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Synopsis
The disclosure of Biological Warfare Agents (BWAs) poses a considerable scientific and
practical challenge as a result of the inherent lower reactivity afforded by natural
products, viral and bacterial pathogens. In the 20+ century throughout both the first and
second world wars Bacillus anthracis, the causative agent of Anthrax, was studied for its
potential use in biological warfare. B. anthracis is one of a limited number of bacteria
capable of forming endospores. The endospore is a dormant and stable form of the
organism in which all water is removed and cell metabolism ceases. Bacteria that can form
these structures are capable of surviving thousands of years. Hence, land contaminated
with pathogenic endospores can be rendered uninhabitable and, in some cases,
impassable for decades. However, if the B. anthracis cell is in its vegetative state, the
process of decontamination is made substantially easier by the increased susceptibility of
the cells. It is, therefore, favourable to induce germination in spores before attempting

decontamination.

This thesis is a multidisciplinary approach to develop a formulation capable of inducing
germination of B. anthracis endospores and disclosing their presence to an end-user such

that appropriate action can be taken to decontaminate the surface.

In this thesis Chapter 1 provides an overview to the obstacles that have so far restricted
development of the desired formulation. It also encompasses the historical background,

posed risks and detailed aims of this project.

Chapter 2 reports the synthesis and optimisation of processes towards materials that can
provide favourable environments to promote endospore germination in a controlled
fashion. Investigations focussed on the promising characteristics of a class of low
molecular weight gelators (LMWGs) known as supergelators because of their
exceptionally ability to form rigid structures at concentrations as low as 0.9 mM as well as
hydrophilic branched polymers based upon the monomer glycerol. Investigations into
hydrophilic materials capable of providing sufficient humectant properties to sustain
germination suggested the hyperbranched polyether polyglycerol could fulfil many of the
desired requirements of a formulation suitable for storage and spray dispersal. The

polymers were further optimised by introduction of orthogonal reactive groups of furfuryl

Vii
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alcohol capable of reacting via the facile thermoreversible Diels-Alder process to enable
future bioactive sensors or dyes. The benefit of this method is that these reactions are
typically conducted in very mild conditions and at low temperatures which allows for
sensitive or less stable functional compounds to be attached to the polymer backbone
without fear of degradation or damage to these materials. These materials were noted to

possess LCST properties which were further investigated by means of DLS.

Chapter 3 focussed on the development of a suitable disclosure agent for the B. anthracis
biomarker calcium dipicolinate (CaDPA). Based upon the fluorescent carbazole moiety, a
sensor originally developed by Curiel et al. was resynthesized using optimised procedures
to evaluate its suitability for use in an aqueous formulation. Following this, steps were
taken to attempt to increase the effectiveness of the sensor by altering its colourimetric
response through extension of the m-system of the carbazole fluorescent backbone.
Further optimisations to increase its water solubility were explored via introduction of

charged imidazolium species.

Chapter 4 details the steps taken to assess the suitability of the polyglycerol formulations
prepared in Chapter 2 to assist in the germination of B. thuringiensis. B. thuringiensis
endospores are used as a simulant for the more dangerous B. anthracis and were
cultivated and purified before use. The degree of germination of the endospores was
assessed through a plate counting method and compared to a rate of germination

assessment carried out via optical density measurements.

The studies described herein provide a strong foundation for further development of a
novel formulation capable of rapidly disclosing the presence of B. anthracis

contamination.
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Chapter 1

Introduction

1.1. Biological Warfare

Biological warfare agents (BWAs) are, in some cases, more challenging to define than their
Chemical, Radiological and Nuclear counterparts. Using the definition from the World
Health Organization (WHO) BWAs are those that depend on multiplication inside the host
for their method of action such as viruses and bacteria." However, the UN Biological
weapons convention (BWC) bans the developing, producing, stockpiling or otherwise
acquiring or retention of biological agents and toxins.? Since the treaty includes biological
toxins certain agents that are derived from natural sources such as ricin fall are both a
discrete chemical and also a biological agent. For the avoidance of doubt, BWAs discussed

here will be categorized in accordance with the BWC definition.

The first recorded use of biological warfare dates back over 3000 years to the Hittite
plague where an epidemic of tularaemia, caused by Francisella tularensis, was instigated
by forcing infected individuals to travel to the enemy state.? Although there is wide spread
support for this hypothesis there remain some individuals who are sceptical because it
does not align with main sources of infection which are rodents and lagomorphs such as
rabbits.* Yersinia pestis, the causative agent of bubonic plague has been suggested as one
of the earliest BWA's used, with its use at the siege of Caffa (now Feodosia in Crimea) in

1346 a potential origin of the 14" century plague pandemic.>”

Clostridium botulinum is the bacterium responsible for causing botulism in humans.®
Similarly to ricin this species is known mostly for the toxin it produces, botulinum
neurotoxin (BoNT). BONT is the most toxic substance known to humans requiring an
intravenous dose of only 1.3-2.1 ng kg™ to be lethal.®”'" The method of action of BoNT is
counter to that of nerve agents such as VX which result in hyper-activation of the
neuromuscular junction, BoNT prevents the release of the neurotransmitter acetylcholine

thus paralysing muscle activation.’ Despite its exceedingly high toxicity this neurotoxin is
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routinely used in the cosmetic industry to reduce the appearance of skin wrinkles by

preventing facial muscle activation.

When compared to chemical warfare agents (CWAs), biological warfare agents are
significantly slower in their action. Symptom timescales for CWA exposure range from
minutes in the case of fast acting nerve and blood agents up to 24 hours in the case of
certain blister agents and phosgene.'? In contrast, biological warfare agents typically have
incubation periods measured in days before symptoms arise.” This slower mode of
action allows for medical intervention and treatment but in the case of contagious species

it also allows for further distribution.
1.2. BWA Disclosure

The disclosure of BWAs poses considerably more scientific and practical challenges than
that of chemical warfare agents (CWAs) which is primarily as a result of the reactive of
nature of the agents involved. CWAs need to be inherently reactive such that upon contact
they can quickly perform their designed function. Their functionality is usually very
specific, and their molecular weight is typically less than 500 g mol™” to permit efficient
uptake by the human body. In contrast, BWAs are substantially less reactive as expected
from natural products, viral and bacterial pathogens. There has been significant work in
the area of BWA disclosure by commercial entities yet many of these options lack either

rapid identification and/or large area disclosure.
1.2.1. Traditional Identification Methods

Traditional methods used to disclose the presence and identify typically involves the
sampling of a surface using a moistened cotton wool tip. This method typically has a
variety of problems associated with it, primarily the very poor recovery rate ca. 10%.'* The
major limitation of this method is its restriction of the sample area since the degree and
severity of the contamination can only be determined for the surface that passed directly

under the swab.

It is unlikely that a contamination on a surface would be uniformly distributed, therefore
inaccurate sampling could result in false negative results. Once acquired the sample still

requires culturing through incubation on nutrient agar plates. These techniques require
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extensive amounts of labour and expertise with technical microbiological techniques.
Further potential methods for BWA detection and disclosure are discussed in sections

1.2.1.1to0 1.2.2.5.
1.2.1.1. pH Indication

The metabolic activity of bacteria on carbohydrates is known to produce acids which can
be detected using simple pH colour change within the nutrient media on which the sample
is cultivated. Cystine Lactose Electrolyte Deficient (CLED) agar is an example of such media
where the fermentation process of lactose results in acid production which can be
identified by the bromothymol blue indicator. Species such as Escherichia coli and
Staphylococcus aureus can metabolize the lactose and as such produce identifiable yellow

colonies as shown in Figure 1.1.

Figure 1.1: Cystine lactose electrolyte deficient (CLED) agar,
a chromogenic agar impregnated with bromothymol blue.'>

Bacteria can metabolize carbohydrates either via oxidation or fermentation, with the
latter producing more acid compounds than the former. This varies the response based
on the species, combined with this certain species of Bacillus can produce ammonia which

neutralises the response of bromothymol blue.
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1.2.1.2. Enzyme Assays

Enzyme assays are capable of utilising the specific enzymatic activity within viable cells to
convert synthetic targets from an inactive state to a induce a colourimetric or fluorometric

response or vice versa.

An example of this is the Brilliance™ chromogenic media developed by Oxoid Ltd. one
type of which is the Bacillus cereus agar which is capable of identifying Bacillus cereus
bacteria and its closely related genetic neighbours. In this case the synthetic chromogenic
substrate 5-bromo-4-chloro-3-indolyl-B-glucopyranoside (1.1) provides an indication for
the presence of active B-galactosidase enzyme. This enzyme cleaves the glycosidic bond
and releases the 5-Bromo-4-chloro-3-hydroxyindole (1.3) which is then oxidised to form

an analogue of the blue indigo dye (1.4).'°

H
N
4 ‘ HO %
B 6-galactosidase 0 OH
HO 0 r - OH + N\
OH OH HO d
OH
OH 1.2 1.3
1.1
[O]
RGASe S
H Br
o «
14

Scheme 1.1: Enzymatic cleavage of 5-bromo-4-chloro-3-indolyl--glucopyranoside leading to the production of the
analogue of indigo dye.

The effects of this can be seen in the sample of Brilliance™ Bacillus cereus Agar inoculated
with B. thuringiensis shown in Figure 1.2. This agar also contains two antibiotics
Polymixin B and Trimethoprim to inhibit the growth of other species allowing for the
analysis of impure samples. The development of the blue colonies is an indication of -

galactosidase enzyme within the species.
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Figure 1.2: Bacillus thuringiensis growing on Brilliance™ Bacillus cereus Agar."7*

While this method has been shown to be effective, the majority of enzyme assays are
conducted on lysed cells. This is usually done to ensure the maximum contact between
enzyme and chromogenic substrate as well as ensuring optimal conditions for the
chromophore/fluorophore response. For example, p-nitrophenol requires basic
conditions to exhibit a strong vyellow colour as does the fluorophore

4-methylumbelliferone.
1.2.2. Rapid Identification Methods

It has been argued that rapid detection is not as necessary for BWAs as it is for CWAs.'®
However, In the case of bioterrorism incidents or exposure to unknown BWAs within a
military combat zone potential large area contamination necessitates fast identification
of the location and class of hazard to enable area avoidance in the case of area denial and
effective decontamination of surfaces and materials.”®2" For bacteria and viruses the
option of using chemically reactive disclosure agents is unavailable. However, in place of
this there are many methods that focus on these specific unreactive agents to effectively

and rapidly identify imposing threats.

" Reproduced from Ref. "7 with permission from the Journal of Applied Microbiology.
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1.2.2.1. Nucleic Acid Detection

Nucleic acid based detection has been widely investigated as a method to detect and
identify potential BWA threats. These methods utilise procedures called Real-time
Polymerase Chain Reaction (PCR) or Recombinase Polymerase Amplification (RPA) to
amplify the quantity of a specific deoxyribonucleic acid (DNA) sample to enhance its
sensitivity.?? Bell et al. took advantage of a modified version of this procedure to detect B.
anthracis plasmids (i.e. short circular strings of DNA that are not part of the chromosomal
DNA). One benefit of this method is its exceptionally high sensitivity. They report detection
levels as low as one copy of DNA per microlitre. While culture methods usually take
between 24 and 48 hours to yield a result, the approach of Cockerhill Il et al. produced
accurate results in under 1 hour using a Roche LightCycler®.?® While this method does
offer excellent selectivity and sensitivity and has been shown to be effective in
environmental samples, it is only capable of determining whether a sample contains B.
anthracis. Therefore, full disclosure of a contaminated area can only be realised by
extensive sampling. The one hour measurement time makes this method a viable

candidate for identification of a specific biothreat.
1.2.2.2. SPR Biosensors

Biosensors, which convert biological responses into electrical signals to be measured by
a device, were originally adapted to investigate immunoassays in 1983 by Liedberg et al.**
A Surface Plasmon Resonance (SPR) sensor chip is made by attaching antibodies or
antigens to the surface of a thin metal film (ca. 60 nm thickness) coated with a matrix such
as dextran. An incident light beam through a prism creates surface plasmons on the
opposing side of the metal layer. The plasmons are very sensitive to changes of the
surface of the metal, therefore, upon binding of an analyte the light reflected from the
metal surface undergoes a measurable change (see Figure 1.3). This approach has been
successfully applied to detection of B. anthracis, however, the limit of detection (LOD) is
much higher than other methods at between 10’ and 10° endospores per mL of

solution.>%®
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Figure 1.3: Schematic of a surface plasmon resonance detector with antibody receptors.

1.2.2.3. Antigen and Antibody Detection

Chanteau et al. in 2003 developed an antigen based rapid diagnostic test for Y. pestis
designed to quickly identify infected patients.?® Using sample strips infused with the
monoclonal antibody anti-F1 Mab G6-18, tests were conducted on a variety of microbial
samples showing its specificity and high concordance with an F1 immunoassay. This
method of detection is effective but only help identify infected patients rather than the

bacteria itself as the specific antigen is only produced at 37°C.%°

As previously mentioned there has been significant work in this area by commercial
entities. BBI Detection produce the IMASS™ device®' (see Figure 1.4), originally developed
by Dstl, capable of detecting and identifying 8 different BWAs including Ricin toxin,
Botulinum Toxin A/B and B. anthracis. These devices offer rapid detection of these agents
in 15 minutes. These antigen detection strips are contained in a plastic applicator to

enable easy use by personnel in the field with little training.



Chapter 1 - Introduction

FAX AR XX
KK KUK WX

POSITIVE

XXX XXX XK
XX XXX )uk

NEGATIVE
I YRR 0K KX
YA KX YK

INVALID

KRR WK KRk
KHK AKX XAX

INVALID

Figure 1.4: IMASS™ device produced by BBI Detection.?’

While these devices are ideal for first responders to the scene of a BWA contaminated
zone their limited sampling area and single use nature mean that they are not suitable

for identifying areas that require decontamination.
1.2.2.4. Bioluminescence / ATP Detection

Seto et al. reported the effectiveness of identifying the presence of adenosine
triphosphate (ATP), a cellular energy source in bacteria and animals, by the
bioluminescence of Luciferin-Luciferase solution part of the CheckLite™ 250 Plus kit from
Kikkoman Corp. Using this method, they were able to identify whether an unknown white
powder contained viable bacteria within a maximum time of 1.5 hours. The benefit of this
approach is that with suitable guidance an untrained person could rapidly identify the risk

of a substance at the frontline.?
1.2.2.5. Mass Spectrometry

The use of Matrix-assisted laser desorption ionization (MALDI-TOF) Mass Spectrometry
(MS) and Liquid chromatography tandem mass spectrometry (LCMS) has been widely
investigated for detection of BWA's including toxins such a Ricin, BONT and cholera
toxin.***° By identification of proteins unique to certain BWA's it is possible to rapidly
identify bacterial and viral strains. A benefit of this method is that fingerprints for certain
agents can be stored in a database. Combined with the speed of this technique it offers
rapid identification of a large range of BWA's and CWA’s. The major drawbacks of this

method are the cost of the equipment involved and the sensitivity to environmental
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impurities. While suitable for a laboratory or hospital setting widespread use across police

forces and military is prohibitively expensive.
1.3. B. anthracis

1.3.1. History

B. anthracis, the causative agent of anthrax, was originally known as Woolsorter’s disease
owing to its common occurrence in workers classifying and examining wool fleeces. The
sheep contracted and carried the bacteria on their coats and workers that handled large

quantities of this material were exposed to a large quantity of these endospores.*'*2

In the 20~ century throughout both the first and second world wars Anthrax was studied
as a possible biological warfare agent. Towards the end of the Second World War the UK
began extensive research into Anthrax bombs and cattle cakes, which could be dispersed
over German cattle farms in an effort to drastically reduce meat supplies as herbivores
are particularly susceptible to ingestion of spores. Anthrax was cultivated and successfully
tested as a 30 pound bomb in 1942 and a 4 pound bomblet (i.e. a small sub-munition
many of which would be contained with a cluster munition) in 1943 on Gruinard Island off
the coast of Scotland.** Despite only contaminating approximately 3 acres, the entire
island was regarded unsafe and was purchased by the government until it was
decontaminated and regarded safe nearly 50 years later.*** The decontamination
project involved use of herbicide to kill off all flora followed by incineration of the dead
vegetation. The island was then flooded with a solution of 5% formaldehyde in seawater

at a volume of 50 litres m™ over the entire 10 acre island.*®'

Following the implementation of the biological and toxic weapons convention in 1975, 170
UN member states have since prohibited the development, production, and stockpiling of
biological weapons. Before this treaty the Geneva Protocol 1925 prevented the use of

biological weapons in warfare but did not limit their development.?

Despite the implementation of the treaty, in spring 1979 there was a reported outbreak
of Anthrax in the city of Sverdlovsk, Russia. According to soviet officials at the time the

outbreak was caused by consumption of contaminated meat. However, suspicions arose
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as it became apparent that infected individuals were all located in a similar area

downwind of a soviet military microbiology facility.>*>?

In the months following the September 11th 2001 terror attacks in the US, a 63 year old
male died from a case of inhalation Anthrax, the first in the country for 25 years. This was
followed by a further 11 cases (5 of which were fatal) of inhalation Anthrax and 7
confirmed cases of cutaneous Anthrax.” The source of these infections was traced to
bacterial spores sent maliciously via the postal network to major news corporations and
senators by Bruce Edwards Ivins.>*>’ Although biological weapons can be used with the
aim of causing harm there have been cases where outbreaks or accidental release can

cause harm and contamination without intent.>®>°

1.3.2. Method of Action

As well as the single main chromosomal DNA, B. anthracis also contains shorter strings of
DNA known as plasmids. Unlike chromosomal DNA multiple copies of the same plasmid
commonly exist within the cell. The virulence plasmids of B. anthracis are called pXO1 and
pXO2. The plasmid pXO1 is responsible for the production of the components of anthrax
toxin which is comprised of three proteins Protective Antigen (PAss; 83 kDa), Edema Factor
(EF; 89 kDa) and Lethal Factor (LF; 90 kDa). The plasmid pXO2 is involved in the synthesis
of an external capsule that coats the bacteria. Both pXO1 and pXO2 are virulence factors,

which contribute to the ability of the bacteria to cause disease.

The mechanism of action of anthrax toxin is shown in Figure 1.5. PAss binds to receptors
on the surface of the eukaryotic cell. As the protein binds a protease cleaves off a 20 kDa
unit (PAzo) leaving the remaining 63 kDa (PAe3) protein bound to the receptor. The bound
PAes then associates with a further 6 units of PAss forming the heptomeric pore in the
process (shown in Figure 1.6). Once the pre-pore is formed up to three of either EF, LF or
a combination can bind to the prepore before it undergoes endocytosis, a process by

which a portion of the cell wall inverts to encapsulate the pore and surrounding material.
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Figure 1.5: Schematic depicting the mechanism of action of anthrax toxin.

