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Abstract

With aneverincreasing global population and incidence of headthted norcommunicable diseases
(diabetescancer cardiovascular diseds there is growing pressure oanfectionerymanufacturers to
improve the nutritional profile of their produchty redudng the contenof undesirable frdadded
sugarsThis is particularly challenging withexqueougonfectionery fillingsas sugarprovidenot only
sweetness but also humectancg plasticisation by lowerinthewater activity(aw) and glass transition
temperaturéTy), whichis necessary famaintaining producsafety and qualityThis thesis investiges
both theoretical and practical aspects of replacing common confectguargwithin modelagueous

confectiorery fillings using novel, naturmspired approaches.

Initial attention focussed onrationalising thea, of aqueous solutions containirgychetypalor

unheralded humectantga application ofstatisticalthermodynamicsThis reveakd that ay manifests

asaresult of the interplay between the hydration (redagg@snd clustering of solutes (increasgs.

A secondaspect of the thesexaming the humectant and plasticisatigmoperties of two unheralded

natural osmolytes2-O-U-D-glucopyranosy! glycerdlglycoin) and 20-U-D-galactgyranosyl glycerol

(floridoside) and involved direct extraction of the latiierm a natural biomasd$@limaria palmata

Both glycoin and the fladoside extract were found to exhilbiv Tyvaluesand effectivea, reducing

capacities thatvere equivalent or superior timmmon confectionery sugars (sucrose, fructobap

previously unforeseen crystal formsflafridosidewere alsadentifiedandsubsequentlgharacterised
indetalThe devel opment and characterisation of seve
naturallyoccurring, food-gradecomponentsas 6 pr-ato bncept 6 hume wdreaalsd / pl ast
described The performances of one suelitectic mixturein addition toglycoin and thdloridoside

extractwere evaluated withim model agqueous confeati@and found tobe very comparabléo D-

fructose, suggesting that thail have potential as dreip humectants and plasticisdis usewithin

sugarreduced confectionery and broader food sector applications.
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How to use this thesis

It is intended that this thesis be usedbwmyh experienced researchers and/or those who may be less
familiar to the areas of green and sustainadnhelbr confectionery chemistry (undergraduates,
postgraduates etc). The thesis compréghtmain chaptes which have been prepared and presented
accordimg to the rules and regulations set out by the University of York (&emembe020) with
various apects of Chapters 3, 5 and 6 ingvbeen published in peeeviewed journalsas outlined
within the DeclarationA collated appendes referencesind list of abbreviatiotsymbolscan all be
located at the end of thikesis Theappendixhas been arranged into individual sections-(B) which
eachprovidesupplementary informatidior Chapters 3 7 based on numerical order (i.ecérresponds

to Chapter 3 and E to Chapter 7).

Chapter 1: This chapter provides a general technical andteohnicabackgroundor the main aspects

of researchtihat are covered within the thesis. It initially introduces the main national and inteahation
drivers for sugar reductioiollowed by a brief technicaummarywhich describes the role of sugars
within aqueous confections. Many of the current stétthe-art sugar reduction strategies are then
discussed beforthespecificaimsof thethesisare presenteceach accompanied with their own separate

focussed minliterature reviews.

Chapter 2: This section provides detaitencerninghe materials methods andnalyticalinstrumental

techniques that were usddringthe work.

Chapter 3: This chapter begins with a short literature review that critically summarisesatioais
conflicting hypotheses that have been posited regarding the molecular origatesfactivity(aw) in
aqueous solutions of sugars and sugar alcofdiss. origin issubsequently investigated using the
Kirkwood-Buff (KB) theory of solutionswhich is alsoemployedto rationalise the humectancy of

severakelativelyunheraldedaturalosmolytes.
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Chapter 4 Thehumectant and plasticising properties of the natsalolyte 20-U-D-glucopyranosyl
glycerol (glycoin)and its aqueous solutions are characterisedetail and both the corresponding
Norrish constant and Gorddraylor constant for the glycoiwater binary solution calculate@he

experimentally measures, andglass transition temperatu€;) are compared tthose ofa range of
common confectionery humectants/plasticiseesabling evaluation of glycoin as a potential

replacement for sugars within aqueous confections.

Chapter 5: This chapterinvestigatesthe clean, fooegrade extraction of tle osmolyte 20-U-D-

galactopyranosyl glycerol (floridosiddjom natural macroalgal biomagPalmaria palmaty and
subsequent physicochemical characterisat&rafdTg) thereof It alsorepors on the identification
and detailed characterisatiohtwo previously unforeseen crystal forms of floridosidéch may have

important ramifications for future anthropatec applications and natural biochemistry research.

Chapter 6: This chapter describes tlivelopment angrepaation of novel eutectic mixturesss
Opr-ar-obncept d& humect ausingsonsugadfoogpdrades domponergbased on
several naturalipccurring lactone@ncluding vitamin C) The thermatharacteristics of these mixtures
are investigated in detail and other physicochemical properties including rheology, angl also

evaluated.

