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ABSTRACT

Valorization of biomass waste has been postulated as the ‘new frontier in green chemistry’,
moving the field beyond waste remediation and minimization. It has been boldly proposed that
biomass waste could serve as complementary and alternative feedstocks to conventional fossil-
based raw materials, leading to the emergence of a new paradigm: the biorefinery concept, i.e.,

envisaged as sustainable conversions of biomass into a broad spectrum of biobased products.

In this work, we will explore a novel encapsulation design concept of employing a carbohydrate
shell to encapsulate a biosensor envisaged for in vivo deployment. We will present a novel
concept of producing modified oligosaccharide molecules with tailor-made properties intended
for specialty/niche biomedicine biosensor application. To this end, the deliberate utilization of
mechanical forces and energy by means of high speed ball milling (HSBM) to effect purposeful
chemical transformations of recalcitrant oligosaccharides, as a non-thermal and solvent-free
method for the preparation of useful new materials and platform molecules will be demonstrated,
in this case, a tailor-made chitosan oligosaccharide. Chitosan oligosaccharides were reported in
the literature to exhibit augmented antibacterial, antifungal, antitumour, immunoenhancing,
lower haemolytic or hepatotropic profile, lower toxicity and other biological activities at the
cellular or molecular level whilst forming thinner, more transparent, and smaller sized films than
high molecular weight chitosan or polymeric chitin commonly used in many applications; the
above properties would undeniably be desirable for biosensing applications. This work aims to
demonstrate a proof-of-concept for producing high-value oligosaccharide biomaterials from
abundant and renewable biomass carbohydrate residues (shellfish waste) which are inherently
biodegradable, as a sustainable carbon based feedstock, hence fully embracing the concept of a
waste-based biorefinery. The biomass conversion in this work is guided by the design philosophy
of using milder processing/treatment conditions (enabled by mechanochemistry) in order to
preserve Nature's highly functionalized biomacromolecules (valorized as precious resources),
retaining a high proportion of the original chemical structure, functionality, and complexity, as a
value creation strategy, thus departing from the normative tradition of synthesizing complex

molecules from simpler starting precursors.
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RESUME

La valorisation des déchets de la biomasse a été postulée comme la «nouvelle frontiére de la
chimie verte», faisant passer le champ au-dela de I'assainissement et de la réduction des déchets.
Il a été audacieusement proposé¢ que les déchets de biomasse puissent servir de matiéres
premicres complémentaires et alternatives aux matieres premicres fossiles conventionnelles,
conduisant a 1'émergence d'un nouveau paradigme: le concept de bioraffinerie, envisagé comme

une conversion durable de la biomasse en un large ¢ventail de produits d'origine biologique.

Dans ce travail, nous allons explorer un nouveau concept de conception d'encapsulation en
utilisant une enveloppe de glucides pour encapsuler un biocapteur prévu pour le déploiement in
vivo. Nous présenterons un nouveau concept de production de molécules d'oligosaccharides
modifiées avec des propriétés sur mesure destinées a l'application de biocapteurs spécialisé en
biomédecine. A cette fin, l'utilisation délibérée de forces mécaniques et d'énergie au moyen d'un
broyeur a boulets de forte énergie pour effectuer des transformations délibérées et utiles
chimiques d'oligosaccharides récalcitrants, en tant qu'une méthode non-thermique et sans solvant
pour la préparation de nouveaux matériaux utiles et des molécules de plate-forme sera démontrée,
dans ce cas, un oligosaccharide de chitosan sur mesure. Plusieurs études ont démontrées que les
oligosaccharides de chitosan montrent de nombreuses activités biologiques rehaussées
antibactériennes, antitumorales, immunostimulatrices, de moindre toxicité, et d'autres tout en
formant des films plus minces, plus transparents et de taille inférieure a ceux formés a partir de la
chitine polymérique ou du chitosan a haut poids moléculaire couramment utilis¢é dans de
nombreuses applications. Ce travail vise a démontrer comme preuve de concept la production de
biomatériaux oligosaccharidiques de grande valeur a partir de résidus de glucides provenant
d'origine de biomasses abondantes et renouvelables (déchets de coquillages) qui sont de nature
intrins€quement biodégradables, en tant que matiére premiere de carbone durable, ainsi,

entierement épouser 1'idée et le concept de bioraffinerie a base de déchets.



La conversion de la biomasse dans ce travail est guidée par la philosophie de conception
privilégiant des conditions de processus/traitement plus modérées ou douces (mécanochimie)
afin de préserver les biomacromolécules hautement fonctionnalisées de la nature (valorisées
comme ressources précieuses), conservant une proportion élevée de la structure, fonction, et
complexité chimique originale, en tant que stratégie de création de valeur, s'écartant ainsi de la
tradition normative de la synthése de molécules complexes a partir de précurseurs de départ plus

simples.
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This thesis is divided into four parts. Chapter 1 presents the research background and motivation,
and culminates with the introduction of the Statement of originality in section 1.4. In Chapter 2,
the general experimental methods in section 2.1 are presented, followed with the detailed
experimental procedures in section 2.2. In Chapter 3, experimental results are presented and
discussed. Chapter 4 summarizes this thesis with an emphasis on its original contribution to the
body of knowledge, and closes the thesis with a discussion on possible future work, along with
offering perspective on the long-term implications of the HSBM solvent-free methodology
developed in this thesis on several fields such as green chemistry, medicinal chemistry,
pharmaceutical and biomedical fields. As illustrated above, an outline of the logical dependency
amongst subchapters and chapters is shown to reveal the overall structure of the thesis. Attempts
were made to make each chapter self-contained and cross-references were introduced throughout
the thesis to highlight the intricate interdependencies between subchapters and chapters, to re-
emphasize important points, concepts, ideas, groups of supporting and/or pertinent references
that were previously introduced, offer a slightly different perspective on a topic but looked at
from a different viewpoint (i.e., from a different section or chapter), as well as to aid the reader
in navigating between the subchapters and chapters with clickable cross-reference links

(electronic version of thesis only, idem for references).

Xiv



AcOH
ACS
COS
COSY
D-GIeN
DMF
DMSO
DP
EtOH
FCC
Fmoc
FSCW
HCl
HMBC
HMWC
HSBM
HSQC
KI
LAG
LMWC
MALDI-MS
MEMS
MeOH

LIST OF ABBREVIATIONS

acetic acid

acute compartment syndrome
chitooligosaccharides

correlation spectroscopy
D-glucosamine
N,N-dimethylformamide

dimethyl sulfoxide

degree of polymerization

ethanol

flash column chromatography
9-fluorenylmethoxycarbonyl

food supply chain waste

hydrochloric acid

heteronuclear multiple-bond correlation
high molecular weight chitosan

high speed ball milling

heteronuclear single quantum coherence
Knoop index

liquid-assisted grinding

low molecular weight chitosan

matrix-assisted laser desorption/ionization mass spectroscopy

microelectromechanical system
methanol

number-average molecular weight
weight-average molecular weight
nuclear magnetic resonance
polydispersity index

toluene

polytetrafluoroethylene

XV



TEG tetraethylene glycol
THF tetrahydrofuran
TLC thin layer chromatography

XVi



CHAPTER 1
INTRODUCTION

1.1 From ocean-sourced renewable feedstock to biobased platform chemicals

Valorization of biomass waste has been postulated as the ‘new frontier in green chemistry’,
moving the field beyond waste remediation and minimization, e.g., avoiding the use of toxic
and/or hazardous reagents and/or solvents'. It has been boldly proposed that biomass waste could
serve as complementary and alternative feedstocks to conventional fossil-based raw materials,
leading to the emergence of a new paradigm: the biorefinery concept'”. A biorefinery would be a
facility producing multiple products, including fuel, power, bulk or fine chemicals, and materials
from biomass feedstocks, in direct analogy to the more familiar petroleum refinery, which
produces fuels and chemicals from crude oil®; the vision is of a future biobased economy in
which integrated biorefineries would produce biofuels, commodity chemicals, and novel
materials'. More succinctly, the biorefinery concept is envisaged as ‘sustainable conversions of

biomass into a broad spectrum of biobased products’®.

The ultimate aim would be a gradual and eventual substitution of non-renewable based
feedstocks such as fossil resources (crude oil, coal, or natural gas, which currently supply 90% of
all our energy needs’, e.g., untenable dependence on petroleum as a single energy source for
transportation fuel'®) with renewable biomass as a sustainable carbon based feedstock for the

manufacture of commodity chemicals'? %!

. In fact, several governments have passed
legislation mandating a fractional increase in gross domestic chemical production from
renewable resources, especially of biomass-origin, e.g., the U.S. Department of Agriculture set
an ambitious goal to derive 25% of U.S. chemical commodities from biomass by 2030°. In this
context, food supply chain waste (FSCW), defined as ‘any organic material produced for human
consumption that is discarded, lost or degraded primarily at the manufacturing and retail stages,
including waste arising from pest degradation or food spoilage’®, is posited as a new and

1,2,12

promising feedstock for this novel biorefinery concept = °. The strategy of food waste



valorization through re-use as sustainable raw material for the production of higher value
marketable products is highly alluring when compared with current waste processing practices?,

especially considering that the bulk of food waste either ends up in landfills"-"

or gets dumped at
sea' '°. Besides environmental impact (e.g., water supply contamination through inorganic
matter leaching), and decreasing availability of landfill sites, landfill waste disposal can be
costly®. For instance, the stricter regulations and standards of the EU landfill directive has caused
the landfill gate fees to surge from £40-74 (2009) to £68—111 (2011)>. Similarly, landfill
disposal costs in Australia has been reported to reach as high as $150 USD per tonne'”. Given
that such food waste is currently attributed an economic value less than the cost of collection, or
is not being recovered nor recycled with intention of reuse for other purposes, the incentive is to
discard such raw materials as waste’. For example, the monetary value of dried shrimp shell
powders is about $100-$120 USD per ton', clearly valued below collection costs. Although
specific regulations have been introduced in the 1970s prohibiting the dumping of untreated
shellfish waste into the ocean®, and similar legislation is being introduced in Canada'®, the

questionable practice of uncontrolled biomass waste dumping at sea seems to continue

unabated'”.

The fundamental issue is the sheer scale and rate at which the food supply chain industry in its
present form produces biomass waste” for which supply greatly exceeds demand'®. To illustrate
the enormous amount of biomass waste generated by the seafood processing industry, consider
the global annual harvest of crustaceans (shrimps, crabs, and lobsters) estimated to be over 13

17,19 .
7, materials

million tonnes', of which at least 50% by weight consists of inedible seashells
traditionally considered as waste’. Worldwide annual production of shellfish waste has been
estimated to be up to 1.44 tonnes (dry weight)'’, or between 6 and 8 million tons®. For the
Canadian province of Newfoundland and Labrador, an estimated 39,000 tonnes per year of
shellfish waste is generated; an amount which would make up about 35% by weight of the
commercial harvest of northern shrimp and snow crab'®. The large volume of generated biomass
waste that (1) has slow environmental biodegradation rate'’, (2) is of putrescible nature?, and (3)

eventually accumulates in coastal areas after being dumped into the sea'’, which altogether

create a major environmental problem that undoubtedly needs to be addressed.



A proposed path forward to meet several objectives such as environmental protection, e.g.,
minimizing the environmental impact of waste streams in terms of reduced volume and/or
contamination loading'®, and more efficient resource and waste management is the development
of new valorization routes, namely via the concept of a waste-based biorefinery”. Chiefly, FSCW
feedstocks rich in organic residues would be fed back into a closed-loop supply chain
biorefinery’. FSCW feedstocks offer several benefits such as being abundant, readily available,
presently underutilized’, renewable on a human time scale'’, and suited for decentralized
production'®. Most importantly, FSCW feedstocks have rich contents of valuable functionalized
molecules such as carbohydrates, dietary fibres, proteins, lipids (triglycerides, fatty acids), and

phytochemicals (phenolics, carotenoids, and tocopherols)**°

. Notably, dry crustacean shellfish
biomass is a renewable source of chitin, which accounts for about 20-30 wt% of the former'. As
nitrogen-containing functional groups are already present in chitin, it has been advanced that
such biopolymer could serve as feedstock material for the sustainable production of nitrogen-
containing bio-based commodity chemicals in a more economically viable, less energy-intensive,
and with lighter environmental footprint than existing industrial processes (complex, multi-steps,
redox-intensive, costly) which rely on petroleum-derived feedstock'>'®. Indeed, the prospect of
direct and redox-neutral conversion'® from biomass carbohydrate residues (bio-waste or food
waste) to value-added chemicals would be quite enticing, especially if a reasonable proportion of
the inherent chemical complexity of the former is preserved in the latter™®*°. Thus, biomass
valorization and conversion from functionalized feedstocks of relative chemical complexity
would represent a significant departure from the prevalent yet unsustainable tradition of
synthesizing complex molecules from simpler starting materials and/or precursors'®. Ultimately,
renewable biomass (cellulose, chitin’) could be the only sustainable source of organic carbon for

9,21

the long-term production of fuels and chemicals™ . Additional drivers underpinning biomass

valorization include dwindling worldwide supply of petroleum feedstock™”®" 1141822 'itg rising

2,10,18,23

commodity price , its higher price volatility*?, along with public concern over its

15,24,25

security , consequently, petroleum-based feedstock is becoming comparatively less

appealing as a carbon source'’. However, to harness the full potential of biomass as a renewable
carbon feedstock for the production of valuable platform chemicals, a key prerequisite would be
its deconstruction/separation into component526. This challenging problem is often referred to as

26,27

‘biomass recalcitrance’™’, i.e., the innate recalcitrance of insoluble polysaccharides such as



6,27

chitin” to microbial® or enzymatic®?’ or chemical (known over 100 years using mineral

acids)'™*® depolymerization into more useful constituent oligosaccharide building blocks (i.e.,
molecules containing multiple functional groups with recognized derivatization potential into
new families of useful structures)”, whereby efficient hydrolysis is hindered by such substrate's
inherent chemical stability, insolubility, and crystalline nature®’. As such, a recalcitrant substrate

is generally subjected to a pretreatment processing step which aims to disrupt its crystalline

7,8,19,21,25-33

structure , and/or to reduce its degree of polymerization or/and particle size

(comminution), thereby promoting accessibility of the polymeric backbone to reagents in

8,26,27,29,31

subsequent transformations , including enzymatic hydrolysis??**"*. To this end,

various pretreatment technologies are available, which can be classified into four categories”:

physical or mechanical (e.g., ball milling™®, steam explosion®*®), solvent fractionation (e.g.,

organosolv process’, phosphoric acid fractionation®®

5,8,26

, dissolution/re-precipitation in non-

derivatizing solvents such as ionic liquids
5,826

), chemical (e.g., pre-hydrolysis with acidic or

alkaline solutions®*?, oxidative’), and biological (e.g., fungi)s. Relating to pretreatment process

design and selection, due consideration should be given to several factors like economic viability,
environmental footprint, simplicity and efficiency”'. From an industrial perspective, multi-step
processing and/or separation decreases the overall atom economy, increases energy consumption

and generates more waste'”. From an environmental viewpoint, the large quantity of wastewater

3,6,8,13,20,21,25,33 7,8,11,13,32

emission from biomass processing , engenders environmental toxicity ,

. . -8,11,13,20,21,25,32 :
reactor/equipment  corrosion®®! 132021233233 1 and - catalyst  recycling/recovery type of

6,11,13,20,21 6-8,20,21

complications , which imposes additional treatment costs . Moreover, established

wastewater treatment processes are deemed energy intensive’ and environmentally

unfriendly’”*. Owing to the elevated capital costs associated with wastewater treatment’***

and/or solvent recycling” (e.g., effluent wastewater containing chemicals)'’, the general
consensus is that efforts in designing and developing biorefinery schemes should lean towards
solvent-free processes™, in other words, limiting the production of aqueous effluents is sine qua
non in biorefinery processes'’. To this aim, ball-milling in neat grinding (solvent-free) mode

27,31

emerges as an important mechanochemistry methodology for the pretreatment and/or ensuing

transformation of recalcitrant biomass®’"!

for several reasons: (1) comminution and/or
amorphization of the crystalline domains of the biomass, rendering it more susceptible for

following chemical or biochemical depolymerization®', and (2) potential of the process to enable



access to solid-state chemical reactivity’ for reagents with known inherent insolubilities in
common solvents®, which otherwise would be challenging (not readily accessible) or impossible

3638 The following section will further elaborate

using traditional solution-based methodologies
on the application of ball-milling as an invaluable means to conduct solvent-free
mechanochemical reactions initiated or sustained through mechanical force®>*’. From either an
ecological or economic perspective, the possibility of avoiding ‘tonnes of solvents’ is a
significant advantage’'; all things considered, effective use of mechanical forces not merely
provides an environmentally friendly entry-point (or as a key step) into biorefinery