Figure 1.6: CryoEM images of B. anthracis protective antigen heptomeric pore.®%6'*

Once the endosomal compartment is formed the bound EF and LF are thought to unfold
and pass through a 15 A pore formed by the prepore through the compartment
membrane before refolding in the cell cytoplasm and begin causing damage.®® The
protein EF begins converting ATP into 3'-5'-cyclic adenosine monophosphate (cAMP) which

triggers secondary messaging pathways at levels 200 times that of standard.®*®*

¥ Images generated using QuteMol®' from published CryoEM.®°
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Meanwhile LF starts acting as a protease; specifically cleaving part of the mitogen-
activated protein kinase kinases (MAPKK1 and MAPKK2). Without PA, EF and LF are unable

to enter the cell.
1.3.3. Endospores and Germination

B. anthracis is one of a limited number of bacteria capable of forming endospores. The
endospore is a dormant form of the organism in which the majority of water is removed
and cell metabolism ceases. Bacteria that can form these structures are capable of

surviving thousands of years.®

The resilience of the endospore relies on many factors. The spore coat provides resistance
to H,0, and enzymes capable of peptidoglycan lysis. The core has been shown to exhibit
very low permeability to hydrophilic compounds with sizes greater than 200 g mol™.
Calcium dipicolinate (CaDPA) makes up between 5 and 15% of the endospore by mass.®®¢’
CaDPA is known to provide additional resistance to heat and H.O; but does cause higher
sensitivity to UV irradiation as a result of the aromatic structure of the dipicolinate
anion.®®® The formation of CaDPA within the spore goes hand in hand with the reduction
in water content of the cell from 75 to 80% to between 25 and 50% and as such the
majority is ejected from the cell early on in the germination process (see Figure 1.7).%°
Spores also contain enzymes that upon gemination can repair damaged DNA and

proteins.®

d®>7%-72 and can be broken down into

The process of sporulation is well-documente
distinctive steps as shown in Figure 1.8. Following separation of the DNA with the cell,
internal cleavage of DNA and formation of the forespore it is now observable that the cell
has begun sporulation. The forespore is the engulfed by the mother membrane. The
cortex, a peptidoglycan structural material, begins to form between the two membranes
After the cortex formation, the spore coats are laid down and the spore begins to become
more resilient as its water is removed and replaced with CaDPA. Finally, the sporangium
containing the endospore is lysed to release the endospore. The process typically takes 6

to 10 hours to complete.®>”2
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H*, Zn%

Monovalent Cations CaDPA
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—_— >
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Figure 1.7: Germination process of a Bacillus endospore. i) loss of H*, Zn?* and monovalent cations. ii) Loss of
calcium dipicolinate. iiij) Endospore cortex hydration. iv) Hydrolysis of peptidoglycan spore cortex. v) Further
uptake of water. vi) Endospore outgrowth to vegetative cell.”>7>

If the B. anthracis cell is in its vegetative state, the process of decontamination is made
substantially easier as a result of the increase susceptibility of the cells.”® It is, therefore,

favourable to induce germination in spores before attempting decontamination. The

most common way to do this is by application of specific sugars and amino acids."”’*
Forespore
Asdal Fil . Development
xial Filiman
e @) — @)
Forespore

( @%@) Engulfment
Germination

Mother Cell lysis Cortex
— Spore Release Formation

I S Y CEED

Coat Formation

Figure 1.8: Sporulation process of Bacilli Bacteria.®>
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1.4. B. anthracis Disclosure Agents

Persistent B. anthracis endospores in the environment represent a major hazard. In the
light of this threat, the development of a disclosure system that can identify and indicate
the presence of B. anthracis is highly desirable. However, the application process for these
sensors can dramatically change their desired characteristics. There is a greater scope of
options for sensors designed to be used in a controlled environment, such as a laboratory,
compared to those designed to be used in the field. Field-based sensors require much
more thought and planning as environmental considerations, product usability and

stability are of much greater importance.
1.4.1. Lanthanide DPA Sensors

Inorganic sensors have targeted the major biomarker of B. anthracis, calcium dipicolinate
(CaDPA). The biomarker accounts for between 5 and 15% of the endospore by mass,
thereby making it a perfect candidate for sensing. The first recorded use of DPA in sensing
was in 1975 where Barela and Sherry demonstrated the use of DPA as sensor for trivalent
terbium.”” Despite this, it was a further 22 years before it was realised that the application
could be reversed to provide a highly sensitive disclosure agent for bacterial
endospores.’® Following this realization there was an explosion of research in this area.
66,7980 Cable et al. explored the use of chelating ligands (see Figure 1.9) which increased
the quantum yield as a result of water exclusion which causes non-radiative quenching.?’

As DPA absorbs UV light a non-radiative energy transfer from the ligand to the Tb* ion.

H 2

|
Y T
0] 0] 0! O
N/Y /,,t.:\:\o

N H
O k/N O O}II{H

15 1.6

Figure 1.9: Terbium based DPA detector with associated ligand utilised by Cable at al.®’

This research approach continues today with significant developments made by

incorporating nano-materials into the sensors such as gold nano-particles,® terbium
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chelated polyfluorene dots® and many more.?*# The sensitivity of these sensors has
been tuned and are now capable of detection limits as low as 10 pM.?° The combination
of graphene quantum dots (GQDs) with a Europium trivalent cation via a covalently
coupled EDTA ligand made this sensor capable of fast response times as low as 5.2

seconds.®
1.4.2. Organic DPA Sensors

In contrast to the amount of research into inorganic based sensors, there has been

relatively very little attention placed on research into organic based B. anthracis sensors.

In 2012 Curiel et al. published an approach to an organic based DPA sensor shown in
Figure 1.10. By targeting the hydrogen bond acceptor nature of the DPA anion and
incorporating the fluorescent carbazole moiety they were able to observe a significant

change in fluorescence upon DPA binding.

1.7

Figure 1.10: Detector developed by Curiel et al. showing hydrogen binding to the DPA anion.*°

Curiel et al. showed high selectivity towards the dipicolinate anion over similar structures
such as isophthalate. The exceptional binding ability of this detector in DMSO was
calculated as more than 10° M. However, when assessed in a competitive aqueous

environment, the association decreased to 35 KM (water-acetone (2 % v/v)).

Figure 1.11: Fluorescent response of 1.7 to anions: (a) dipicolinate, (b) phthalate, (c) isophthalate,
(d) terephthalate, (e) picolinate, (f) nicotinate and (g) isonicotinate.®

% Reproduced from Ref. °® with permission from The Royal Society of Chemistry
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1.5. Project Aims and Objectives

The primary aim of this project was to produce a formulation capable of rapid disclosure
of surfaces contaminated with B. anthracis to enable targeted decontamination similar to
FLIR Agentase™ C2 but with BWAs rather than CWAs. This is exemplified in Figure 1.12
where a contaminated surface (left) is sprayed with a formulation that quickly yields a

colorimetric response visible to the user (right).

Figure 1.12: Application of disclosure formulation to a contaminated surface and subsequent
colorimetric/fluorometric response.

This project is divided into 3 distinct sections of work: i) development of a formulation
capable of retaining moisture without restricting germination, ii) synthesis of a disclosure
agent capable of indicating the presence of B. anthracis and iii) testing products

synthesized on a biological simulant to evaluate their use in the field.

Firstly, development of the formulation involves tuning the physical properties of the
solution to match the requirements. The solution will need to be non-toxic to ensure the
safety of the end-users. High water-solubility will allow for easy dilution on-site which
makes distribution and storage much easier. Ideally the endospores will need to be kept
moist for a period up to 1 hour to ensure full germination and disclosure. As a result, the
water-soluble material will also need to be able to retain high moisture content on a

variety of surfaces. Low or minimal cytotoxicity is also important at this stage.

The application of Agentase™ C2 disclosure spray (previously FIDO, see Figure 1.13)
produced by FLIR Systems Inc. to a surface contaminated with specific CWAs discloses a

threat with a red colorimetric positive response compared to its usual yellow colour.
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However, since Agentase™ C2 disclosure spray is sensitive to multiple agents, it can
disclose the presence of a threat but not identify the exact nature of the threat. Once the
presence of a threat has been identified the specific area of contamination can be

sampled and further analysed to give full detection of what agent is present.

Figure 1.13: Process of application of Agentase ™ C2 by FLIR Systems Inc.”’

Analysis of the available options for disclosure of B. anthracis suggests the most suitable
solution is detection of a biomarker. The DPA biomarker appears to be the strongest
candidate because of the high content found in the endospores and its release early in
the germination process before metabolic processes are active. However, the most
popular method of disclosure of this biomarker involves using heavy metals such as
Terbium or Europium. Since the intention is that this product will be freely dispersed in
the environment the use of such heavy metals is unacceptable because of their cost and
potential toxicity and bioaccumulation.® An alternative to this was to build on work
previously conducted by Curiel et al.?® to determine firstly whether their detector will work

in our scenario.

Finally, to determine the effectiveness of the prototype systems targeted in this project, a
B. anthracis simulant was used. This allowed the in vitro determination of the effectiveness

of the synthesized materials.
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Chapter 2

Gels and Polyols for Bacillus anthracis endospore

germination

2.1. Introduction

The environment required to encourage germination of the endospores combined with
the unique usage of the final formulation of the desired disclosure system led to a
selection of desired chemical, physical and optical properties for the formulation.
Humidity is a major factor in endospore germination, and thus the polymer needs to be
highly hygroscopic and water soluble.’ As a result of the nature of the application, by
spray dispersal in the field, care must be taken regarding the potential environmental
persistence to ensure that usage does not contaminate land or water supplies. The
requirement for a colourimetric response from the disclosure agent necessitates the
avoidance of chemical structures that could interfere with this optical property and leads
to chemistries that avoid conjugated planar or aromatic systems, which are known to
impart strong colours.*> This selection process decreases the selection to the

employment of aliphatic polymers in the disclosure system.
2.1.1. Hydrogelators

Molecular hydrogels represent a potential solution to the formulation issue highlighted in
the Project Aims and Objectives section of this thesis (see Chapter 1.5). These materials
are found widely in nature in the form of proteins and polysaccharides such as gelatine,
agarose and pectin. However, it is much more common in the present day to encounter
these materials in synthetic products where their viscoelastic characteristics are
particularly desirable. The formation of extended three-dimensional networks
throughout a solvent is the foundation of a gel system. In the case of agarose these three-
dimensional structures take the form of helical fibrils which aggregate into superhelices
with radii of 20-30 nm. These chains are typically made of approximately 800 galactose

sugar residues (see Figure 2.1).°

24



Chapter 2 - Gels and Polyols

HOOH HOOH o
"o OH H O OH ° 0
OH OH |
Galactose Agarose
21 2.2

Figure 2.1: Skeletal chemical structures of D-Galactose and Agarose.

In contrast, synthetic polymeric hydrogels have been prepared by addition of crosslinking
materials to linear polyols (see Scheme 2.1). One of the earliest examples of this type of

material is the polymerisation of (2-hydroxyethyl) methacrylate (HEMA, 2.3) and ethylene

m
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glycol dimethacrylate (EGDMA, 2.4).’
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Scheme 2.1: Polymerisation of HEMA and EGDMA.8

Hydrogels, both natural and synthetic in origin, have been used for a variety of medical
and cellular applications from drug delivery to stem cell scaffolds.’ Agar, for example, has

been a staple of the modern microbiology laboratory since its first use by Hesse in 1882.°

An alternative to the macromolecular gelator systems discussed above are materials
known as supramolecular hydrogelators. The first material of this kind was thought to be
discovered in 1841 by Lipowitz."" While experimenting with mixtures of uric acid and basic
salts Lipowitz observed the formation of a hydrogel. This type of material was neglected
until the late 1900s when interest grew after the award of the Nobel prize in Chemistry in
1987 to Cram, Lehn and Pedersen for their seminal studies on supramolecular

structures.'?
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Many supramolecular gelators are capable of selective gelation in appropriate solvents by
means of an induced stimulus. These so-called stimuli responsive gelators are ideal for
the method of application for the disclosure system targeted in this study. They can be
applied to a surface in the sol state and converted rapidly to the gel once deposited. These
types of gelator typically also fall into the category of low molecular weight gelators
(LMWG). LMWGs, as opposed to their polymeric counterparts rely on more complex
intermolecular interactions to form the rigid structure of the gel rather than steric
interactions. A subset of these compounds is a group commonly referred to as

‘supergelators’ which are capable of forming stable gels at concentrations below 1 wt%."”

There are numerous examples of LMWG reported in the literature, especially those which
are based around moieties prone to hydrogen-bonding such as the urea group.’®'” The
complementary hydrogen bond donator and acceptor groups present in the urea allows

the formation of a linear one dimensional structure (Figure 2.2).

R R\ R R\
NH-..  NH-..  NH._  NH

o= o o= o=
NH NH- NH NH

R' R R' R

Figure 2.2: Example of supramolecular urea binding motif.

The relatively weak interaction between individual molecules and their low mass of
typically less than 1000 Da allows for tuning of the gelation criteria.’® Stimuli such as UV

light, heat, sonication and pH have been used in order to induce gelation."*

2.1.2. Polyols

Polyethylene glycol (PEG) polymers have been studied extensively as a result of their
biocompatibility and are currently licenced for use as polymer-drug conjugates where the
PEG increases drug elimination time. In the context of this study, the non-toxic, non-
immunogenic, non-antigenic properties of PEGs reduces concerns should the user come
into contact with the disclosure system. High water solubility properties are also very
favourable for the desired application as a spray where concentrated solutions could be

diluted by the end user.”
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Despite being proposed by Flory in 19512?? it was not until 27 years later that the
morphology of polymers now known as dendritic polymers was initially synthesised by
Vogtle et al. in 1978.2 These materials were later studied in depth and optimised by

2425 and Meijer®. At the time these polymers were referred

researchers such as Tomalia
to as ‘cascade molecules’ and were formed by means of a Michael addition of an allyl
nitrile to a free amine followed by reduction of the nitrile to another amine.?® Further
studies on these cascade style molecules led to the development of a variety of systems

comprising either AB; or ABs repeat units.?*?’

In 1990 Fréchet et al. showed the possible one-pot synthesis to hyperbranched
polyarylesters (see Scheme 2.2) utilising the thermally labile protecting group
trimethylsilyl (TMS). Silyl ether formation of 3,5-hydroxybenzoic acid (2.6) followed by

conversion of the silyl ester (2.7) to an acyl chloride (2.8) yields the AB, monomer.

HO OH TMSO OTMS TMSO OTMS
MesSicl sodl,
—_— —_—
EtsN
HO” 0 TMSO” 0 a->o
2.6 2.7 2.8
HO

X
la %

HO 2.9

o
b
d

Scheme 2.2: Synthesis of AB2 monomer and subsequent polymerisation of the silyl ether acyl chloride.
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Upon heating to temperatures above 190 °C the silyl protecting groups were liberated as
trimethylsilyl chloride gas leaving behind the polyester (2.9). It was found that higher
temperatures yielded lower number average molecular weight (M,) values but the

dispersity (Pm) was found to be variable from a reasonable 1.9 to 3.8.%®

Fréchet et al. followed on from this study to develop arylpolyethers using 5-
(bromomethyl)-1,3-dihydroxybenzene as the monomer unit. As shown in Scheme 2.3
potassium carbonate was used to deprotonate the acidic phenolic protons which proceed
to undergo Sn2 reaction with the bromomethylene from another monomer unit.® 18-
Crown-6 was also used in the reaction to solubilise the potassium salt in order to enhance

the efficiency of this process.

HO O
HO K,CO3 / 18-crown-6 /

OH
(@\ /\@/ O
Br Acetone / A \(P/
; b\ OHO (0]
HO HO
2.10 \Q/\ OJQ)

Jéot
HO OH

Scheme 2.3: Polymerisation of 5-(bromomethyl)-1,3-dihydroxybenzene.
For this project it is preferable to avoid aryl as discussed previously these materials could
result in highly coloured material or interfere with the ability of colorimetric and
fluorometric sensors to perform. An alternative to these materials is the aliphatic
polyester developed by Magnusson et al*° (see Scheme 2.3) The exposure of the
monomer 2,2-bis(hydroxymethyl)propionic acid (bis-MPA, 2.12) to the core unit
1,1,1-tris(hydroxymethyl)propane (2.13) in the presence of an acid catalyst such as p-

toluene sulfonic acid resulted in acid catalysed ester (2.14) formation. These materials
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were highly branched with a degree of branching of 0.8, much higher than the 0.5 - 0.7 of

most literature at the time.

e

212

OH

OH

+

. 0
?COH H* /140 °C Oy ° O 0 o o Y S
OH OH 2 OH O, (0] 0. HO OH
Q
OH O OH OH OH
213 sl 4 7 A
O _OH 0_0 0 )\g HO o, ~or

Figure 2.3: Hyperbranched polyesters developed by Hult et al.>°

The properties of hyperbranched polymers are particularly favourable for this application,

their low viscosity at high molecular weight compared to linear analogues. This allows

easy flow of the system over a contaminated area as well as effective surface wetting. The

high number of functional groups is desirable as they can be utilised to deliver disclosing

or decontamination agents to the required location.?’

2.2

2.2.1.

Results

Hydrogelators

In 2010 Hayes and co-workers published their discovery of a LMWG comprising of a bis-

aromatic urea structure (2.15)*? shown in Figure 2.4. Attempts were made to investigate

and optimise the strength of these gelators by alteration of the type and location of

functional groups attached to the phenyl ring.** However, structural variations did not

afford gelators that could improve upon the very low critical gelation concentration of the

p-nitro bis-aryl gelator 2.15 of 0.9 mM (0.03 wt%).>>3* Fortuitously this compound did not
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present cytotoxicity properties against a human neuroblastoma cell line at concentrations

ranging from 0.1 to 10 uM.*

0O OH
O-5N
ROW
NJLN OH
H H

2.15

Figure 2.4: Structure of p-nitro bis aryl LMWG 2.15.
The synthesis of 2.15 was carried out using the known procedure previously reported (see

Scheme 2.4)3* The rapid coupling of 4-nitrophenyl isocyanate 2.16 and 5-
aminoisophthalic acid 2.17 afforded hydrogelator 2.15 in high yield (90%).

Os_OH Os_OH
+ —_—
H L H
NCO H,N 0 HJ\H 0
o) o)

90%
2.16 2.17 2.15

Scheme 2.4: Synthesis of hydrogelator 2.15
The "H NMR spectrum of hydrogelator 2.15 (see Figure 2.5) had two singlet resonances at
9.6 and 9.4 ppm, which correlate to the urea nitrogen protons. The greater electron

withdrawing nature of the nitro-substituted aromatic results in the observed greater

downfield shift of this resonance.
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Figure 2.5: 'H NMR spectrum of 2.15 in DMSO at 295 K.
The hydrogel of 2.15 was formed by dissolving the compound in aqueous sodium
hydroxide solution (0.1 M) and then slowly acidified by addition of an equal volume of
freshly prepared glucono-&-lactone solution (0.2 M).** Gels were prepared at a variety of
concentrations and tested by the vial inversion test as shown in Figure 2.6. This is a test
employed commonly to show the rigid nature of the gel formed and its ability to hold

shape under its own weight."”

a)

Figure 2.6: a) Structure of glucono-é-lactone solution. b) Vial inversion test of hydrogelator 2.15 formed using the
&-gluconolactone procedure at different concentrations. (left to right: 0.5, 1, 2, 3, 4, 5 mg mL’").
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The capability of these materials to retain water was assessed by means of a water
retention study. The results of this test (Table 2.1) show that in vials the gels retain a large
quantity water over the initial 64 hours with loss between 0% and 1%. The experiment
was repeated on microscope slides which yielded dramatically different results (see Table
2.2); over 17 hours a 92% of the water was lost. The difference in water retention is
thought to be because of the greatly increased surface area combined with decreased

shielding that was provided by the walls of the vials initially used.

Vial 3—Hours 0 64 142 475

1 98% 97% 97% 22%

2 98% 97% 97% 22%

3 97% 97% 97% 21%
Average 98+0.0% 97+0.0% 97+0.0% 21+0.1%

Table 2.1: Water retention of gel 2.15 in vials.

Slide # ——ot" 0 17
1 97% 0%
2 97% 7%
3 97% 8%
Average 97+0.1% 5+4%

Table 2.2: Water retention of gel 2.15 on glass slides.

These materials were tested for their compatibility with germinating cells as described in

depth in Chapter 4.
2.2.2. Hyperbranched Polyglycerol

Following the unsuccessful biological studies conducted on hydrogelator 2.15, attention
was turned to alternative hydrophilic materials that could in theory provide many of the
physical properties desired. Following the slow progress since the initial discovery of
glycidol polymerisation in 1930 by Rider and Hill,***” Frey et al. in 1999 showed that
hyperbranched alkylpolyethers could be accessed by means of anionic ring-opening
multibranching polymerisation (ROMBP). Using a method known as slow monomer
addition (SMA)*, glycidol was added at a very slow rate to the basic initiator.?® As shown

in Scheme 2.5 the alkoxide initiator attacks the epoxide ring of the glycidol (2.13). This
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forms an ether bond whilst liberating a further alkoxide which can continue the
polymerisation. The aliphatic polyethers formed from this synthesis had a number
average molecular weight (M,) between 1250 and 6500 and very low dispersity (Bm) of 1.18
- 1.47. To determine the degree of branching, *C NMR spectroscopic analysis was

employed to identify the different chemical shifts for dendritic, linear 1,3, linear 1,4 and

S
% 5 <.

MeOK Ho A 0 0
[N ) :‘%{(34 %}

} =,

2.19

terminal monomer units.

Scheme 2.5: Polymerisation of glycidol using SMA by Frey et al. with highlighted structural units.
(red) terminal, (green) dendritic, (orange) linear-1,3 and (blue) linear-1,4.38

To synthesize these materials a similar procedure was used to that of Frey et al. with the
only modification being the choice of the anion used. The lower cost and greater
availability of the sodium methoxide prompted its selection. It was also thought that the
sodium methoxide provides the desired deprotonation effect similar to that of potassium

methoxide and the use of anhydrous diglyme as a solvent creates an effective dispersion.

These materials were initially synthesized by dissolving glycidol in anhydrous diethyl ether
and adding this solution to the 95 °C reaction vessel via an addition funnel allowing the
residual ether to distil from the vessel as the reaction progressed. This method proved
very ineffective as the addition rate was difficult to control and resulted in poor control as

a result of variable addition rates. Further practical complications associated with this
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process resulted from the variable concentration and temperature as a result of variable

distillation rates.

Implementation of the SMA method via syringe pump (see Figure 2.7) led to significantly
more repeatable results in good yield (90%). This method yields the clear colourless
viscous liquid once neutralized over an Amberlite® IR120 (H) and precipitated twice from
methanol into acetone. The final polyglycerol precipitate was then concentrated in vacuo

and residual solvents were removed by heating to 80 °C at 3 mbar.

Figure 2.7: Mechanical syringe pump used for SMA polymerisation method.

