absent enzymatic activity, while muz~ patients only have a partial deficiency and are
responsive to vitamin B12 treatment. For muz’ phenotype patients no specific ther-
apy exists but they can partially recover the metabolic instability through liver or
combined liver/kidney transplantations.

The hepatic proteome of mut’-MMA patients has been previously studied in
comparison with the proteome of healthy individuals. Differential proteomics
experiments have shown the dysregulation of proteins involved in energetic metabo-
lism, gluconeogenesis and Krebs cycle anaplerosis. The observed dysregulations
could be due to a metabolic adaptation of the patients and not directly due to mutase
deficiency. To test this hypotesis, an in vitro silencing of MUT gene was performed
using the RNA-interference strategy and the protein expression profile analysed by
a quantitative proteomics approach.

20.2 Methods

The expression of MUT gene was reduced in neuronal SH-SY5Y cell line using a
specific siRNA against MUT mRNA. Three replicates were prepared for each
silencing condition: 0, 24 and 48 h. In parallel, triplicates were also prepared for
each control condition at the same times. The control SH-SY5Y cell line was trans-
fected by using a random sequence (scrambled), which has no significant homology
to any sequences in the human genome.

Cellular lysates of three replicates for each condition were gathered and fraction-
ated on a preparative 10% gel by 1D-SDS-PAGE. The gel lanes (relative to scram-
bled-48 h and siMUT-48 h samples) were cut to create 3 mm slices and each slice
was excised from gel. Peptide mixtures were obtained by in situ hydrolysis with
trypsin and loaded on a LTQ-Orbitap XL spectrometer.

The proteomic analysis was performed using Proteome Discoverer™ platform
for protein identifications. For the quantitative analysis, the abundances of each
protein present in the different proteomes were estimated by means of the Spectral
Counting (SpC) approach. The normalized spectral abundance factor (NSAF) gen-
erated from LC-MS/MS datasets was used.

A statistical parameter, the Rsc (Ratio of Spectral Counts), was used to identify
the differentially expressed proteins: Rsc values higher than +2,0 and lower than
—2,0 were accepted.
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20.3 Results

To evaluate if these dysregulations could be due to a metabolic adaptation of the
patients, the expression of MUT protein was decresead in order to study in vitro
alterations exclusively due to mutase absence. From Spectral Counts results, 198
up-regulated and 144 down-regulated proteins were identified. Dysregulated pro-
teins were grouped according to Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) databases. Differentially expressed proteins result
involved in metabolic processes, cell cycle, apoptosis processes and cellular
response to stress. The proteomic dataset suggests that the high levels of methylma-
lonic acid could determine cell death and, consequently, clinic manifestations
affecting the nervous system in MMA patients.

20.4 Conclusions

MUT silencing and the proteomic quantitative approach allow us to define the path-
ways directly perturbed by the metabolic disease. They represent targets to better
understand its molecular basis and for the design of therapies to alleviate clinical
manifestations of MMA.



Chapter 21

Sensors for Electrochemical Determination
of Various Oxidizable Analytes

with a Graphene Oxide (GO) and/or Multi
Walled Carbon Nanotubes (MWCNTSs)
Modified Glassy Carbon Electrode

Vivek Vishal Sharma and Domenica Tonelli

Abstract Glassy carbon electrodes were modified by drop casting carbon nanoma-
terials, graphene oxide, GO, and multi-walled carbon nanotubes, MWCNTs, alone,
mixed together (Composite) or in the form of bi-layers. The reduction of GO was
carried out by means of a green approach consisting of 10 voltammetric cycles (CV)
from 0 to —1.5V, vs SCE at the scan rate of 0.05 V s’ in acetate buffer 0.1 M at pH
4.5. The modified electrode was characterised by SEM, ATR-IR and UV-Vis analy-
sis. Various compounds, like catechol and paracetamol, were investigated by cyclic
voltammetry to find out which one responds most effectively to the modified elec-
trode. Chronoamperometry was emplyed to prepare an analytical method for the
determination of various analytes like L-cysteine, hydrazine.

21.1 Introduction

In the field of chemically modified electrodes (CMEs), multiwalled carbon nano-
tubes (MWCNTs) have been widely used due to their unique structural, electronic
and physical properties with one of the most important characteristics being their
reported ability to promote electron-transfer processes [1]. Very recently graphene
(GR), a 2D carbon material comprised of a single sheet of hexagonally packed
carbon atoms, has attracted tremendous attention because of its unique nanostructure
and extraordinary electro-catalytic properties such as high surface area, excellent
conductivity, and high mechanical strength. Based on its properties, GR is consid-
ered as an ideal electrode material for electrochemical and biosensing [2]. However,
synthesis of graphene is expensive, hence we use graphene oxide which can be
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easily reduced electrochemically to obtain a material almost equivalent to graphene
for use as a modifier.