13,26,28,29,31

schemes , the economic viability of said biorefinery schemes may well depend on such

key process' !,
1.2 Mechanochemistry, an enabling methodology suited for the transformation of recalcitrant

biomass feedstock

Of fundamental interest in understanding chemical processes is finding the most effective way to
‘activate covalent bonds’ or the most appropriate method (least dissipative) to distribute, transfer,
and supply energy into the reaction system to initiate and/or sustain chemical reactions***,
including the heating of reaction mixtures®™. Late 19th century saw the formalization of the
chemical disciplines into the branches of thermochemistry, electrochemistry, and photochemistry,
using a classification system based on the type of energy input used for chemical activation®”**,
Collectively, they embody the current paradigm of solution-based protocols whereby the solvent
is considered an essential medium for mass and energy transport, without which, the latter are
deemed impeded™. Surprisingly, the persistent belief that neither reactions*® nor
transformations’® can proceed in the absence of solvent(s) was held for a long time, as attested
by an early translation into Latin of ancient Greek philosopher Aristotle's (384 - 322 B.C.)
quotation ‘corpora non agunt nisi fluida (or liquida) seu soluta’ which was later translated into
English as ‘compounds do not react unless fluid (or if dissolved) ”">**. The statement reputedly
originates from Aristotle's work De Generatione et Corruptione, where it was suggested that the
original text in native Greek would translate into a less problematic (read softer) version as ‘it is
chiefly the liquid substances which react...for instance liquids are the type of bodies liable to

mixing . Around the same period circa 315 B.C., Aristotle's student, Theophrastus of Eresus,

wrote a booklet containing a reference to the application mortar and pestle to reduce cinnabar to

5



elemental mercury by grinding it in the presence of vinegar (acetic acid) in a copper vessel’’ %%,

This surviving record would suggest that the possibility of initiating chemical reactions by
grinding inorganic materials was known early (Classical Greece, 4th century B.C.), without
necessarily implying that ancient Greeks knowingly practiced mechanochemistry*®, hence the
statement that chemical and structural transformations by mechanical milling or grinding have

»20,47,48

been central to the processing and synthesis of materials ‘since antiquity is indeed

46,49
3746, , one has to fast forward

supported by early historical documents. In spite of its long history
for about 2000 years*® (including the Middle Ages’’ where the mortar and pestle was the
standard laboratory instrument of the alchemist and early chemist, and observations on chemical
effects were seldom recorded*®) for a modern perspective on the topic of mechanochemistry. The
present view is often ascribed to Wilhelm Ostwald (1853-1932) who in 1919 recognized
mechanochemistry in its broader sense as one of the four sub-disciplines part of the framework
of physical chemistry at the same level or equivalency as thermochemistry, electrochemistry and

g 37:44-46,48,49
photochemistry” "™

, 1.e., as a fourth way of chemical activation, albeit one which is still
presently poorly understood comparatively to the other three fields*"**°. Whilst still in its
infancy, he commented that ‘we shall call it mechanochemistry for lack of a better name, as it
involves dispersion or defloculation by mechanical means, thereby bringing about so-called

37,38,41,43-45,49
»00,41, > of a

colloidal dispersions™. At present, the most commonly cited definition
mechano-chemical reaction is the one described by the [UPAC's Compendium of Chemical
Terminology (the Gold Book) as a ‘chemical reaction that is induced by the direct absorption of
mechanical energy’ with additional note for usage regarding polymers® ‘shearing, stretching,
and grinding are typical methods for the mechano-chemical generation of reactive sites, usually
macroradicals, in polymer chains that undergo mechano-chemical reactions’. This basic
definition is considered appropriate for general usage, i.e., sufficiently broad without restrictions
at the atomic scale mechanism®’, although it leaves numerous specifics undefined according to
some of the cognoscenti>*. The definition's generality highlights the interdisciplinary nature of
a field which draws interest from researchers across different disciplines such as chemistry
(physical, inorganic, organic, colloid), engineering (chemical, mechanical), materials science,
metallurgical science, mineralogy, geology, and physics, whose diverse objectives, methods, and

terminologies stimulate mechanochemical questions originating from very different contexts™.

Pertaining to mechanochemistry of organic soft matter, a prudent advice is offered to analyze the



literature critically because ‘with rare exceptions, the research of organic systems is done by
groups which have not been previously involved in mechanochemistry, but are experts in organic
chemistry, catalysis, crystallography, coordination chemistry’*'. Since interest in the field is no

38,44

longer restricted to inorganic and materials scientists™ ™, it should be emphasized that the most

widely referred microscopic level*” mechanistic models, i.e., hot spot (circa early 1950s)* /%401

37,38,41,46,47,49,51 47

and magma-plasma (1967) , were both developed in relation to inorganic systems
and materials (e.g., metals and metal oxides)”. In both models, mechanical initiation of chemical
reactions is hypothesized to be mediated by the generation of short-lived local microscopic
surface areas (ca. 1 um?) of high temperatures, e.g., greater than 1,000 °C for hot-spot theory
(lateral frictional/sliding processes) and over 10,000 °C for the magma-plasma model
(colliding/direct impacts processes inducing highly excited transient (ca. 10 ns) plasma-like state
with ejection/emission of energetic species such as free electrons, photons, and fragments of
solid substance)’>***%4 The premise that such high-energy surfaces (i.e., hot spots or magma-
plasma sites) are the primary reactive sites for solid reactivity’’ whilst plausible when grinding
hard and abrasive inorganic materials’’, has been the target of much criticisms for the
transformation of soft molecular substances at typical ball milling operating frequencies (i.e.,
between 20 Hz and 50 Hz)5 % in other words, the reactive site's size and the duration in which the
intense thermal effect can exist are mostly dependent on the material type*. Firstly, the required
temperatures and pressures which can induce reactions in organic compounds are lower than
those needed for inorganic substance®', especially for grinding organic or coordination chemistry
type of reactions where the reactions rates are very sensitive to small changes in temperature’®.
Furthermore, it would be sensible to expect extensive decomposition of organic substance at
such localized surfaces (extremely high temperatures) but since decomposition is not
experimentally observed (vide infra), this would be suggestive that these phenomena may be too
brief and/or too localized as primary reactive sites of organic reactions®’. To separate the
influence of mechanical from thermal effects on the transformation of biomass substrates, a
study utilized the most thermolabile moiety as an internal probe relative to other more
thermostable linkages>>. The observation that there was no appreciable extent of cleavage of the
former in proportion to the latter was taken as an indication that ball milling transformations on
biopolymers are initiated by the action of mechanical forces rather than by the existence of hot

spots™* (in situ and real-time monitoring of mechanochemical reactions using synchrotron X-ray



powder diffraction (PXRD) revealed very negligible temperature increase from room

46,49
™" o

temperature, ca. 7-12 °C)>>. The assumption that localized heating initiates some chemica r

physical®® processes is based on the knowledge that mechanical energy is mostly converted into
thermal energy during impact or sliding*®*. For this reason, the idea that ‘some chemical
reactions occur indirectly due to temperature increase’* is intuitive yet evidence suggests that
heat is not the major driving force of mechanochemical transformation, despite its involvement
amongst several active processes”. Therefore, the presumption of merely using one mechanism

0

type to describe mechanochemical processes would be disingenuous™; instead, it would be more

46,50

. . . . . . 46.49
fruitful to recognize such processes as complex >, i.e., implicating several length™

. P . . 46 . 37,46 1. . 46
(macroscopic, grain, dislocation, and atomic level)™ and time scales™ ™", being system specific

37,41 37,46 37,41

(reactant's type/nature)” ", and taking place under diverse reaction conditions and types
Additionally, when assessing the scope or range of applicability of existing mechanistic models
mostly focused on inorganic materials, one is faced with the hurdle that relatively few studies
relate to the highly diverse class of metal-organic reactions”’, let alone organic reactions*'. The
labilities of reactant types (inherent different nature) span a wide range, where molecular crystals
are regarded as softer and more mobile/labile at the molecular scale®’, in addition to emphasizing

hydrogen bonding's contribution for molecular crystals’’*!

, ergo, such reactions may share
mechanistic similarities with cocrystallization models®’. A general three-step mechanism or
conceptual framework describing the reactions of molecular substances and/or solids under
mechanochemical milling was put forth by means of three basic processes: (1) reactants'
diffusion (molecular transport across surfaces)’’ through a mobile phase (gas, eutectic, or

37,54

amorphous solid)*” and reaction via an amorphous intermediate phase’”", (2) nucleation and

growth of the product phase*’, and (3) product separation exposing fresh reactant surface®’*'*.
The formation of an intermediate bulk phase (vapour, liquid, or amorphous solid) exhibiting
enhanced mobility and/or higher energy of reactant molecules than corresponding starting
crystalline form is a common thread to many mechanisms presented thus far’*, i.e., increased
reactivity under mechanochemical conditions via formation of amorphous phases for molecules
held relatively strongly in their lattice positions through substantial hydrogen bonding®’. Clearly,
the circumstances under which mass transport occur for mechanochemical processes differ
3537414349557 o g

significantly from solution-based ones, viz., the inherent mixing efficiency

fast movement of milling balls can be used to overcome solid-state diffusion and mass transport



37,41,43,49,55,56

limitations (bulk of molecules remain within the interior of solid reactants' crystals,

hence, relatively immobile)54 for the former, whereas for the latter, reactant molecules are
intimately mixed and possess free mobility for reacting®. Solid-state mass transport can
introduce peculiar effects such as reduced steric hindrance to reactivity along with other

unpredictable patterns of reactivity”’, which can astonishingly reveal alternative®®?%*!44=!

36,38

or

novel reactivity routes or enable access to elusive structures previously believed unreachable

. . J .. 43-45.51
by solution-based procedures due to perceived stability or steric issues®®?%#4%138,

The fundamental insight on mechanochemistry's non-thermal sui generis nature has been known

46,59

. . . . . . . . . . .49
since time immemorial, dating back since circa 1880s™”, i.e., mechanical activation™ or

action®® induces differing mass transport processes from the ones under thermal activation
conditions”, consequentially altering the physical and chemical behaviour of solids at different

scales”, including effecting chemical changes in distinct manners from thermochemical

45,46

reactions . Mechanically and thermally activated processes differ from one another in the

following important ways: first, the former take place under non-equilibrium conditions**-**

. 4 . 40,4548,49 . .
where several active processes” such as unbalanced mechanical forces®****** diffusion and

mass transfer’ ¢ generation of solid-state defects (high-energy structures)”,

37,41,45,48,49 45,49

interphases , and structural relaxation phenomena promote chemical reactivity;

second, mechanical deformations occur on a local basis being mediated by relaxation phenomena

45,49

such as crystalline lattice disruption, dislocations, and other defects (considerable amount of

energy can be added to the reaction system with negligible increase in macroscopic

temperature)®” in contrast to temperature which is an intensive thermodynamic state variable®’;

41,49

third, mechanical activation using ball milling as a quintessential discontinuous (pulse mode

operation; pulses of pressure and temperature)*' or discrete” method can give rise to different

38,49,50 41,49

milling/working regimes (ratio of shear/impact/compression)” ", which can have material

bearing on energy transfer’® (inhomogeneous distribution of local mechanical stresses)® or

38,50

reactivity (in some cases, alternate reaction kinetics or product formation)’® or process

outcome®', particularly, a shearing regime is found prominently in the main body (central part) of
the milling jar whilst an impact and/or compression regime resides predominantly at the jar's

38,50

ends and within its vicinity; fourth, the former cannot be understood on the basis of

thermodynamic principles alone®®. Rather, a holistic viewpoint from three main aspects



(structural disordering, structure relaxation, and structural mobility) can elucidate the concurrent
influence of these three factors on the reactivity of solids and their behaviour upon exposure to
mechanical energy’’; fifth, the former's various relaxation processes can manifest themselves in
the form of heating, new surface formation, aggregation, defect generation, and enhanced
chemical reactivity®’, i.e., mechanical stress relaxation can proceed via several pathways and is
highly influential for any ensuing chemical transformations*'; last, for reasons discussed above,
it is hardly unexpected that mechanochemical reactions' outcome need not be the same as in
solution or when externally heated”. In the end, the lack of predictive models* and/or

37,46,49,54

understanding for mechanochemistry's mechanistic aspects could well be responsible for

the trial-and-error method/approach®”**"** or serendipitous results*' in this practically-oriented

41 . . .
field*', whether it concerns small-scale laboratory transformations®® or process conversion/scale-

38
up.

The application of ball milling as a non-thermal technology with demonstrated capability in
efficiently converting polysaccharides (cellulose, chitin, chitosan) to their soluble glucan
constituents in mild processing conditions has been pointed out as a ‘pivotal’
processing/treatment attribute in terms of maintaining carbohydrate stability and purity®. Mild
processing conditions is undoubtedly preferable over the harsh conditions typically associated

with traditional carbohydrate synthesis and modification®. Specifically, reactions involving D-

glucopyranose type of units carried out under harsh conditions (elevated temperature®™®’

30,62

162 L . 14.8,17,22,33,61 .
(thermal heating)’”, long reaction times™ ", (excess) strong acid™™ "“~’""  (excess) corrosive

alkali'”*?) readily undergo problematic side reactions such as isomerization*'*, condensation'?,

4,14,22 . 14 . 14 . 22 .
©77) reversion |, fragmentation ©, and methylation™, thus forming

15,61

rehydration'*, dehydration
myriad complex compounds ™. Carbohydrate procedures also frequently involve multi-step
protection/deprotection and the employment of copious amount of harmful/hazardous chemicals
and solvents which in due course will detrimentally impact human health and the environment”.
Another notable advantage that ball milling can provide is the ability to effect chemical
modification of biological molecules (nucleosides, nucleobases, carbohydrates, etc) in the
absence of solvent, circumventing the need for toxic or carcinogenic high boiling polar aprotic

37,63
(03

solvents such as pyridine or DMF or DMS , which were traditionally required because of

the characteristic poor solubility of said molecules in conventional solvents**?’. The

10



advantageous solvent-free and mild processing characteristics of ball milling offer a simple,
efficient, and eco-friendly promising route for the production of high value carbohydrate-based

products, but one which hitherto has remained largely unexplored.

Carbohydrates serve important biological functions in cell physiology and metabolism; as
fundamental structural building blocks or components of cell surface, they are intricately
involved in vital intercellular recognition pathways/events, including bacterial and viral infection,
cancer metastasis, apoptosis, and neuronal proliferation to name a few®. Carbohydrates being
functionalized substrates’ and readily available in large amount from biomass sources, are
promising raw materials for large-scale applications, as such they are of great interest to the
chemical, pharmaceutical, cosmetic, detergent and food industries®. As previously discussed in
section 1.1, chitin biomass produced as waste material from the seafood and fishery industries
can be a considerable source of renewable carbohydrates, but at the present time, only a

negligible amount of chitin biomass waste is being utilized, mostly in pharmaceutical

. . . . 20.64 - - . . . 20.64 . 4
formulations such as skin moisturizers®>®, joint-pain analgesic/relievers®®, antitumoural®,

20,64

anticancer™, and antimicrobial agents’*®*. Hence, the potential for sustainable and large scale

transformation of chitin biomass waste to high value chemical products offers plentiful economic
and environmental opportunities®’. Chitin and its derivatives (chitosan as the most notable*’*’
with a global market valued at 1.5 billion USD in 2015’) have a long history in material
synthesis, modification, and utilization as functional biopolymers, one which still continues to

captivate the attention of researchers in academia and industry” %’

, notwithstanding the known
difficulties caused by their native solid state morphology, i.e., challenging methods of
identification, characterization, modification, processing, and utilization as a biomaterial®, Early
independent discoveries of chitin have been attributed to several researchers: English scientist A.
Hachett in 1799 who described it as a ‘material particularly resistant to usual chemicals’,
French botanist Henri Braconnot who isolated chitin in 1811 from the cell wall of fungi by
cooking its residue in an alkaline solution after treatment in sulfuric acid, and named it
“fungine”’; French naturalist Odier who used a similar chemical process to isolate chitin from
insects in 1823, and named it “chitine’; and finally in 1929, chitin's structure was elucidated by

Albert Hofmann after its isolation via enzymatic hydrolysis using chitinase®. Nowadays, chitosan

and its derivatives are used extensively as versatile biomaterials in pharmaceutical®,

11



4,8,66 q+8:60

(dietary supplements, food preservatives,

antioxidants)® industries where different properties such as biocompatibility®®%,

, hydrophilicity66, non-allergenicity‘ms, non_toxicity4,65,66

18,67

cosmetic**, agricultural*® (insecticides)® and foo

4,8,65-68

biodegradability , hemostat®,

165

mucoadhesivity®, and biological activities*®* (antimicrobial®, antibacterial®®’, antitumour®, also

8,65,66,68

vide infra) are tailored to meet specific application requirements in drug and gene

delivery®, tissue engineering®®, wound dressing®®, bone regeneration®, wastewater

. .48 .
treatment/water purification***>%  catalysis

14,7,65 66

. . . 6
6567 " material scwnceséé, pharmaceut1ca17’ 5

biomedicine/biomedica , and biosensors™ . For electrochemical biosensors applications,

chitosan's biocompatibility, film-forming capability, and ease in processing it into films,

hydrogels, or microspheres makes it an ideal immobilization material®.