2.2.2.1. Inverse-Gated *C NMR Spectroscopic analysis.

To determine the degree of polymerisation and branching of these hyperbranched
materials an appropriate method to use is a quantitative ">*C NMR process known as
inverse-gated decoupling. The reasoning behind the use of this specific pulse program is
to reduce the enhancement of the signal by the nuclear Overhauser effect (NOE). This
effect which is usually beneficial to the collection of standard carbon spectra enhances
the signal of proton coupled carbons, as in most molecules carbons relax through the
Dipole-Dipole method allowing more complete relaxation of the carbon before re-
irradiation. By only switching on proton decoupling during the acquisition phase the build-
up of NOE enhancement is greatly reduced (see Figure 2.8). Paramagnetic relaxation
agents such as Chromium (lll) acetylacetonoate can be added to the sample in order to
further reduce relaxation. However, these compounds are renowned for increasing line-
broadening in acquired spectra. Quaternary carbons are known to possess long
relaxation times (T1). Since the relaxation delay (d1) is typically set to 5 x Ty, the lack of
quaternary carbons in polyglycerol allow for more scans in the same period, thereby

increasing the signal to noise ratio (5/N).3%4°
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Figure 2.8: Pulse program diagrams for decoupled '>*C NMR and inverse-gated decoupling '*C NMR and their

respective NOE contributions.

These carbon resonances correlate to distinct structural units within the polymer as

characterised by Frey et al.3® These units are the linear-1,3, linear-1,4, terminal and

dendritic units shown in Figure 2.9. The inverse gated decoupling *C NMR spectrum of

SMA polyglycerol 2.19sua affords integrals of the resonances shown in Figure 2.10 that

can be used to determine the degree of branching in the polymer. There are two different

definitions for the degree of branching the first was defined by Kim (see Equation 2.1) and

more recently refined by Frey et al. (see Equation 2.2)*"?

Terminal

725 645
/<o/>(\OH

72.3 OH

Linear-1,4

AN

0
7
70.9 OH

Figure 2.9: The different structural units and associated chemical shifts present in polyglycerol.38
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Figure 2.10: Inverse-gated proton decoupled '3C NMR spectra of polyglycerol 2.19sma and assigned structural units;
D20 294K.

D+T
D4T+Lis+ Ly

DByim =

Equation 2.1: Degree of branching calculation based on 3C NMR spectroscopic analysis as defined by Kim.*'

2D
2D + L1z + Ly

DBfrey =

Equation 2.2: Degree of branching calculation based on 3C NMR spectroscopic analysis as defined by Frey et al.*?
Where D = Relative abundance of dendritic units; Li3 = Relative abundance of Linear-1,3
units; Li4 = Relative abundance of linear-1,4 units; T = Relative abundance of terminal
units. The relative abundance percentages can be resolved by averaging the contributions
for each unit from the integral data from the '3C NMR spectra. Using Equation 2.1 and
Equation 2.2 with the relative abundances listed in Table 2.3, the values obtained are
DBy = 0.61 and DBg.y = 0.55. The discrepancy between the two values stems from the
incorporation of terminal units in Equation 2.1 whereas in Equation 2.2 the terminal units

are not counted but dendritic units are counted twice.
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Structural Unit T L3 Lia D
SMA Relative Abundance 37% 11% 29% 24%

Table 2.3: Relative abundance of structural units based on inverse-gated *C NMR in polymer 2.19sma.

The calculation described by Frey is considered more accurate for higher molecular
weight materials. This was noted by Frey et al. since the number of dendritic units is equal

to the number of terminal units less one, therefore T = D + 1. Thus as D — oo it implies
that T — oo, hence g — 1. This is clearly visible in the g ratio for the literature values of

polyglycerols (PGly-1 and PGly-4 synthesized by Frey et al.) reported by Frey et al. shown

in Table 2.4.
Structural Unit Mh T D ? ratio
PGly-1 1245 41% 21% 0.51
PGly-4 6314 32% 28% 0.88

Table 2.4: Comparison of terminal and dendritic units of polyglycerols published by Frey et al.3®
As well as the degree of branching, the degree of polymerisation (DP,) can be determined
using the inverse gated decoupled C NMR spectral data. Using Equation 2.3, the
calculated DP, for this material was 7.3 giving a monomer/initiator ratio 7:1 which equates
to a M,, of 588 g mol”. The term f; in this equation refers to the functionality of the core
initiator. The nature of this method of analysis cannot provide insight into the weight

average molecular weight and as such the dispersity cannot be calculated.

— T+Lys+L,+D
DP, = —5 i

Equation 2.3: Number average degree of polymerisation calculation.
The SMA procedure, while effective, does not permit high throughput or lend itself to
scaling and is heavily restricted by the capacity of the syringe pump equipment. In order
to probe the necessity of the SMA procedure an alternative method was derived where
the glycidol monomer was combined with the intitiator in the bulk while maintain the
same monomer-initiator ratio to the SMA procedure. This method also allowed for further
investigation into the effects of slow monomer addition when using the sodium counter-
ion during polymerisation. Unfortunately, since the ring opening process is exothermic

this procedure carries a high risk of explosive polymerisation. To mitigate this risk the
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temperature of the reaction was slowly increased from ambient over a period of 2 days
to 95 °C. Once at this temperature the reaction was continued as described for the SMA
product. The appearance of this material differed significantly from that produced via the
SMA procedure as is shown in Figure 2.11,the bulk product (2.19suLk) possessing a cloudy

appearance that became clear upon heating.

Figure 2.11: Left) Polyglycerol formed by slow monomer addition 2.19sma.
Right) Polyglycerol formed by bulk polymerisation 2.19suLk.

Inverse-gated *C NMR spectroscopic analysis revealed that the relative abundance of the
structural units within the material afforded via the bulk polymerisation approach was
dramatically different to that of the material produced using the SMA procedure. In the
case of the material afforded via the bulk polymerisation, there was an increased density

of linear-1,4 units coupled with a dramatic reduction in the number of dendritic units (see

Table 2.5).
Structural Unit T L3 Lig D
SMA Relative Abundance 37% 11% 29% 24%
Bulk Relative Abundance 38% 6% 47% 9%

Table 2.5: Relative abundance of structural units based on inverse-gated 3C NMR in the bulk polymer.
It was thought that this difference in structural features could have arisen because of the
pKa of the alkoxide favouring the linear-1,4. Once the epoxide undergoes ring opening
the resulting secondary alkoxide is slightly more basic than the primary alcohol

alternative. The pKa difference of 1 indicates a 10-fold preference for deprotonation of
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the primary alcohol. The low temperature also gives the polymer more time to undergo
anion exchange to the more thermodynamically favourable product. The dramatic
difference between the dendritic and terminal abundances causes significant disparity

between the degree of branching equations outlined previously DBy, = 0.47 and

DBfrey = 0.25.
Linear 1,3
\)iOH \)iOH \)iOH \):OH
R,O O (0] R’O O@ pKa = 16.5

HO HO HO
Linear 1,4

OH OH OH OH OH
R,o\)\,o\)\,o\)\/o\)\/OH e A _0® pKa=155

Figure 2.12: Comparison of morphology of linear-1,3 and linear-1,4 chains and their respective anion pKa.

At this point the polyglycerol generated successfully via the SMA procedure was taken

forward for biological testing as discussed further in Chapter 4.
2.2.2.2. Gel Permeation Chromatography

To gather further insight into the molecular distribution within the polymer, the use of Gel
Permeation Chromatography (GPC) is the most commonly used method for this type of
elucidation. In has been noted in the literature that polyglycerols are not analysed easily
by this method.® This is as a result of their extreme branching and interaction with the
solvent system. The solvent system and corresponding GPC column is the integral part of
this analysis and relies heavily on the polymer not interacting with the column as well as
the polymer dissolving fully in the solvent. The solvents available at the time of analysis
were tetrahydrofuran (THF) or water. The polyglycerol polymers are insoluble in THF and
as such the analysis was carried out in an aqueous environment. The detector originally
used for this analysis was a refractive index detector. However, the issue of simply using
a refractive index detector against elution volumes is that they are calibrated with linear
chain PEG standards. They therefore do not accurately reflect the weights of the
comparatively branched structures being analysed. In this case the hyperbranched nature

of these polymers restrict their passage through the finer pores of the column resulting
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in the reporting of artificially high molecular weights. It was thought that use of a light
scattering or viscometer detector would be able to resolve this issue as this method of
measurement calculates molecular weight by directly measuring particle size or solution
viscosity. However, the common method for calibration of these instruments involves the
use of analytical standards that are usually linear polymers. They therefore do not
accurately reflect the structure to molecular weight values expected for the
hyperbranched materials discussed here. In this case values obtained for the SMA
polyglycerol Mw ranged from 13000 to 2863000 g mol™”. These values are significantly
greater than the values previously derived from the NMR spectroscopic data and as a
result of the associated uncertainties with this method of analysis were deemed

inaccurate.
2.2.2.3. MALDI-TOF Mass Spectrometric Analysis

An alternative method to GPC analysis that has been used for obtaining molecular weight
data on polymers is MALDI-TOF MS. By obtaining individual mass signals and their relative
intensities it is possible to determine the Mn, Mw and D values. This method has been
previously utilised for gather the molecular weight data for a variety of materials over a
large molecular weight range.® It is also noted that there is a strong tendency for lower
molecular weight materials to perform significantly better in MALDI-TOF MS. This results
from the parameters used to ionise the matrix, with high laser powers resulting in
increased skew and low laser powers resulting in poor sensitivity and signal distortion.*

This manifests as a positive skew of the apparent mass distribution.

The obtained mass spectrum for the SMA polyglycerol (see Figure 2.13) exhibits an
extensive positive skew. There is some evidence for this occurring in polyglycerols and the
increased presence of this skew could be because of the reactivity of the initiator being
less than that of the propagating chain. Therefore, chains that initiate earlier than others
can reach higher molecular weights. Combined with the preference for lower molecular
weight materials to effectively ionise during MALDI led to the over expression of lower

molecular weights.*?
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Figure 2.13: MALDI-TOF Mass Spectrum of SMA polyglycerol 2.19sma (HCCA matrix).

Unfortunately, the major series in the observed spectrum did not match the expected
values for the polyglycerol 2.19sma, though the expected values were visible at less than
half the relative abundance indicating that the desired hyperbranched polymer was

present in the sample.

HQ OH HQO OH
HQ O‘% ?*O\_(—OH HQO O‘% ?*O\_(—OH
HO—)_/ Q 0O OH HO—)_/ Q O 0O
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< < OH
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Chemical Formula: C35HggNaO,,* Chemical Formula: C35H,,NaO,5"
Exact Mass: 823.41 Exact Mass: 897.45

Figure 2.14: Branched structures of SMA polyglycerol with exact masses.

The occurrence of this unknown signal that formed the major series was originally
thought to be caused by fragmentation of the polymer causing loss of a mass equal to

134 Da (see Figure 2.15).

41



Chapter 2 - Gels and Polyols

100% |- 763.397 _ 11405
>80% : 134.106 . i}
C
260% |
<
()

%40% L 749.417 w2570 897.506 |
o) 1
X 20% I
0% ¥
750 800 850 900
m/z

Figure 2.15: MALDI-TOF Mass Spectrum of SMA polyglycerol 2.19sua showing the 134 Da shift to the cyclic
branched structure (HCCA matrix).

However, on closer inspection it became apparent that these masses correlated
exceedingly well with the cyclic products shown in Figure 2.16. While it had been noted
originally by Frey et al. that it was possible to form these cyclic species from rapid
monomer addition the use of the syringe pump was thought to have mitigated this risk.
The use of the sodium counterion during the polymerisation could be the significant
factor in the formation of this unintended product. It has been previously noted that most
polymerisations based on ‘ab,’ monomers possess the ability to form cyclic structures.*
While the discoveries published by Kricheldorf and Eggerstedt were initially restricted to
polyesters, upon further examination it was found that this effect is visible for a wide array

of ‘aby’, ‘an + by’ and ‘a—b’ polymers.#6-8
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Figure 2.16: Cyclic branched structures of SMA polyglycerol with exact masses.

The known smaller ionic radii of the sodium ion contributes to its harder nature and
ensuing slightly lower reactivity (see Figure 2.17).* However, as rapid monomer addition
was suggested as a cause it is possible that the lower reactivity of the initiator needs to
be countered by further decreasing the addition rate of the glycidol monomer. It has been
noted that potassium cations bind more strongly to all sizes of crown ethers than
sodium.>*>? The exception to this observation appears to be small crown ethers with 4
oxygens (12C4 - 15C4) where the smallest alkali metals are preferred.” It has also been
found that the smaller concentrated charge of the sodium cation preferentially binds the
charged donor groups. Based on these observations it can be postulated that the
potassium cations are more effectively chelated by the diethylene glycol dimethyl ether
solvent whereas the sodium cation binds more preferentially to the alkoxide active chain

end thus encouraging templating and favouring macrocycle formation.>*>
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Figure 2.17: Comparison of reactivity of alkoxides based on their associated counterion.*®
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However, despite the formation of these unintended cyclic products biological testing had
already been carried out to determine their suitability and found they yielded positive
results (discussed in depth in Chapter 4). Ultimately it is not essential for the application
targeted that these materials are completely hyperbranched, but this may be an

important factor should specific morphologies be desired in the future.

The relative abundances (N)) of each mass signal (M) obtained from the MALDI-TOF mass

spectra can be used to calculate the molecular weight values using Equation 2.4 and

Equation 2.5.
M—_ZNiMi M—_ZNLMLZ
"TOYN; Y Y NM;
Equation 2.4: Number averoge molecular weight Equation 2.5: Weight average molecular weight

The SMA polyglycerol contains cyclic and branched components, however, since these
are combined in the material values from the signals of sodium adducts for both
morphologies will be considered. The material gives M, of 956.1 Da, an M., of 1051.3 and
a Pm of 1.10. These values are significantly closer to the values obtained via NMR
compared to those obtained via GPC corroborating the evidence in support of these
masses. However, the bulk polyglycerol 2.19suk exhibits no formation of the
hyperbranched structure as is shown in Figure 2.18 by the sole presence of the sodium
and potassium adducts of the cyclic systems. Using the sodium adduct masses, the values
for Mn, My and D, were found to be 809.0 Da, 1000.0 Da and 1.24 respectively which are
similar to those found for the SMA polyglycerol. The higher presence of cyclic structures
within the bulk polymerised material is most likely a result of the lower reaction
temperatures and extended reaction time combined with the templating effect noted
previously.”® The low temperatures reduce the reaction rate allowing the competing
proton transfer process to become more significant resulting in greater prevalence of the

cyclic structures.
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Figure 2.18: MALDI-TOF mass spectrum of cyclic structures of bulk polyglycerol.
2.2.2.4. Viscometry

Unlike the hydrogels presented earlier, the polyglycerols described here do not exhibit a
sol-gel transition under the concentration regimes used in these studies. Their capability
to reduce evaporative loss and adhere to a surface stems from the number of branched
pendant hydroxyl groups. A distinctive side-effect from these branched functionalities is
their ability to form intermolecular hydrogen bonds and chain entanglement resulting in
increased viscosity. The viscometry apparatus used was an automated measurement
system comprising of a modified Ubbelohde viscometer shown in Figure 2.19. The
automated system utilises a vacuum and laser timing gates to accurately measure the
flow rate through the capillary within the viscometer and provide repeatable
measurements. This gives kinematic viscosity values in units of cSt for the polymer

solution () and its carrier solvent which is water (n,).
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Figure 2.19: Left) Ubbelohde Viscometer Right) Automated measurement system.

The system was calibrated to the known constants for water at 25 °C before taking

measurements of the polymer solution.>”8

Solution 20% w/v Solution (n)(cSt) Water (n,)(cSt)
Kinematic viscosity 1.49 0.89

Table 2.6: Comparison of kinematic viscosity of water and polymer-water 20% solution.

Nrel = z
rel o

Equation 2.6: Calculation for relative viscosity.
The relative viscosity for this material n,..,;, = 1.67 is a unitless ratio between a solution of
compound and its solvent. This shows that there is a significant increase in the viscosity

of the polymer solution over that of neat solvent which will improve surface adherence.

o lnnrel
Ninn = c

Equation 2.7: Calculation for inherent viscosity.
The inherent viscosity of the polymer was calculated to be n;, = 0.0258 dL g' which
appears to match the observable properties of the material. Comparatively, the linear
polyethylene glycol with an M» of 1000 exhibits a kinematic viscosity of 17.4 ¢St but at the

much greater temperature of 100°C.
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2.2.2.5. Thermal analysis

Differential scanning calorimetry (DSC) was used to identify the thermal characteristics of
the polyglycerols showing the thermoreversible nature of the material over the range -95
to 200 °C as well as the glass transition temperature (T;) of the SMA polyglycerol
at -28.1 °C. The thermogravimetric analysis of this material shows its high stability with
the onset of degradation not occurring until 375 °C with maximum degradation occurring
at 410 °C (see Figure 2.20). This high temperature stability suggests that these materials
are capable of withstanding sterilisation within an autoclave. While this is not essential for
the experimental processes being used in this work it is beneficial should a sterile

commercial product be desired.
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Figure 2.20: Left) DSC analysis of SMA polyglycerol Right) TGA analysis of SMA polyglycerol 2.19sua.
Comparatively the Tg of the bulk polyglycerol lies at a slightly higher value of -15.0 °C (see
Figure 2.21). The original synthesis conducted by Frey et al. produced materials with glass
transition temperatures between -19 and -25 °C which is close to the values obtained in

this study.®
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Figure 2.21: DSC analysis of polyglycerol synthesized via the bulk procedure 2.19sutk.

2.2.2.6. Rheology

A parallel plate rheometer was used to examine the physical state of the polyglycerol
polymer produced via the SMA route. Utilising a temperature sweep method provides
further insight into the materials physical state. This method is commonly used to identify
the viscoelastic properties of a material. The crossing point of G' and G” indicates the
visco-elastic region. These materials show no such crossing point over the greater than
ambient temperatures covered and instead appears to show consistent divergence of the
curves (see Figure 2.22). This is typical of a material that has already undergone all physical
state changes and is simply becoming less viscous as the temperature increases. This
region is also known as the terminal phase. This is expected at these temperatures with
this amorphous material as there will not be any further structural changes this far above
the T,. However, this data does show the clear thermoreversible nature of the physical

properties of the material.
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Figure 2.22: Rheometric analysis of SMA Polyglycerol 2.19sma showing the G’ and G” at various temperatures.
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2.2.3. Glycidyl FGE copolymer

The SMA polyglycerols described thus far provide an excellent branched backbone to
which can be attached bioactive components such as sensors and cleavable
decontamination groups. However, in order to preserve the hydroxyl functionality as
much as possible orthogonal reactive groups could be used. These would enable facile
further modification of the polymer without unwanted loss of the high hydroxyl
functionality. Installation of the pendant furfuryl alcohol groups allows for this via the well-
known Diels-Alder thermoreversible reaction. The benefit of this method is that these
reactions are typically conducted in very mild conditions and at low temperatures which
allows for sensitive or less stable functional compounds to be attached to the polymer

backbone without fear of degradation or damage to these materials.

The ideal method of introducing this functionality is addition of the alternative monomer
during polymerisation. To enable this the monomer furfuryl glycidyl ether (FGE, 2.20) was

synthesized from furfuryl alcohol (2.21) and epichlorohydrin (2.22).

n-Bu,yNBr
0 oH . CI/\7 NaOH 0] o/\W
\ e : \ | .
2.21 2.22 2.20

Scheme 2.6: Synthesis of FGE 2.20.
This reaction is carried out solvent free with excess sodium hydroxide and tetra-n-
butylammonium bromide as a phase transfer catalyst. Once extracted the product can be
distilled from the crude orange/brown solution at 75 - 82 °C (3.1 mbar) yielding a clear

colourless oil in good yield (79%).

The 'H NMR spectrum shown in Figure 2.23 for FGE 2.20 is further complicated by the
stereogenic centre at substituted epoxide position 9. This chiral centre induces different
chemical shifts to the vicinal protons 10 and 8 that in turn induces complex splitting to all

these resonances such as position 9.
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Figure 2.23: "H NMR spectrum of FGE 2.20.

Fortunately, FGE 2.20 was found to be miscible with the glycidol monomer which enables
both monomers to be combined and introduced via the slow monomer addition method

which ensures the relative concentration of the monomers remains the same throughout.
< HO
H L(
<\OJ/\O/\7 . HO/\V7 NaOMe
0
/—(_ 0 S

2.23

2.13

Scheme 2.7: Synthesis of Glycidyl FGE copolymer 2.23 by SMA.
Solutions of various weight percentages of the monomers glycidol 2.18 and FGE 2.20 were
used to synthesize the polymers. The inverse gated "*C NMR spectrum of the reveals the
presence of additional resonances at 151, 144, 111, 110 and 64 ppm which all give
integrals proportional to one carbon. These additional resonances correspond to the
values found for the FGE monomer and indicate its inclusion in the polymer since there is

no observable carbon resonances for the unreacted epoxide.
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Figure 2.24: Inverse gated 3C NMR spectrum of glycidyl FGE copolymer; D20, 294 K.
The DSC analysis of the 20% w/w FGE copolymer (FGE20) showed a similar T; to the
previous polyglycerols tested (see Figure 2.25). The value of -17.9 °C lies between the
values obtained for the SMA and bulk polyglycerol methods of -28 1°C and -15.0 °C,

respectively.
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Figure 2.25: DSC thermogram of FGE20.
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2.2.3.1. MALDI-TOF MS Analysis of FGE Copolymer

Introducing a second monomer increases the complexity of the MALDI-TOF spectrum
significantly. For example, mass spectrometric analysis of the polyglycerols previously
synthesized revealed mass ions corresponding to cyclic and branched structures for each
of the monomer addition approaches used. If it is assumed that polymerisations would
occur in a similar fashion, a degree of polymerisation between 6 and 26 could be expected
giving rise to a mass spectrum containing up to 42 signals. On top of this data, the
presence of mass ions corresponding to the proton, sodium and potassium adducts of
the oligomers would lead to tripling the number of signals to 138. However, once a second
monomer is introduced there is now the opportunity to have a variable number of glycidol
units and a variable number of FGE units thereby raising the number of signals by this

factor.