Chapter 7: The performance of the novel humectants and plasticisetisa are presentedavithin

Chaptes 4 to Gareevaluatedvithin a model agueous confectionery filling based on adcavd duwegar 6
glucose syrupFollowing initial characterisation of the base syrup, the influence of the reoteri
additives on the principal physicochemical propert&s Ty and viscosity) of the resulting sugar
reduced confections are appraised and compared with those prepared using archetypal confectionery

ingredients (glycerol and-fructose).

Chapter 8: This Chapterprovides a general summarof themain outcomes preseutevithin each of

Chapters 3 to @ndalso offers suggestions for futun®rk that have ariseas a result.
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Chapter 1.General Introduction and Thesis Aims
1.1. General background: Drivers for sugar reduction

Confectionerybased goodsre amongst the most popular of all foodstuffs and are enjoyed by
consumers across almegtually every parbf theanthropocentrigvorld. Most typically consumed on
account of the sense of pleasure and indulgence they bestow, confections also aiencactvenient

and readily portable source of energy which can be purchased cheaply and subsequently stored for
relatively long periods without spoilingnsurprisingly, this popularity is reflected economically, with

the globalmarket for confectioneripeing projected to reackell in excess 0$200 billion by the end

of 2020. Concerns about obesity and roommunicable diseases have led to increasing deframd
government and consumers to reduce the sugar content of packaged foods including confectionery
Incredibly, it has been reported that over 2 billion people worldwide are now overweight of obese
which is especially alarming considering that the latter is known to promote the development of various

non-communicable diseases (NCDs) including diabetes, cardiovascular diseas@cari

In an attempt to curb the prevalence and severity of such maladies, higher authorities have begun to
implementsweepinghew agendas and policies on both national and international fe®elthe global

stage, the campaign against NCDs has been reflected most notably, in Goal 3.4 of the seventeen
6Sustainabl e Devel opment G o abkirgpintrgd@edably theBUnitedso o d H
Nations(Figure 1.1), whi ch ai ms hird prdnaterenuodatty florm necommunitable

di seases through prevention and treatment® as pe
Furthermorein 2015 thaNorld Health Organisatio(WWHO) publishedan overarchinguideline which

recommendd thatdaily soc a | fresdsugd consumptioshould represent leghan 10 %of an

i ndi v tothleretgy istaké Here,dreedor cadded sugar refers to angjono and disaccharide

usedwithin a food not including that which is naturally presentnitact fruit, vegetables, milk and

dairy productsFrom a chemical perspectiviie IUPACIlooselydefinea sugar asa fimonosaccharide

or lower oligosaccharidés w haenmrdeosaccharide i s a oxpaddehyday kétone with three
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or more carbon atoms thatave the chemical formulaeH-[CHOH],-CHO and H-[CHOH],-CO-
[CHOH]m-H respectively. Within this thesis, the term sugar has also be¢enebed to include higher
oligosaccharidesand polysaccharideshich comprise multiple monosaccharide unjibged via

glycosidic linkages.
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Figure 1.1: The seventeen Sustainable Development Goals of Uhited Nationg?

Originally in colour.

Foll owing on from t he UWiddKingdom Sciertifio Advisody Lommdtee, t h e
on Nutritionthen produced a report entitlBdC a r b o siaynddr aH edsch sudgested that the daily
freesugar consumption for adults and childmrethe UKshould represent less than 5% of total calorie

intake® As a consequence of this, in 20Rablic Health Englan@PHE) initiateda landmarktarget of

20 % reduction in the total sugar content of thosefpadoduct s whi ch fAprovide t
in the diets of childreno BThes® @ranitments hapededendst t o t

noticeably to the 6Soft Drinks Industry Levy?é,
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importers of highly sugasweetened beverag€sTheyhave also been complemented more recently by

a targeted 20 % sugeeduction in the fermented yoghurinks category which commenced in 2019
and will run up to 2021 However, overall progress appears to have been slow according to the latest
progress report published by PliHate 2019 which suggested tbaty a 2.9 and 4.9 % reduction had
been achieved in the period 20iL2018 in the homer¢tailers and manufacturers) and out of home

(restaurants, public houses, cafes etc.) sectors respeétively.

With all of the aforementioned considerations in mind, there isgneaving pressure on producers of
sugarcontaining goods, including confectionery, to improve the nutritional profile of their products by
reducing the content dfee or added sugaNatually, this has therefore become a key objective of
responsible food and beverage multinationals such as Nestlé who as part of their support for the
Sustainable Development Godigvepreviously stated their aim to reduce added sugar content across

their collective product portfolio by 5 % by 2026Until now, the most common approach towards
6sugar reductiondé taken by confectionery manuf a
somewhat effective as a sheetm strategy although it is generally unpopular with consumers as it
reducespecei ved value for money and has®Thaeoeihe col |
is not a sustainable approach in the longer term and manufacturers are in need of alternative strategy
namely product reformulation and innovatidn. practicehowever,the implementgon of novel,

innovative solutions into the public consumer marketplzare bevery challenging and there is no

guarantee that new products will be accepted even if they are technologically Huamlifficulty is

evidenced by theecentwithdrawal of various sugaeduced productisom the UK marketplacé& ¥

In any case, irrespective of other barriers that may play a role in preventing wider reachiiegnadopt

sugarreduced goods (e.g. marketing, consumer education, economics etc.), itis imperative that research
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and development continues to make progress in bringing new ideas and approaches to the table so that

manufacturers can be empowered to empleyoist technical solutions at their disposal.