This work will focus on chitooligosaccharides (COS) which due to their low degree of
polymerization®® or shorter chain lengths (less than 20 and an average molecular weight less than

3.9 kDa)® and unsubstituted amino groups4, exhibit enhanced solubility in water at neutral pH

4,7,28,68,70-72 4,71

and reduced viscosity "', thus facilitating their usage under physiological

7,70

values
conditions which is of particular significance for biomedical or pharmaceutical applications
Also of great pertinence to such fields is that low molecular weight chitosan (LMWC) display
heightened antibacterial’ (against Gram-negative bacterium”> with proposed mechanism of COS

absorbing into cells and penetrating to the bacteria's DNA, resulting in the blockade of RNA

7,72 75-79

. 2 . 4 . . . 2 .
transcr1pt10n)7, ant1funga17 , antitumour”’”, 1mmunoenhanc1ng7’7, lower haemolytic or

70,75,76,78,79 68,75-79

hepatotropic profile, lower toxicity (cytotoxicity decreased with decreasing

7176 "and other valuable biological activities at the cellular or molecular level”?

molecular weight)
(oligosaccharide fragments eliciting enhanced cellular attachment®®, proliferation®, increased
production of lymphokines’®, mediating cell-cell recognition®', including cellular infection by
bacteria and viruses®', moderating the behaviour of enzymes and other proteins®', fulfilling
various immune response functions®', possessing greater information-carrying potential than that
of proteins or nucleic acids of equivalent molecular weight®', and their presence on cell surfaces
and many proteins suggests their biological importance in cellular regulation, metabolism and
transportation across cell membranes®', etc) than chitin or high molecular weight chitosan

(HMWC), e.g., LMWC with average molecular weight between 5 and 10 kDa show augmented

biological activities™*® than chitin or HMWC, as such the former are especially fitting as carriers

12



for DNA delivery”’*">"™ or drug delivery (paclitaxel) via oral administration®®. Additionally,
LMWC reveal improved reactivity in grafting, crosslinking, and other types of modification
compared to chitin or HMWC, a quality which is favourable in material synthesis’. In fact,
exploiting the increased chemical reactivity of oligosaccharide residues*** to ‘engineer’ chemical
reactivity on cell surfaces™ or to introduce a ‘specific binding site’ on sterically hindered
synthetic polymers (but suitably functionalized), proteins, or glycoproteins is a very common
polymer field strategy for grafting or modification or bioconjugation that dates back to the mid
1990s**%. Furthermore, LMWC (2 to 6 kDa) utilized as a pH-sensitive coating agent for tumour-
specific drug delivery formed smaller size nanoparticles than those originated from HMWC,
whilst chitosan-alginate films formed using LMWC resulted in reduced thickness and enhanced
transparency compared to those derived from HMWC'. LMW(C's ability to form films which are
thinner, more transparent, and smaller in size than those emanated from HMWC is of prime
relevance to biosensors applications, given that such characteristics from the encapsulant
material have a direct bearing on the encapsulated biosensor's functionality (sensitivity,
selectivity) and intrinsic attribute (impedance). The original motivation for this work was to
design a custom encapsulation membrane for the type of specialty biosensors designed,
developed, and tested by Dr. Chodavarapu's group, i.e., MEMS capacitive pressure for the timely
monitoring of pressure levels in acute compartment syndrome (ACS), a condition in which
increased pressure within a closed compartment compromises the circulation and function of
tissues within that space®®. Most common cause of ACS is trauma, usually after a fraction, and
its diagnosis is challenging yet requires prompt diagnosis and follow-up®. Any delays in
treatment could result in significant disability, e.g., neurological deficit, muscle necrosis,
amputation, or possibly death®. This represents significant challenges including the sparsely
available literature, if not non-existent regarding the encapsulation of biosensors, to say the least
of this particular niche biomedicine biosensing application. Moreover, it is not obvious that
large-scale commodity packaging solutions can be readily adapted for use with this specialty
biosensor to meet stringent biomedical requirements, nor is there a clear path from
niche/specialty to commodity production scale, thus there exists important hurdles in the way of

developing overarching schemes/templates.
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1.3 Comparative review
1.3.1 Extraction of chitin and derivatives

Exoskeletons from crustacean shell wastes such as shrimp, crab, lobster, and krill contain

significant amounts of the polysaccharide chitin®, which may be extracted via various steps such

as drying®®, washing®®’, precipitation®’, sterilization®’, grinding into powders®*’,

demineralization'"***° deproteinization'*****°,  and  bleaching/decoloration'*

117,69,87-90 90-92 117,69,87-89

69,87

by
87-89

chemica (including ionic liquids (ILs)) and/or biologica (enzymatic or

microbiological'"*"™) methods. Deacetylation of polysaccharide chitin leads to polysaccharide

17,69,89,93

17,69,89,93
| A routes.

chitosan, which can proceed via chemica and/or biological (enzymatic)

Hydrolysis of biopolymers chitin or chitosan produces chitooligosaccharides by means of

physical (hydrothermal®, microwave®, or ultrasound®®*) and/or chemical®® (including

69,89

oxidative-reductive depolymerization)®® and/or biological (enzymatic)*** methods.

1.3.2 Biomedical field sterilization methods of scaffold/hydrogel-based polymeric chitin and

derivatives

Sterilization concerns arise when polymers or polymer blends based materials are intended to be
in contact with serous fluids, e.g., wounded tissues, as such, additional post-processing/post-
modification sterilization protocol steps are required””. The biomedical literature is replete with

experimental details regarding sterilization methods of scaffold/hydrogel-based polymeric chitin

95,96 95-101 95,102

and derivatives, including exposure to dry heat™™ ", saturated steam , ethylene oxide ,

95,103

followed with a de-gassing period of 7 days'® y-irradiation , immersion in ethanol

solution'*''?, followed with rinsing/washing/solvent exchange with copious amounts of double-

104 105-108
d

distille or deionized water'® and/or sterile phosphate-buffered saline (PBS) solution
and/or further equilibrated for a period of 24 hours'®’, whilst acidified aqueous solution of

. . . J 1
viscous polymeric chitosan are filter-sterilized””' .
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1.3.3 Biomedical field neutralization methods of acidified aqueous solution of viscous

polymeric chitosan

Experimental details concerning neutralization methods of acidified aqueous solution of viscous

polymeric chitosan are readily available in large amounts in the biomedical literature, the

interested reader is referred to the following references'**''2.

1.3.4 FTIR characterization of chitin and derivatives

FTIR characterization of chitin and derivatives has been extensively reported, the interested

reader is referred to the results and discussion of spectra in the following references for the

113,114 -
d d19,30,61,87,115

biomedical fiel
117

or biomass pretreatment/valorization/conversion/refining fiel

1.3.5 DSC characterization of chitin and derivatives

DSC characterization of chitin and derivatives has been extensively reported in the biomedical
literature, the interested reader is referred to the results and discussion of DSC

- - 113-116
thermograms/curves in the following references .

1.3.6 Biomedical field/tissue engineering mechanical characterization of fibres/nanofibres-

based polymeric chitosan and/or blends with synthetic polymers

It should be recognized that high mechanical strength or performance is neither critical nor
essential for implant functionality''® in many pharmaceutical, e.g., controlled release drug
delivery''® or biomedical applications such as: (1) tissue engineering/temporary

scaffolds/hydrogels where providing temporary mechanical function is merely one of the

118,119

scaffold's roles, albeit a limited one which is superseded by the more preeminent role of

delivering biofactors, molecules, and biological cells for tissue regeneration'”” or therapeutic

payloadslzo,lzl

, and (2) wound dressing where a low strength of 0.1 MPa is adequate to meet the
strength standard for a wound dressing material, which is satisfied by almost any hydrogel
whether non-porous or porous, air-dried or with water content®. Recent biomedical literature has
been forthcoming about acknowledging the relatively weak/poor mechanical strength of chitosan

96,121

hydrogels which does not preclude such scaffolds (including chitin-based)'** from being
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widely used in nonload bearing areas of tissue engineering®'%*'?% drug delivery®, wound
dressing®, water purification®, catalysis®, and many other areas®. Therefore the ensuing brief

discussion will exclude the broader tissue engineering field (bladder®, blood vessel®™'?,

65,123 65,123 65,123 65 65,123

. . . 12 .
bone , cartilage , fat®, hgament“, liver , muscle®, neuron®, nerve'®, skin ,

tendon®) and focus on limited load bearing applications which emphasize some mechanical
strength, namely bone tissue engineering'?'. Mechanical characterization of randomly oriented
and aligned fibres/nanofibres-based polymeric chitosan and/or blends with synthetic polymers
has been extensively reported in the tissue engineering field, the interested reader is referred to
the results and discussion section of the following references (including chitin
fibres)’>!9110-121.124 "1t 45 important to note that for scaffolds possessing sufficient mechanical
strength (26 MPa)'?! for bone tissue engineering load bearing applications, chitosan's content of
the fibre scaffold/specimen was reported to be as low as 15% when blended with other synthetic

121,124

polymers and 65% inorganic crystalline particles of calcium phosphate cement . It must also

be stressed that temporary mechanical function is but one role expected from the fibre scaffold,

other more important ones include: (1) covalent immobilization of biofactors such as BMP-2

125 125

(bone morphogenetic protein) © and IGF-1 (insulin-like growth factor) = into the chitosan

nanofibres which impacts higher bioactivity and greater cell proliferation when compared to
plain absorption as demonstrated by histological results (good proliferation of osteoblasts and
fibroblasts, along with vascularization and reticular networks)'®, (2) delivery of hUCMSCs

human umbilical cord stem cells (stem cell seeding)'*''**

124

which are more potent than bone
marrow MSCs (mesenchymal or stromal stem cells) **, and (3) generally provide a favourable

microenvironment for live cell seeding, retention, viability, density, and proliferation'*'.

1.3.7 Biomedical field chemical cross-linking of scaffold/hydrogel-based polymeric chitin and

derivatives; an early 1990s era paradigm

The tissue engineering concept of a porous, degradable, and bioactive scaffold material of
temporary mechanical function able to accommodate and deliver biofactors such as cells, genes,

and/or proteins using stem-cell and/or gene-therapy approaches to stimulate tissue repair is one

119 126-128

that arose in the early 1990s '~ as an alternative to autografts

8

which presents several

126-128 126-128
b

limitations such as tissue availability , donor-site pain'®®, donor-site morbidity

secondary deformities'*®, potential differences in tissue structure and size'?, infections'**, extra
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blood loss'®®, and higher patient cost due to longer surgical/operating times'**. Chemical cross-

linking was then considered a novel technique to: (1) enhance mechanical properties but one

129

which unfortunately also reduced biocompatibility =, and (2) confer a hydrogel surface which is

lacking in many bulk synthetic polymers'?; scaffold design strategy and thinking in the 1990s

was rather simple, i.e., strike a balance or find a tradeoff between cross-linking density'®’,

129 and provide better biofactor delivery'”®. Mid

mechanical strength''>'?°, biocompatibility
2010s tissue engineering hydrogel scaffolds are expected to meet an expanded number of design
criteria to properly function and promote new tissue formation, which include polymer
processability®, hydrolytic or enzymatic biodegradability®, biocompatibility, i.e., cell
viability/proliferation without triggering inflammatory responses®, bioactivity®, e.g., loading
antibacterial agent/antibiotic/drug such as minocycline to inhibit both Gram-positive and Gram-
negative bacteria by inhibiting bacterial protein synthesis through binding to their ribosomal

- 130 . 65,130
subunits ', promote cellular adhesion™

3

, acting as a carrier for controlled drug delivery and

release'*’, and more advanced design concepts such as hybridization with a second polymer to

improve one or several properties®.

. . . . .. . .. 120.121
Polymer modifications using physical association networks strategies (ionic complexes ~~ ',

polyelectrolyte complexes (PECs)'?*'*', polymer blends with water-soluble non-ionic

65,106,120,121,131,132

polymers , thermoreversible hydrophobic association hydrogels®'2*'?!"%2) which

exploit physical ionic, electrostatic, hydrophobic, and/or hydrogen bonding interactions (purely

physical) between polymer chains create physical hydrogels (gel formation) which are

120,121

reversible . As such, physical hydrogels suffer from severe drawbacks such as weak

120,121

mechanical strength'*”'?!, lack of chemical functionalization , and difficulty in controlling

cross-linking ~ degree, physical gel pore size'™'?', and especially, uncontrolled

dissolution' 212131 * i e " lack of stability in aqueous media and/or control over

120.121 \which do not

degradation/dissolution rates leading to inconsistent in vivo performance
match those obtained from in vitro experiments (possibly due to the composition difference
between PBS solution in vitro and body fluid in vivo)'*°. Thus, the combination of the above
factors are restricting the number of possible applications of such physical hydrogel polymers,

120,121

including chitosan hydrogels . Specific to water-soluble charged ionic polymers such as

ionic complexes or PECs with complex set of heterogeneous charged, polar, and apolar groups

17



capable of interacting with ions via various mechanisms'’, additional concerns related to

133 . . 133
, salt concentrations regime ",

134
)

aqueous stability under saline conditions (salt effects
Hofmeister salt solutions'>, different salt cations'**, response to subsequent salt additions
need to be addressed; the ionic complex or PECs literature is replete with studies of salt effects

on polymer and/or protein solubility and stability at high salt concentration regimes

133 134-

(physiologically irrelevant in vitro conditions) ~~ to which the interested reader is referred to
'3 In addition to salt concentration effects, other factors which influence PECs complex
macromolecular architecture formation and dissociation include: degree of ionization of the
polyanions and polycations®, charge distribution over the polymer chain®, polymer chain
flexibility®™, amount and length of the neutral polymer block'®, electrostatic interaction

. . 1 . . . .
screening of polymer blocks by small ions'*®, pH®, temperature®®, interaction time®, ionic

strength®®, and concentration of the polymeric solutions®.