Number of signals = Glycidol units X FGE units X Adducts X Structure
Equation 2.8: Theoretical number of signals produced by the complex mixture arising from the copolymer
If it is assumed the number of FGE units within the polyglycerol can vary between 0 and
12 this give a factor of 13 which results in the number of signals of the exact masses for
this example of 1638. This is then further complicated by additional isotopic masses which
typically give 1-2 extra signals for every exact mass signal. This complexity can be easily

observed in the mass spectrum shown in Figure 2.26.

As a direct result of this complexity the molecular weight data was unable to be calculated
with certainty as each signal could not be directly attributed to a specific oligomer
structure. Despite this issue, by using every signal above a threshold of 3.5% (the same
threshold used in the expansion shown in Figure 2.26) the calculated values for M, of
633.3 Da, an M,, of 868.4 and a P, of 1.37 were generated. These values are much lower
than expected, most likely as a result of the large amount of noise in the lower region of
the spectrum. This could also be enhanced by the positive skew effect discussed
previously leading to lower molecular weight molecules overexpressing compared to the

larger masses.®
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Figure 2.26: Top) MALDI-TOF mass spectrum of FGE20
Bottom) Expansion of MALDI-TOF mass spectrum of FGE20

The complexity of assigning these signals is very apparent when comparing the obtained
spectrum and the synthetic spectrum comprising of the expected mass signals for various
combinations of monomers, adducts and structures (see Figure 2.27). These values have
been condensed in Table 2.7 where the observed mass is directly compared to potential
similar exact masses. Where no value could be identified the signal was deemed to be an

isotopic signal.
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Figure 2.27: top) synthetic mass spectrum of potential masses arising from different copolymers.
bottom) obtained MALDI mass spectrum of FGE20.

Obtained (Da) Composition Adduct Structure Predicted (Da)

1515.72 Gly16FGE2 Na Cyclic 1515.67
GlysFGEs H Hyperbranched 1515.21

1516.64 Isotope of above signal
1517.64 GlysFGEs H Cyclic 1517.41
Gly14FGE; K Hyperbranched 1517.57

1518.78 Isotope of above signal
151984 Gly14FGEs Na Hyperbra'nched 1519.40
Gly2o K Cyclic 1519.77
1539.67 GlysFGEs Na Cyclic 1539.41

1540.65 Isotope of above signal
FGE1o H Cyclic 1541.16
1541.70 GlysFGEe H Hyperbranched 1541.31
Gly1g K Hyperbranched 1541.76

1542.76 Isotope of above signal
1543.77 FGEs Na Hyperbrgnched 1543.15
Gly12FGE4 K Cyclic 1543.52
1545.35 GlysFGE7 Na Cyclic 1545.35

Table 2.7: Observed and Predicted Signals and their components.
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2.2.3.2. Dynamic Light Scattering

While dissolving the FGE20 copolymer in water, an interesting lower critical solution
temperature (LCST) effect was observed upon heating (see Figure 2.28). This effect was

not observed for the 10% FGE w/w copolymer solution.

0000

Figure 2.28: Left) 20 °C solution of FGE20 in water Right) 45 °C solution of polyglycerol in water.
This LCST effect of polymers in aqueous solutions has been studied extensively, in
particular the polymer poly(N- isopropylacrylamide) (PnIPAM, 2.24) (see Figure 2.29).°
This effect was first described for PnIPAM aqueous solutions in 1968 by M. Heskins and
Guillet.®® However, this effect has only recently come to light in the case of polyglycerols
but only in those that have been functionalised post-polymerisation at the chain ends.®’
This distinction is vital as the FGE copolymers shown here can have furfuryl functionality

throughout the polymeric structure rather than only at the terminal units.

N

2.24

Figure 2.29: Structural repeat unit of PnIPAM.
The LCST behaviour of copolymer 2.23 was investigated by means of Dynamic Light
Scattering (DLS). This method of analysis generates data on the size of observable
particles with a solution. Using a temperature ramp to take these measurements with
respect to temperature gives the waterfall plot shown in Figure 2.30. This shows the

observable particle size in solution remains relatively stable at 200 nm until a temperature
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of 32 °C was reached at which point it increases ten-fold to ca. 2000 nm. The balance of
hydrophilic and hydrophobic groups leads the observed LCST effect. As has been noted
with PnIPAM as the temperature of the solution increases the hydrophobic segments
associate. This causes intra- and intermolecular aggregation leading to collapse of the
individual polymer chains (microphase separation) and precipitation of the polymer
(macrophase separation).>® LCST measurements are typically recorded on the heating
ramp to combat hysteresis that has been shown by slower redissolution times compared
to initial cloud formation. The FGE20 copolymer solutions tested here were observed to
undergo reversible demixing and remixing over a period of minutes. However, it has been
shown for certain PnIPAM solutions that heating just above the LCST allows for much

faster remixing (seconds) than annealing at high temperatures (>1 day).®?
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Figure 2.30: DLS analysis - temperature ramp of FGE 20% in water.
This data can be extended further by taking temperature ramp measurements at various
concentrations. To combine this data the waterfall plot data is reduced to a 2-dimensional
dataset and assigned its respective concentration. These new datasets can then be
combined by taking the smoothed peak maxima, interpolated and plotted on a contour
map showing changing particle size with respect to concentration and temperature (see
Figure 2.31). There is a visible positive correlation of increasing temperature to particle

size and increasing concentration to particle size.

56



Chapter 2 - Gels and Polyols

51» e, 0, 0 ° o‘ e, @ 0 o o o o oo 3500
1 3000
Z 4t
= A
52 2500 £
c 3t o
5 2000 &
b~ ¢ o o\ o \o
£ 3
cof 1500 £
(&S] o
S % %4 @ 1000
O 1t

¢ © 0o 0 0 0 0 o o 500

20 30 40 50
Temperature (°C)

Figure 2.31: Contour plot of particle size vs. concentration vs. temperature.
(Individual measurements are marked by a red circle.)

Taking this further, the derivative can be used to identify the steepest slope of the curve
which in turn gives the midpoint of the curve and can be used to identify the cloud point
temperature of the solution. By taking the derivative of the slope in the temperature
dimension another contour plot is obtained whereby the peak/ridge maxima shows the
cloud point at specific concentrations (see Figure 2.32). This reinforces the observed shift
noted in the previous contour plot. In this case the units can be thought to be arbitrary as
they merely indicate the midpoint of the slope, in this case the actual units are

nm (wt%) "' °C".
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Figure 2.32: Contour plot of derivative of particle size vs. concentration vs temperature.
(Observable trend measurement outlined in red)
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The potential exploitation of the LCST properties of the FGE20 solution were tested by
attempting filtration of the solution. By heating the solution above its LCST then passing
the solution through a 0.2 pm filter, the solution no longer has an observable LCST. This
is most likely a result of the more heavily FGE functionalized material taking the largest
part in LCST formation being removed as a result of its size at the elevated temperatures.
Once removed the remaining solution can no longer form these larger structures as it

lacks the required functionality.
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Figure 2.33: Comparison of Unfiltered and Filtered solutions of FGE20 in water 1.25% w/Vv.
The results obtained from the DLS analysis clearly show the formation of particles within
the solution at elevated temperatures. These self-assembled globules of FGE polyglycerol
copolymer can be removed from the solution by filtration through 0.2 pm membrane

filter.>®
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2.3. Conclusion and Future Work

The hydrogelator 2.15 was synthesized and found to be very promising with regards to its
ability to retain moisture over an extended period. However, this work was ceased
following the discovery of its unintended inhibitory on the germination of the biological

simulant, as discussed in greater detail in Chapter 4.

Hyperbranched and cyclic polyglycerols have been synthesized using multiple variations
on the procedure originally reported® by Frey et al. These included the use of sodium as
the counter-ion to the alkoxides during polymerisation which resulted in an increased
yield of cyclic polyglycerols compared to materials reported by Frey et al. While this
unintended product would usually cause issues for the future use of the material in this
case, as is discussed in detail in Chapter 4, the mixed material was very suitable for future
testing. A bulk polymerisation method was also investigated which resulted in formation
of predominantly cyclic structures thought to be caused by a preferential templating

effect of the sodium cations over the potassium cations used by Frey et a/.53%*

These materials exhibit ideal physical properties to the originally discussed requirements.
Their water solubility offers rapid preparation of formulations, the relatively low reactivity
of the hydroxyl functionality makes these materials particularly stable as evident from the
TGA analysis which showed these materials can endure the temperatures found within

an autoclave meaning they could easily be prepared as an aseptic solution.

Following the synthesis of polyglycerol modifications were introduced to yield orthogonal
reactivity within the polymer with the potential to be exploited to functionalise the
material further or introduce thermoreversible cross-linking compounds such as

bismaleimide 2.15 (see Scheme 2.8).

Scheme 2.8: Diels-Alder cross-linking reaction.
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It was noted that the furfuryl functionalised polyglycerols exhibited interesting LCST
characteristics in water. This characteristic has only been observed previously with linear
aliphatic modifications to the polyglycerol found by Liu and Chen et al. in late 2017.°" DLS
analysis was used to investigate this phenomenon and understand its apparent

relationship with concentration.

The modified polyglycerols reported by Liu and Chen et al. were formed by
functionalisation of polyglycerol post-polymerisation by carbonyl diimidazole (CDI)
coupling on a milligram scale (<300 mg polyglycerol). These results represent a proof of
concept approach whereby very small quantities of material can be produced with the
observable LCST effect. Conversely, the results described herein show an approach that
can produce a similar observable LCST effect at much larger scale (c .50 g) by means of a
process that is more suitable for industrial scaling. In addition to this is the ability of the
furfuryl groups to act as functionalizable handles to provide further modification without
reduction of the number of hydroxyl groups. Conversely, The materials described
previously by Liu and Chen et al. are only functionalised with aliphatic chains providing no

further reactivity.

The foundation this work has laid can be built on by synthesis of the furfuryl polymers
while investigating the potential alternative morphologies arising from the use of different
cations, such as potassium, rubidium or caesium, during polymerisation. Variation of the
alkali metal has been shown to produce differing templating effects as well as the use of
more highly charged cations such as Ca®*.>*>*> While cyclic structures are not a hinderance
for this application, the synthesis of purely hyperbranched structures may exhibit
differing or more tuneable LCST properties. This design functionality can be built on
further by modifying the method of addition of the comonomer FGE either serially or in

parallel to the glycidol.
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2.4. Experimental

2.4.1. General Experimental

'H and "*C NMR spectra were recorded at 400 and 100 MHz, respectively using either a
Bruker Nanobay 400 or Bruker DPX 400 spectrometer and referenced to the residual 'H
signals of deuterated chloroform (CDCls) at 7.26 ppm, deuterated dimethyl sulfoxide (de-
DMSO) at 2.50 ppm or TMS at 0.00 ppm. All NMR spectra were analysed using
MestReNova 11. Infrared (FTIR) spectra obtained using a Perkin ElImer 1720-X IR-Fourier
Transform spectrometer fitted with a diamond ATR crystal and analysed using Omnic and
MATLAB. DSC and TGA thermogram data were collected on a TA instruments TA-Q2000
DSC and TA-TGA Q50, respectively and analysed by TA Universal Analysis and MATLAB.
MALDI-TOF mass spectrometric data was collected on a Bruker Ultraflex operating in
positive ion mode using a-cyano-4-hydroxycinnamic as the matrix (saturated solution in
TA30) with analyte concentration of 1 mg mL' and analysed by MATLAB. Mass
spectrometric data was also collected by ESI analysis on a Thermo Scientific LTQ-Orbitrap
XL mass spec using the Orbitrap detector operating at 100 K resolution, in positive ion
mode. Mass tolerance of matching to proposed compound was limited to 5 ppm. DLS
data was collected on a Malvern Zetasizer Nano ZS taking a minimum of 15 scans per run
and 5 runs per temperature increment and analysed by MATLAB. Water retention studies
were conducted with 1 mL of gel per sample at 5 mg mL" hydrogelator with water loss
recorded by 4 d.p. analytical balance. The syringe pump used was a Treonic IP4 set to 5
mL hour™. Viscosity values were obtained from a SI Analytics AVS® 470 using an

Ubbelohde viscometer at 25 °C.
24.2. General procedure for initiator preparation

1,1,1-Tris(hydroxymethyl)propane (1.2 g, 8.94 mmol) was added sodium methoxide (160
mg, 2.95 mmol) in methanol (10 mL). The solution was concentrated by heating until void

of solvent giving a white solid (1.36 g, > 99%).
2.4.3. General procedure for SMA polymer synthesis (2.19sma)

Initiator was prepared using the general procedure (2.4.2) and added to a reaction vessel.

Anhydrous diglyme (30 mL) was then added to the reaction vessel and the solution was
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heated to 95 °C. Monomer (50 g) was added dropwise at a rate of 5 mL per hour. The
reaction was left for 18 hours then diluted with methanol (150 mL) and neutralised over
Amberlite® IR120 (H) column then precipitated twice into acetone. The supernatant was
decanted, and the resulting precipitate was dissolved in methanol, concentrated in vacuo

and the heated to 80 °C at 3 mbar to yield a clear amorphous viscous resin (45 g, 90%).
244, General procedure for Bulk polymer synthesis (2.19suLk)

Initiator was prepared using the general procedure (2.4.2) and added to a reaction vessel.
Anhydrous diglyme (30 mL) was then added to the reaction vessel followed by glycidol (50
g). The reaction was heated at 30 °C for 18 hours then slowly raised to 95 °C over 48 hours.
After this the solution was diluted with methanol (150 mL) and neutralised over
Amberlite® IR120 (H) column then precipitated twice into acetone. The supernatant was
decanted, and the resulting precipitate was dissolved in methanol, concentrated in vacuo
and the heated to 80 °C at 3 mbar to yield a cloudy amorphous viscous resin (39 g, 78%).
Vmax(ATR, cm™) 3350 (O-H), 2871 (C-H), 1067 (C-0), &1 (400 MHz, D-0) 3.85 - 3.18 (m) ppm;
&c (100 MHz, D20) 79.6, 79.4, 77.9, 72.1, 72.0, 70.8, 70.7, 70.6, 70.4, 70.4, 69.1, 68.8, 62.6,

62.5,60.7. ppm;
Batch My Mh Pm DBfyey
2.19sma/1 1000 920 1.09 0.54
2.19sma/2 1050 960 1.10 0.55
2.19sma/3 950 860 1.10 0.53
2.19smn/4 1270 1110 1.15 0.57
2.19suLk/1 750 600 1.25 0.71
2.19BuLk/2 850 770 1.15 0.69
2.19BuLk/3 940 870 1.09 0.70
2.19suk/4 1000 810 1.24 0.71

Table 2.8: Molecular weight data for polymers from different batches.
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2.4.5. 5-(3-(4-nitrophenyl)ureido)isophthalic acid (2.15)
Oy OH
ONJ 0 1
Ouku e
5 7 OH

13

Synthesized in accordance with the procedure described by Hayes and co-workers.?***

A solution of 4-nitrophenyl isocyanate (0.64 g, 3.9 mmol) in 50 mL of dry THF was added
dropwise over a solution of 5-aminoisophthalic acid (0.78 g, 4.3 mmol) in 50 mL of dry
THF. The mixture was stirred at room temperature for 4 h and then concentrated in vacuo.
The resulting yellow solid was treated with 50 mL of 1 M aqueous NaOH and the insoluble
material removed by filtration. The red solution was treated with aqueous HCI to obtain
a yellow gel. The gel phase was filtered, washed with distilled water and finally the solvent
was evaporated under vacuum to yield 5-(3-(4-nitrophenyl)ureido)isophthalic acid 2.15 as
a yellow solid. (1.15 g, 85%),%), Vmax(ATR, cm™) 3352 (N-H), 3083 (O-H), 1710 (C=0), 1615
(C=0), 1600 (C=0), 1324 (NO2), 1300 (NO2), & 1 (400 MHz, DMSO-d¢) 13.29 (2 H, s, 13), 10.32
(TH,s,/5),10.09(1H,s,7),833(2H,d,]1.5,9),823(2H,d,}9.0,3),813(1H,t] 1.5, 11),
7.74 (2 H, d, ] 9.0, 2), 5 (100 MHz, DMSO) 166.5 (12), 152.2 (6), 146.2 (4), 141.1 (1), 139.9
(8), 131.8 (10), 125.2 (3), 123.6 (11), 122.6 (9), 117.4 (2), m/z expected 346.0597 found
346.0669 [M+H]

2.4.6. Furfuryl Glycidyl Ether

Modified from procedure reported by Hyaric et al.®®

Sodium hydroxide (25 g), (t)-epichlorohydrin (16 mL, 204 mmol) and tetra-n-
butylammonium bromide (0.8 g, 2.48 mmol) were combined and cooled to 20°C. Furfuryl
alcohol (4.42 mL, 51 mmol) was added dropwise with vigorous stirring while maintaining
a temperature below 20 °C. After 18 hours water was added, and the product was

extracted with diethyl ether (3x100 mL). The organic fraction was dried over anhydrous
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MgSOy, filtered and then concentrated in vacuo before distillation under reduced pressure

to yield the product as a clear colourless oil (6.82 g, 87%), bp 75-82 °C (3.1 mbar), Vmax(ATR,

cm™') 2997 (C-H), 1503 (furan ring), 1248 (epoxide), 1154 (C-O), 884 (epoxide), Sx (400 MHz,

CDCl3) 7.39 (1 H, m, 2),6.32 (2 H, m, 2+3),4.53 (1 H,d,/13.0,6), 447 (1 H,d,/13.0, 6"), 3.74

(1H,dd, /115, 3.0, 8),3.41 (1 H,dd,J11.5, 6.0, 8),3.13 (1 H, ddt, 6.0, 4.0, 3.0, 9), 2.77 (1

H, dd, /5.0, 4.0, 10), 2.59 (1 H, dd, / 5.0, 3.0, 10") ppm; &c (100 MHz, CDCls) 151.4 (5), 143.0

(2), 110.4 (4), 109.7 (3), 70.6 (8), 65.1 (6), 50.8 (9), 44.3 (10) ppm; FTMS-ESI (EI POS) m/z

expected 177.0630 found 177.0526 [M+Na];

2.5.
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Chapter 3

Organic based Bacillus anthracis disclosure agent.

3.1 Introduction

Rapid disclosure of bioweapons such as B. anthracis is vital for the successful
decontamination of surfaces and treatment of infected victims. Currently available
methods of disclosure have many practical drawbacks that limit their use in the field for
identifying a hazard that covers a large area. The most effective disclosure agents for B.
anthracis are based on lanthanides such as terbium and europium, which are expensive

and could also pose long-term health risks and environmental damage.

The common link between all the methods discussed is the particular biomarker that they
target. Calcium dipicolinate (CaDPA) makes up between 10 and 15% of the dry weight of
the spore and has been successfully utilised as the key biomarker."? Ideally for field
dispersal the selected disclosure agent needs to be non-toxic or capable of undergoing
degradation in the environment. This limitation eliminates most inorganic based methods

as these can persist in the environment and cause lasting harm to plants and animals.?
3.1.1 Calcium dipicolinate-based sensors

The novel approach published by Curiel et al. to an organic based dipicolinate (DPA)
sensor targeted the hydrogen bond acceptor nature of the DPA anion as shown in Figure
3.1. The incorporation of the fluorescent carbazole moiety provided an observable

significant change in fluorescence upon DPA binding.*

oo oo

NH N HN
of . fo
/_NH HN—\ — NH 0% | N\ 0 HN _
4

3.1

Figure 3.1: Dipicolinate fluorescent receptor by Curiel et al. and an example of its binding motif with the DPA
anion.
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Curiel et al. showed high selectivity towards the dipicolinate anion over similar structures
such as isophthalates (see Figure 3.2). The exceptional binding strength of 34600 M was
achieived when tested in a competitive environment of water-acetone (2% v/v). When
tested in polar, aprotic solvents such as DMSO there was a significant increase in binding

strength to more than 10° M.