"Graphene MWCNTs

21.2 Preparation of Chemically Modified Electrode (CME)

Prior to surface modification, the glassy carbon surface was gently polished on a
fine (4000 grit) wet SiC sandpaper until a mirror finish was obtained. Then it was
thoroughly rinsed with DD water. Aqueous solution of graphene oxide (GO) in
varying concentrations was prepared from the stock solution of 4 mg/ml. To prepare
the MWCNTs solution, 2 mg Of MWCNTSs was taken in a vial and to it 2 ml of
N,N’-dimethyl formamide (DMF) was added. The vial was placed under ultrasonic
treatment for 20 min. From the above 1 mg/ml stock solution of MWCNT in DMF,
varying concentrations of the MWCNTs dispersed in DMF was prepared.

For modification of the GC surface, 10 pL. of nanocarbon material in the suspen-
sion was drop-casted on bare GC and left to dry in an oven at 60 °C for 15 min. After
drying, the CME was electroreduced in pH 4 phosphate buffer solution (PBS) to
convert the graphene oxide to reduced graphene oxide. In altogether five different
configurations of the CME was prepared (Fig. 21.1):

0.0 | ol
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-6.0x10™

1(A)

-9.0x10™

e ..
-1.2x1073 \ ‘and/or
MWCNTs

-1.5x10° T T T T
1.5 1.2 0.9 0.6 0.3 0.0

E (V) vs. SCE

Fig. 21.1 Electroreduction (ER) of the Chemically Modified electrode (CME) carried out in pH 4
Phosphate buffer solution (PBS) to get electroreduced GO (rGO)
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Fig. 21.2 ATR-IR of the Chemically Modified electrode (CME) for the composite configuration
(A) before and (B) after electroreduction, carried out in pH 4 PBS
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21.3 Characterisation of CME

Various configurations of the CME was characterised using Attenuated total reflec-
tance infrared spectroscopy (ATR-IR) and scanning electron microscopy (SEM). As
shown in Fig. 21.2, for the composite configuration of the CME, after electoreduc-
tion in pH 4 PBS, there is a reduction in the peaks for the C-O and C = O stretching
as is evident on comparing the spectrum A with that of B. Similar reduction in the
peaks of C-O and C = O was observed in the spectra for other configurations [3, 4].
SEM images were recorded for the various configurations of the CME.

21.4 Cyclic Voltammetry Studies

Typical voltammetric responses for various analytes like L-cysteine, paracetamol
and catechol towards the CME in 0.1 M PBS solution, pH 4 is shown in Fig. 21.3.
Herein, we can observe two couples of symmetrical peaks in case of catechol, an
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Fig. 21.3 CV of (a) Blank
Buffer solution (b) 0.1 mM
and (¢) 0.2 mM of various
analytes in 0.1 M pH 4
PBS, Scan rate = 0.05 V/s,
CME prepared by
drop-casting of 10 pL a
solution containing GO
(0.2 mg/ml) and MWCNTs
(0.2 mg/ml) dispersed in
DMF

1(A)

1(A)

1(A)

4.0x10°
3.0x10°
2.0x10°
1.0x10°

0.0 -

-1.0x10°
-2.0x10°

2.0x10°

1.5x10° 7

1.0x10°

5.0x10°®

0.0

-5.0x10°®
-1.0x10°

-1.5x10°

3.0x10°
2.0x10°°

1.0x10°
0.0

-1.0x10°

-2.0x10°

V.V. Sharma and D. Tonelli

L-cysteine

T T T

00 02 04

E (V)

T T T

06 08 1.0 1.2

Paracetamol

AN

1.2

asymmetrical anodic peak in case of paracetamol and virtually no response
towards L-cysteine. Further experiments have been carried out to find out the
relationship between the peak current vs. scan rate and also for the determination
of the heterogeneous electron transfer constant. Additional experiments were per-
formed at pH 4, 7 and 9 to ascertain the optimum conditions for the determination

of each analyte [5].
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21.5 Chronoamperometric Studies

Based on the results obtained from cyclic voltammetric studies, chronoamperomet-
ric measurements were performed for various analytes under the optimized condi-
tions to ascertain the limit of detection (LOD), limit of linearity (LOL) and range of
detection for each of the analytes. Preliminary results showed that it was possible to
detect L-cysteine in the range of 5 pM to 3 mM with the limit of detection as 2.5
pM. Similar results were obtained for other analytes (Fig. 21.4).
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