In view of the aforementioned complications associated with polymers based on physical

association networks approaches, chemical cross-linking is a proposed solution in the polymer

modification field to: (1) improve mechanical strength'*-"?!137-1%

120

relative to physical
hydrogels'?, and (2) confer stability in aqueous media'*, e.g., chemical cross-linking of water-
soluble non-ionic synthetic polymer poly(vinyl alcohol) (PVA) and water insoluble biopolymer
derivative carboxymethyl chitin (CMC) using glutaraldehyde to render a polymer blend water
insoluble'®® or cross-linking polyblends of collagen-chitosan, collagen-collagen of various
source/type or collagen-elastin, and chitin-silk fibroin to prevent aqueous dissolution'*® or
chitosan-poly(ethylene oxide) (PEO) (high and low molecular weight) cross-linked with genipin
to reduce the weight % loss of LPEO and HPEO (neutral water insoluble chitosan is not included
in the in vitro studies of solubility and stability in neutral water)'*'. The polymer modification
field relies on small molecule chemical cross-linkers such as glutaraldehyde'*®!2-138:140-141
formaldehyde'*"'*’, D,L-glycealdehyde'*™'*!, diacrylate'®®, diglycidyl ether'®™'®, diethyl

138,140

squarate'?’, diisocyanate'**'*, N-hydroxysuccinimide'*®, carbodiimide , or genipin (bulky

108,120,131,139-141

heterocyclic compound) , and more. However, several shortcomings associated

with the use of toxic small molecule chemical cross-linkers'*'* for polymer modifications have
been well documented in the biomedical literature, namely: (1) demonstrated in vitro

120,138

cytotoxicity , i.e., negative influence on cell viability, proliferation'*', and activities, which
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critically impairs the biocompatibility of cross-linked polymers for use as biomaterials'®, (2)

excess amount or concentration of cross-linkers required to push cross-linking reactions of bulky

139,142

polymers towards completion , (3) long cross-linking time needed to push cross-linking

reactions of bulky polymers towards completion'?’, (4) presence of unreacted cross-linkers

76,140
d’®

reagents which are cytotoxic when uncouple , thus concern for potential in vivo leaching

which could lead to consequent toxic products formation during in vivo biodegradation'*’ or
confounding results’®, (5) unknown clinical effects (mechanisms of action, reactivity, safety

issues), i.e., fate of small molecule cross-linkers in the body has not been establishedlzo, thus

currently clinically unviable, (6) possibility of cross-linkers binding covalently to cells*® or

120 138

biological tissues =, (7) increased risk of in vivo calcification °°, (8) in the presence of a

therapeutic (e.g., drug, active agent), liable for unfavourable interaction with payloads (e.g.,

. . . . . 121 . . 12
induced chemical reactions with an active agent'’', deactivating'*’

120

or limiting therapeutic

release ), (9) the need for cross-linked polymers to undergo stringent purifications prior to

76,120
7, and

administration to thoroughly remove trace amounts of unreacted cross-linker agents
lastly (10) complete removal of unreacted cross-linking agents could prove challenging or
elusive'*!. Therefore, the choice for clinically safe and biocompatible covalent cross-linkers is
presently still lacking for biomedical applications'®. It is important to recall that
biocompatibility is of paramount importance in the biomaterials field, if not a central paradigm,
and that if techniques such as chemical cross-linking generate biomaterials that have non-specific
or inappropriately directed activities or are of dubious clinical safety, then the existence of such
biomaterials will always be questionable as there is little point using such materials that do harm
(i.e., eliciting any undesirable local or systemic effect in that host), thus violating the first
principle of Hippocrates that ‘the doctor should do no harm’'*. Last but not least, it bears noting
that chemically cross-linking chitosan hydrogels is known to: (1) reduce their hydrophilicity'**
and results in hydrogels that are not highly hydrophilic'*?, (2) increase their resistance to
enzymatic degradation'*, (3) only achieve a low degree of cross-linking (9.9%) for high surface
area microspheres in spite of excess amount of cross-linkers used and long cross-linking time'*”,
and lastly (4) generate uneven cross-linking for high surface area microspheres where cross-
linking mostly occurred in the outer layers'*’, prompting concerns about possible polymeric
leaching of unreacted cross-linkers emanating from the inner layers. Thus, there is a growing

body of evidence which suggests that chemical cross-linking, a technique rooted in the early
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1990s era and developed for bulk synthetic polymers to confer some mechanical strength,
reduce/limit but not entirely prevent dissolution of highly water-soluble non-ionic synthetic
polymer or copolymer(s) in aqueous media, and bestow otherwise innately lacking hydrophilicity
to hydrophobic surfaces of some copolymer(s), does not adapt/translate well into the processing
and/or modification of crystalline, recalcitrant, renewable feedstock cellulosic, chitinous, or
lignocellulosic biomass type of substrates; it is imperative in late 2010s to find, pursue, and
develop alternative, novel, efficient, and above all sustainable approaches including solvent-free

protocols for the chemical conversion and biomass valorization of renewable feedstocks.
1.3.8 Biomass field pretreatment methods

Biomass pretreatment methods have been extensively reported elsewhere and are usually
classified into physical, physiocochemical, chemical, and biological classes of pretreatment
methods; the interested reader is referred to the following references for the biomass field'*'**
from which tables containing a brief description and/or process conditions, advantages, and
disadvantages for different classes of pretreatment methods and biomass pretreatment methods

were compiled (see Tables 1.1-1.3).
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Table 1.1

Comparison of different physical biomass pretreatment methods

Pretreatment methods

Brief description and/or

process conditions

Advantages

Disadvantages

Mechanical °
comminution

Microwave irradiation e

Hydrothermal o
pretreatment/liquid hot
water pretreatment

Biomass comminution
using milling or grinding
machines such as ball,
vibro, hammer, knife,
two-roll, colloid, and
attrition mills, as well as
extruders

Microwave heating of
biomass

Pressure (1-3.5 MPa) is
applied to maintain water
in the liquid state at
elevated temperature
(160-240 °C)

pH range is 4-7 and
reaction time from 15 min
to several hours

Reduction in particle e
size

Reduction in
crystallinity
Increase in surface
area
Depolymerization
possible under right
conditions

Ease of sample
handling

Not restricted to
laboratory scale
Thermal energy not
required

Simple operation o
Energy-efficient
Possibility of o

accelerating reaction
rates

Possibility of short
reaction time

Does not require any
catalysts or

chemicals .
Uses low costs

reactors .
No hydrolysis to
monosaccharides

Relatively
energy
intensive
process

Relatively high
cost

Restricted to
laboratory
scale

High water
demands

High energy
requirements
Relatively low
biomass
loading

Less efficient
compared to
methods using
chemical
agents

Table 1.1 Comparison of different physical biomass pretreatment methods
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Table 1.2

Comparison of different physicochemical biomass pretreatment methods

Pretreatment Brief description and/or Advantages Disadvantages
methods process conditions

Acid catalyzed Biomass treatment with Lesser energy Byproducts (furfural,

stream steam at high temperature requirements HMEF, acetic acid)

explosion (160-220 °C) and pressure than mechanical formation which inhibit
(0.7-4.8 MPa) processes enzymatic hydrolysis
Steam explosion is Lesser corrosion and fermentation
catalyzed by addition of Limited Need to wash the solids

Ammonia fibre
explosion
(AFEX)

scCO,
explosion

H2$O4 or SOZ

Biomass treatment with
anhydrous liquid ammonia
at 60-120 °C and above 3
MPa for 30-60 min,
followed by rapid
decompression

scCO; is delivered at high
pressure to a vessel or into a
high pressure vessel
containing biomass

Vessel is heated up to 200
°C and held for set duration
allowing CO, penetration
into biomass

Pressure release causes
explosion of biomass
structure increasing surface
area

Carbonic acid formation
catalyzes hydrolysis of
hemicellulose type of
biomass

chemical use

Reduction in
crystallinity
Increase in
surface area
Moderate
temperature and
lesser residence
time used

Low cost of CO,
High solids
capacity

Risk of condensation
and/or precipitation of
soluble fractions

Cost and environmental
concerns

Less efficient for
softwood based biomass

High capital costs (high
pressure vessels are
required)

Proven effectiveness
restricted to small scale
Effect on carbohydrate
biomass yet to be
established

Table 1.2 Comparison of different physicochemical biomass pretreatment methods
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Table 1.3

Comparison of different chemical biomass pretreatment methods

Pretreatment Brief description and/or Advantages Disadvantages
methods process conditions
Concentrated e  Operated under low e H,SO, conc. is Large amount of acidic
acid temperature (40 °C) highly effective for waste
pretreatment with concentrated acid cellulose Large amount of salt
(30-70%) hydrolysis and formation
e Inorganic acids (H,SO,, affords high Highly toxic and corrosive
H;PO,) commonly used glucose recovery process
yields Costly and specialized non-
e High metallic reactors
hemicellulose High operational and
solubility maintenance costs
e Thermal energy
not required
Dilute acid e Acid concentration Effective Large amount of acidic
pretreatment range 0.1-4 % Inexpensive waste
e  Operated under high High enzymatic Large amount of salt
temperature (180-230 digestibility formation
°C) for a short period of e Relatively lesser Highly toxic and corrosive
time or at milder corrosion process
temperature (120 °C) for e Relatively limited Costly and specialized non-
longer retention time chemical use metallic reactors
(30-90 min) High operational and
e Inorganic acids (H,SOy, maintenance costs
HCI, H;PO,4, HNO;) or Catalyst recovery issue
organic acids (fumaric, Extended high temperature
maleic) can be used treatment results in sugar
degradation loss
Alkaline e Operated under low e Thermal energy Alkaline pretreatment
pretreatment temperature for a long not required processes not very suited

time with concentrated
bases such as NaOH,
KOH, Ca(OH),,
NH,4OH, hydrazine,
anhydrous ammonia, etc

Relatively lesser
corrosion than acid
pretreatment
Lower operating
temperature and
pressure results in
lower
concentration of
degradation
products

for softwood recalcitrant
biomass

Need for pH adjustments
for subsequent processes
Conversion of alkali to
irrecoverable salts or
incorporation as salts into
the biomass

High cost of organic bases

(continued on next page)
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Table 1.3 (continued)

Pretreatment Brief description and/or Advantages Disadvantages
methods process conditions
Ozonolysis e Treatment of Selective lignin Large amount of ozone
lignocellulosic biomass degradation with required and high ozone
with ozone gas, usually minimal effects on generation cost (large
at mild ambient on hemicellulose energy demands) can make
temperature and or cellulose process economically
pressure Lesser generation unviable
e Reaction time is several of furfural and Limited studies on lignin
hours HMF structure modification
Mild operational during ozone pretreatment
conditions are Full-scale biomass
employed pretreatment with ozone
On-site ozone has not yet been developed
generation and Highly reactive,
direct utilization flammable, corrosive, and
Ozonolysis toxic properties of ozone
byproducts like makes the process
formic acid and dangerous
acetic acid can be Exothermic characteristics
metabolized by of process may require
microorganisms cooling systems
and animals
Organosolv e Treatment with mixtures High purity lignin Need to remove solvents
pretreatment of organic solvents can be obtained from the reactor by
(methanol, ethanol, Minimum evaporation, condensation,
acetone, ethylene cellulose loss (< and recycling
glycol) with acid 2%) High cost and safety
catalyzed (HCI, H,SO,, Low sugar concerns with some of the
oxalic, salicyclic) degradation solvents used
aqueous solutions to High pretreatment

Ionic liquid
pretreatment

hydrolyze hemicellulose
or lignin

Carried out at high
temperatures (100-250
OC)

ILs can solubilize
cellulose

ILs possibly compete
and disrupt
lignocellulosic
material's hydrogen
bonding network

material yield

IL pretreatment
decreases biomass
recalcitrance and
improves
subsequent
enzymatic
hydrolysis
Reduces
cellulose's
crystallinity and
increases its
accessibility to
chemical reagents

High costs of ILs

Need for efficient IL
recovery and recyclability
Toxicity of some ILs
Purity of ILs is crucial for
biomass pretreatment
Recovery of solubilized
cellulose/hemicellulose is a
challenge

IL pretreatment of
lignocellulosic biomass at a
commercial scale is still a
challenge

Table 1.3 Comparison of different chemical biomass pretreatment methods
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1.3.9 Medicinal chemistry field molecular hybridization

The molecular hybridization design strategy of covalently combining two or more (similar or

dissimilar) drugs or pharmacophores or active fragments or moieties into a single molecule or

149-159

molecular platform or structural frame is one which has been pursued with increasing

prevalence in recent years the realm of medicinal chemistry>*"**!**'>° 1t is a proven and

156,157
4%

effective approach for designing novel compounds or entities which exhibit increase or

150,157

additive or synergistic'**">*"*” biological activities including the exploration (a worthy

scientific endeavour)'>, discovery (urgent need to discover new drugs against some widespread
and lethal diseases such as tuberculosis (1.4 million deaths and 10.4 million clinical cases), for
which no new chemical entity has emerged in the last 50 years after the discovery of rifampicin

(RIF))'®, investigation, and development of structurally new classes of agents with novel

151,152,157

mechanism of action or for the structural modification of existing scaffolds or agents or

lead candidates'"**"°"1% for further optimization/improvement of pharmacokinetic (PK)

157,159 149,151-154,157-159 151,152,157
3 3 5

binding affinity
149,153,154,156,157,160

profiles bioavailability drug-like
, enhanced solubility'*’, stability to metabolic degradation'"'>*1>71%,

properties
. T . oL 151,152,157,159,160
absorption, distribution, metabolism, and elimination (ADME) safety profiles ,

- 151,153,154,156-158,160 - L1560 .
increased  potency " 7T %, lowered effective  concentrations *°,  increased

selectivity''**1**157 " Jowered cytotoxicity against normal cell lines'"">*"*>!*7 byt increased

153-155,158,159 151,156,157,160

.. . . . .1 . 1
cytotoxicity against cancer cell lines or bacteria or fungi'® or parasites',

152,153,155,158,159

and/or a spectrum of interesting biological activities to fine-tune the interaction

with targeted binding site(s), e.g., the employment of such design strategy offers the possibility

152,161

of dual-action or hybrid drugs , where each drug moiety is designed to bind independently

to two different biological targets and synchronously accumulate at both target sites which is an

. . . . .. . 152.153.1
attractive approach to overcome bacterial strain resistance to clinically available drugs'>>'>*!®°

(including the major public health concerns of emerging, reemerging, and alarmingly increasing

microbial threats manifested worldwide'** in the form of drug-resistant bacteria'®, multi-drug

152,153,160

resistant (MDR) Gram-positive bacteria such as methicillin-resistant Staphylococcus

aureus (MRSA)"*'* or vancomycin-resistant Enterococcus faecium (VRE)'?

160 160

, extensively

drug-resistant bacteria (XDR) ™, and totally drug resistant bacteria (TDR)

151,152

) and reduce the

appearance of new resistant strains
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In this context, the application of copper(I)-catalyzed azide alkyne Huisgen [3 + 2] cycloaddition
(CuAAC) click chemistry to connect other pharmacophores, including natural product-based
scaffolds'>***151% "employing the 1,2,3-triazole moiety product of this reaction not merely as a

linker but also as an invaluable pharmacophore element that is widely used in medicinal

152-154,156-159,162 153,156,158,159
> > 190,158,159 - Tha

chemistry , has acquired great significance in recent years
synthetic utility of the CuAAC reaction for regioselective 1,2,3-triazole formation can be better
appreciated when one considers that the classical multi-step solution-based synthesis approach of
preparing biologically active materials meeting pharmaceutical requirements for highly
functionalized, combinatorially decorated, and sophisticated scaffolds that are more drug-like
molecules from small, commercially available building blocks or monomers often requires at
least ten transformations (long linear syntheses) for conversion into most modern drugs, and that
for more complex molecules, it is not uncommon to use in excess of twenty steps'®. Having
presented the CuAAC reaction as a convenient, useful, proven, and reliable means to rapidly
access complex drug-like molecules/scaffolds and practical solution for the preparation of large
chemical libraries, i.e., a diverse compound library, it must be stressed that the recognition for
cycloaddition type of reactions such as Diels-Alder or Pauson-Khand having undeniable
combinatorial potential for the construction of carbocyclic compounds'®* actually pre-dates the
development of the CuAAC reaction. In fact, the participation of the azide as a 1,3-dipole in a [3
+ 2] cycloaddition with alkenes and alkynes was first reported as early as the end of nineteenth
century, and later on when Rolf Huisgen introduced the concept of 1,3-dipolar cycloadditions in

165

the 1950s, the reaction was proposed to proceed by a concerted cycloaddition . Whilst it must

be acknowledged that the palette of chemical reactions developed within the last 100 years is
exceedingly broad, however, many of these established reactions reveal major limitations within
a contemporary twenty-first century setting'®. In the case of the Huisgen [3 + 2] cycloaddition

reaction, high temperatures or pressures are required to promote the cycloaddition of azides and

165,167

most dipolarophiles (i.e., it has the limitations associated with any thermal process that

requires heat)'®®, but more severely, it usually produces two regioisomers, 1,4- and 1,5-'®"1%%,

Moreover, Huisgen's [3 + 2] cycloaddition is usually slow in the absence of an appropriate

166

catalyst as alkynes are poor 1,3-dipole acceptors . Thus, Huisgen's 1,3-dipolar cycloaddition

was a long-neglected reaction'® and his findings was largely confined to the sphere of academic

169

teaching tools with no other perceived utility to fulfil application-based goals *~. Although it is
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very rare in contemporary science to uncover a very simple modification of a classical “named
reaction” that dramatically improves its value, but in the case of the Huisgen [3 + 2]
cycloaddition, this happened when the groups of Meldal, then Sharpless independently found
that copper(I) catalysts dramatically accelerate the reaction and more remarkably, render it
totally regioselective for the 1,4-regioisomer'®'®®. As such, Huisgen's [3 + 2] cycloaddition

166,169

experienced a renaissance and is now termed the CuAAC reaction. By leveraging the

formation of a copper acetylide to activate terminal alkynes toward reacting with azides, the
catalyzed cycloaddition proceeds roughly seven orders of magnitude faster than the original
Huisgen [3 + 2] cycloaddition, and can be further accelerated by the use of specific ligands for

1% Indeed, the CuAAC reaction has become the quintessential or archetypical example

165,166

copper(I)
of a click reaction which measures up to the set of stringent criteria described by the click
chemistry concept introduced by Sharpless in 2001, i.e., highly thermodynamically-driven,
rapidly proceeding to completion, wide scope, high yielding, modular, stereospecific but not
necessarily enantioselective reactions that generate inoffensive byproducts, and ideally, reactions
that are insensitive to oxygen and water, make use of readily available starting materials and
reagents, can proceed solventless, or by using easily removed solvent(s) or benign solvent(s)

such as water, and lastly, forming product that are stable under physiological conditions'™.