Figure 3.2: Fluorescent response of 3.1 to anions: (a) dipicolinate, (b) phthalate, (c) isophthalate, (d) terephthalate,
(e) picolinate, (f) nicotinate and (g) isonicotinate.*”

The synthesis outlined by Curiel et al. shown in Scheme 3.1 utilised a Suzuki-Miyaura
coupling of a carboxyphenyl boronic acid 3.2 and iodo-nitro-phenyl ester 3.3 at the outset,
using tetrakis-(triphenylphosphine)-palladium as the catalyst. The published yield for this
reaction of 60% lies towards the lower end of the range for yields obtained from this type
of reaction.” The subsequent step in this synthesis was a Cadogan nitrene insertion to
yield the carbazole diester 3.5. Base catalysed hydrolysis of the corresponding ester
yielded the diacid 3.6. The (1H-pyrrol-2-yl)-methanamine 3.7 receptor unit was then
introduced using 1,1-carbonyl diimidazole (CDI) as the coupling reagent to yield the final

detector (3.1).

* Reproduced from Ref. 4 with permission from The Royal Society of Chemistry.
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@) 0
SO e, Yay,
OY© . OY@ L T ok

oe Oe NO, Toluene OxN
t t A 60%
3.2 3.3 3.4
P(OEt),
A
(@) O @) 0]
KOH
B ——
HO N OH N
H H,O/EtOH EtO H OFt
>99% A 60%
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Scheme 3.1: Literature synthesis of the fluorescent receptor 1 by Curiel et al.*
This chapter describes the optimisation of methods to synthesize the fluorescent detector
3.1 to determine its suitability for use in an aqueous formulation. It also discusses
attempted modifications made to the detector to alter its colorimetric and/or its
fluorometric response as well as altering its physical characteristics such as water
solubility and stability. The synthesis reported by Curiel et al. was repeated here to assess

its suitability for use in this application.
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3.2 Results and Discussion

3.2.1 Synthesis of the DPA sensor 3.1

The synthesis reported by Curiel et al. began via the Suzuki-Miyaura cross coupling of
carboxyphenyl boronic acid 3.2 and iodo-nitro-phenyl ester 3.3, utilised expensive metal
catalysts such as tetrakis(triphenylphosphine)-palladium. Starting from dimethyl [1,1'-
biphenyl]-4,4'-dicarboxylate (3.8) using well-known nitrating conditions (nitric acid
dissolved in concentrated sulfuric acid cooled to 5 °C) and a stoichiometric quantity of
nitric acid, it was possible to selectively obtain the mono-nitrated product dimethyl 2-
nitro-[1,1'-biphenyl]-4,4'-dicarboxylate (3.9) in a high yield (97%) as shown in Scheme 3.2.
By restricting the stoichiometric quantity of nitric acid to one equivalent with respect to
the starting material, in addition to maintaining the temperature of the reaction below 5
°C whilst slowly adding the nitric acid ensured that formation of the bis-nitrated by-
product was kept to a minimum. The use of this method demonstrated that the use of
substantially lower cost reagents can achieve higher yields than the comparative

palladium and boronic acid chemistries employed by Curiel et al.

Q 0
o045
—l
—d o— H,SO, —0 o—
97%
3.8 3.9

Scheme 3.2: Nitration of dimethyl [1,1'-biphenyl]-4,4'-dicarboxylate.
The 'H NMR spectrum of 3.9 (see Figure 3.3) revealed the conversion to the desired mono-
nitrated product. Since the nitrated biaryl framework is no longer symmetric, a downfield
shift of the proton resonances of the methyl ester group Hy as well as protons attached
to the functionalised ring was observed. The functionalized ring protons Hq, Hr and Hg

were assigned by two-dimensional correlation NMR: HSQC, HMBC and "H-"H COSY.
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Figure 3.3: "H NMR spectrum of 3.9 in CDCl; at 293 K.

The conversion of nitrobiaryl 3.9 to the corresponding dimethyl 9H-carbazole-2,7-

dicarboxylate (3.10) was carried out via a Cadogan nitrene insertion reaction using

triethylphosphite.®
O O
OO« e, LA
-0 o= —0 N O—
OoN H
61%
3.9 3.10

Scheme 3.3: Cadogan nitrene insertion of dimethyl 2-nitro-[1,1"-biphenyl]-4,4'-dicarboxylate.
The affinity of phosphorus for oxygen is so great’ that it can abstract oxygen from the aryl
nitro and resulting intermediate nitroso group (see Scheme 3.4). The reactive nitrene that
is formed then undergoes rapid cyclisation breaking the aromaticity of the neighbouring

ring which in turn is quickly re-established by proton transfer to the nitrogen atom.
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Scheme 3.4: Proposed mechanism for the Cadogan nitrene insertion of dimethyl 2-nitro-[1,1'-biphenyl]-4,4'-

dicarboxylate.

The isolated carbazole diester 3.10 exhibited the predicted strong blue fluorescence

expected of carbazole (see Scheme 3.4). Once the reaction was complete as, indicated by

the thin layer chromatographic analysis (TLC), the excess triethylphosphite was distilled

from the reaction before triturating the solid residue with methylene chloride.
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Figure 3.4: Saturated solution of 3.10 in ethyl acetate under natural light (left) and 254 nm lamp (right).

Hydrolysis of the resulting dimethyl [1,1"-biphenyl]-4-4'-dicarboxylate 3.11 under basic
conditions yielded the diacid (3.11) in high yield (>99%) as shown in Scheme 3.5.

1. NaOH

—»
—0 N O— HO N OH
H H
>99%
3.10 3.11

Scheme 3.5: Base hydrolysis of dimethyl [1,1"-biphenyl]-4-4"-dicarboxylate.
Sourcing the (1H-pyrrol-2-yl)-methanamine (3.7) used by Curiel et al. proved to be very
difficult. Commercial prices as high as USD $700 g, led to the decision to synthesize it in
house. The proposed method (see Scheme 3.6) was based on formation of an aldehyde
precursor followed by reduction to the alcohol and conversion to the bromide before

converting through to the free base amine.

Qo = Qr = O

3.7 3.12 3.13
/ \\ OH I \ 0O ]\
g = 8s =8

3.14 3.15 3.16

Scheme 3.6: Retrosynthetic analysis of (1H-pyrrol-2-yl)-methanamine.

For this procedure pyrrole was used as a starting material and converted to the respective

1H-pyrrole-2-carbaldehyde (3.15) by a Vilsmeier-Haack reaction (Scheme 3.7).

74



Chapter 3 - Disclosure Agent

POCl,
0 o, s
—
N N
H H
61%
3.16 3.15

Scheme 3.7: Vilsmeier-Haack reaction of pyrrole.
The formation of the chloroiminium ion is central to this reaction. Slow addition of
phosphorus oxychloride to dimethylformamide vyields the chloroiminium chloride
complex (Scheme 3.8). The complex is then attacked by the nucleophilic pyrrole to yield
the (1H-pyrrol-2-yl)-carbiminium chloride which quickly hydrolyses on addition of water

to yield the desired pyrrole-2-carbaldehyde.

I I I
0 ® O —u nN®
ﬁ/_c?lplfo — .l r/N\ — Y r/"’\‘l\ — cfl?ﬂl\!\
~ ! 1D
N w(C| C > 0 /\P\/O g_,/\P\,O
Cl7 iy Yy Ny
© ©
—\nH |l@ C =\ H | F\— o/
@ /N\ - \ﬁ> N - @ /l;l\
H H C H Cl
Y@ mo [N\ _o
N N
H H H
3.15

Scheme 3.8: Mechanism for the Vilsmeier-Haack reaction of pyrrole.
Following formation of the aldehyde, it was reduced with the mild reducing agent sodium
borohydride (Scheme 3.9). The conversion was successful. However, it became apparent
that the (1H-pyrrol-2-yl)-methanol (3.14) is particularly unstable, turning from a clear
amber oil to a dark brown amorphous solid. The 'H NMR spectrum in Figure 3.5 shows
the formation of large broad resonances around 5.7 and 3.5 ppm as well as a complete

loss of the Ha proton resonance for the corresponding hydroxyl group.
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N
H

3.15 3.14

Scheme 3.9: Reduction of pyrrole-2-carbaldehyde by sodium borohydride.
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Figure 3.5: "H NMR spectra of 3.14 methanol (top) and its degraded structure (bottom) CDCl3 at 293 K.
Pyrrole is known to be prone to uncontrolled oxidation, degradation and polymerisation
leading to a rapid change of colour in air.® Broad resonances are commonplace in the
spectra of polymeric materials. The degradation of 3.14 is believed to be accelerated by
the presence of the hydroxyl group which can act as a leaving group (see Figure 3.10). This

issue is compounded by pyrroles known reactivity with singlet oxygen.’
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a)

/ X} OH / \\. OH / =
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Scheme 3.10: Degradation mechanisms of (1H-pyrrol-2-yl)-methanol: a) polymerisation and b) oxidation.
Considering this reactivity (which would be exacerbated by conversion to a more labile
leaving group such as a bromide suggested previously) the reaction plan was altered. As
shown in Scheme 3.11 it was proposed that (1H-pyrrol-2-yl)-methylamine could be
generated through reductive amination from the corresponding oxime (3.17) (Scheme

3.12).

4/_§\/NH2 — ﬂ\%N‘OH p— @\?O
N N N
H H H
3.7 3.17 3.15

Scheme 3.11: Retrosynthetic approach to (1H-pyrrol-2-yl)-methanamine.

@\%o HNOHHC @\»j\OH

H H
77%
3.15 3.17

Scheme 3.12: Synthesis of 1H-pyrrole-2-carbaldoxime using hydroxylamine hydrochloride.
The oxime 3.17 was synthesized in a good yield of 77% and was identified by the
appearance of a new broad resonance in the '"H NMR spectrum at 11.16 ppm
corresponding to the oxime hydroxyl proton. Subsequent reduction by hydrogen with
palladium on carbon was attempted, but this reaction yielded a complex mixture from
which the desired compound could not be isolated. It has been shown by Mdiller et al.'°
that palladium on carbon predominantly results in the formation of secondary amine
dimers. Also tested in this study was nickel on silica and alumina, Raney®-cobalt and
rhodium on carbon, all of which had poor selectivity. The best candidate was nickel on

silica which gave 71:29 preference to the primary amine.'® A variety of other reductive and
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reductive amination methods were attempted on pyrrole oxime 3.17 and pyrrole
carbaldehyde 3.15 respectively. Examples of these methods include sodium
cyanoborohydride, ammonium formate on zinc and magnesium, but unfortunately these

yielded comparable results or indeed no reaction at all.

After many unsuccessful attempts, a publication by Putochin in 1926 was found whereby
they utilised the Bouveault-Blanc reduction of pyrrole oxime 3.17 to yield the (1H-pyrrol-
2-yl)-methanamine (see Scheme 3.13)."'" In the mechanism outlined in Scheme 3.14
sodium provides a source of electrons for the single electron transfer (SET) steps involved.
The compound passes through several radical compounds before reaching the desired

pyrrole methylamine 3.7.

H EtOH H

3.17 3.7

Scheme 3.13: Bouveault-Blanc reduction of 1H-pyrrole-2-carbaldoxime.™

@

Na Na
SET EtOH / \ H

a — (] o —> N N\ OoH
No N H
H OH H -~ ~OH (-/Na

l SET

§
CH—OEt £(OH A

74 ‘ (S)] —_— N NH,
N NH H

i 3.7

Scheme 3.14: Mechanism for the Bouveault-Blanc reduction of 1H-pyrrole-2-carbaldoxime.

" The author is grateful to Mr Marcus Knappert for translation of this publication.
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Promisingly, this reaction was successful in producing the desired amine. However, the
isolated yields were poor (27%) affording an overall yield from pyrrole of 13%. Figure 3.6
shows a new resonance in the NMR spectrum at 3.9 ppm, with an integral of 2

corresponds to the newly formed methylene at the 2 position of pyrrole.
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Figure 3.6: "H NMR spectrum of 3.7. in CDCl; at 293 K.

Fortunately, as a result of price fluctuations in the commercial market the cost of the
hydrochloride salt of (1H-pyrrol-2-yl)-methylamine dropped to £88 g during this study.

Sourcing this compound allowed for the reaction outlined in Scheme 3.15.

S~
Q 0]
+ @\/NH?@' oo NH N HN
HO N OH N DMF

=
NEt3 __NH <49, HN
3.1 3.18 3.1

S~
—

Scheme 3.15: Synthesis of 1 using (1H-pyrrol-2-yl)-methylammonium hydrochloride.
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Figure 3.7: "H NMR spectrum of DPA sensor 3.1.
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Following this synthesis, it quickly became apparent that this detector would not be
suitable for use in its intended method of application. The overall yield from its synthesis
was very poor with just enough product isolated (6 mg) for analysis by '"H NMR
spectroscopy and an assessment of its aqueous solubility. Disappointingly, the DPA
sensor 3.1 showed very limited solubility in water (<1.5 mg mL") and poor stability in its
solid form (it changed colour from white to a brown solid in air). These results suggest
that DPA sensor 3.1 as synthesized is not suitable for use in this formulation and

modifications to the structure will be required to address the outlined issues.
3.2.2 Carbazole Modification

Following this finding, the decision was taken to modify the original detector 3.1 to
increase its water solubility through addition of moieties that are charged or capable of
hydrogen bonding. Addition of these moieties are also able to, by extending the -
conjugation, induce a colorimetric response upon binding rather than a fluorometric
response. It was proposed that this could be achieved through extension of the
conjugated n-system. Polyphenylene vinylene compounds and their stilbene oligomers
have been shown to exhibit strong fluorescence as a result of their conjugated n-systems.
The cyano derivative of stilbenes has been obtained in high yield and under mild

conditions by means of the Knoevenagel condensation as show in Scheme 3.16."?

o) NS

X S THF / t-BuOH AN y
t-BuOK / Buy,NOH / O 0]
: - W,
15 Minutes /O Q /
S o N\
¢! O 50 °C N
90%
3.18 3.19 3.20

Scheme 3.16: Knoevenagel condensation yielding trans-cyanostilbene.
The mechanism for this condensation (Scheme 3.17) involves deprotonation of the
phenylacetonitrile methylene group by means of a strong base. The carbanion, stabilised
by available resonance into the geminal nitrile, attacks the electrophilic carbonyl centre
of the terephthaldicarboxyaldehyde. Dehydration of the resulting alkoxide occurs

following protonation to the alcohol to leave the vinyl nitrile.
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Scheme 3.17: Proposed mechanism for the Knoevenagel condensation of 4-methoxypenylacetonitrile and
terephthaldicarboxyaldehyde.

It was proposed that the extended mt-system resulting in addition of such structures to the
aromatic framework of the carbazole component of the detector system 3.21 could
induce significant changes to the emission or excitation wavelengths. This would require
the presence of a formyl moiety on the carbazole ring to which these compounds could
be attached. In addition to this, varying the substituents attached to the selected
phenylacetonitrile compound can yield altered electronics, increased water solubility or

even enable attachment of the detector to a polymeric substrate.
N R
\ {2
NS~
NH N HN
H

Cal ~

NH HN
~ —

3.21

Figure 3.8: Phenylcyanovinylene modified carbazole sensor.
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The software package GAMESS-US was used to optimise the structures and calculate the
molecular orbitals.” The electron density within HOMO and LUMO (Highest Occupied
Molecular Orbital and Lowest Unoccupied Molecular Orbital) were shown to be evenly
spread over the phenylcyanovinylene moiety on the target molecule as shown in Figure
3.9. This is substantially different to the original detector by Curiel et al. where the two
highest electron density orbitals are located on the two pyrrole rings with the third highest
electron density orbital on the ring. This reinforced the theory and provided justification

for this approach to form the colorimetric detector.

HOMO b) LUMO

Figure 3.9: Contour plots of the a) HOMO and b) LUMO for the optimized structure of 3.21 and the ¢) HOMO-2 and
d) LUMO for the optimized structure of 3.1.

The first step towards this goal was to install the necessary formyl group in the 3-position
of carbazole. Using similar chemistries to those that had been previously implemented

on pyrrole, the Vilsmeier-Haack reaction was selected as a potential route to the
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vinylphenylene substituted carbazole. However, use of these reagents proved

unsuccessful, leaving only starting material.

DMF C{
Q O O 0 POCl,
> AL
_0 N O—
H _0 N O—
H
3.10 3.22

Scheme 3.18: Vilsmeier-Haack reaction with 3.10.

Following this unsuccessful approach to the 3-formyl derivative 3.22, an alternative route
was devised utilising metal-halogen exchange. The addition of a bromine subsituent
allows for exchange with a alkyllithium salt to yield the aryl lithium compound (see
Scheme 3.19). N-bromosuccinimide (NBS) was selected as a brominating agent as it has

been shown to effectivly mono-brominate the 3-position of carbazole at high yields of up

to 98%, 416
Br
YOO %
0 0
0 H O— 4 N N
H
3.10 3.23
' n-Buli
Y
YOG4 - SOy
4 ........
0 N O— _0 N O—
H
3.22 3.24

Scheme 3.19: Attempted route to 3.22 via halogenation and metal-halogen exchange.

Despite this alteration in strategy, numerous unsuccessful attempts to install the bromide
onto the carbazole led to the abandonment of this approach. It was originally
hypothesized that the availability of the lone pair of the carbazole nitrogen to resonate
into the ring and activate the para position as shown in Scheme 3.20a. The lack of
reactivity observed towards electrophilic reagents used thus far suggests that presence

of the ester groups is more detrimental than previously thought. The opportunity for
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resonance from the nitrogen into the carbonyl (Scheme 3.20b) combined with the

inherent deactivating nature of the ester group (Scheme 3.20c) overcomes this reactivity.

y

S}
3 O @ 7 - OO
a )
) —0 N O— 0 NG S
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b > —
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N O— N
H H

—0
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Scheme 3.20: Resonance structures of dimethyl 9H-carbazole-2,7-dicarboxylate.
To overcome the difficulties encountered with the bromination of carbazole there needed
to be more electron density in the aromatic rings. An alternative route was devised
whereby 3.9 would be reduced to its corresponding amine (3.25). This amine could
enhance the reactivity of the ring such that bromination could occur. Following this the
amine could be converted by oxidation back to the nitro by means of a peroxyacid to allow

for the Cadogan nitrene insertion (see Scheme 3.21).

H2
0 Q 0
O~ e SO0 e
—0 0— —0 o—
o,N H,N
3.9 3.25
Br Br
0 o . 0 o
—a o— >
- N ~

H,N © H ©
3.26 3.23

Scheme 3.21: Proposed approach to carbazole bromination by reduction and oxidation.
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Nitrobiaryl 3.9 was reduced by catalytic hydrogenation using palladium on carbon (Pd/C)
yielding dimethyl 2-amino-[1,1'-biphenyl]-4,4'-dicarboxylate (3.25) in an acceptable yield
of 63%. The increased electron donation into the aromatic system was evident in the 'H
NMR spectrum as an upfield shift of the aromatic resonances. This reaction was found to
be particularly sensitive to acid impurities. Oxidation of the catalyst occurred rapidly and
the reaction would only leave starting material even after reacting for multiple days at

elevated temperatures.

G (m) F(m) E(m) D (m) C(m) B(s) A(s)
8.50 8.30 8.05 7.76 7.56 3.94 3.89

o)
) ON  Hy (
Ha Hb
Lo J_\LL i\ ﬂ& J
1.00 1.09 213 1.02 214 2.97 3.03
H (m) Gm)  F(m) E(m) D (m) () B(S) A(S)
8.04 7.61 7.43 7.22 714 5.26 3.88 3.83

Hn Hg Hd eH

OZ

0]
> HooN  Hr
Hb M
2.08 2.19 1.09 1.06 1.98 3.00 2.98
85 84 83 8.2 8.1 8.0 79 78 77 7.6 7.5 74 73 7.2 71 53 5240 39 38
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Figure 3.10: TH NMR of dimethyl 2-amino-[1,1"-biphenyl]-4,4"-dicarboxylate (bottom) and its precursor dimethyl 2-
nitro-[1,1"-biphenyl]-4,4'-dicarboxylate (top) DMSO-ds at 293 K.

The bromination of 3.25 unfortunately yields an inseparable complex mixture of
compounds suggesting the formation of multiple positional isomers most likely because
of the increased reactivity of the ring system. There are three potential locations for
installation of the bromine on the same ring as the amine (shown in Figure 3.11). The most
favourable of these is position 5 with the least steric hindrance and para to the activating
amine followed by ortho position 3. Position 6 is now least likely to substituted because
of its meta position relative to the amine. On the other ring there is now the opportunity

to react in either the 2' or 3' position.

85



Chapter 3 - Disclosure Agent

0 32 6_5 o
H,N
3.25

Figure 3.11: Potential bromination locations on 3.25.

The 2' position is the more favourable position for attack as there is donation into the ring
from the attached activating phenyl ring and amine as well as the deactivating but meta
directing ester group. However, this enhancement may be reduced as a result of the
dihedral angle between the rings preventing alignment of the p-orbitals. Should
substitution occur at this 2' position then the Cadogan reaction should be able to proceed
without hindrance as the nitrene that is formed has been shown to favourably insert

between C-H bonds over carbon-halogen bonds."’