1.2. Technicabackground

As mentioned previously, under current WHO gui de
disaccharide that is added into a foodstuff (or beverage). This definition is alsdezkteninclude

sugars that may be naturally released following treatment of naturatcugaining foodstuffs such

as fruit during juicing or pureeing, whilst those sugars present within the corresponding intact foods

(e.g. milk) are not consideré@iThe most common added free sugar is the disaccharide sucrase i.e.
D-glucopyranosy( 1 Y-B-D-fructofuranose(Figure 1.2a), whilst its constituent monosaccharides;

glucose Figure 1.2b) and especially fructosé-igure 1.2) are also ubiquitous. Other common free

sugars include monosaccharides galactBggife 1.2d), mannoseKRigure 1.2e) and the disaccharides

maltose Figure 1.%, UD-glucopyranosy( 1 4j-Ub-glucopyranose) and lactoggigure 1.2y, -Db
galactogyranosy}( 1 4j-b-D-glucopyranose). All of these molecules except sucrose can also be
described as Oreduci ng6 inssolgienrttsough siemiacetal/lemiketaln  t a u
intermediategthe principal atoms involved are depicted in red and blue wiigure 1.2 to form
acyclicisomerscontainingaldehydes. These aldehydes can then undergo oxidation reactions and hence
act as Oreducingdéd agent s. Thi s ilacksithe sdcessary n ot

hemiacetal/hemiketal moiety that is required for tautomerisation to occur.
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Figure 1.2: Sructural formulae of the most commonf r e e 6 a daludosessify gar s ; (

glucose, ¢) fructose, ¢l) galactose,d) mannose,fj maltose andd) lactose. Originally in
colour.

In addition to providing sweetness, a key property of the aforementioned sugarsrisritouteliteral

0 b ul ladroductby increasng density, volume and generally satiety following consumption.
Importantly, within aqueous confections theslso providesoc al | ed 6humect ancy
O6pl asticisationo6 and t her ef or!Neither tof these tedink arene ct an
particularly well defined butinthsont ext a Ohumectantd refers to a
actia)tpyd OGeffective concentrationd of water wi
sheltlife and managing moisture migratiohA. 60 pl ast i ci ser 6 damingprodustut es t
fluidity or plasticity which essentially describes the ability of a confection to continuously and

permanently deform without rupturing during the application of a force sufficient to induc& fltnis
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coincides with a reduction of the glass transition temperafgyeu¢d viscosity which have a dominant

influence on sensorial properties such as softness and adhesifeness.

In order to provide sufficient humectancy, large quantities of free sugars are required and it is common
for them to constitute > 60 % of the total weight of a confection. Following consumption, the
introduction of common sugars into the oral cavity begiseries of metabolic processes which start

via initial metabolism byoral bacteria and result in the production of lactic acid and subsequent
demineralisation/remineralisation (caries/calculus formation) of the #€kis development of dental

caries can have a profoundly detrimental impact on qualityeyfdidiversely affecting eating, sleeping

and in severe cases even leading to the development of chronic infétAftes.passing through the

oral cavity, monosaccharides (either as consumed or formed via the digestion of disaccharides) are
absorbed into the small intestine before eventually reaching the liver wherein they are ultimately
metabolised into carbon dioxidand water, generating energy in fivecessda. 17 kJ ¢f).?* Yet the

exact details concerning how and the extent to whiebdlconditions actually manifest following sugar

consumption is still under considerable del3ate.

As discussed isectionl.], because of their negative effects on healtbre has been and still remains

a strong desire to minimise the addition of free sugars into foodstuffs and beverages. In the case of
confectionery, this is especially challenging because these ingredieotsafar the majority of the

product and whilst the loss of sweetness can be somewhat mitigated through the use of alternative
sweeteners or recipe alteadats, neither the humectancy nor plasticisatican be controlled in the
absence of sugars. Thishagd t o t he devel opment-sofavari eacabnal o

many of which willnow be highlighted.
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1.3. Currentstate-of-the-art sugar replacement strategies

1.3.1.Polyols

The current most commonly used humectants within steghrced confectiong@ polyols or sugar
alcohols which are generic terms that describe typically sweet tasting padratigmpletely acyclic,
polyhydroxylated species that are hydrogenated derivatives of-randdi-saccharide® As they are
often only partially metabolised following consumption, polyols contribute a considerably lower
amount of energy than common meramd disaccharidesugars. For instanceprbitol, xylitol and
mannitol(Figure 1.3a-c) only provideca. 10, 10 and 7 kJfrespectivelycompared to thea. 17 kJ g

1 of common free sugaféit has been suggested thihis can be largely attributeth the absence of
both a reducing aldehyde growmd specificglycosidiclinkages between saccharide unitgolyols
which hinders their digestiofby sterespecific enzyms e.g.U-amylase, sucrassomaltaseetc) and
limits absorptiorvia the stomackandbr small intesting®In addition to contributing reduced eggy
they areeithernon, or minimally cariogenic(aslittle or no metabolismby bacteriavia acicbgenesis
occurs within the oral cavitywhich makes them attractive sugar replacement optéorkalthough
various hypotheses have been advanced gelgctiveinhibition of deleteriousbacterial enzymes
and/or protectful salivary proteinand enhanced complexation of calcium iomdich promotes
remineralisatioh the reasons for this appear to remain poorly understadte industrial production

of various polyols (via chemocatalytilydrogenation) is now very well established and many are

readily available at cheap prices, leading to widespread use within theedgeed marketplace.