Unfortunately, too few reactions are able to fit these criteria in organic chemistry'®®!

1.3.10 Coumarin 1,2,3-triazole hybrids

As alluded to in the previous section, the exploration of new heterocycles that can exhibit
potency to multiple biological target is a worthy scientific endeavour. Amongst the oxygen
heterocycles, coumarins: (1) constitute an important class of benzopyrones (privileged structural
motif as a-benzopyrones) that are widely found in nature in numerous plant-derived compounds,

(2) act as a structural subunit of more complex natural products, (3) generally display a broad

spectrum of biological activities such as antibacterial*'"'>*"*"!"! (e g., aminocoumarin analogues

L 153,172 . 172 . 172 - -
such as novobiocin °>' ',  chlorobiocin '“, coumermycin ', and simocyclione

159

172
)

b

151,153,157,173,174

. . .1 . . . 1
antiproliferation'>’, anticancer (novobiocin analogues)'”’, anticonvulsant'’,

anticoagulant'>  (e.g., 4-hydroxycoumarin analogues such as warfarin)>"'"%,  anti-

inflammatory"*""*”, anti-HCV'>"*'*’_ anti-HIV"’ (e.g., 4-hydroxycoumarin analogues such as

phenprocoumon)m, anti-Atheimerm, antifunga1151’157, antimalaria1157, antioxidant157,
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157,172 151,157,174 153

rodenticide (e.g., warfarin) , antitubercular , antithrombotic ™”, DNA gyrase inhibitor
(e.g., novobiocin)'”* and antiviral (e.g., phenprocoumon)'’* profiles, and (4) of high relevance
for medicinal chemistry, coumarins possess an innate ability to exert a multitude of noncovalent
interactions (n-m, hydrophobic, electrostatic, hydrogen bonding, metal coordination, van der
Waals force, etc) with various active sites in organisms'>’. In addition to the abovementioned
ones, other coumarin based drugs approved for therapeutic purposes include acenocoumarol,
dicoumarolum, hymecromone, and carbochromen; their successful clinical usage thereby serves
as an inspiration for more research towards the exploration and creation of a library of
structurally diverse derivatives based on the coumarin skeleton'’’. A sound rationale for its
inclusion in molecular hybridization designs is underpinned by observations that hybridizing the
coumarin nucleus with other moieties such as 1,2,3-triazole has afforded new molecules with
improved antibacterial and anticancer activity profiles'>. Coumarin hybridized derivatives were
reported to target a multitude of cancer related pathways such as kinase inhibition, angiogenesis
inhibition, heat shock protein (Hsp90) inhibition (e.g., known DNA gyrase inhibitor novobiocin
binds to a nucleotide-binding site located on the Hsp90 C-terminus and induces degradation of
Hsp90-dependent client proteins in breast cancer cells)'”*, telomerase inhibition, cell cycle arrest,

antimitotic activity, carbonic anhydrase inhibition, mono-carboxylate transporters inhibition,

aromatase inhibition, and sulfatase inhibition'*.

On the other hand, azoles such as 1,2,3-triazole, 1,2.4-triazole, thiazole, benzothiazole,
benzotriazole, triazolopyrimidine, imidazole, pyrazole, and 1,3,4-oxadiazole, are amongst the
most important classes of nitrogen-containing heterocycles'>"'”’. 1,2,3-triazole derivatives have
especially drawn considerable attention in medicinal chemistry and drug discovery for: (1) being
one of the key structural subunit found in a large collection of bioactive molecules with wide

152,153,158 . . 175 . 175 . . 158
17777 antineoplastic’ °, analgesic’ ", anti-allergic

158,175,176

range pharmaceutical uses as antibacteria

152,153 175,176

anticancer , anticonvulsant , anti-inflammatory , local anesthetic”s, anti-

HIV">P%17 antifungal **'*®, dopamine D2 receptor ligands (related to Schizophrenia)'’®, DNA

1 175,1
1 75’ 1 75,176

.1 e g eq 1 . . . . . 1
cleaving'”®, B-lactamase inhibitors'’®, antimalaria antimicrobia , antiplatelet' ",

152,158,175

antitubercular agents, (2) possessing excellent PK characteristics'”’, favourable safety

159

profile ™, latent ability for hydrogen bonds formation which could facilitate binding to

151-153,157,159,160 151,157,159,160

biomolecular targets , moderate dipole character , stability under in vivo
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conditions (metabolic degradation) to acidic or basic hydrolysis or oxidation or reduction'®"”
193.157.139.160 "and (3) showing potential as promising candidates for the treatment of tuberculosis,
i.e., emerging as an important novel class of antituberculosis agents'>' (1,2,3-triazole based
mycobacterium tuberculosis (Mtb) inhibitors)'**. Triazoles, akin to isoniazid (INH), inhibit the
growth of mycobacteria by blocking lipid biosynthesis and/or additional mechanisms'®', which is
one of the most appealing strategies for developing effective antitubercular agents''. Given that:
(1) INH has been used over 60 years and remains one of the most effective first-line
antituberculosis drug for the treatment of tuberculosis infection, and (2) both INH and 1,2,3-
triazole act by similar mechanism(s), thus hybridizing both pharmacophores into a single

molecule is a promising strategy which could result in candidates with reinforced antitubercular

activity”'. A few 1,2,3-triazole based drugs approved for therapeutic purposes include

156,158,160 151,156,158,160

antibacterial agents tazobactam , antibiotic agent cefatrizine , anti-HIV agent

TSAO""'® and anticancer agent carboxyamidotriazole (CAI)'>"1>%160-162,

A library of coumarin 1,2,3-triazole hybrids were synthesized and screened for different
bioactivity with the coumarin nuclei conjugated in the 3™, 4™ or 7™ position; the novobiocin
analogues exhibited potent cytotoxic activity against breast cancer cell lines by inducing
apoptosis or displayed antitumour activity through arresting G»/M cell-cycle and inducing

- 1531
apoptosis' .

1.3.11 Sugar coumarin hybrids

A sugar coumarin hybrid (7-amino-4-methylcoumarin-B-D-glucopyranoside) derivative was
prepared as an antitumour agent and was evaluated for anticancer activity in various cancer cell
lines (human prostate (PC-3), human gastric (SGC-7901), human lung (A549), and human breast
(MDA-MB-435) cancer cells) using 5-fluorouracil (5-FU) as standard'”®; 5-FU, a well-known
antimetabolite drug'’’, has been widely employed as first-line treatment against cancer for many

years”g. The sugar coumarin hybrid derivative was tested in normal human liver (L-02) cells and

was found to inhibit all four cancer cell lines (ICs 48.7, 25.4, 6.1, and 68.4 uM respectively)' .
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A US patent describes the use of coumarin-3-carboxamide novobiocin analogues either
possessing or lacking a noviose sugar substituent in the treatment of polycystic kidney disease
(PKD), which is a genetic kidney disorder characterized by cyst formation and progressive

17 The autosomal dominant

enlargement of both kidneys, leading to end-stage renal disease
(ADPKD) is the most common type and is a severe disorder affecting approximately 1 in every
400-1000 live births'”. Note that PDK manifestations are not limited to the kidneys, cyst
development can also occur in the liver, pancreas, membranes surrounding the brain and central
nervous system, as well as in seminal vesicles. Thus, the development of therapeutically
effective analogues that can interfere with the molecular pathways of cystogenesis to reduce cyst

formation and/or growth in ADPKD would be highly desirable'”.

1.3.12 Sugar 1,2,3-triazole hybrids

A set of pentose sugar (D-xylose, D-ribose, and D-arabinose) 1,2,3-triazole hybrids were
synthesized and evaluated for in vitro antitubercular potential, and all hybrids displayed

moderate antitubercular activity against Mtb Hy;Rv with MIC > 12.5 pg/mL"".

A series of sugar 1,2,3-triazole hybrids were synthesized as potential inhibitors of mycobacterial
cell wall biosynthesis in order to systematically investigate the effect of varying the hydrophobic

substituent'!

. A study revealed the strong dependence on the identity of the hydrophobic side
chain on the sugar 1,2,3-triazole hybrids' anti-mycobacterial activities against M. bovis BCG'*".
Furthermore, the preliminary results showed that the most active derivatives were potent against
Mtb Hs;Rv with MIC of 6.25 pg/mL, though they were less active than the references
ethambutol (EMB) (MIC: 1.56 pg/mL), RIF (MIC: 0.10 pg/mL), and INH (MIC: 0.05 pg/mL).
Thus, further modifications of sugar 1,2,3-triazole hydrids-based lead candidates may result in
more potent antitubercular hybrids, which are emerging as an important class of novel

antitubercular candidates'>'.
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1.4 Statement of originality

In this work, we hypothesize that a novel encapsulation design concept of employing a
carbohydrate (oligosaccharide) shell may be used to encapsulate a biosensor envisaged for in
vivo deployment. We will present a novel concept of producing modified oligosaccharide
molecules with tailor-made properties intended for specialty/niche biomedicine biosensor
application. To this end, the deliberate utilization of mechanical forces and energy by means of
high speed ball milling (HSBM) to effect purposeful and constructive chemical transformations
of recalcitrant oligosaccharides, as a non-thermal and solvent-free method for the preparation of
useful new materials and platform molecules will be demonstrated, in this case, a tailor-made
chitosan oligosaccharide (COS) with late-stage incorporation of a side chain with potential
anticancer, antitumour, and/or antitubercular profiles (see discussions in sections 1.3.10, p. 29,
1.3.11, p. 29, 1.3.12, p. 30, and Chapter 3, p. 79). COS and LMWC have been extensively
reported in the literature (see discussion in section 1.2, p. 12) to exhibit augmented antibacterial,
antifungal, antitumour, immunoenhancing, lower haemolytic or hepatotropic profile, lower
toxicity (cytotoxicity decreased with decreasing molecular weight), and other biological
activities at the cellular or molecular level (oligosaccharide fragments eliciting enhanced cellular
attachment, proliferation, increased production of lymphokines, mediating cell-cell recognition,
including cellular infection by bacteria and viruses, moderating the behaviour of enzymes and
other proteins, fulfilling various immune response functions, possessing greater information-
carrying potential than that of proteins or nucleic acids of equivalent molecular weight, and their
presence on cell surfaces and many proteins suggests their biological importance in cellular
regulation, metabolism and transportation across cell membranes, etc) whilst forming thinner,
more transparent, and smaller sized films than the polymeric chitin or HMWC commonly used in
many applications; the above properties would undeniably be desirable for biosensing
applications (see discussion in section 1.2, p. 13). This work aims to demonstrate a proof-of-
concept for producing high-value oligosaccharide biomaterials from abundant and renewable
biomass carbohydrate residues (shellfish waste) which are inherently biodegradable, as a
sustainable carbon based feedstock, hence fully embracing the concept of a waste-based
biorefinery. The biomass conversion in this work is guided by the design philosophy of using

milder processing/treatment conditions (enabled by mechanochemistry) in order to preserve
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Nature's highly functionalized biomacromolecules (valorized as precious resources), retaining a
high proportion of the original chemical structure, functionality, and complexity, as a value
creation strategy>'®, thus departing from the normative tradition of synthesizing complex

. . 1
molecules from simpler starting precursors 5

The following chapter will describe the general experimental methods and the detailed
procedures/protocols that have been employed in this work for the versatile and efficient
construction of said high-value oligosaccharide biomaterial envisaged for biosensor

encapsulation by means of non-thermal and solvent-free HSBM methodology.
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CHAPTER 2
MATERIALS AND METHODS

2.1 General experimental methods

Unless otherwise stated, solution-based reactions were carried out with magnetic stirring.
Moisture or air sensitive solution-based reactions are performed under argon (Ar) atmosphere
with freshly dried solvents using standard Schlenk techniques (syringe, cannula, septum) in
oven-dried glassware (120 °C vacuum oven temperature, overnight storage). Molecular sieves (4
A 4-8 mesh, ACP Chemicals) were activated overnight in the said vacuum oven. If dried
solvents were required, tetrahydrofuran, dichloromethane, and other solvents were purified using
a Pure Solv (Innovative Technology) solvent purification system. Furthermore, glassware,
syringes, and needles were dried with a heatgun at 260-399 °C or flamed-dried using a Bunsen
burner immediately prior to use. External bath thermometers were used to record all reaction
temperatures. Low temperature reactions were carried out in a Dewar vessel filled with
acetone/dry ice (temperature between -78 °C and 0 °C) or deionized water/ice (0 °C). High
temperature reactions were conducted using a heated silicon oil bath in reaction vessels equipped
with a reflux condenser or in pressure tubes. Organic solutions were concentrated in vacuo under
reduced pressure (diaphragm pump) on a Biichi rotary evaporator using a water bath, and if
required, further concentrated under a high vacuum line reduced pressure (oil pump) at room
temperature. Except for acetone purchased from ACP Chemicals as ‘Lab-grade’ reagents, all
other solvents (ethyl acetate, hexane, methylene chloride, methanol, ethanol, tetrahydrofuran,
diethyl ether, triethylamine) were purchased from commercial sources including Fisher Scientific
and Sigma-Aldrich as ‘certified ACS’ reagents. Unless otherwise stated, chemicals and reagents
with purity > 95% (purum) were used as received. 3-(Bromoacetyl)coumarin (97%), copper(Il)
sulfate pentahydrate ACS reagent (>98%), 9-fluorenylmethyl chloroformate (97%), sodium
azide, reagent plus® (>99.5%), propargyl bromide solution purum, ~80% in toluene (PhMe), (+)-

sodium L-ascorbate BioXtra (>99.0%), phosphorous tribromide (97%), and low molecular
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weight chitosan (Poly(D-glucosamine)*Deacetylated chitin) were purchased from Sigma-Aldrich

Canada Co.
Retsch MM200 and MM400 shaker/mixer/vibratory/grinding mills

Typical neat/solvent-free ball milling procedures/mechanochemical experiments (see Figure 2.1)
were performed by placing a mixture of solid reactants into a 15 mL PTFE Teflon
milling/grinding jar, along with four hardened stainless steel ball bearings (grinding balls) of 5
mm diameter or one zirconia grinding ball of 10 mm diameter. The jar were sealed with Parafilm
M® laboratory film (however not hermetically) and the samples were then ground in a Retsch
MM200 grinding mill operating at a frequency of 25 Hz (30 Hz for the Retsch MM400 grinding
mill) in increments/segments of 60 or 90 min. Post-reaction, the crude mixtures were
meticulously scraped from the jar using clean laboratory spatulas, readily available for the

ensuing work-up.

Reactions involving either a Retsch MM200 or MM400 grinding mill will be denoted as ‘MM’

44,57

for mixer mill (see any Scheme in references) ', and in this work, see Eqs in Figures 2.10 and

2.20. Note that the use of ‘Scheme’ is more often encountered in the chemical literature as a

44,57,180

label to refer to reaction equations, see references , whether it appears in conjunction with

co-label ‘Figure’ or not, regardless of their order of co-appearance (very common in the body of

the text), including their usage as caption in the form of ‘Figure x. Scheme’, see references**'®'"

185
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Figure 2.1 [Illustration of the procedure for a typical neat/solvent-free ball
milling/mechanochemical experiment

Flash column chromatography (FCC)

FCC was performed using silica gel (SiliaFlash® P60, particle size 40-63 um, 230-400 mesh)
purchased from Silicycle. All reactions were monitored by analytical thin layer chromatography
(TLC) using EMD/Merck silica gel 60 F254 pre-coated/glass-backed plates (purchased from
Sigma-Aldrich Canada Co.) which were visualized under UV light at 254 nm and/or further
developed/dipped/heated using H,SO4 (conc.), I, or basic KMnOy stains.
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NMR spectroscopy

Unless otherwise stated, 1D experiments ('H, ">C) and 2D experiments (COSY, HSQC, HMBC)
NMR spectra were recorded at room/ambient temperature on Bruker 500 MHz AVIIIHD 500,
Bruker 400 MHz AVIIIHD 400, and Varian/Agilent 500 MHz VNMRS solution NMR
instruments/spectrometers, using as received deuterated solvents purchased from Cambridge
Isotope  Laboratories: deuterium oxide (D,0), deuterochloroform (CDCl;), and
hexadeuterodimethyl sulfoxide (DMSO-dg). 'H and 3C NMR spectra were referenced to the
appropriate residual solvent peaks used as internal reference, e.g., CDCIl; (6H = 7.26 ppm, o6C =
77.2 ppm), DMSO-ds (6H = 2.50 ppm, 6C = 39.5 ppm). NMR spectra are reported using the
following abbreviations: chemical shift 6 in ppm (multiplicity, coupling constant J in Hz, number
of protons) for "H NMR spectra and chemical shift § in ppm for ?C NMR spectra. Multiplicities
are abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, p = quintet, m =
multiplet, br = broad, or combinations thereof. Assignments of 'H and ?’C NMR signals were
made, where possible, using information ascertained from COSY, HSQC, and HMBC

experiments.