Should reaction have occurred at the 3' position the carbon-carbon free rotation could
cause issues regarding the detection capability of the receptor for DPA. When the
Cadogan nitrene insertion process takes place, the conformation of the biphenyl unit is
vital since it can result in incorporation of the bromide into the binding pocket rendering
it ineffective (see Figure 3.12). The conformer leading to 3.23a is a higher energy
conformation in contrast to conformer leading to 3.23b because of the proximity of the
more sterically hindering nitro and bromine substituents. However, the difference
between the two energy levels of conformers leading to 3.23a and 3.23b is only 6 Kcal
mol™ with the barrier to rotation from 3.23b to 3.23a being only 9 Kcal mol™ (see Figure
3.13). These low energies mean that at the high temperatures present in the Cadogan

reaction there would be little population difference between the two conformers.
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Figure 3.12: MM2 energy minimised conformer a (top) conformer b (bottom).
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Figure 3.13: MM2 dihedral driver measured with energy minimisation using PerkinElmer Chem3D™.

3.2.3 Binding site modification

The limited progress with modification of the carbazole led to the search for alternative
options in order to increase water solubility and suitability for the application. A potential
target for alteration was the pyrrole chelating groups that provide hydrogen bonding to
the DPA. An alternative to hydrogen bonding as the primary recognition motif is
electrostatic attraction. Using the previous (1H-pyrrol-2-yl)-methylamine as the basis for

a new design the compound the bisimidazolium compound 3.26 was deemed a potential
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alternative (see Figure 3.14). The chain from the primary amine to the nitrogen of DPA is
maintained but instead of the hydrogen bond donation the use of an imidazolium moiety
provides potential for association via electrostatic forces of attraction. The added benefit
of this structure is that it is anticipated that the charged moieties of the imidazolium
moieties will aid water solubility of the DPA receptor compound. This modification allows
for the use of similar chemistries to those used for the by substitution of the (1H-pyrrol-

2-yl)-methylamine 3.7 with 3-(2-aminoethyl)-1-methyl-1H-imidazol-3-ium (3.27).

N N* =
<\:7 S T g ﬁ ) NS X
N Z 7 3.27
3.26

Figure 3.14: Proposed alternative detector showing binding pocket for DPA and the required imidazolium
precursor.

In order to generate the desired imidazolium receptor units, the synthetic approach
adopted involved at the outset the protection of ethanolamine 3.28 in the form of N-Boc-
ethanolamine. Using Boc anhydride and sulfamic acid as a catalyst, the reaction was
performed in the bulk and afforded the amine protected derivative 3.29 as a clear oil in

good yield (78%).

S K L

HO
\/\NH2 ' HO\/\NJI\O
H
78%
3.28 3.29

Scheme 3.22: Boc protection of ethanolamine.
The "H NMR spectrum in Figure 3.15 shows the successful protection of the amine with
the alcohol resonance at 5.28 ppm and the carbamate N-H resonance obscured by one
of the methylene resonances at 3.61 ppm. However, it also shows there was residual Boc

anhydride left in the product visible at 1.46 ppm.
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Figure 3.15: TH NMR spectrum of N-Boc-ethanolamine 3.29 in CDCl3 at 293 K.

N-Boc-ethanolamine 3.29 was used without purification as it was found that the residual
impurities could be removed in tandem with impurities formed from the following

conversion of the alcohol to the tosyl ester 3.30. This reaction was successful and

following purification gave a moderate yield of 49%.

f TsCl O
JU J< — > » 10 P J<
HO\/\H o NEG \/\H o
CH,Cl, 4o,
3.30

3.29

Scheme 3.23: Tosyl ester conversion of boc protected ethanolamine.
Comparison of the FTIR spectra of the alcohol 3.29 with the product of the reaction with
toysl chloride clearly reveals the absence of the broad hydroxyl stretch at 3339 cm™ along

with the appearance of the S=0 stretch at 1174 cm™ as shown in Figure 3.16.
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Figure 3.16: FTIR spectra of N-Boc-ethanolamine 3.29 (top) and O-Tosyl-N-Boc-ethanolamine 3.30 (bottom).
The confirmation of the reaction was further reinforced by means of mass spectrometry
with compound 3.29 giving a sodiated mass ion at 184.0947 m/z matching the expected
value of 184.0944 m/z. Similarly, the expected mass ion of 338.1033 m/z for the

corresponding compound 3.30 was found at 338.1033 m/z.
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The formation of the effective leaving group allows for facile substitution by means of an
Sn2 reaction. Sodium hydride was used to deprotonate the imidazole in a solution of

dimethyl formamide (DMF) followed by addition of 3.30 (Scheme 3.24).

Rk Q2 k
TsO\/\N o \\/N\/\N 0
N NaH N
DMF 19%
3.31 3.32

Scheme 3.24: Sy2 displacement of a tosyl group by imidazole.

This reaction gave a light-yellow coloured oil in a poor yield (19%) taking the overall yield
of this synthetic approach at this point to only 7.2%. With two reactions left to take place
the approach was re-evaluated in search of a more efficient and scalable approach. A new
route was identified, that would lead to the final product in three steps rather than the

previous five. This new approach also gives a greatly improved overall atom economy of

45% compared to the previous approach which is only 20%.

— 0 =
N N N\¢N\
un— T - n—
| |
@]
3.36 3.35

Scheme 3.25: Proposed synthetic route to imidazolium precursor.
The use of the bromide as a labile leaving group allows for facile substitution by means of
an Sy2 reaction. Sodium hydride was again used to deprotonate the imidazole in a
solution of dimethyl formamide (DMF) followed by addition of N-(2-bromoethyl)-

phthalimide. However, upon analysis by '"H NMR spectroscopy expected resonances for
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the imidazole ring were not observed. An alternative procedure was attempted using

potassium carbonate in acetonitrile but produced similar results.

NaH, DMF
e) -OR- 0 /=N
__ Br K,COs, CH5CN, reflux, 16h N
N NH n— s > ©:‘<‘<N—/_ =
@] (0]
3.33 3.34

Scheme 3.26: Unsuccessful attempts at the Sy2 reaction to 3.33.

The "H NMR spectra (Figure 3.17) from these reactions suggested the formation of the
elimination product 3.35 (Scheme 3.27). The expected multiplet with an integral of 4
protons arising from the aromatic phenyl ring was observed. However, the other proton
resonances consist of a double doublet and two doublets with matching coupling values.
Upon further inspection by means of 2D NMR techniques including 'H-'"H COSY, 'H-'3C
HSQC and 'H-'*C HMBC it became apparent that the signals at 5.01 and 6.01 ppm
corresponded to germinal protons. It is widely known that alkene proton coupling is
greater for trans pairs of protons than cis pairs of protons. Using this the resonance with

the larger coupling value can be attributed to the trans proton and vice versa.

NaH, DMF
0 -OR- O H
— Br K,CO;, CH;CN, reflux, 16h H
Noa NH N—/_ - N4/27
N 29% H
@) 0
3.33 3.35

Scheme 3.27: Elimination product from 3.33.

This is an example of an ABC type system where each signal comprises of two different
coupling values leading to the formation of a double doublet (e.g. proton C exhibits
coupling from Jax and Jex splitting twice to show a double doublet). However, in this
particular case Jag = 0, which causes very little splitting resulting in the appearance of one
double doublet and two doublets. This is also the reason why the expected resonances in

the 2D "H-'H COSY at 5.01, 6.01 ppm were not observed as shown in Figure 3.18.

_/AB =0 Hz _/AC =10.0 Hz _/BC =16.0 Hz
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Figure 3.17: "TH NMR spectrum of 3.35.
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Figure 3.18: "H-"H COSY spectroscopy with green circle denoting missing signal at 5.01 ppm, 6.05 ppm.
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An alternative procedure was found where potassium iodide and excess imidazole were
combined in the melt at 100 °C to which was added 3.33. Following extraction by Soxhlet
in toluene, the resulting solution could be concentrated and recrystallized from ethyl
acetate and petroleum ether. Recrystallization by this method, while successful in
reducing the amount of residual imidazole, failed at removing it completely. It was found
that trituration with water was a more effective method of purification that exploited the

high solubility of imidazole and allowed for its easy isolation as can been seen in Figure

3.19.
(@] (@]
Br Kl N =
100°C
0 3 Hours 0
67%
3.33 3.34

Scheme 3.28: syntehsis of 1H-1-methyl-3-(2-phthalimidylethyl)-imidazole

Before Purification

After Purification

) A

£ L o . . T
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SH(ppm)
Figure 3.19: TH NMR spectrum of 1H-1-methyl-3-(2-phthalimidylethyl)-imidazole before and after trituration.

Following purification, the imidazole ring can be converted to the imidazolium iodide salt

by addition of methyl iodide in THF as shown in Scheme 3.29. This reaction results in
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precipitation of the iodide salt and affords high yields (ca. 90%). The "H NMR spectrum of
3.35 shows a downfield shift of the imidazole resonances, which is an indication of

increased deshielding as a result of the positive charge now present.

]
90%
3.34 3.35
Scheme 3.29: Methylation of 3.34.
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Figure 3.20: "H NMR of 1H-1-methyl-3-(2-phthalimidylethyl)-imidazole iodide 3.35.
Once the methylation was completed, the phthalimide protecting group could be
removed using hydrazine hydrate. (see Scheme 3.30) However, in this instance it was
complicated by the relative solubility of the by-product. While the majority of the
phthalhydrazide precipitated from solution as the ethanol was cooled to room
temperature, substantial quantities remained. A variety of biphasic solvent extractions
failed to purify the compound. Reverse phase column chromatography was attempted in
the hope that the charged ionic species would elute faster than the phthalhydrazide but

this was also unsuccessful.
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Scheme 3.30: Hydrazinolysis of 1H-1-methyl-3-(2-phthalimidylethyl)-imidazolium iodide 3.35.
In order to alter the solubility of the ionic compound 3.36 the precursor material could be
exchanged with an alternative counterion. The counterion selected was
hexafluorophosphate because of its well-known solubility characteristics in organic
solvents. The iodide salt 3.35 dissolves readily in water and the resulting ion exchanged

product formed an insoluble white precipitate that was isolated by filtration in good yield

(86%).
7 NG ? /=NG
N = KPR N =
o MO
0 | 0 Opr,
86%
3.35 3.38

Scheme 3.31: Counter-ion exchange of 1H-1-methyl-3-(2-phthalimidylethyl)-imidazolium hexafluorophosphate
3.38.

Hydrazinolysis was carried out on 3.38 with the same method used in Scheme 3.30.
Unfortunately, the arising product was also inseparable from the phthalhydrazine by-

product.
3.3 Conclusion

The original detector 3.1 proposed by Curiel et al. has been synthesized and shown to be
inappropriate for deployment in a surface spray type disclosure formulation as a result

of its lack of water solubility and compound instability.

Following this discovery attempts were made to improve the colorimetric response of 3.1
by introducing structural changes to the carbazole moiety that would expand the n

system. Computational studies showed that this could be effective as the HOMO and
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LUMO were now clearly spread wider. This approach was restricted by the unexpected

low reactivity of 3.10 which could not be resolved with the alternative routes attempted.

The issue of water solubility was tackled by attempting to introduce a charged
imidazolium species 3.27. Routes to this compound were optimized using the
N-(2-bromoethyl)-phthalimide approach but were not concluded because of difficulties

encountered with purification at the final stage.

Disappointingly, as a result of the numerous setbacks encountered during this work the
proposed electrostatic detector 3.26 was not synthesized. The mixture of 3.36 and 3.37

could not be separated in order for the coupling synthesis to take place.

The priority for continuation of this work would be completion of the synthesis of
modified of the sensor 3.26 with optimisation of purification procedures following the
hydrazinolysis of phthalimide imidazolium iodide 3.35 leading to the synthesis of the

amine imidazolium salt 3.27.

Further to this, continuation of the modification of the ring structure of the carbazole
component of the detector could still yield the intended colorimetric response as
suggested by the computational calculations (see page 85). Alternative procedures to
those already attempted here were considered, such as palladium coupling of phenyl
groups directly to the carbazole moiety. However most of these rely on the formation of
the aryl halide. As such, further investigation into successful halogenation methods for

the dicarbonyl carbazole could assist results for multiple reaction pathways.
3.4 Experimental

3.4.1 Materials

All materials used were purchased from Sigma-Aldrich and Alfa Aesar with the exception
of (1H-pyrrol-2-yl)-methylamine which was purchased from Fluorochem. Pyrrole was
purified by distillation before use. Thin layer chromatography (TLC) carried out on Merck
silica gel aluminium backed plates (20 x 6 mm) and visualised via UV fluorescence,
ninhydrin or potassium permanganate staining solutions. Column Chromatography was

carried out using Aldrich Silica gel (particle size 40-63 um).

97



Chapter 3 - Disclosure Agent

3.4.2 General Experimental

In addition to the methods cited in chapter 2; melting points were determined either using
an Omega MPS10 for range values or a TA instruments TA-Q2000 DSC for point values.
Mass spectrum data was collected by ESI analysis on a Thermo Scientific LTQ-Orbitrap XL
mass spec using the Orbitrap detector operating at 100 K resolution, in positive ion mode.
Mass tolerance of matching to proposed compound was limited to 5 ppm. Molecular
orbital calculations were carried out with the GAMESS-US program.'” The electronic
absorption spectra for the different compounds were calculated with the time-dependent
density functional theory (TD-DFT) at the B3LYP/6-31G* level of theory on the relaxed

geometries calculated at the same B3LYP/6-31G* level of theory.

3.4.3 Synthesis of dimethyl 2-nitro-[1,1'-biphenyl]-4,4'-dicarboxylate (3.8).
6 5 12 11
13 16
O\ 8 3 4 9 /O
19 O2N 20

Dimethyl [1,1'-biphenyl]-4,4'-dicarboxylate (11.30 g, 41.81 mmol) was dissolved in conc.
H>SO4 (150 mL) before being cooled to 0 °C. A solution of HNOs (2.90 mL, 70%, 45.42
mmol) in H>SO4 (6 mL) was added dropwise over 20 minutes keeping the solution between
0 and 5 °C. Once complete the solution was poured over ice, extracted with ethyl acetate
(4 x 150 mL) and washed sequentially with saturated sodium hydrogen carbonate
(150 mL) and brine (150 mL). The resulting solution was concentrated in vacuo to yield an
off-white solid (12.77 g, 97%). mp(iPrOH) 98-99 °C, Vmax (cm™") 3092 (C-H), 1718 (C=0), 1527
(NO2), 1283 (NOy), 1240 (C-0), 1114 (C-0), & 1 (400 MHz, de-DMSO) 8.50 (1 H, s, 9), 8.30 (1
H,d,/8.0,11),8.05(2H,d,/8.5,8+6), 7.75(1 H,d,/8.0,12), 7.55 (2 H, d, / 8.5, 5+3),3.93 (3
H, s, 20), 3.88 (3 H, s, 19) ppm, & ¢ (100 MHz, de-DMSO) 165.7 (16), 164.2 (13), 148.4 (4),
140.9 (10), 138.5 (7), 133.1 (11), 132.7 (12), 130.5 (1), 129.8 (2), 129.5 (8+6), 128.2 (5+3),
124.9 (9), 52.9 (20), 52.3 (19) ppm, m/z expected 316.0743 found 316.0815 [M+H].

3.4.4 Synthesis of dimethyl 9H-carbazole-2,7-dicarboxylate (3.10).
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Dimethyl [1,1-biphenyl]-4-4'-dicarboxylate (5.0 g, 15.9 mmol) and triethylphosphite
(100 mL) were combined and maintained under reflux overnight. Excess triethylphosphite
was distilled off under reduced pressure. The resulting orange residue was filtered and
washed with dichloromethane to yield an off-white solid (2.69 g, 60%). mppsc 264 °C, Vmax
(cm™) 3289 (N-H), 2950 (C-H), 1692 (C=0) 1206.7381 (C-0O), 1284.841(C-0), & 1 (400 MHz,
de-DMSO) 11.83 (1 H, s,17),8.34(2H, d,/ 8.5,9+8),8.18 (2 H, d, J 1.5, 12+5), 7.82 (2 H, dd,
J 8.5, 1.5,10+7), 3.91 (6 H, s, 16+15) ppm, & ¢ (100 MHz, de-DMSO) 166.7 (13+14), 140.3
(6+11), 127.7 (1+2), 125.2 (4+3), 121.2 (9+8), 119.6 (10+7), 112.8 (12+5), 52.2 (16+15) ppm.
m/z expected 284.0845 found 284.0917 [M+H].

3.4.5 Synthesis of 9H-carbazole-2,7-dicarboxylic acid (3.11).

10 2 )1 8 4

13 14

HO 12 3 l}l 4 5 OH

15 H 16
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Dimethyl 9H-carbazole-2,7-dicarboxylate (2.0 g, 7.1 mmol) was suspended in sodium
hydroxide solution (0.44 M, 125 mL) and brought to and maintained under reflux. Once
the dimethyl 9H-carbazole-2,7-dicarboxylate had completely dissolved the reaction was
cooled and slowly acidified with hydrochloric acid (0.12 M, 500 mL). The resulting solid
was filtered and washed with distilled water to yield a beige coloured solid (1.8 g, >99%),
mp. >350 °C, Vmax (cm™) 3291 (N-H), 2951 (C-H), 1707 (C=0), 1207 (C-O), & 1 (400 MHz, d¢-
DMSO) 12.94 (2 H, s, 15+16), 11.78 (1 H, s, 17), 8.29 (2 H, d, / 8.0, 9+8), 8.14 (2 H, d, / 1.5,
12+5),7.80(2 H, dd, /8.0, 1.5,10+7) ppm, &¢ (100 MHz, de-DMSO) 166.8, 140.4, 127.8, 125.2,
121.3,119.6, 112.84, 52.2 ppm.

3.4.6 Synthesis of N?,N’-bis((1H-pyrrol-2-yl)-methyl)-9H-carbazole-2,7-

dicarboxamide (3.1).
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9H-carbazole-2,7-dicarboxylic acid (77 mg, 0.3 mmol) was dissolved in anhydrous DMF
(20 mL) followed by addition of carbonyl diimidazole (200 mg, 1.23 mmol). The reaction
was stirred under nitrogen for 2 hours after which (1H-pyrrol-2-yl)-methylammonium
hydrochloride (200 mg, 1.5 mmol) was added and left to stir overnight. The solution was
concentrated in vacuo and purified by column chromatography (EtOAc:Hexane) yielding a
white solid (< 5 mg, < 4%), & 1 (400 MHz, de-DMSO) 11.74 (1 H, s, 1), 10.66 (2 H, s, 7), 8.96
(2H,t,/55,5),829(2H,d,/8.0,4),812(2H,s,2),7.79(2H, d, /8.0, 3),6.76 - 6.69 (2 H,
m, 8), 6.06 - 5.97 (4 H, m, 9+10), 4.52 (4 H, d, / 5.5, 6) ppm. m/z expected 412.1768 found
412.1768 [M+H].

3.4.7 Synthesis of dimethyl 2-amino-[1,1'-biphenyl]-4,4'-dicarboxylate (3.25)

\ BN
6

Dimethyl 2-nitro-[1,1'-biphenyl]-4,4'-dicarboxylate (1.00 g, 3.17 mmol) and 10% Pd/C
(0.1154 g) were combined and purged with argon before addition of methanol (30 mL)
and methylene chloride (6 mL). The solution was then purged with H, for 12 hours. The
solution was purged with argon then filtered through diatomaceous earth. The residue
was washed with methanol (30 mL) and dichloromethane (30 mL) to yield a clear yellow
coloured liquid which was concentrated in vacuo to yield yellow crystals, dimethyl 2-
amino-[1,1'-biphenyl]-4,4'-dicarboxylate (0.569 g, 63%); Mppsc 166 °C, Vmax (cm™") 3458 (N-
H), 3365 (N-H), 2952 (C-H), 1703 (C=0), 1273 (C-0); &1 (400 MHz, de-DMSO) 8.05 (2 H, d, J
8.5,4/5),7.62(2H,d,J8.5,4/5),7.44 (1 H,d,J1.5,3),7.23(1H,dd,/8.0,1.5,2),7.16 (1 H,
d, /8.0,1),527(2H,s,6),389(3H,s,8),3.85(3H,d,J8.5,7) ppm; & (100 MHz, CDCls)
167.0, 166.8, 143.5, 143.4, 130.7, 130.5, 130.4, 130.3, 129.5, 128.9, 119.8, 116.7, 52.3 ppm;
m/z expected 286.1001 found 286.1074 [M+H].
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3.4.8 Synthesis of 1H-pyrrole-2-carbaldehyde (3.15).