OH OH OH OH OH

OH :
HO™ ™ HO OH  Ho OH

OH OH OH OH &4 OH

(@) (b) (c)

Figure 1.3: Structural formulae of;&) sorbitol, ) xylitol and €) mannitol.
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Sugar alcohols function well because they tend to have comparable solubility to most ciseemon
sugar humectants and are also similar in molecular masshydrogen has been addeth addition

to effective humectancy, a particularly attractpreperty of most polyols is their higher plasticity or
lower Ty relative to their parent sugars. The fundamental mechanism for this semelear, although

it is typically attributed to a greater degree dke volumé which originates from the enharnte
flexibility of the aliphatic chains with respect to the more rigid, cyclic mama disaccharidethers

have recently suggested that it may instead be linked to a decreased tendency to participate in
intermolecularhydrogen bondindgas a result of ioreased molecular flexibilijywithin a condensed,
hydrogen bondlominatedmatrix such as an aqueous confectionery filling, although conclusive

evidence for this has not yet been forthcontfg.

Partial and slowr metabolism of polyols ensures that they are less calorific with respect to normal
sugars, but limited absorption in the small intestine can lead to fermentation and lowering of
environmentala, within the lumen, which subsequently draws water into it fromstmeounding

intestinal epitheliunt’®® These phenomena result in unddsiegas-c al | e d 61l -affecast i veb
including bloating/flatulence, abdominal pain and irritable bowel syndrome, although only when the
polyols are consumed in large amounts. Another potential issue with commercial sugar alcohols is that
theyarecurrentymade via a 6syntheticbéb approach, Il eading
and unsafe for consumption. Although some studies have shown it is possible to extract moderate to
high amounts of certain polyols from natural sourceach as mantol from brown seaweeds (e.g.
Laminaria digitatg, this can require the use of problematic auxiliaries (e.g. HCI) and is currently

uneconomicaf?

Whilst not strictly a polyol in the same sense as those deriadd/drogenation of fregugars, glycerol

(i.e. 1,2,3propanetiol) is another aliphatic polyhydroxyl which is probably the most common
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confectionery humectant/plasticiser outside of sucrose and fructose. Its popularity stems from a
combination of its mildly sweet taste, extremely low glass transition temperat88°¢),>° small

molecular mass and complete miscibility with watehich combine tomake it a very powerful

plasticiser and also potent humectant. It can be derived cheaply from natural trigly¢emdnstance
asbyproduct of biodiesel production) vyet this reg
label. Another issue is that its caloric density is very comparable to free sugars although it is not

cariogenic.

In any case, although common polyols have attractive humectant/plasticising properties and also
potential healtbenefits, the applications of these materialsaineady weldescribed in the academic
literature and established within industry. Thereftitey were not considered for further study within

the presenthesis.

1.3.2.High intensity sweeteners

In addition to polyols, perhaps the next most common approach to reducing sugar content has involved
theuseofse al | ed 6hi gh i HiSe 8osne of the most enmenrexamped of HIS,
which are highlighted irigure 1.4, include aspartamea), steviosidel§), saccharing) and neotame

(d) which have been reported to be 18m0, 250- 300, 300 anata. 8000 times sweeter than sucrose

(as determined byaumansensory panelsrespectively’® * Even thoughsomeHIS actually have
comparable energy values with respect to common sugars, as so few molecules are rexirexkto

a comparablelevel of sweetness, their absolute energy contribution following consumption is
negligible, makingthem popular for use across many sugaiuced drink and food categories,

including confectionery.
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Figure 1.4: Structural formulae of several commdrighintensity sweeteners;a)f

aspartame ) stevioside, ) saccharin anddj neotame.

Whilst the application of HIS can be effective in products where sugar is primarily added to impart taste

only (e.g. sugasweetened beverages), it fundamentally oatre used as a strategy to replace the

Obul ko

characteri

sti

cCsS

t hat

ar

e

a hasnely hpmeotanéyd e d t

and plasticisation. In the case of the former, this is obvious when consideriagrddction proceeds

predoni nantly vi a

Raoul

t 6s

Law,

wh i

ch wultimately

water, xy. Therefore it is essential that they are combined with other-$omgar humectant and

plasticisers if they are to be used in confectiGnhgside ofthese technical issues, many of the most
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consumers who often presume that this makes them detrimental to health. Akhobgioncerns are

unsubstantiatedor most HIS, there have been persistent doubts surrounding the safety of several

compounds most infamously aspartame, whose metabolism in humans results in the formation of

methanol within the gastrointestinal tr&ct.
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Linked to HIS is the concept of usi nwghiclshoastet t as:
the sweetness intensity of another séns we et &6 bul ké or rédluclBgtheragaurd di ent
required to elicit the same sweet taste. One class of such modifiers is based on a central pyrimidine

type moiety(Figure 1.5a - c) and function by binding to and modulating the human sweet taste
receptor® Others include natural phenols such as phlo(&igure 1.5d) which are capable of masking

bitter off-tastege.g. from steviol glycosidesindcan be extracted from apple treekb#r® Yet in all

cases there remains the same fundamental issue asl@ith tHat they cannot replace the humectancy

and/orplasticisation which is lost upon removal of large quantitiesuajars/polyols.