All reactions were carried out at least in triplicate, except for the Cu(I)-catalyzed Huisgen [3 + 2]
cycloaddition which was run in duplicate, and the highest yield is given. Unless otherwise
specified, all yields are isolated, and for unfamiliar readers, the yield was calculated based on the

molar amount of each starting material.
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The author would prefer to describe the complete synthesis and modification routes using the
concise narrative style in the chemical literature (good scientific writing should be as terse and
concise as possible) as in ‘The synthesis began with the preparation of ... to yield/to furnish ...
(Scheme...)’, see reference'®’. Here instead, an engineering style objective-driven description of

the work will be employed:
The work was broken down into the following sub-objectives:

Preparation of highly deacetylated chitosan oligosaccharides (COS) (key intermediate):
e Purification of polymeric chitosan (starting material, see Figure A.22)
e One-step simultaneous depolymerization and deacetylation (see Figure 2.8)

e Neat/solvent-free ball milling installation for Fmoc-N-protection of oligosaccharides (see

Figure 2.10)

Preparation of a side chain with potential medicinal/therapeutic relevance (key intermediate)
e Mono-propargylation of tetraethylene glycol (see Figure 2.12)
¢ Bromination of mono-propargylated tetraethylene glycol (see Figure 2.14)
e Cu(I)-free Sandmeyer azidation of 7-amino-4-methylcoumarin (see Figure 2.16)

e Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition (see Figure 2.18)
AND

Neat/solvent-free ball milling installation of medicinally/therapeutically relevant side chain on

the highly deacetylated chitosan oligosaccharides (COS) main substrate (see Figure 2.20)
Thus, for the complete synthesis route of a side chain with potential medicinal/therapeutic

relevance, see Figures 2.2-2.4. For the completion of the modification of highly deacetylated

chitosan oligosaccharides (COS), see Figures 2.5 and 2.6.

37



Scheme 1. Synthesis of propargylated and brominated heterobifunctional tetraethylene

glycol-based spacer/linker 1-bromo-3,6,9,12-tetraoxapentadec-14-yne 7

1) NaH, BugN| __  PBr,0°C
H(O/\%OH - H{Owo\// Br\/\< “%
4 THF, 0 °C; then
5

4 CH,Cl,, 60 °C
2) Br_Z 6 54% yield 7
rt
63% yield 6

Figure 2.2 Synthesis of propargylated and brominated heterobifunctional tetracthylene glycol-
based spacer/linker 1-bromo-3,6,9,12-tetraoxapentadec-14-yne 7

Scheme 2. Synthesis of 7-azido-4-methyl-2H-chromen-2-one 9

1) HCI, 0 °C; then
= 2) NaNO,, 0 °C; then =
>
o~ o NH, 3) NaNg, 0 °C; then o° o Na

rt
8 84% yield 9 9

Figure 2.3 Synthesis of 7-azido-4-methyl-2 H-chromen-2-one 9

Scheme 3. Convergent synthesis of a medicinally/therapeutically relevant precursor side

chain 10

N
\\/O\é/\o>/\/ Br +
3 o

EtOH/H,0 (1:1 Br
r% (1) CuS0,-5H,0, NaAsc /—/

52% yield 10 (@)
oy O_/_

N3
9

o~ "o l\\ljl/x_/

Figure 2.4 Convergent synthesis of a medicinally/therapeutically relevant precursor side chain 10
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Scheme 4. Modification of a highly deacetylated chitosan oligosaccharides (COS) precursor

4
CH,OH CH,OH CH,OH CH,OH
o) 0 y o) e} y
HO 0 o) » HO o} o}
NHAc NH, 1 wt% AcOH; then filtration NHAc NH;
n m n m
1 2

HCI, 110 °C
CH,OH CH,OH CH,OH CH,OH
(@) (0] H Fmoc-Cl, Na,CO3 @) (0] H
HO o) o] = HO o 0
NHAc NHFmoac MM NHAc NH,
rt
r S 29% yield 4 P q
4 3

Figure 2.5 Modification of a highly deacetylated chitosan oligosaccharides (COS) precursor 4
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Scheme 5. Completion of the modification of a (COS) functionalized/hybridized with 1,2,3-

triazole heterocycle/coumarin scaffolds as a desired final product 11

CH,0H CH,0OH CHZOR CH20R
e} e} DABCO
H
HO @) @)
NHAc NHFmoc MM NHAc NHFmoc
rt
s

30% yield 11

e s
o Ne) rx‘l/\§_/o

N=N

Figure 2.6 Completion of the modification of a (COS) functionalized/hybridized with 1,2,3-
triazole heterocycle/coumarin scaffolds as a desired final product 11
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2.2 Detailed experimental procedures

2.2.1 Purification of polymeric chitosan (starting material) 1

The polymeric chitosan starting material (molecular weight range 50-190 KDa, 75-85%
deacetylated, a-form) 1 was purified before use with the following procedure (see Figures A.22
and 2.7), 2,655.0 mg of the chitosan sample was dissolved in deionized water (1 wt% AcOH),
with the help of sonication and stirring until complete solubilization was attained. The resulting
viscous solution was filtered using Whatman filter papers and a conical funnel to remove
insoluble substances. The filtrate 2 was subsequently transferred to a three-necked round-bottom

flask for the next procedure.

Figure 2.7 Illustration of the procedure for the purification of polymeric chitosan (starting
material)
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2.2.2 Preparation of highly deacetylated chitosan oligosaccharides (COS) 3

CH,OH CH,OH CH,OH CH,0H
o o y o o y
HO o) 0 » HO 0] 0
NHAc NH, 2.5M HCI, 110 °C, 3h NHAc NH;
B n m ) P q
2 3

Figure 2.8 One-step simultaneous depolymerization and deacetylation; heating and acidic
hydrolysis under reflux

The following one-step procedure for simultaneous depolymerization and deacetylation of
purified polymeric chitosan filtrate 2 was derived from a previous literature procedure'*® (see
Figures 2.8 and 2.9). A three-necked round-bottom flask equipped with a magnetic stir bar,
reflux condenser, and two glass stoppers was charged with filtrate 2, followed with deionized
water, and then acidified to a 2.5M HCI aqueous solution. The flask was immersed into an oil
bath preheated to 110 °C and the reaction mixture was refluxed under stirring for 3 h. After
cooling to room temperature, the reaction mixture was transferred to a separate round-bottom
flask and basified dropwise via an addition funnel with a freshly prepared 2.5M NaOH aqueous
solution, until the pH of the aqueous portion was adjusted to 8-9. The supernatant solution was
decanted, the white precipitate was washed with deionized water and sonicated. This process was
repeated until a neutralized and clear aqueous layer formed. After final decantation, the white
precipitate was concentrated in vacuo under the reduced pressure, affording brown crystalline

solids of highly deacetylated chitosan oligosaccharides (COS) 3.
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Figure 2.9 Illustration of the procedure for a one-step simultaneous depolymerization and
deacetylation; heating and acidic hydrolysis under reflux
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2.2.3 Preparation of Fmoc-N-protected highly deacetylated chitosan oligosaccharides (COS) 4

CH,0H CH,0OH 4 equiv Fmoc-Cl CH,0H CH,0H
o o 4 equiv Na,COj3 o o
HO @) (0] H » HO (@] @) H
NHAc NH, MM (25 Hz) NHAc NHFmoc
P q
3

rt, 6h, 29% d
4

(2]

Figure 2.10 Neat/solvent-free ball milling installation of a carbamate moiety for Fmoc-N-
protection of oligosaccharides (COS)

Compound 3, 9-fluorenylmethyl chloroformate (4 equiv), and Na,CO; (4 equiv) were charged
into a 15 mL PTFE Teflon milling/grinding jar, along with four stainless steel ball bearings of 5
mm diameter and milled in a Retsch MM200 grinding mill (mixer mill denoted as MM)
operating at a frequency of 25 Hz in four increments/segments of 90 min according to the
general procedure described in section 2.1, p. 34, also see Eq in Figure 2.10 (structures, Egs,
named reactions, mechanisms, and most importantly, experimentally-derived evidence and
knowledge (empiricism) make-up the language of the chemical disciplines) and Figure 2.11.
Post-reaction, the crude mixture was meticulously scraped from the jar, and transferred to a 50
mL sterile Polypropylene (PP) conical tube where it was washed and sonicated with the
following sequence of solvents: CH,Cl,, Me,CO. After decantation, residual supernatant was
TLC monitored, and this process was repeated until a clear supernatant layer formed and TLC
indicated the disappearance of starting materials and other compounds. The sample (loosely
covered with foil) was then placed in a ventilated fume hood overnight to allow evaporation of
residual solvent, furnishing Fmoc-N-protected highly deacetylated chitosan oligosaccharides
(COS) (oligo(9-fluorenylmethyloxycarbonyl-glucosamine (Fmoc-GIcN))) 4 as pale beige

powders.
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Figure 2.11 Illustration of the procedure for a neat/solvent-free ball milling installation of a
carbamate moiety for Fmoc-N-protection of oligosaccharides (COS)
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2.2.4 Preparation of O-propargyltetra(ethylene glycol) 6

1) 1.5 equiv NaH
0.05 equiv BugNI

=
H(O/\iOH - H<O/\>/O/

THF, 0 °C, Ar atm; then 4

6
2) 1.5 equiv Br/
rt, overnight, Ar atm, 63%

Figure 2.12 Mono-propargylation of tetracthylene glycol

Compound 6 was synthesized as described earlier'™’ (see Figures 2.12 and 2.13). NaH (60% w/w
in mineral oil, 1.5 equiv) and a catalytic amount of BusNI (0.05 equiv) were added to an oven-
dried and flame-dried round-bottom flask which was backfilled with argon. Anhydrous THF and
tetraethylene glycol 5 were added via syringe through the rubber septum at 0 °C under an argon
atmosphere, and the reaction mixture was stirred for an additional 0.5 h. Propargyl bromide (1.5
equiv) was dropwise added to the reaction mixture, which was allowed to warm to rt to be stirred
overnight, upon which it was concentrated in vacuo under reduced pressure, and purified by flash
column chromatography to afford O-propargyltetra(ethylene glycol) or 3,6,9,12-

tetraoxapentadec-14-yn-1-ol 6 as pale yellow oils.
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Figure 2.13 Illustration of the procedure for the mono-propargylation of tetraethylene glycol
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2.2.5 Preparation of propargylated and brominated heterobifunctional tetraethylene glycol-

based spacer/linker 1-bromo-3,6,9,12-tetraoxapentadec-14-yne 7

20% excess PBrs,

0 °C—rt, Ar Atm

/ gz
H {o/\/)O _Z - Br\/\<o/\>,0//
4 CH,Cl,, 60 °C, overnight, Ar Atm, 54% 3

6 7

Figure 2.14 Bromination of mono-propargylated tetracthylene glycol

Compound 7 was synthesized by the adaptation of a previously reported procedure'™ (see
Figures 2.14 and 2.15). Anhydrous CH,Cl, and compound 6 were syringed through the rubber
septum of an oven-dried and flame-dried round-bottom microwave vial previously purged with
argon. The reaction mixture was cooled to 0 °C and PBr; (20% excess) was dropwise added
under argon atmosphere. After warming to ambient temperature, the reaction mixture was
lowered into an oil bath preheated to 60 °C and left overnight under stirring, at which time it was
quenched with MeOH, concentrated in vacuo under reduced pressure, and purified by flash
column chromatography which gave the propargylated and brominated heterobifunctional
tetraethylene glycol-based spacer/linker 1-bromo-3,6,9,12-tetraoxapentadec-14-yne 7 as yellow

oils.
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Figure 2.15 Illustration of the procedure for the bromination of mono-propargylated tetracthylene
glycol
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2.2.6 Preparation of 7-azido-4-methyl-2H-chromen-2-one 9

1) 8M HCI, 0 °C; then
2) 4M NaNO,, 0 °C,

% 0.5 h stir, 0 °C; then %
y
0~ "0 NH, 3) 4M NaNg, 0 °C, 0~ "0 N3
0 °C—rt, overnight in the dark, 84%
8 9

Figure 2.16 Cu(I)-free Sandmeyer azidation of 7-Amino-4-methylcoumarin

Compound 9 was synthesized using a procedure modified from the literature'®'*°

(see Figures
2.16 and 2.17). 7-Amino-4-methylcoumarin 8 and deionized water were loaded in a round-
bottom flask. Under ice bath temperature, concentrated HCl was dropwise added to the stirred
suspension to an 8M aqueous solution. A freshly prepared 4M NaNO, aqueous solution was
cooled to 0 °C and dropwise added to the reaction mixture, which was stirred for 0.5 h at 0 °C,
during which a 4M NaNj; aqueous solution was prepared and cooled to 0 °C. After 0.5 h, the
NaN3; solution was added to the reaction mixture in a dropwise fashion at 0 °C, at which point it
was slowly warmed to ambient temperature and allowed to stir overnight in the dark. The crude
mixture was extracted into CHCls, dried over anhydrous MgSQy,, concentrated in vacuo under

reduced pressure, and purified by flash column chromatography which furnished 7-azido-4-

methyl-2H-chromen-2-one 9 as yellow crystals.
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Figure 2.17 Illustration of the procedure for Cu(I)-free Sandmeyer azidation of 7-Amino-4-
methylcoumarin

51



2.2.7 Preparation of 1,4-disubstituted 1,2,3-triazole heterocycle 10

X
\\/Oéﬂo%\/Br + 1.05 equiv

3 O (@] N3
7 9

EtOH/H,0 (1:1) _ §
rt, overnight in the dark, 52% 0.05 equiv CuSO,4-5H,0

. Br
0.20 NaA
H NMR vyield 68% saavianse .

10

Figure 2.18 Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition

Compound 10 was synthesized via an adapted published procedure™’ (see Figures 2.18 and 2.19).
1-Bromo-3,6,9,12-tetraoxapentadec-14-yne 7, 7-azido-4-methyl-2H-chromen-2-one 9 (1.05
equiv), sodium ascorbate (0.20 equiv), and copper(Il) sulfate pentahydrate (0.05 equiv) were
added to a round-bottom microwave vial, followed by EtOH, and lastly deionized water
(EtOH/DI H,O 1:1). The reaction mixture was left to stir overnight in the dark. The crude
mixture was extracted into CH,Cl,, dried over anhydrous MgSQO,, concentrated in vacuo under
reduced pressure, and purified by flash column chromatography to yield the desired 1,4-

disubstituted 1,2,3-triazole heterocyclic compound 10 as yellow solids.
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Figure 2.19 Illustration of the procedure for Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition
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2.2.8 Preparation of Fmoc-N-protected O-TEGylated spacer/linker 1,4-disubstituted 1,2,3-
triazole heterocycle/coumarin functionalized highly deacetylated chitosan oligosaccharides (COS)

11

= o}
o—/
0~ o r}l/\§_/

4 equiv N=N
10

CH,OH CH,OH CH,OR CH,OR
e e} 4 equiv DABCO o) e}
H H
HO (0] 0] » HO 0] (@]
NHAc NHFmoc MM (25 Hz) NHAc NHFmoc
S rt, 6h, 30% U v
4 11

Figure 2.20 Neat/solvent-free ball milling installation of a medicinally/therapeutically relevant
side chain

Fmoc-N-protected  highly deacetylated chitosan oligosaccharides (COS) (oligo(9-
fluorenylmethyloxycarbonyl-glucosamine (Fmoc-GlcN))) 4, 1,4-disubstituted 1,2,3-triazole
heterocyclic compound 10 (4 equiv), and 1,4-diazabicyclo[2.2.2]octane (4 equiv) were charged
into a 15 mL PTFE Teflon milling/grinding jar, along with four stainless steel ball bearings of 5
mm diameter and milled in a Retsch MM200 grinding mill (mixer mill denoted as MM)
operating at a frequency of 25 Hz in four increments/segments of 90 min according to the
general procedure described in section 2.1, p. 34, also see Figures 2.20 and 2.21. Post-reaction,
the crude mixture was meticulously scraped from the jar, and transferred to a 50 mL sterile

Polypropylene (PP) conical tube where it was washed and sonicated with the following sequence
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of solvents: CH,Cl,, Me,CO. After decantation, residual supernatant was TLC monitored, and
this process was repeated until a clear supernatant layer formed and TLC indicated the
disappearance of starting materials and other compounds. The sample (loosely covered with foil)
was then placed in a ventilated fume hood overnight to allow evaporation of residual solvent, to
furnish the desired Fmoc-N-protected O-TEGylated spacer/linker 1,4-disubstituted 1,2,3-triazole
heterocycle/coumarin functionalized highly deacetylated chitosan oligosaccharides (COS) 11 as

pale beige powders.
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Figure 2.21 Illustration of the procedure for a neat/solvent-free ball milling installation of a
medicinally/therapeutically relevant side chain

Relevant experimental results regarding the preparation of the abovementioned compounds using
the methodologies described herein will be presented and discussed in detail in the subsequent

chapter.
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CHAPTER 3
RESULTS AND DISCUSSION

The oligosaccharide modification commenced with the purification of polymeric chitosan 1
(molecular weight range 50-190 KDa, 75-85% deacetylated, a-form, see Figure A.22) which
serves as a readily available, inexpensive, and non-toxic starting material. After complete
polymer dissolution in dilute aqueous acid and solution filtration to remove insoluble substances,
the filtrate 2 was subjected to heating and acidic hydrolysis under reflux which effected in a one-
step process simultaneous depolymerization and deacetylation (see Figure 2.8), i.e., cleavage of
the a-(1—4) glycosidic linkage and the acetamido group (side chain). Avoiding one extra step,
the brevity of this route is preferred over a sequential deacetylation (base-catalyzed) followed by
depolymerization (one of the processing sequence investigated in reported study)'™, and
afforded the desired highly deacetylated chitosan oligosaccharides (COS) 3 in a 56% combined
yield over two-steps. The analytical data for 'H and *C NMR matched those reported for the
natural compound (NMR spectra for compound 1 are shown in Figures A.3-A.7). Furthermore,
"H NMR analysis confirmed the high degree of deacetylation of 95-98% whilst MALDI-MS
analytical data (see Figure A.2) reveals the following distribution of oligosaccharides: number
average molecular weight (Mn = 3105 Da), weight average molecular weight (Mw = 3344 Da),
polydispersity index (PDI = Mw/Mn = 1.08), and degree of polymerization (DP = 19 repeating
units of D-GIcN).