2 1

SDNO

5

~NTZ

Phosphorus oxychloride (21 mL, 224 mmol) was added to anhydrous diethyl ether (70 mL)
under argon and cooled to 0 °C. Anhydrous dimethyl formamide (21 mL, 271 mmol) was
added dropwise maintaining the temperature of 0 °C and stirred for 30 minutes. A white
precipitate formed to which was added anhydrous pyrrole (15.5 mL, 223 mmol) and the
solution was slowly warmed to room temperature and left to stir overnight. The reaction
was then cooled to 0 °C and quenched with saturated sodium carbonate to pH 7. The
solution was extracted with ethyl acetate (4 x 100 mL) washed with brine (100 mL) and
then dried over anhydrous magnesium sulfate. The solution was filtered, concentrated in
vacuo and recrystallised from hexane to yield white crystals (12.9 g, 61%), mp 45-47 °C,
Vmax (€M) 3139 (N-H), 2977 (C-H), 1614 (C=0), &x (400 MHz, ds-DMSO) & 12.10 (1H, s, 4),
9.48(1H,s,5),7.22(1H, s, 3), 7.00 (1H, dd, ] 3.5, 1.0 Hz, 1), 6.28 (1H, dd, ] 3.5, 2.5 Hz, 2) ppm.
6 ¢ (100 MHz, DMSO) 179.1 (5), 132.9 (6), 127.0 (3), 121.9 (1), 110.5 (2). m/z expected
96.0371 found 96.0440 [M+H].

3.4.9 Synthesis of 1H-pyrrole-2-carbaldehyde oxime (3.17).

2 1

3 ﬂ\?N\OH 6

N 5

H
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1H-Pyrrole-2-carbaldehyde (0.8907g, 9.37 mmol) was finely powdered and added to a
conical flask followed by a solution of potassium carbonate (0.8769, 6.34 mmol) in water
(75 mL). To this suspension was added hydroxylamine hydrochloride (1.0631 g, 15.30
mmol) and stirred for 30 minutes then transferred to the fridge and left overnight. The
resulting white precipitate was filtered, dissolved in ethyl acetate (100 mL) and dried over
anhydrous magnesium sulfate. Following filtration, the solution was then concentrated in

vacuo to yield a white solid (0.7945 g, 77%), mposc 169 °C, Vmax (cm™") 3408.57 (O-H), 3113
(N-H), 2981 (O-H), 1643 (C=N), 737 (O-N), 6 1 (400 MHz, de-DMSO) 11.16 (1 H, s, 6), 11.12
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(1H,s,4),7.25(1H,s,5),6.88(1 H,m, 1/2/3), 6.55 (1 H, m, 1/2/3), 6.10 (1 H, m, 1/2/3) ppm.
m/z expected 111.0480 found 111.0552 [M+H].

3.4.10 Synthesis of N-Boc-ethanolamine (3.29)

o]
2 H
4
Di-tert-butyl dicarbonate (15.7280 g, 72.04 mmol) and sulfamic acid (0.3256 g, 3.27 mmol)
were combined followed by 2-aminoethan-1-ol (3.9 mL, 65.15 mmol) dropwise. The
reaction was stirred under argon at room temperature for 1 hour, monitored by TLC
analysis and visualised with potassium permanganate. Upon completion the product was
extracted with ethyl acetate (20 mL). The organic extraction was washed sequentially with
water (3 x 20 mL), brine (2 x 20 mL) and sat. NaCOs (2 x 30 mL) then dried over MgS0Os,
filtered and concentrated in vacuo to yield a clear colourless viscous oil, N-Boc-
ethanolamine (5) (6.8194 g, 78%); R¢ = 0.02 (1:4 ethyl acetate : hexane) Vmax (cm™") 3339 (O-
H), 2976 (C-H), 1682 (C=0), 1164 (C-0); &1 (400 MHz, CDCl3) 5.29 (1 H, s, 1), 3.68 - 3.61 (1 H,
m, 4),3.61-3.53(2H, m, 3),3.20(2H, m, 4), 1.37 (9 H, s, 7) ppm; & (100 MHz, CDClz) 156.9
(5), 79.5 (3), 62.1 (2), 43.0 (6), 28.34 (7) ppm; m/z expected 184.1052 found 184.0944
[M+Nal.

3.4.11 Synthesis of 2-((Boc)-amino)-ethyl 4-methylbenzenesulfonate (3.30)

0
Q ) @<
G
2 8
4
1 3
N-Boc-ethanolamine (5) (2.9293 g, 18.17 mmol) was mixed with dichloromethane (8 mL),
placed under an inert atmosphere (argon) and cooled to 0 °C. Trimethylamine (5.2 mL,
37.31 mmol) was added dropwise followed by p-toluenesulfonyl chloride (5.3925 g, 28.29
mmol). The solution changed from a clear to a cloudy opaque white mixture. This was left
stirring for 12 hours at room temperature after which time it turned a deep, opaque
orange/brown. Upon completion the product was extracted with dichloromethane (20

mL). The organic extraction was washed sequentially with iced water (2 x 20 mL) and brine
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(1 x 20 mL) then dried over MgSO,, filtered and concentrated in vacuo to yield a
brown/orange viscous liquid product. The crude material was purified via column
chromatography (1:4 ethyl acetate:hexane) to yield a pale yellow crystalline solid (2. 8225
g, 49%); R = 0.10 (DCM), mpopsc 81 °C, Vmax (cm™) 3407 (N-H), 2979 (C-H), 1711 (C=0), 1345
(S=0), 1174 (S=0), &1 (400 MHz, CDClz) 7.80 (2 H, d, 4), 7.37 (2 H, d, 3), 491 (1 H, s, 8), 4.07
(2H,t/10.0,6.0,6),338(2H,q,/5.0,7),2453H,s, 1), 1.41 (9 H,s, 11); &c (100 MHz,
CDCls) 155.7 (9), 145.1 (2), 132.7 (5), 130.0 (3), 128.0 (4), 79.7, (10) 69.5 (6), 39.8 (7), 28.4
(11), 21.8 (1) ppm, m/z expected 338.1140 found 338.1033 [M+Na].

3.4.12 Synthesis of Tert-butyl (2-(1H-imidazol-1-yl)-ethyl)-carbamate (3.32)

2 3
SEW S

1 4 H 9
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A mixture of NaH (0.1594 g, 6.63 mmol, 60% in mineral oil) and DMF (8 ml) was placed
under an inert atmosphere (argon). A solution of imidazole (0.2451 g, 3.60 mmol) in DMF
(2 ml) was added with stirring and left for 45 minutes before a solution of 2-((tert-
butoxycarbonyl)-amino)-ethyl 4-methylbenzenesulfonate (1.1715 g, 3.71 mmol) in DMF
(6 ml) was added and the mixture was left stirring at room temperature for 12 hours. A
change from an opaque pale pink to an opaque pale amber solution was observed, before
finally becoming a clear pale amber liquid. The solvent was then removed under reduced
pressure and the crude product was extracted with ethyl acetate (25 mL). The organic
extraction was washed sequentially with water (2 x 25 mL) and brine (1 x 25 mL) before
being dried over MgSOy, filtered and concentrated in vacuo to yield a pale yellow, viscous
liquid; tert-butyl ((1H-imidazol-1-yl)-methyl)-carbamate (7) (0.1481 g, 19%); Rr = 0.1 (DCM);
Vmax (€M) 3250 (N-H), 2927 (C-H), 1698 (C=0), 1168 (C-0); &+ (400 MHz, CDCl5) 7.42 (1 H, s,
1),7.03(1H,s,3),6.92(1H,s,2),547(1H,s,6),407(2H,t,4),3.42(2H,q,5), 1.44 (9 H, s,
9); &¢ (100 MHz, CDClz) 155.8 (7), 137.2 (1), 129.5 (2), 118.6 (3), 79.7 (8), 46.4 (4), 41.2 (5),
28.1 (9); m/z expected 212.1321 found 212.1394 [M+H].

3.4.13 Synthesis of 2-(2-(1H-imidazol-1-yl)-ethyl)-isoindoline-1,3-dione. (3.34)
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KI (326 mg, 1.9 mmol) was added to a RBF containing molten imidazole (13.4 g, 197 mmol)
under an inert atmosphere. After stirring for 10 minutes at 90 °C, N-(2-bromoethyl)-
phthalimide (10 g, 39 mmol) was slowly added and the reaction was left stirring at 100 °C
for a further three hours. The reaction was cooled and extracted by Soxhlet in toluene for
20 hours. The extract was condensed in vacuo yielding a white solid which was triturated
with water to yield white crystals (6.34 g, 67%). Mposc 161 °C, Vmax (cm™") 3455 (C-H), 1694
(C=0), &1 (400 MHz, d-DMSO0O) 7.87 - 7.81 (4 H, m, 9+8), 7.53 (1 H, s5,3), 7.12(1 H, s, 2), 6.80
(1H,s,1),424(2H,t,/6.0,5),3.91 (2 H,t,/6.0,4), n/z expected 242.0851 found 242.0924

[M+H].
3.4.14 Synthesis of 1-(2-(1,3-dioxoisoindolin-2-yl)-ethyl)-3-methyl-1-imidazolium
iodide. (3.35)
0O 4 1\2
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2-(2-(1H-Imidazol-1-yl)-ethyl)-isoindoline-1,3-dione (1.0 g, 4.15 mmol) was dissolved in
anhydrous THF to which iodomethane (0.5 mL, 8.03 mmol) was added and stirred for
three hours. The precipitate was filtered and washed with THF to yield a light-yellow
powder (1.43 g, 90%). mppsc 233 °C, Vmax (cm™") 3128 (C-H), 1708 (C=0), & 1 (400 MHz,d6-
DMS0)9.15(1 H, s, 3), 7.92 - 7.81 (5 H, m, 1+9+8), 7.66 (1 H, d, / 2.0, 2), 4.43 (2 H, t,/ 5.0,
5),4.01 (2 H,t,/5.0,4),3.81 (3H,s, 10), 6 (100 MHz, de-DMSO) 167.6, 137.1, 134.5, 131.5,
123.6, 123.2, 122.8, 47.8, 38.0, 35.8 ppm, m/z expected 256.1086 found 256.1080 [M-I].

3.4.15 Synthesis of 1-(2-(1,3-dioxoisoindolin-2-yl)-ethyl)-3-methyl-1-imidazolium
hexafluorophosphate. (3.38)
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1-(2-(1,3-Dioxoisoindolin-2-yl)-ethyl)-3-methyl-1-imidazolium iodide (2.0 g, 5.2 mmol) was
dissolved in water to which potassium hexafluorophosphate was added (0.96 mg, 5.2
mmol). A white precipitate immediately began to form and was left to stir overnight to
ensure complete exchange. The precipitate was filtered and washed with water (2x20 mL)
to yield a white powder (1.85 g, 86%). mppsc 188 °C, Vmax (cm™) 3160 (C-H), 1709 (C=0), &y
(400 MHz, de-DMS0) 9.15 (1 H, s, 3), 7.91 - 7.81 (5 H, m, 1+9+8), 7.66 (1 H, s, 2), 4.43 (2 H,
t,/5.5,5),4.01(2H,t /5.5, 4),3.81 (3 H,s, 10), m/z expected 256.1086 found 256.1080
[M-PFe].
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Chapter 4

In Vitro studies of bacterial germination and disclosure

4.1. Introduction

The occurrence of the disease Anthrax in humans typically results from exposure to a
large quantity of B. anthracis endospores.”? Once situated in a favourable environment
with suitable moisture and nutrient levels, the endospores undergo germination
returning the bacteria to its vegetative state. This process is irreversible, and the
vegetative cell cannot return to the endospore state without following the sporulation
process (see Figure 1.8). This sporulation process comprises of the axial filament
formation whereby unsymmetrical cleavage within the cell begins. Following this the
forespore is formed and then engulfed by the remaining intracellular material. At this
point the main body of the endospore has been created and is now prepared for release
by forming the endospore cortex and coat. Once this is complete the remainder of the
cell undergoes lysis and the endospore is released.

Based on this principle of irreversibility and the context of the objectives of this project, if
germination can be induced then the success of any subsequent decontamination efforts
will be increased greatly. The aims of this section of work are to provide insight into the
interactions between materials synthesized and the target B. anthracis bacteria. Ideally
the materials need to enable rapid and complete germination of the endospores while

preventing the onset of resporulation.

The materials produced in this study would be tested directly against B. anthracis
endospores. However, access and use of B. anthracis is restricted to certain institutions as
a direct result of its capacity for use as a BWA. In order to circumvent this, a biological
simulant can be used in its place. This is common practise when highly infectious

pathogens need to be studied.

Bacteria and Viruses are separated into four categories, also known as Biological Safety
Levels (BSL), dependent on the hazard they pose to human life as shown in Figure 4.1.

Category 1 comprises species that pose no little to no risk to human health as they are
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unlikely to cause disease such as B. subtilis and species within the Lactobacillus genus.
Category 2 pathogens have the potential to cause human disease, but treatment is widely
available. Such examples of this are B. cereus, a common cause of food poisoning and the
measles virus. Category 3 pathogens have the capacity to cause severe human disease. B.
anthracis falls in this category along with the causative agents of a variety of well-known
diseases including West Nile virus, SARS virus, Tuberculosis, Yellow fever and Malaria.
While treatment is available for these diseases the extent of their symptoms raises these
pathogens above those of category 2. Category 4 pathogens can cause severe human
disease and have no known treatments available. This category is almost entirely
comprised of viruses such as Ebola virus. There are only a handful of laboratories in the
UK with the facilities to handle Category 4 pathogens as their use is heavily restricted.?
Category 3 laboratories, though more widespread, require their workers to have a large

amount of expertise and training.

High Risk Ebola
Microbes Smallpox
A

Tuberculosis

/ BSL 3 \ B. anthracis
Measles
BSL 2 B. cereus

Low Risk Lactobacillus
Microbes / Bok.L \ B. subtilis

Figure 4.1: Depiction of biological safety levels and species that belong to these categories.

B. thuringiensis represents an ideal candidate for use as a simulant. The specific strain
developed by Bishop and Robinson at Dstl belongs to the subspecies kurstaki.* Typically,
this subspecies is used as a biological pesticide. It acts in this method by producing
proteins known as Cry proteins which are activated by the basic environment of the
insects’ digestive tract. As these proteins are not present in B. anthracis a specific strain
HD-1 cry” was used. This strain does not produce these Cry proteins and therefore more

accurately reflects the response expected from B. anthracis.
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The relationship between strains is typically visualized by a phylogenetic tree as shown in
Figure 4.2. The distance between terminals indicates the similarities between the genetic
variants. In this case B thuringiensis is shown to be one of the closest relatives to B.

anthracis compared to other Bacillus species such as B. subtilis and B. cereus.”

BA

BT

BC

Ecoli

0.01

Figure 4.2: Phylogenetic tree of B. anthracis. the scale bar represents a 1% sequence difference (BA:B. anthracis;
BT:B. thuringiensis; BC:B. cereus; BW:B. weihenstephanensis; BS:B. subtilis and B. clausii, B. halodurans, B.
licheniformis)™>

It has been found that this strain of B. thuringiensis is a particularly effective simulant for
B. anthracis as it exhibits similar germination patterns and cell recovery from soil media.®
The added benefit of using this species of bacteria is that it is classified as a BSL category
one bacteria.” This greatly reduces the risk to human health during its use and permits a

wider range of experimental freedom.
4.2. Results and Discussion

Stock suspensions of B. thuringiensis were prepared by inoculating a solution of trypticase
soy nutrient broth (TSB). TSB comprises amino acid sources from the peptide mixes
Tryptone and Soytone, carbon sources in the form of dextrose and essential salts such as
sodium chloride and dipotassium phosphate.? These were incubated for 2 days at 37 °C
before being harvested by centrifugation. By leaving the bacteria for this extended
incubation period most of the nutrients are consumed. As the B. thuringiensis senses the

loss of these nutrients the process of sporulation is triggered. The resulting endospores

*Reproduced from reference > under the Creative Commons Attribution 4.0 International License.
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can be visualised by staining with malachite green as shown in Figure 4.3. To assist in this
visualisation safranin is used as a counter stain allowing for the identification of the any

vegetative cells.

-
. rn\l &
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M

Figure 4.3: Images of B. thuringiensis endospores stained with malachite green and safranin O. (Scale in ym)
The evident red colouration in Figure 4.3 was thought be a result of cellular debris left
behind from the sporulation process. To verify this a small aliquot of the spores were

exposed to germinants and stained with malachite green and safranin O (see Figure 4.4).
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Malachite Green Safranin O

Figure 4.4: Structures of stains used for the visualisation of bacteria and endospores.

There is a clear difference between the light red cellular debris and the much darker red
vegetative cells. These dark red vegetative cells can also be seen to have replicated to
form linear filaments (Figure 4.5). This linear filament morphology is due to the binary

fission method of asexual reproduction.
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Figure 4.5: Images of B. thuringiensis vegetative cells stained with malachite green and safranin. (Scale in ym)

Germination testing by plate counting is not affected by the presence of this cellular
debris. However, should alternative quantification methods be used in the future this
debris could cause issues. Tavares and Souza et al. developed a procedure where
lysozyme was utilized to breakdown remnants of the vegetative cells.® Applying this
procedure to the B. thuringiensis endospores shown in Figure 4.3 affords a cleaner stain
as shown in Figure 4.6. The lysozyme enzyme effectively cleaves the glycosidic bonds
present between sugars that form the peptidoglycan cell wall in gram-positive bacteria.
The use of lysozyme on vegetative cells is common practice to kill the cell and liberate its
contents. As the coat that protects the endospore is formed from different components

itis resistant to the effects of this enzyme while its former mother cell is highly susceptible.
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Figure 4.6: Images of B. thuringiensis endospores post lysozyme treatment. stained with malachite green and
safranin. (Scale in ym)
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The use of transmission electron microscopy (TEM) to examine the cells revealed the large
quantity of fine debris particles even more evidently (see Figure 4.7). In the right

micrograph shown below the remnants of a mother cell is clearly visible.

Figure 4.7: Micrographs of cellular debris and endospores obtained via TEM analysis.
Following treatment by the lysozyme purification method the microscopy images are
noticeably free from debris with only the exosporium layers of the endospore remaining

(see Figure 4.8).

Figure 4.8: Endospores and their exosporium layers.

To begin the testing, the methodology for the germination experiment needs to be

determined. In this case the number of cells that germinate need to be calculated. To
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accomplish this the non-reversible nature of the germination process can be exploited.
Once the cell has germinated it cannot return quickly to its endospore form without first
passing through the lengthy sporulation process. Therefore, if germination is induced
followed by thermal shock to kill ensuing vegetative cells the remaining cells are an
indication of the remaining endospores. Stock concentration of B. thuringiensis
endospores are firstly thermal shocked to ensure that vegetative cells are not present

before the test.

In work published by Bishop® it was found that the amino acid L-alanine and the
nucleoside inosine provided high germination rates in B. anthracis and B. thuringiensis at
concentrations of 100 mmol L' and 10 mmol L', respectively.® This combination of
germinant was selected as it provides the required rapid germination and the treated
bacteria showed no evidence of growth and replication which is vital for the accuracy of

the plate counting experiment.

The gemination sample is comprised of a water polymer solution (800 pL), stock
endospore suspension (100 pL) and stock solution of germinants prepared at 10-fold the
final concentration required (100 pL). This method of preparation allows for the rapid

addition of the germinants.

The germination sample is then prepared and incubated for one hour at 37 °C followed

by repeating the thermal shock at 65 °C for a further one hour (see Figure 4.9).

G [ ——— Prepare [ —
Germination
65°C Sample -
_— —_—
1 hour -
[ — [ — [ —
- 37°C - 65°C B
1 hour 1 hour

Figure 4.9: Schematic representation of the sample preparation procedure used.
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4.2.1. Plate Counting

The plate counting method is widely used in the field of microbiology to quantify the
number of colony forming units (CFU) per millilitre of suspension. Three 100 pL aliquots
were taken from the germination samples and diluted sequentially. These dilutions were
then used to inoculate trypticase soy agar (TSA) plates in triplicate and incubated
overnight at 37 °C (see Figure 4.10). The resulting colonies can then be counted for each

dilution level where they are clearly distinguishable.
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Figure 4.10: Schematic representation of the plate counting procedure used in this study.
The gemination samples were prepared with a water-polymer-germinant solution. The
final concentration of the germinants was identical across all samples. Alongside each
germination sample was a control sample, this had no germinants added but was
subjected to the same temperature cycles. This control sample provides a comparison

such that the germination samples effectiveness can be determined.

The 4-nitro hydrogelator 2.6 was tested for its efficacy at a concentration of 0.5 mg mL
using the &-gluconolactone gelation method discussed in Chapter 2. Alongside this gelator
was also tested the cyano derivative 2.6CN. The degree of germination for these materials
was exceedingly poor with the nitro gelator performing the best with a germination of
36% when compared to the control. The cyano derivative 2.6CN performed significantly

poorer with an exhibited degree of germination of 8% compared to the control.’

The cause of this decrease in germination could be caused by a variety of factors, such as

incompatibility with &-gluconolactone method of gelation because of the resulting low pH.

114



Chapter 4 - Microbiological studies

Other potential causes include potential bactericidal properties of the urea derivatives 2.6

and 2.6CN.

Following the negative germination result with the hydrogels tested, the SMA polyglycerol
polymer was tested for its capability to assist with germination. The concentration of the
polymer solution used at the outset of these tests was 20% w/w. This concentration
provides contingency for adjustment should higher or lower concentrations be required.
The data shown in Table 4.1 comprises individual sample measurements where each
sample is sequentially plated in triplicate and averaged to give the degree of germination.
The data suggests that the polymer solution enhances the germination rate of the

endospores.