§ OH
H
S N o H
Y S OYN S N HO OH O
| I 0
N~ N~ N <o
NH2 NH NH; OH O

(@) (b) (c) (d)

Figure 1.5: Several pyrimidindbased tag-modifying compoundsa(- ¢) and the natural
phenol phloretind).

1.3.3.Fibres

Within the context of f oodrs @&@adide thaserpdy(dihobgise 6 t h e
ambiguousyefers tonondigestible, saccharideased oligomers or polymers that are derivatives of

plant material$® Fibres are typically classified according to their (relative) solubility in water, with

pol ymers such as cell ul ose an dantothensircladingpacting se b e
gums and mucilages ¢ w b | e 6 functtonatpenspectiveas a significant reduction &, requires
solutedissolution, the formed i n s ogrouptcdn éedconsidered as being virtually osmotically inactive

and thus completely unsuitable as a humectant. Similarly, evenhtitbadatter group are soluble
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relative to the first, they amot particularly solublen an absolute basis atigbrefore als@xhibit poor

aw lowering capabilities compared to common sugars

Other soluble dietary fibres based anadler oligomeric and polymeric specide however, find

application within confectionery such amilin and polydextroa Polydextrose is a gerierterm that

describes synthetic glucebased polymers (< 5000 g miplthat are produced via vacuum
condenston of glucose, sorbitol and citric acditlinulin are mixedo| i gomer s c®nst it ut
fructofuranosyk(2Y 1)-b-D-fructose thatypically have a degree of polymerisati(iDP) between 2 to

60 (often terminated by an endlucopyranose unitFigure 1.6a) and which exist naturallywithin

various biomasses including chicory, artichoke and asparagtfs. This also includes
dructooligosaccharidéso r 6 o | i gmhi€hmore specBi@lfy refer to lowemolecular weight

inulin (27 10 monomerkthathave become popular for use within certaducedsugarconfectionery

products?? In addition to fructooligosaccharides, there are various othedig@stible and secalled
6prebioticbéb oligosaccharides each based on diff
(galactose) and xylooligosaccharides (s@palthough thegre generally less abundant ahdir use

far less established than fructooligosaccharf@&ghilst not strictlydietaryfibresastheyaredigested

upon consumptiomnmaltodextringepresenthe current preeminent classoixed oligosaccharidassed

within the food industryand alreadyfind extensive applicatiom confectionery®* Maltodextrins are

mixed oligomerd a s e d( Iodfilinked glucopyranoseFfgure 1.6b) that are classified according

to theirso-calleddextrose equivatee (DE). This describeghe amount ofreducing aldehyde groups

within the mixed systenelative to that ob-glucose (dextrosehich has aDE = 100 by definitiof on

a dry weight basisAny mixed U( 1 4§-glucopyranoseoligomers with aDE < 20 are classified as
maltodextrins whereas thoseiE > 20 are referred to aglucose syrug®wvhich ae ubiquitouswithin

most aqueous confectionery fillings (see sectlidh. It should be noted that natigestible secalled
6resistantd maltodextrins produced via heat and

(1Y 2) and (¥ 3) glycosidic linkages are canmonly employed as soluble dietary filffe.
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Figure 1.6: Generalised structural formulae aJ (nulin and b) maltodextrin.

Whilst the aforementionedligo- and polysaccharides are very effectiveimtreasing thdg/viscosity

and O6bul kd of a confectionery product at even |
reducingay on a wt. % basis due to their high molecular weight (efuRl t 6 § seé seetion.4).

This is problematic from a humectanperspective because most fibres have only limited solubility,

making it very challenging to achieve lawy using solely fiborea s 6idnréopt ype sandjar rep
necessitating blending with smaller, more osmotically active solBieslarly, asTy tendsto be very

strongly correlated with molecular weiglsee sectior.4),% high levels ofdirectsubstitution by even

relatively small oligomersQdP > 4) will result ina confectionwith an unacceptably viscous or even

glass texture.

1.3.4.Natural syrups

Natural sugarcontaining syrups are probably the oldest confections known to hukimah

Consumption of honey for instance, has been recognised for at least 4000 years and was used by various
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ancient civilisatios in order to preserve and increase the palatability of other food&tdffe
consumption of maple syrup, which is produced via concentration of the sap collected from the sugar
maple(Acer saccharuin has also been documented é@nturiesin North America® Depending on

the location, the sapof many other trees such as the biBktgla pendulaand oil palm Elaeis
guineensisare already used or have been considered as natural humectants across virtually all parts of
the world“® 5° Within western countries, the popularity of other natural ptmved syrups such as
sorghum (extracted fronsorghum bicolon has alsdncreased greatly imecent years anthey are

typically marketed as healthy alternatives to common free stlgars.