"H NMR (500 MHz, 1 wt% HCOOH/D,0): ¢ = 4.80-4.75 (m, 1H), 3.88-3.58 (m, 5H), 3.11-3.04
(m, 1H) ppm.

BC NMR (125 MHz, 1 wt% HCOOH/D,0): § = 97.6, 76.3, 74.7, 70.1, 59.9, 55.8 ppm.

NMR spectra for compound 3 are shown in Figures 3.1 and 3.2.
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Depolymerization is an important starting point for many recalcitrant biomass valorization

21,117,192-198

strategies in order to extract valuable chemicals from renewable sources of

192,197

carbon and/or to provide a source of low molecular mass feedstock more suited for

117,192,196 195,197,198

downstream processing , including chemical and/or biological transformations

Commonly referred to in the biomass literature is the need to overcome the crystallinity of

natural biopolymers derived from recalcitrant biomass, as such depolymerization is often the first

117,193 192,196-198

step to effective utilization of chitin , cellulosezl’l94’195, hemicellulose, and/or lignin

(see section 1.3.8, Tables 1.1-1.3, biomass field pretreatment methods); depolymerization is also
presented as the first step that is required for the large-scale use of recalcitrant biomass'**'*,
their effective extraction (see discussion in section 1.3.1, p. 14, focused on chitinous type of
biomass) and/or subsequent chemical/biological conversion efforts into higher value
chemicals'""**"%"%7 both (market size and upgrading) are deemed crucial for the economic

192,196

viability of contemporary integrated biorefineries . From a practical point of view,

depolymerization affords low molecular weight feedstocks that are more suited for downstream

8,69,89,99,199

processing; the high viscosity***'**? high molecular weight and/or native solid-

state™''”  of  starting  biopolymers are often  unattractive for  downstream

4,8,69,89,99,117,199,200 . . . )
BT (see experimental details of references in sections 1.3.2, p. 14 and

processing
1.3.3, p. 15) and such properties could be undesirable for several applications. For example, in
the pharmaceutical field: (1) body clearance of biopolymer alginate is hampered by its high

molecular weight'”

, and (2) high polymer fractions increase the viscosity of gelation liquid for
the formation of thermal gelling polymer-based hydrogels (protection and release of drugs with
poor aqueous solubility) and off-target effects, which can limit the application of such
materials'*?. Whereas in the biomedical field, the high viscosity of biopolymer chitosan hampers
the stirring efficiency and homogeneity of the medium in polymer blends*” (see discussion in

section 1.3.7, p. 17, polymer modifications using physical association networks strategies).
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Additionally, there are distinct advantages (of therapeutic relevance) for utilizing chitosan
oligosaccharides (COS) over their polymeric precursors for pharmaceutical or biomedical
applications besides material processability considerations, namely: (1) enhanced susceptibility
to degradation of COS over their polymeric counterparts as revealed by in vitro studies where
degradation was predominantly caused by extracellular enzymes’®, (2) lower hepatotropic
biodistribution profile as shown by in vivo studies after intravenous administration in male
Wistar rats’® (see discussion in section 1.2, p. 12), (3) in vitro toxicity studies demonstrating
increasing cytotoxicity with higher molecular weight chitosan, e.g., in vitro cytotoxicity
assessment against L.929 cells for trimethyl chitosan of molecular weight: 400, 100, 50, 25, and 5
kDa (ICsp: 30, 70, 90, 270 mg/ml, and > 1000 pg/ml, respectively)76 (see discussion in section
1.2, p. 12), and lastly (4) in vivo studies also revealed a dependency between cytotoxicity and
increasing molecular weight for chitosan against CaCo-2 and HT29-H cell lines and in situ rat

jejunum .

With highly deacetylated chitosan oligosaccharides (COS) 3 in hand, we then concentrated our
efforts to install a carbamate moiety for Fmoc-N-protection of oligosaccharides. Initial attempts
were carried out using solution-based (peptide synthesis protocols) and alternative energy
methodologies such as microwave-assisted and ultrasonic (sonochemistry) irradiation, but were
met with little success. Upon observation that the biomass substrate 3 proved remarkably

unreactive (recalcitrant) under these conditions, we decided to try ball milling, an alternative

61



Table 3.1 Initial neat/solvent-free ball milling reaction condition screening?

CH,OH CH,OH Fmoc-Cl CH,OH CH,OH
(@) (@) 2a (@) O
H H
HO (@) (@) » HO O (@)
NHAc NH, MM, rt NHAc NHFm
p q
1a

r s
3a
entry 1a (mg) 2a (equiv) milling milling milling yield (%)
freq (Hz) cycle (n) time (min)
1 30.0 20 30 1 60 not significant
2 50.0 2.0 30 1 60 not significant
1 60
3 50.0 2.0 25 not significant
2 60
4 50.0 4.0 30 1 60 16
5 250.0 4.0 30 1 60 4
6 250.0 4.0 30 1 60 3

4Using one 10 mm diameter zirconia ball bearing.

Table 3.1 Initial neat/solvent-free ball milling reaction condition screening

energy method traditionally used for mechanochemical mixing (i.e., advanced
comminution/particle size reduction®®, see discussions in sections 1.1, p. 4, and 1.3.8, Table 1.1)
but one which remains largely unexplored with the perspective of deliberately effecting chemical
changes in biomass substrates. At this stage, the most pressing issue was to conduct a
methodological investigation to expedite the discovery of a process leading to compound 4 from
compound 3: first, we needed to demonstrate that a neat/solvent-free ball milling methodology
represents a viable approach to produce the key and versatile intermediate 4. To explore the
initial operation conditions of the mixer mill, compound 3 and stoichiometric equivalents of 9-
fluorenylmethyl chloroformate (starting with 2 equiv) were placed into a 15 mL PTFE Teflon jar
along with one zirconia grinding ball of 10 mm diameter (see Table 3.1, entries 1-3). The
samples were then ground in a Retsch MM400 grinding mill operating at a frequency of 30 Hz in

one increment/segment of 60 min (see Table 3.1, entries 1, 2, 4-6). Initial screening reveals an
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optimal loading (milling media-to-sample weight ratio) of 50.0 mg for compound 3 and 4 equiv
of 9-fluorenylmethyl chloroformate are needed to afford a yield of 16% (see Table 3.1, entry 4),
higher loading levels of 250.0 mg for compound 3 reduced the yield to 3-4% (see Table 3.1,
entries 5 and 6) whilst under the conditions of lower loading levels of 30.0 mg for compound 3
(see Table 3.1, entry 1) and/or 2 equiv of 9-fluorenylmethyl chloroformate (including
lengthening the reaction time in two increments/segments of 60 min at a frequency of 25 Hz)
(see Table 3.1, entries 1-3), the intermediate 4 could still be detected by "H NMR; however, the
amounts of isolated yield were not significant; second, we then turned our efforts to investigate
the effect of base additives for neat/solvent-free ball milling reaction condition screening.
Addition of a base should be favourable for it would presumably act to neutralize the released
HCI byproduct from carbamate moiety formation, as such we investigated the common organic
base Et;N (10 wt% to solid reactants, see Table 3.2, entries 1-3) as well as more economically
attractive inorganic bases such as NaHCO; and Na,COs; (see Table 3.2, entries 4-6). The results
of this screening round reveal that under identical milling conditions to those leading to the
highest yet attained yield (16%) without any base additive (see Table 3.1, entry 4), the addition
of organic base Et;N lowered the yield to 9% (see Table 3.2, entry 3), and that at 2 equiv of 9-
fluorenylmethyl chloroformate (see Table 3.2, entry 2) and/or under LAG liquid-assisted
grinding (wet-milling) conditions using dioxane as the solvent (see Table 3.2, entry 1),

intermediate 4 was not detected (n.d.) by 'H NMR.
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Table 3.2 Base additives for neat/solvent-free ball milling reaction condition screening?

Fmoc-Cl
CH,OH CH,OH 2a CH,OH CH,OH
(0) (@) H base O (0) H
HO O O » HO (6) 0)
NHAc NH, MM, rt NHAc NHFmoc
p q r s
1a 3a
entry 1a(mg) 2a (equiv) base base (equiv) milling milling yield (%)
freq (Hz) time (min)
1 33.8 2.0 Et;N 10 wt% 30 60 n.d.?
2 50.0 2.0 Et;N 10 wt% 25 60 n.d.
3 50.0 4.0 EtzN 10 wt% 30 60 9
4 50.0 4.0 NaHCO; 4.0 30 60 49
5 50.0 4.0 Na,CO3 4.0 30 60 54
6 50.0 10.0 NaHCO3; 4.0 30 60 22

aUsing one 10 mm diameter zirconia ball bearing. ?Under LAG liquid-assisted grinding (wet-milling) conditions

using dioxane as the solvent.

Table 3.2 Base additives for neat/solvent-free ball milling reaction condition screening
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Table 3.3 Influence of milling time for neat/solvent-free ball milling reaction condition screening?

Fmoc-ClI
CH,OH CH,OH 2a CH,OH CH,OH
o 9 H base o o H
HO O O » HO O O
NHAc NH, MM, rt NHAc NHFm
p q r s
1a 3a
entry 1a (mg) 2a (equiv) milling milling milling yield (%)
freq (Hz) cycle (n) time (min)
1 50.0 4.0 30 1 30 20
2 50.0 4.0 30 1 60 49
1 30
3 50.0 4.0 30 60
2 60
1 60
4 50.0 4.0 30 85
2 60

4Using one 10 mm diameter zirconia ball bearing, NaHCO3 (4 equiv) as base.

Table 3.3 Influence of milling time for neat/solvent-free ball milling reaction condition screening

Under similar conditions to those leading to the highest yet attained yield (16%) without any
base additive (see Table 3.1, entry 4), it was found that by adding 4 equiv of inorganic bases, the
yield could be increased to 49% for NaHCOj; (see Table 3.2, entry 4) and to 54% for Na,COs (see
Table 3.2, entry 5); also note that the yields do not differ markedly from each other. Thus, the
choice of a base significantly impacts the success of this nucleophilic acyl substitution reaction
with inorganic bases NaHCO; and Na,COs; significantly outperforming organic base Et;N.
Moreover, it is worth noting that inorganic bases, once neutralized into their salt forms, can be
conveniently removed by washing away with water. The results are fully consistent with the
presumption that a base is needed to neutralize the released HCl byproduct from carbamate
formation. It is noteworthy that increasing the amount of 9-fluorenylmethyl chloroformate to 10
equiv decreases the yield to 22% (see Table 3.2, entry 6), clearly a delicate and intricate balance
is needed between neutralization, proper stoichiometric ratio between reagents, and an optimal

loading level (milling media-to-sample weight ratio); third, with access to reaction conditions
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which provide yields in the 49-54% range (see Table 3.2, entries 4 and 5), we then examined the
influence of milling time on the yield, and found that diminishing the milling time to 30 min
correspondingly decreases the yield to 20% (see Table 3.3, entry 1) whilst lengthening the
milling time to 90 min and 120 min increased the yields to 60% and 85% respectively (see Table
3.3, entries 3 and 4); last, we then directed our attention to evaluate the influence of milling
media, i.e., number, size, and density/type of milling materials, on the yield as well as exploring

the effect of further extending the milling time on the yield.

Table 3.4 Influence of milling media (ball bearing number/size/density) for neat/solvent-free
ball milling reaction condition screening?

Fmoc-Cl
CH,OH CH,OH 2a CH,OH CH,OH
9 0) H base O ®) H
HO (@) (@) » HO (@) (@)
NHAc NH, MM, rt NHAc NHFmoc
p q r s
1a 3a
entry base base (equiv) milling milling milling yield (%)
freq (Hz) cycle (n) time (min)
1 90
1 NaHCO3; 4.0 25 37
2 90
1 90
2 Na,CO3 4.0 25 28
2 90
1 90
3 NaHCO3; 4.0 25 22
2 90
3 90
4 90
1 90
4 Na,CO5 4.0 25 29
2 90
3 90
4 90

4Using four 5 mm diameter stainless steel ball bearing, 1a (50 mg), 2a (4 equiv).

Table 3.4 Influence of milling media (ball bearing number/size/density) for neat/solvent-free ball
milling reaction condition screening
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In this series of experiments, the single zirconia grinding ball (number of milling ball (nyg = 1),
diameter (dyg = 10 mm), density (pus = 4.5 g cm™)*", Knoop index (KI = 1160)**) was
exchanged for four stainless steel ball bearings (number of milling ball (nyg = 4), diameter (dyvs
= 5 mm), density (pms = 7.7 g cm™)*®, Knoop index (KI = 138)**) and the solid reactants were
charged into a 15 mL PTFE Teflon milling/grinding jar and milled in a Retsch MM200 grinding
mill operating at a frequency of 25 Hz in two or four increments/segments of 90 min. The Knoop
index (KI) being a measure for mechanical hardness™®, we effectively substituted a single larger
diameter, less dense but harder zirconia grinding ball bearing with four smaller diameter, more
dense but softer stainless steel ball bearings. Under those conditions, the following observations
were made: (1) the yields deteriorated to 37% and 28% for NaHCO; and Na,COj; respectively
when the mill was operated for two increments/segments of 90 min (see Table 3.4, entries 1 and
2), (2) similarly, the yields were reduced to 22% and 29% for NaHCOj; and Na,COs respectively
when the mill was operated for four increments/segments of 90 min (see Table 3.4, entries 3 and
4), and most importantly (3) comminution/particle size reduction was more efficient when using
four smaller diameter, more dense but softer stainless steel ball bearings (see Table 3.4, entries 1-
4) rather than one larger diameter, less dense but harder zirconia grinding ball bearing (see Table
3.1, entries 1-6, Table 3.2, entries 1-6, Table 3.3, entries 1-4). Whilst one may regrettably
conclude that further extending the milling time from two increments/segments of 60 min to two
or four increments/segments of 90 min did not have a positive effect on the yield (see Table 3.4,
entries 1-4), nevertheless, owing to the need to expose intermediate 4 to further functionalization
(vide infra), i.e., it isn't the final desired product, the process outcome of generating smaller
particle size (albeit at a lower yield) was experimentally proven to be determinant and vital to the
success of subsequent functionalization steps. Indeed, the use of four smaller diameter, more
dense but softer stainless steel ball bearings importantly improved mixing for further
functionalization, which in turn allowed superior solid-solid contacts between reagents
considered essential to initiate solid-solid transformations*', and the resulting smaller particle
size of the intermediate 4 provides a means to sidestep the known problems or limitations
associated with particle segregation (inhomogeneous mixture) which lead to poorer reactivity,
i.e., particle segregation occurring as a result of difference in size and density between solid
reagents, and the propensity of larger particles to segregate readily from smaller ones, in which

case, further shaking results not in improved mixing but rather in enhanced segregation*'. Thus,
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forgoing the higher attainable yield of 85% (see Table 3.3, entry 4) which generates larger
particle size, the free primary amine of 3 was converted to a carbamate group upon exposure to
9-fluorenylmethyl chloroformate and Na,COs to afford 4 in 29% yield (see Table 3.4, entry 4,
and Figure 2.10).