Germinants Only (%) Polymer Solution (%)

69.9 88.3
50.7 85.0
60.2 83.7
44.0 84.3
/2.3 85.3
62.8 83.7
/5.3 91.0
6/.4 89.1
59.2 89.2

Table 4.1: Average values from plate counts from 20% w/w SMA polymer solution.

This is further confirmed by the statistical model one-way analysis of variance (ANOVA)
which compares the means of distributions for significant difference. This data exhibits

p <0.01 (3.9x10°®), supporting the hypothesis that these data are significantly different.

The box plot shown in Figure 4.11 displays this data in a more visual manner where it can
be seen that the mean values of the analysed data are clearly separated and there is no

overlap of the minimum and maximum ranges and interquartile range.
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Figure 4.11: Box plot of degree of germination data from plate counts from 20% w/w SMA polymer solution
showing the mean (red line), interquartile range (blue box) and range (black lines). (n=9)

In comparison to other materials previously tested at Dstl'® the polyglycerol formulated
at 20% v/v offers greatly improved degree of germination over a period of one hour. The
benefit of polyglycerol over the materials that performed similarly (see Table 4.2) is its
high degree of functionality and exceptional affinity for water. The xanthan gum in
glycerol solution requires large quantities of glycerol to achieve the required viscosity and
water retention. The use of hyaluronic acid appears promising as it provides excellent
germination properties. However, the cost of the biopolymer can reach as high as £11000
g which makes it prohibitively expensive for the desired application."’ Finally, Poloxamer
407, an A-B-A copolymer made of polyethylene glycol and polypropylene glycol
(EG100PGesEGi00)'?, offers a similar degree of germination to that of the polyglycerol at
similar concentrations and a low cost. However, the benefit of the branched nature of the
polyglycerolis thatit is capable of further functionalization with little effect on its solubility

and water retention capacity.
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Material Germination (%)
p-cyano hydrogelator (0.5 mg mL™) 8
p-nitro hydrogelator (0.5 mg mL™) 36
Gum arabic (0.4 % w/v in 40% v/v glycerol) 50
Xanthan gum (1 % w/v in 40% v/v glycerol) 98
Hyaluronic acid mol. wt. 750-1,000 kDa (in 0.15 M NaCl) 98
Agarose (1 % w/) 30
Polyglycerol (20 % v/v) 95
Poloxamer 407 (20 % w/V) 98
Glycerol (40 % v/v) 50

Table 4.2: Degree of Germination for materials in water and L-alanine and inosine germinants.'%f

4.2.2. Alternative Methods for measuring Germination

While plate counting provides very accurate quantitative results there are a few
drawbacks to gauging germination by this process. This method is known to be very time
and labour intensive as agar plates need to be sterilized and prepared and each
germination sample requires 7-fold serial dilution and generates 21 agar plates which are
reduced to a single data point. Considering this, other methods of quantifying

germination were investigated.
4.2.2.1. Dynamic Light Scattering

Dynamic light scattering (DLS) is routinely used to measure the size of particles within a
solution by means of scattered light from an incident beam. The scattered speckle pattern
varies over time based on the Brownian motion of the particles in solution. Larger
particles diffuse slower through the solution than smaller particles. At first glance this
method would appear to be perfectly suited to this task since as the endospores
germinate they grow in size by a significant factor. However, while this method could
reliably measure the size of the endospore, the vegetative cells are much more difficult to
characterise. As DLS relies on the size of the surface that scatters the light back the
approximately spherical endospore provides an even surface at every orientation. The
vegetative cells of B. thuringiensis and other members of the Bacillus genus are rod shaped

as such the traditional methods of DLS analysis would detect an average of different sizes

" The author is grateful for the testing of the hydrogelators and supply of data on previously tested
materials by Dstl."°
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of particles depending on the orientation of the cell relative to the incident beam."® The
example shown in the schematic of Figure 4.12 exemplifies this effect through the rotation

of an endospore and vegetative cell.

Endospore Orientation

ol O Ol TIIl

Variation in DLS

Vegetative Cell Orientation Penreived Size

@1 QO 1

Figure 4.12: Comparison of endospore and vegetative cell perceived size by DLS.

Additional calculations for the Brownian motion of rotation are required in order to
accurately determine the size of these rods which significantly increases the complexity
of this method."*"> Further compounding these limitations is the requirement that an
accurate refractive index is given for the material being analysed. However, as the
endospore germinates the opacity and refractive index changes dramatically thereby

altering the measurements taken.
4.2.2.2. Optical Density

Optical density measurements are common place in microbiology research as a method
of measuring the density of cells in a solution. In a similar fashion to DLS, the bacteria in
the solution scatter the incident light beam resulting in a lower transmission. It is this
transmission that can be used to measure cell replication, since optical density is known

to be linear with respect to cell density."®

Optical density measurements are typically taken at 600 nm (ODeoo), but this can be
altered between 400 and 800 nm depending on the species being analysed. This
minimises damage that can occur when using shorter wavelength radiation such as UV

while still providing accurate readings.
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This method has previously been used for quantification of B. thuringiensis cells and
endospores and therefore could provide insight into the germination over time."”'® Using
a UV-Vis spectrophotometer an absorption spectrum was taken of a diluted sample of
endospores every minute for two hours (see Figure 4.13). During this time the suspension
was kept at 37 °C to match the conditions used previously. There was a noticeable
decrease in absorption over time while the line shape of the spectrum remained the

same.
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Figure 4.13: UV-Vis spectrum of B. thuringiensis endospores over time at 37 °C.

This can be visualised more easily by taking the normalised absorption values at 600 nm
over time (see Figure 4.14). There is a slight decrease in this absorption most likely as a
result of sedimentation of the endospores. Though this effect was not visible by eye the
greater sensitivity of the spectrophotometer allows for this determination. Using this data

as a baseline the germination measurements can be adjusted to take this into account.
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Figure 4.14: Absorption at 600 nm vs. time for B. thuringiensis endospores at 37 °C.

The graph in Figure 4.15 shows an initial sharp drop in relative optical density for both
samples. This correlates to the first stage of germination as the cells begin to rehydrate
and expel the salts within." This shows similar germination rates for both the germinant
only as well as the germinant polyglycerol solution within the first five minutes. After this
point the germination in polymer solution can be seen to continue at a greater rate than
that of the germinant only solution. At a period of 20 minutes after germination began
the polyglycerol enhanced solution exhibited a 33% greater loss in optical density. After
one hour this manifests as a ten percentage point lead for the polyglycerol solution which

the germinants alone only reach after a further one hour of incubation time.
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Figure 4.15: Optical density of germinating solutions relative to the endospores alone.
While this method does not provide the quantifiable accuracy found with the plate
counting method it gives insight into the minute by minute process of germination and
how this is affected by the material. As well as greater temporal insight this method offers

rapid results with usable data being return with two to three hours compared to the plate

counting technique which can take up to two days including preparation of materials.
4.3. Conclusion

B. thuringiensis HD-1 cry” endospores were cultivated and purified by means of a lysozyme

based method.’

The nitro and cyano urea hydrogels 2.6 and 2.6CN were tested against B. thuringiensis as
a potential effective material for encouraging germination and quantified by plate
counting. They were found to be ineffective for this purpose with the degrees of
germination of 36% and 8% respectively, significantly lower than previously tested

alternatives.

SMA polyglycerol was also tested by means of plate counting and shown to be highly
effective at encouraging germination of the endospores. In order to gain greater insight
into the process of germination the method of measuring optical density was

investigated. Using the endospores alone as a baseline the polyglycerol enhanced
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solution showed a 33% greater loss of optical density compared to that of the endospores
and germinants alone after 20 minutes. This improved over time with the polyglycerol
solution reaching 75% relative ODeoo Within 60 minutes compared to the 120 minutes for

the endospores and germinants alone.

This study provides an excellent foundation for further investigation into the germination
rates of B. thuringiensis in polyglycerol solutions by means of ODsoo measurements. These
data have been shown to provide greater insight into the temporal process of germination
at the expense of quantitative accuracy. Since the exact CFU values do not carry inherent

meaning for this analysis this method offers a high throughput alternative.
4.4. Methods

The growth media used in these studies was trypticase soy broth TSB (containing
pancreatic digest of casein 17.0 g, enzymatic digest of soya bean 3.0 g, sodium chloride
5.0 g, dipotassium hydrogen phosphate 2.5 g, glucose 2.5 gand dH20 1 L). The plates used
were tryptic soy agar and used the broth listed above with the addition of agar 15.0 g.
Germination experiments were carried out with a final germinant concentration of L-
alanine 100 mmol L™ and inosine 10 mmol L. B. thuringiensis endospore stock solution of
2.5x108 CFU mL" was used to inoculate the germination samples. ODgoo Mmeasurements
were recorded using a Varian Cary 300 UV-Vis spectrophotometer at 37 °C and analysed

with MATLAB®. TEM micrographs were obtained on a JEOL JEM 2100 plus TEM.
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Chapter 5

Conclusions and Future Perspectives

The primary aim of this project was to produce a formulation capable of rapid disclosure
of surfaces contaminated with B. anthracis endospores. In order to accomplish this the
project was divided into 3 distinct sections of work: i) development of a formulation
capable of retaining moisture without restricting germination, ii) synthesis of a disclosure
agent capable of indicating the presence of B. anthracis and iii) testing products

synthesized on a biological simulant to evaluate their use in the field.
5.1. Materials for BWA Disclosure - Gels and Polyols

Humidity is a major factor in encouraging germination of the endospores. To accomplish
this while also maintaining the desired final chemical, physical and optical properties of
the formulation a variety of methods were investigated. For endospore germination the
formulation needs to be highly hygroscopic and water soluble." The use of the final
formulation in the field means care must be taken into account with regards to the

environmental persistence to ensure that it does not contaminate land or water supplies.

The sub class of Low Molecular Weight Gelators (LWMGs) known as supergelators were
thought to be suited to this application because of their ability to for rigid gels at
concentrations of less than 1 wt%. The type of LMWG initially selected for these studies
were nitro and cyano gelators 2.6 and 2.6CN proposed by Hayes et al. These supergelators
were synthesized and found to be very promising with regards to their ability to retain
moisture over an extended period. Gels of 2.6 prepared with concentrations 5 mg mL" in
uncapped vials showed exceptionally low evaporation rates of less than 3% over 142
hours. When testing more realistic environmental conditions by means of glass slides the
water retention was significantly affected by the greater surface area. While the duration
of interest is only between one and two hours, the ability of these materials to retain

moisture in ideal conditions is far in excess of these times was promising.

Following this work polyglycerols were investigated as a potential route to a formulation

with high water retention, low colorimetric and fluorometric interference and high
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viscosity. These hyperbranched materials are highly water soluble, possess extensive
hydroxyl functionality for future functionalisation and are comprised of ether linkages

rendering them particularly stable and unreactive.

Polyglycerols were synthesized using the slow monomer addition (SMA) procedures
outlined by Frey et al.* with the slight modification of the bases cation counterion to
sodium from potassium. The lower cost and greater availability of the sodium methoxide
prompted its selection. It was found during these syntheses that use of this cation
prompted greater formation of cyclic structures within the polyglycerol material. The SMA
procedure, while effective, is not a high throughput method and is heavily restricted by
the capacity of the syringe pump equipment. In order to probe the necessity of the SMA
procedure an alternative method was derived where the glycidol monomer was added in
the bulk and slowly heated to 95 °C over two days. This slow heating was required in order

to prevent thermal runaway and explosive polymerisation.

The bulk polymerisation method resulted in formation of predominantly cyclic structures.
This was thought to be caused by the templating effect of the sodium cations whereas
potassium cations used previously by Frey et al. are more likely to be chelated by the
diglyme solvent. This effect was exacerbated by the low temperatures and long reaction

times of the bulk procedure.>®

The polyglycerols generated via the SMA procedure exhibited ideal physical properties to
the originally discussed requirements. The relatively low reactivity of the hydroxyl
functionality and resilience of the ether linkage makes these materials particularly stable
as is evident from the TGA analysis which showed these materials can endure the
temperatures found within an autoclave meaning they could easily be prepared as an
aseptic solution. This particular benefit would allow for mass production of final
formulations and enable long-term storage without degradation. Since these
formulations will contain sugars and amino acids to initiate germination the ability to
sterilise them will prevent unintended biological growth. Unwanted proliferation of BWAs

resulting from these solutions could pose significant risk to the end user.

In the light of the data obtained from studies on hydrogelators and hyperbranched

polyglycerols, the priority for the continuation of the development of these materials
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would be to investigate the potential alternative morphologies arising from the use of
different cations, such as potassium, rubidium or caesium, during polymerisation.
Variation of the alkali metal has been shown to produce differing templating effects as
well as the use of more highly charged cations such as Ca®*.>® The morphological variants
produced form these studies should perform similarly to those already tested as they only
differ by their degree of branching which is not expected to impact the germination of the

bacteria.

The SMA polyglycerols provide an excellent hyperbranched backbone to which can be
attached bioactive components such as sensors and cleavable decontamination groups.
Orthogonal reactivity provided by addition of alternative functional groups enables facile
further modification of the polymer while maintaining the high hydroxyl functionality.
Installation of the pendant furfuryl alcohol groups allows for this via the well-known Diels-
Alder thermoreversible reaction. The benefit of this method is that these reactions are
typically conducted in very mild conditions and at low temperatures which allows for
sensitive or less stable functional compounds to be attached to the polymer backbone

without fear of degradation or damage to these materials.

Alongside these active compounds it would also be possible to introduce
thermoreversible cross-linking compounds such as bismaleimide 2.15 (see Scheme 5.1).
The introduction of this cross-linking moiety could greatly increase the viscosity and

potential water retention capabilities by increasing the effective molecular weight of the

& O3 - gt Py

Scheme 5.1: Bismaleimide facilitated cross-linking of polymer chains via Diels-Alder reaction.
It was noted that the furfuryl functionalised polyglycerols exhibited interesting lower
critical solution temperature (LCST) characteristics in water (see Figure 5.1). This
characteristic has only been observed previously with linear aliphatic modifications to the

polyglycerol backbone as described recently by Liu and Chen et al. in late 2017.7
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Figure 5.1: Left) 20 °C solution of FGE copolymer in water Right) 45 °C solution of polyglycerol in water.

The modified polyglycerols reported by Liu and Chen et al. were formed by
functionalisation of polyglycerol post-polymerisation by carbonyl diimidazole (CDI)
coupling on a milligram scale (<300 mg polyglycerol). These results represent a proof of
concept approach whereby very small quantities of material can be produced with the
observable LCST effect. Conversely, the results described herein show an approach that
can produce a similar observable LCST effect at much larger scale (ca. 50 g) by means of
a process that is more suitable for industrial scaling. Combined with this is the ability of
the furfuryl groups to act as functionalizable handles to provide further modification
without reduction of the number of hydroxyl groups. Since the materials described by Liu

and Chen et al. are only functionalised with aliphatic chains providing no further reactivity.

In addition to the synthesis outlined by Liu and Chen et al. their chosen method of analysis
was using fluorescence spectroscopy with the dye Nile red as the fluorescent probe to
determine the solutions’ cloud point. The method selected for use in this study was DLS
analysis. The advantage of this measurement technique is the insight it provides into

particle size distribution within the solution.

The method of synthesis for these materials can be easily adjusted and by varying the
point of addition hyperbranched block copolymers could be achievable which will
dramatically affect the physical properties of the material. Should the FGE monomer be
introduced to the reaction separately to the glycidol monomer the resulting polymer will
likely develop significant amphiphilic properties due to the more defined separation of

hydrophilic and hydrophobic segments.
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The increased amphiphilic or bolaamphiphilic nature of the resulting material could lead

to increased formation of micellar structures and other self-assembling networks.®"’
5.2. Disclosure Agent

During the process of germination, B. anthracis endospores release the biomarker calcium
dipicolinate (CaDPA) which is used to improve the thermal stability of the endospore.??
This biomarker has been targeted by researchers as a highly specific indicator for the

presence of endospores.

The majority of these sensors are based on the inherent chelation of the terbium trivalent
cation by the dipicolinate anion.'>' The first organic disclosure agent capable of
identifying DPA was originally synthesized by Curiel et al. In order to identify the suitability
of this disclosure agent for the desired application outlined previously. For this purpose,
the original disclosure agent 3.1 was synthesized. Subsequent tests determined it was
inappropriate for the required application, primarily because of its lack of water solubility
and instability, as the desired formulation is both aqueous-based and likely to be stored

for extended periods of time of up to one year.

To mitigate these issues attempts were made to improve the colorimetric response of 3.1
by introducing structural changes to the carbazole moiety that would expand the
n-system. This feature could also be utilised to attach to the disclosure agent to the
polyglycerol backbone or solubilising groups to enable solvation in aqueous formulations.
Computational studies showed that this could be effective as the HOMO and LUMO were
now clearly spread over a larger conjugated area. This approach was restricted by the
unexpected low reactivity of the carbazole diester 3.10 which could not be resolved with

the alternative routes attempted.
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Figure 5.2: Alternative routes attempted to obtain formyl carbazole diester.
The issue of water solubility was tackled by attempting to introduce a charged
imidazolium species 3.27. Optimizations were performed in an attempt to reach the final
ligand, such as the utilisation of N-(2-bromoethyl)-phthalimide. However, this was not
concluded as a result of difficulties encountered with purification at the final stage.
Disappointingly, because of this and other setbacks encountered during this study the

proposed electrostatic detector 3.26 was not synthesized.

The priority for continuation of this work would be completion of the synthesis of
modified of the sensor 3.26 with optimisation of purification procedures following the
hydrazinolysis of phthalimide imidazolium iodide 3.35 leading to the synthesis of the

amine imidazolium salt 3.27.

Further to this, the intended colorimetric response could still be achieved through the
modification of the ring structure of the carbazole component of the detector. This was

suggested by the computational calculations carried out on the theoretical structures.

An alternative procedure involving the direct coupling of phenyl groups to the carbazole
moiety could also yield such a colourimetric detector as shown in Scheme 5.2. However,
the majority of these reactions rely on the formation of the aryl halide which is obtained

would also assist in opening up many other reaction pathways.
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Scheme 5.2: Direct coupling of phenyl substituents to the carbazole ring
via an iodo functionalized carbazole diester.

Alternatively, by utilising the synthetic pathway outlined by Curiel et al. the addition of the
stilbene moiety prior to the palladium catalysed coupling of the phenyl ring precursor
could yield the desired carbazole stilbene (see Scheme 5.3). The stilbene precursor 5.1
could be synthesized via the Heck coupling by employing a procedure developed by
Morishita et al.'® The implementation of this functionality prior to the Cadogan nitrene
insertion could avoid the drawbacks of the low reactivity of the resulting carbazole.
O toluene O
Pd(PPhs),
-0 OH Na,CO5 (2 M)
s \ . \
0 OH 00— A —0 00—
) W
) 0] O
O,N

A | P(OEt)

()
—0 OO Oo\

o)

Scheme 5.3: Synthesis of stilbene carbazole disclosure agent precursor via palladium catalysed Suzuki reaction
followed by Cadogan nitrene insertion.

5.3. Microbiological Studies

In order to evaluate the effectiveness of formulations at providing suitable environments
for germination a series of microbiological studies were carried out. However, since the

use of B. anthracis is restricted for obvious reasons an alternative simulant was used.
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B. thuringiensis subsp. kurstaki HD-1 cry— was selected for this purpose as it has been

shown to be a particularly accurate replacement to its more hazardous relative."’

The cultivation of B. thuringiensis HD-1 cry. endospores and subsequent further
purification by means of a lysozyme based method'® was very successful at yielding the

required simulant endospores.

Nitro and cyano urea hydrogels 2.6 and 2.6CN were tested against B. thuringiensis as a
potential effective material for encouraging germination and quantified by plate counting.
They were found to be ineffective for this purpose with the degrees of germination of 36%

and 8% respectively, significantly lower than previously tested alternatives.?

Polyglycerol produced via the SMA method was tested by means of plate counting to
establish its efficacy towards encouraging germination endospores. To gain greater
insight into the process of germination over time the method of measuring optical density
was investigated. Using the endospores alone as a baseline, the polyglycerol enhanced
solution was shown to give a 33% greater loss of optical density compared to that of the
endospores and germinants alone after 20 minutes. This improved over time with the
polyglycerol solution reaching 75% relative optical density at 600 nm (ODego) within 60

minutes compared to the 120 minutes for the endospores and germinants alone.

The priority for continuation of this work would be the further development of the ODsoo
technique for quantifying germination rates. This method has been shown to provide
greater insight into the temporal development of the bacteria in response to a particular
germination environment. Since the CFU values obtained via the plate counting method
are relative to a control sample run at the same time the only benefit they provide is the
ability to distinguish between viable and non-viable endospores. The high throughput
offered by the ODsoo measurement method could enable more rapid data collection and
faster formulation development compared to the two days and large quantity of agar

plates it would typically take to run samples via the plate counting method.
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