All of the aforementioned substances are natural, can provide sufficient humectaptystinily and

may al so bestow some other health benefits due
However, a fundamental issue in each case is that the vast maj@8y24) of theconstituensolutes
areeitherglucose, fructose and/eucrose and hence their application would not offer any reduction in

the amount of undesirable free sugémsseverakyrups includingiggave(Agave tequilangalmiang>?

and most notablyacon (derived from the tuber &mallanthus sonchifolil)ssomenonnegligible
proportion ofthe solutes armsteadfructooligosaccharides, which can constitute up to 50 wt. % of the

total solids in the case of the lattértHowever, there remains limited information concernihg
physicochemicapropertiesof yacon syrugaw andTg) which are likely toresembleahose of thdarge
constituent oligomers at higher concentrations aagtimereforeJimit overall applicability de to the

reasons outlined previously sctionl.3.3

1.3.5.Rare Sugars

The term 0Or arthitydive gf the tetéiforty-tevd carrestlykhoanmonosaccharides that
exist within the natural world but in amounts that are far lower thanommon freesugars introduced

in section1.28 Of all the various rare sugars that exist, current commercial interest is limited to just
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several particular compounds nameadyallose,p-tagatosep-allulose and-sorbose Like archetypal
monosaccharides such as glucose and galactbeg are also pyranoses, differing only in the
orientation of the hydroxyl groups. From a suggdtuction perspective, the application of such species
is attractive as they tend to display compardbimectancy/plasticisation to common sugars which is
unsurprising given their high structural similaritiddlulose for example, has recently been shown by
Wang and Hartel to act as an effective sugauced plasticiser within model aquea@asnfectionery
binders>* Yet rare sugarsre typically only partially metabolised within the body, contributing for
instance only 6 12 kJg* and 0 kJ g in the cases of tagatosadaallulose respectivelycompared to

ca. 17 kJ ¢ for common free sugaré

Although promising, perhaps the greatest current issue surrounding the use of rare sugars is their
inherent lack of availabilityand high cost of productiorwhich continues toimprove through the
development of novel technologies (nangeyetically engineerezhzyme}yet must be greatly further
advanced before they can beolght into the mainstreamarket. To circumvent this issue several
workers have attempted to developofecsal | ed o6r are sugar6 syrup Vvia
NaOH) isomerisation of commercial higfuctose corn syrup, followed by subsequent treatment using

a base ion exa@nge resin at moderate temperatdtes Whilst this resulted in a syrup that contained
approximately 6.0 and 7.5 wt. % solids allulose and sorbose/mamaspectively which the dliors

claimed could be used to reduce weigHbwever,the vast majority (> 75 wt. solids %) of the
constituent carbohydrate species were still either glucose or fructose, representing only a modest
reduction in calorific free sugar content compared to ittigal syrup (wherein glucose/fructose

constituted a 95 wt. % of the overall solids).
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1.3.6. Structured sugareduced composites

Another recent novel solution towards ®whghar redu

involvesthe use of aon or low-calorie support material such poteinor fibre thatis coatedwith
relatively unrefined sugars/derivatives give an apparentlysweettastingpowdered product that is
considerably lessnergydense thameatcrystallinesucrose’ A similar techniquehas beermployed

by the food-tech companyDouxMatok which patented a reducedgar alternative that comprises
insoluble silica or cellulosic nanoparticlesated in soluble carbohydrates (namely su¢r§sehe
company claim that such products provide comparable sweetness sensation following dissolution of the
coating sugar to that of native sugar, thus allowing the overall sugar content to be reduced en weight
by-weight basisHowever, both approaches utilisgpports that are either completely or significantly
insoluble which makes them unsuitable for use in amorphous aqueous confectionery products as the
coating would simply dissolve within the boiling syrup during product formulation. Because the
insoluble conponent would contribute negligibly towards the reductioaadr Tg, there would be an

insufficient degree of humectancy or plasticisation to justify the use of the aforementioned products.

Recently, Nestlé announced a related approach whialves the use of stable porous amorphous
particles produced via spray drying a higiessure mixture of sugar, bulking agent (e.g. maltodextrin)
surfactant and inert gas {NCQO; etd).>® These particles can be dispersed into media such as cocoa liquor
without collapsing and the retention of the aerated strattmorphous nature of the particle/sugar
component results in a low density material which apparently elicits a sweet taste that is at least
equivalent to or greater than the corresponding crystalline sugar. Again however, the porous structure
would be bst via dissolution within aqueodmsed confections, preventing application of this

technology within the systems of interest.
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A simplified comparisorof relevantcharacteristic$or each of the aforementioned suggrlaeement
strategiess providedn Table 1.1(n.b. the relatie ratingshave been designedaot as an approximate

guidefor the readeand notanexact quantification

Table 1.1: Comparison of relevant characteristicsocoimmon free sugars angrious

current statef-the-art sugar replacement strategies.