'H NMR (500 MHz, DMSO-dg at 90 °C): § = 7.87-7.78 (m), 7.74-7.67 (m), 7.44-7.28 (m), 6.98
(brs), 6.22 (s), 4.58-4.42 (m), 4.39-4.18 (m), 3.85-3.19 (m) ppm.

NMR spectrum for compound 4 is shown in Figure 3.3.
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Having successfully installed a carbamate moiety in the corresponding Fmoc-N-protected highly
deacetylated chitosan oligosaccharides (COS) 4, we turned our attention to construct the
propargylated and brominated heterobifunctional tetraethylene glycol-based spacer/linker 1-
bromo-3,6,9,12-tetraoxapentadec-14-yne 7. The sequence begins with treating tetracthylene
glycol 5§ with NaH, a catalytic amount of BusNI, and propargyl bromide in anhydrous THF under
argon atmosphere to form O-propargyltetra(ethylene glycol) or 3,6,9,12-tetraoxapentadec-14-yn-
1-0l 6 in 63% yield (see Figure 2.12).

"H NMR (500 MHz, CDCls): 6 = 4.10 (d, J = 2.4 Hz, 2H), 3.63-3.54 (m, 14H), 3.49 (t, J = 4.4
Hz, 2H), 3.16 (br s, 1H), 2.40 (t, /= 2.4 Hz, 1H) ppm.

BC NMR (125 MHz, CDCl;): 6 = 79.6, 74.7, 72.5, 70.4, 70.2, 69.0, 61.5, 58.3 ppm.

NMR spectra for compound 6 are shown in Figures 3.4 and 3.5.
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Next, the remaining primary hydroxyl of 6 was brominated using PBr; dissolved anhydrous
CHCI; to give the anticipated propargylated and brominated heterobifunctional tetraethylene
glycol-based spacer/linker 1-bromo-3,6,9,12-tetraoxapentadec-14-yne 7 in 54% yield (see Figure
2.14).

"H NMR (500 MHz, CDCls): 6 = 4.23 (d, J = 2.4 Hz, 2H), 3.84 (t, J = 6.4 Hz, 2H), 3.75-3.67 (m,
12H), 3.50 (t, J = 6.4 Hz, 2H), 2.45 (t, J = 2.4 Hz, 1H) ppm.

BC NMR (125 MHz, CDCls):  =79.7, 74.5, 71.2, 70.7, 70.6, 70.4, 69.1, 58.4, 30.3 ppm.

NMR spectra for compound 7 are shown in Figures 3.6 and 3.7.
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With access to the heterobifunctional tetraecthylene glycol-based spacer/linker 7, we proceeded to
the functionalization of the 7-Amino-4-methylcoumarin substrate 8 as required for the
subsequent functionalization reaction (vide infra). To this end, the classical Sandmeyer reaction
provides a convenient route for the conversion of arene diazonium salts which react with azide

21 to the corresponding arene azide’'?”. An azide group was

ions without Cu(l) catalyst
introduced into 8 by treatment with concentrated HCl and NaNO, in aqueous solution, followed
by NaN; in aqueous solution, provided 7-azido-4-methyl-2H-chromen-2-one 9 in a 84%

combined yield over two-steps in one-pot (see Figure 2.16).

"H NMR (500 MHz, CDCls): § = 7.60 (d, J = 8.4 Hz, 1H), 7.02-6.96 (m, 2H), 6.26 (q, 1H), 2.45
(d, J=1.2 Hz, 3H) ppm.

BC NMR (125 MHz, CDCls): 6 = 160.4, 154.7, 151.9, 143.9, 126.0, 117.1, 115.3, 114.0, 107.2,
18.7 ppm.

NMR spectra for compound 9 are shown in Figures 3.8 and 3.9.
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With the two required fragments in hand, their assembly to a medicinally/therapeutically relevant
1,4-disubstituted 1,2,3-triazole heterocycle via Cu(l)-catalyzed Huisgen 1,3-dipolar
cycloaddition was undertaken. Nitrogen-containing heterocycles are an important class of
structures and form an integral part of therapeutically interesting compounds which display
diverse biological activities, i.e., their structural subunits exist in many natural products
(ubiquitous in nature) such as vitamins, hormones, antibiotics, alkaloids, pharmaceuticals,
herbicides, and dyes™. In particular, the triazole moiety has been shown to act as a non-classical
bioisostere surrogate to potentially labile functional groups (e.g., esters, amides); its stable
heterocyclic ring mimics similar electrostatic potential map, thus it has the bioisosteric potential
to mimic the amide of a peptide bond, i.e., act as an amide bond surrogate in peptidomimetic
structures without the lability of the latter to acidic or basic hydrolysis**. Moreover, 1,2,3-
triazoles subunits are of interest for their excellent PK characteristics, favourable safety profiles,
latent ability for hydrogen bond formation, moderate dipole character, rigidity and stability under

) . oo 159
in vivo conditions

. Furthermore, it was reported that novobiocin (an aminocoumarin
antibiotic'” which selectively inhibits bacterial topoisomerase205 , 1.e., novobiocin's antibacterial
activity and its inhibition of the supercoiling activity of E. coli DNA gyrase*"’) analogs with
1,2,3-triazole conjugated at the 7th position exhibited obvious anticancer activity by inducing
cell line apoptosis'™ (see discussion in section 1.3.10, p. 28). The functionalized alkyne 7 and
azide 9 precursors were subjected to Cu(l)-catalyzed Huisgen 1,3-dipolar cycloaddition
conditions to construct a 1,4-disubstituted 1,2,3-triazole heterocycle 10 in 52% yield (68% NMR

yield, mesitylene as internal standard, see Figure 2.18).
"H NMR (500 MHz, CDCl;): 6 = 8.17 (s, 1H,), 7.82 (dd, J = 8.6, 2.0 Hz, 1Hy), 7.77 (d, J = 8.6
Hz, 1H.), 7.72 (d, J=2.0 Hz, 1Hyg), 6.37 (q, 1H.), 4.82 (s, 2Hy), 3.84-3.76 (m, 4H,), 3.76-3.64 (m,

10Hy,), 3.47 (t, J = 6.3 Hz, 2H;), 2.50 (d, J = 1.25 Hz, 3H;) ppm.

BC NMR (125 MHz, CDCly): 0 = 159.9, 154.2, 151.5, 139.1, 126.3, 120.8, 119.9, 115.9, 115.6,
108.3, 71.1, 70.7, 70.6, 70.5, 70.1, 64.6, 30.4, 18.7 ppm.

NMR spectra for compound 10 are shown in Figures 3.10 (proton labelled) and 3.11.
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To aid the readers who are not familiar with the chemical literature, peak assignments refer to
protons labelled in Figure 3.10. However, this is done so only for this novel structure as peak
assignments have been extensively described for the known structures of precursors. Note that
proton labelling in peak assignments is uncommon for small molecules unless the focus is on
studying key mechanistic aspects of a novel reaction or to gain structural information on
complex formation involving cations, see references””’*%. If peak assignments of broad polymer
peaks (but proton labelled) is of interest to the reader, the following references could be

209
% and

consulted, FTIR spectra for coordination polymer, metal-organic frameworks (MOFs)
macromolecular (co)polymeric architectures, e.g., photo-cross-linking acrylated star-poly(e-
caprolactone-co-D,L-lactide), star-poly(D,L-lactide), star-poly(e-caprolactone), star-poly(e-

caprolactone-co-D,L-lactide), terminus-acrylated star-poly(e-caprolactone-co-D,L-lactide)*'” .

To complete the overall modification, the functionalized side chain was introduced by submitting
Fmoc-N-protected highly deacetylated chitosan oligosaccharides (COS) 4 to 1,4-disubstituted
1,2,3-triazole heterocycle 10 and 1,4-diazabicyclo[2.2.2]octane under neat/solvent-free ball
milling conditions to deliver Fmoc-N-protected O-TEGylated spacer/linker 1,4-disubstituted
1,2,3-triazole heterocycle/coumarin functionalized highly deacetylated chitosan oligosaccharides
(COS) 11 in 30% yield (see Figure 2.20). Admittedly, this approach required a 4 equiv large
excess of 10, a valuable and hard-won intermediate that had to be sacrificed in order to allow the
reaction to proceed to completion. Whilst it is unsurprising that 4 was proven to be a
challenging/recalcitrant biomass-derived substrate as illustrated by the current and final step
which only gave 30% yield, it is worth keeping in mind that main objective of this work was to
find a practical and workable route from 1 to 11. Optimizing the overall yield and each of the
stepwise yield were secondary concerns, surely attempted but definitely not the primary focus of

this work.

"H NMR (500 MHz, DMSO-dg at 90 °C): J = 8.88-8.85 (m), 7.98-7.93 (m), 7.87-7.78 (m), 7.74-
7.67 (m), 7.44-7.28 (m), 6.98 (br s), 6.43 (s), 6.22 (s), 4.68 (s), 4.58-4.42 (m), 4.39-4.18 (m),
3.85-3.19 (m), 2.63 (s) ppm.

NMR spectrum for compound 11 is shown in Figure 3.12.
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Figure 3.12 "H NMR spectra of compound 11
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The next chapter closes with some general conclusions about the demonstrated concept of
employing HSBM methodology in this work for the practical transformation of recalcitrant
biomass oligosaccharides in view of preparing useful new materials and platform molecules

along with a brief discussion about possible future work or research directions.
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CHAPTER 4
CONCLUSION

In summary, we demonstrated that high-value oligosaccharide biomaterials could be prepared
from abundant and renewable biomass carbohydrate residues (shellfish waste) which are
inherently biodegradable, as a sustainable carbon based feedstock, hence entirely consonant with

the concept of a waste-based biorefinery.

To this end, we have developed a novel method leading to the modification of recalcitrant
biomass oligosaccharides where hitherto traditional solution-based methodologies typically
involve harsh conditions such as elevated temperature, long reaction times, excess and
concentrated acids or bases; under such conditions, carbohydrates readily undergo problematic
side reactions, thus forming myriad complex compounds. The key design aspect of our strategy
was to recognize the potential for the deliberate employment of mechanical force and energy by
means of high speed ball milling (HSBM) to effect productive and purposeful chemical
transformations of recalcitrant oligosaccharides for the preparation of useful new materials and
platform molecules. HSBM is a method conventionally used in material science and engineering
for mechanochemical mixing (i.e., advanced comminution/particle size reduction, see
discussions in sections 1.1, p. 4, and 1.3.8, Table 1.1) but one which remains largely unexplored
with the perspective of deliberately effecting constructive chemical changes in recalcitrant
biomass substrates. In light of the difficulties and harsh conditions associated with classical
solution-based methodologies, HSBM as a non-thermal method and operationally simple process
provides numerous advantages for the practical transformation of recalcitrant biomass
oligosaccharides, namely mild processing (room temperature, ambient air, shorter reaction times)
and solvent-free (absence of toxic or carcinogenic high boiling polar aprotic solvents such as
pyridine, DMF, DMSO) conditions (see discussion in section 1.2, p. 10). In this work, HSBM
was proven to be particularly beneficial as it provides access to complex carbohydrate structures
that could not be readily obtained by other methods or means, namely solution-based (peptide
synthesis protocols) and alternative energy methodologies such as microwave-assisted and
ultrasonic (sonochemistry) irradiation. In short, the methodology reported herein provides access

to challenging modifications in a mild manner and to otherwise difficult-to-access structurally
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complex products using conventional solution-based methodologies or by the aforementioned

alternative energy approaches.

Furthermore, the late-stage incorporation of a medicinally/therapeutically relevant side chain
with potential anticancer, antitumour, and/or antitubercular profiles (see discussions in sections
1.3.10, p. 29, 1.3.11, p. 29, 1.3.12, p. 30, and Chapter 3, p. 79) to a key intermediate
oligosaccharide-based scaffold (see discussion in section 1.2, p. 12) or support or carrier
produced from renewable and functionalized feedstock biomass demonstrates the generality,
modularity, and applicability to complex biomass-derived substrates for late-stage diversification
of the HSBM methodology, and offers a glimpse/hint at the potential and possibilities (future
work) for the versatile preparation of a wide range and/or new classes of compounds or
derivatives or variants tailored for medicinal chemistry, materials chemistry, biosensing and
other applications as well as for the practical process conversion and scale-up from laboratory-
scale shaker/mixer mill into readily available and industrially utilized large-sized planetary mills.
As alluded to in section 1.2, p. 12, future work could focus on harnessing HSBM solvent-free
methodologies for the chemical modification of oligosaccharide residues intended to function as
carriers for several pharmaceutical applications, including therapeutic deliveries of DNA, drugs,
growth factors or as pH-sensitive coating agents for tumour-specific drug delivery. For
pharmaceutical applications, it is worth re-emphasizing that the ability to chemically modify
oligosaccharide residues in mild temperature conditions (ca. 7-12 °C above room temperature,
see discussion in section 1.2, p. 8, which is a very negligible temperature increase compared to
the harsh elevated temperature range used in the traditional solution-based methodologies for
monosaccharide, oligosaccharide, and polysaccharide modifications) in the absence of toxic or
carcinogenic high boiling polar aprotic solvents and without the use of concentrated or excessive
amounts of harsh acids or bases (see discussion in section 1.2, p. 10) proves to be very
advantageous and valuable as does the design choice of utilizing oligosaccharide residues which
have been widely reported to possess lower haemolytic, hepatotropic, and cytotoxicity profiles
(important considerations for the pharmaceutical field) than their polymeric polysaccharide
counterparts (see discussion in section 1.2, p. 12). Similarly, the above properties would

undeniably also be desirable for biosensing applications (see discussion in section 1.2, p. 13).
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The long-term implications for the mechanochemistry, green chemistry, medicinal chemistry,
pharmaceutical and biomedical (drug carrier, hydrogels, scaffolds, etc) fields from the HSBM
solvent-free methodology developed in this thesis is that a modern 21st century greener
alternative approach to the early 1990s era polymer cross-linking one is now viable to sidestep
the known and extensively documented cytotoxicity aspects related to the cross-linking paradigm
(see discussion in section 1.3.7, p. 18); an early 1990s era where the environmental damage,
hazards and costs of remediation (copious organic (co-)solvent(s) and distilled/deionized water
usage in polymer methodologies and protocols, e.g., repeated wash and/or solvent exchange
cycles which generate large volume of effluent wastewater containing mixtures of chemicals and
organic solvents, see discussions in section 1.3.2, p. 14 and references in section 1.3.3, p. 15) are
not taken into account in the production of chemically modified and useful materials (important
considerations in contemporary 21st century, see discussion in section 1.1, p. 4). Lastly, the
HSBM solvent-free methodology developed in this thesis, unlike the early 1990s era polymer
cross-linking paradigm (see discussion in section 1.3.7, p. 20), is one that can accommodate
crystalline and recalcitrant biomass for the purposeful chemical modification of oligosaccharide
residues under solvent-free and mild temperature conditions (as demonstrated in this thesis,
whereas previously ball milling was merely used as a physical pretreatment method for biomass
comminution or reduction in particle size and/or crystallinity, see discussions in sections 1.1, p. 4,
and 1.3.8, Table 1.1, mechanical comminution including ball milling), which are arguably, the
only remaining readily available carbon feedstock (most importantly, renewable long-term
source of organic carbon, see discussion in section 1.1, p. 3) for the production of valuable

platform chemicals and fuels moving forward late into the 21st century.
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A. APPENDICES
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Figure A.1 MALDI-MS spectra of highly deacetylated chitosan oligosaccharides (COS)
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Figure A.2 MALDI-MS spectra of highly deacetylated chitosan oligosaccharides (COS)
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A.2Additional NMR spectra
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Figure A.4 °C NMR spectra of compound 1
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Figure A.7 HMBC NMR spectra of compound 1
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Figure A.10 HSQC NMR spectra of compound 3
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Figure A.12 HMBC NMR spectra of compound 3
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Figure A.13 "H NMR spectra of compound 10
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Figure A.16 COSY NMR spectra of compound 10
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