Strategy Sweetness Humectancy Plasticisation Cario-  Calorific Example
(Examples) genicity value application

6 F r sugabs

Sucrose ++ ++++ +++ +++++ +++++ Various

Fructose +++ +++++ ++++ +++++ +++++ Various

Polyols

Glycerol* + +++++ +++++ + +++++ Binder

SorbitoP + ++++ ++++ + +++ Hard candies

Xylitol © ++ ++++ ++++ - +++ Chewing gum

HIS

Aspartamé@ ++++ - - - - Tabletop
Sweetener

Stevioside +++++ - - - - A

Saccharif +++++ - - - - A

Fibres

Maltodextring + + + +++ +++++  Bulking agent

Inulins” + + ++ + ++ Chocolate

Polydextrosé + + + + + Bulking agent

Natural

Syrups

Honey! ++ ++++ ++++ +++++ +++++ Condiment

Maplée ++ ++++ +++ +++++ +++++ Condiment

Agave +++ ++++ +++ +++++ +++++ Binder

Rare sugars
AlluloseX + ++++ ++++ + + Gel candies

Tagatose ++ ++++ ++++ + +++ Chocolate
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Trehalos¥ + ++++ ++ + +++++ Ice cream

Structured

Sugars

DouxMatok' ++ + + +++ +++ Chocolate
Nestl& +++ + + +++ +++ Chocolate

+++++ = Highest (relative) rating, + = Lowest (relative) rating;, Not applicable ReferencesA:
Nakagawa and ¥ama®® B: Lenhart and @ey;?® C: Ur-Rehmaret al,%! D: Chattopadhyagt al,* E:
Roos and Karé®® F: Mensink et al,%® G: Ribeiro et al,®*H: Lazaridouet al,® I: Bhattaet al,%¢J:
Willems and Low?? K: Mu et al,®” L: Roy et al,’® M: Roe and Labuz® N: US8911806B28 O:

W02017093309A%°

1.4. Thesis Aims

The globalaim of this thesis is tanvestigate and ultimately evaluate the performancarmvative

solutions towards sugaeductionwithin model agueous confectionerillings, which can be sub

divided intofour sectionscoveing both theoretical and practical aspeantsl are outlined through Aims

1 to 4.Thesis hypothesis The main hypothesis of this thesis is that the humectant and plasticising
propertieso f common Ofreed sugars wused i nuplingarseous cC
caramels) could be effectively replacedbynatune s pi r€ &6 @dtepnati ves inclu

organic osmolyteandlow melting, foodgradeeutectic mixtures.

T Aim1; To investigate the molecul ar basis of OV
containing both common (sugars/polyols) and-tawlitional natural humectants (such Bis
methyl glycinesjChapter 3. The impetus for this investigation is a resfltonfusion within
the literature as to what the molecular basis for water activity actually is and thus, what causes
some humectants to perform better than oth€nss will be achieved via application of the

statistical KirkwoodBuff theory of solutionghichis able toquantify thevariousinteractiors
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that take placewithin solution,thusproviding a clearer interpretation of what drives water
activity at the fundamental lev@deeChapter 3. In particular the specifi@imsare:

(i) Can the watemlctivity of solutions containing sugars and polyols be rationalised through
the KB theory?

(i) If so, can this rationalisation indicate which (if any) of the current theories concerping a
are correct?

(i) Is it also possible to understand themectancy of several natural osmolytes containing

unusual and even counterintuitive molecular feat@re

The term 6dactivityd was first introduced as a t&h
over a century agtf to descibethei e s c a p i n go rt efinfduefreasapstangedwith respect to
itsconcentration al t hough it i s moref fi edtuii v @ viEe dactvegyrctom a ti id ¢
of water like any other species, is equal to rdw#o of its fugacity in solutiorand its fugacity at an

arbitrary standard stafat thermodynamic equilibrium amdnstant temperaturé)If the water vapour

escaping from solution behavasanideal gas (well approximated at ambient temperatutteshthe

water activiy, ay is equivalent to theartial vapour pressure of water in equilibrium with either its

solutionr) or pure liquid waten;’ respectivelyEquation 1.1):

W Equation 1.1

Equation 1.1 is often able to give good representation of the trag andit has become thde facto
definition f .Assudhvre mestrconanorn methddaofneasurement typically involve
quantifying the water vapour pressure above an anZlge.s directly related to the equilibrium

relative humidity (ERH) of a systethroughEquation 1.2
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OYO pma Equation 1.2

Inasec al | ed 0 i ,dheaapobr pressurewtwaterin solution is equal to the product of vapour
pressure of pure water and its mivkection X (againat equilibrium and constant temperature/external

pressure) as defHEquatwdl.3py Raoul tds Law

N w Equation 1.3

The existence of the molar term here gives rise
where the reduction of water vapour pressure (and other related properties) in solution is principally
governed by thaumberof solute molecules raér than their identitylT hereforg most of the commonly

empl oyed ¢ hajsoppressiagdditived terad ko be relatively smdlighly solublemolecules

and also electrolytahat candissociate ito multiple ions withinsolution namely salts (e.gNaCl and

KCI). A particularly important early treatment of this phenomem@s made bywa n 6 t , wHo f f
introduceda now familiarformula that linked the number of discrete solute entities formed following
dissolution (theva n 6t a&l®tf § todhd osmotic pressure of a solution through the following

equation Equation 1.4):74

“ E-24 Equation 1.4

Where M, R and T correspond to thsolution molarity, universal gas constant and absolute
temperaturerespectively.” represents the osmotic pressure, defined as the pressure that must be
applied to a solution separated from pure solvent by a semipermeable membrane in order ttherevent
pure solvent from flowing into it. Note that for virtually all confectionery ingrediémssaken to be 1.

This is related t@. (in agueous solutions) viaquation 1.5 (whereV,, is the molar volume of water,

18.1 cm?® mol?):
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@ Q Equation 1.5

In reality, few solutions and particularly those encountered in confectionery behave ideally and there is
deviation fromEquation 1.3whichcane i t her b e 0@me gig tthere® & maveror less
pronounced reduction in vapour pressure (activity) than would otherwise havereeeted. The

extent of thimonideal behavioudepends principally on theize/structuref the dissolved solute/s and

is represeted througha coefficient term the water activity coefficienf, which is used to calculate

ay throughEquation 1.6:

W ) Equation 1.6

For an ideal solution = 1butin nonideal case# can theoretically take any value above 0 and is
often found to be 0.6 1.1 for most fooerelated solutes. Because of the large size disparity between
water and virtually any added solutg, will always remain relatively high (> 0.5) and so significant
lowering ofaw can only be realised when both terms on the 4figind sid€r.h.s.)of Equation 1.6are
reduced concomitantly. This is exemplified when using sugars to ragasehere is oftn a balancing

act between the utility of mor@and disaccharides with the former offering more significant reduction

through loweringc, (smaller mass) whilst the latter can redyg¢o a greater extent.

In food science, the concept of water activitgswpopularised by Scotivho first describedt as a

representation of the ia vy thiapoint) BRH hail alreddy beent e r
recognised as being useful descriptive property of a food and particularly as a predictor of
microbiological safety for which, it was far superior than simple water cofftéris now generally

accepted that mbbacteria struggle to proliferateat < 0.85and all other microorganisms bg 0.60
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(at ambient temperate’’ Given that most confections aggpected tdypically lastfor one yeaonce

produced, lowering tha, to levelsthat prevent microbial growtis of critical importance.

Within composite confectionery products, relatively dry and crisp comporants(.6, < 10 wt. %
water)including wafers, biscuits and cereals are typically combined with swasaxd fillings such as a
syrup binder or caramel that may contain up to 20 wt. % water depending on the apgfidatibe.
absence of sufficient humectant dissolution into the aqueous component, moisture will naturally tend
to migrate from it into the dry component until thg of both components are equivaléhiThe
additional moisture in the initially crisp constituent will almost certainly result in a change of texture,
and typically towards something that 1is softer
unacceptale from a quality control perspectif®Because water acts a potent plasticiser that can
significantly influence product fluiditya, can often be directly correlated to other important sensorial
properties that rely on mass transfarch asaroma®! Additionally, it has also been shown have a
notableimpact on the cheroal and biological reactivity dibod articles(Maillard reaction kinetics,

lipid oxidation, hydrolytic reactionsionenzymatic browningtc), as summarised iigure 1.7.8°

As mentioned previously, the most effective way toredudes t o ef f ect i vx@thg o6di | u
water via use addition of a solute/s. In the preparation of aqueous confections, this is primarily achieved
via the dissolution of sugars and/or their deriywv
typically ca. 801 95 wt. % solils. The preparation of such a solution generally proceeds via progressive
removal of water by boiling the mixture at elevated temperatgeesl05i1 155°C) and often under

reduced pressure. Boiling point elevation is inversely related toy definition, due to reduction in

N asxw decreaseéand water content and an accurate knowledge of their relationship with¢hbesb
6coto&kmperatured (i.e. final boiling point) i s

reproducibility?®
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Figure 1.7: Influence of water activity on various foodlated phenomena. Adapted from

Labuza®® Arrows indicate directions of increases properties.

A large amount of research has focussed ordéwvelopment opredictivemodelsfor confectionery
ERH/a,, starting withGrover (1947 and subsequently Money and B¢t951),%® who eachutilised
empiricdly determined constants for common confectionery ingredi¢ftsvever, these approaches
drewcriticism for lacking athermodynamic basis asdmetimes giving illogical resultéwhich fuelled

the development of veus later more rigoroupredictivemodelsusing empirical or semempirical
approaches. Due to the sheer number and general similarity of many of the models twithaxisie
literature only the mostidely applied examplesnamely the Norrish and the Ross equations will be
discussed in any detdiere For more comprehensive summaries of othedels the reader is directed

towards reviews on the subject by Lewicki or ®eret al.8> 86
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In the mid1960s,Norrish demonstrated that a seempirical equationEquation 1.7), based on
thermodynamic principles could be usedptedict the water activity of binary solutions containing

small nonrelectrolyte speciesuch as sugafé

®» 0 Equation 1.7

Wherew represents the mole fraction of solute #&adis a constantthesec al | ed O Norri sh ¢

which is obtained from empiricaly measurementsnd is closely related g, throughEquation 1.8:

w Q Equation 1.8

Ky can be determined via linearisifi@uation 1.8 through a plot of Iy, vs.w asthe value of the
slopewhich passes through the origin. This method has been used to cakiul&ie many of the
common food humectants, whdfg 1 2 toT 7 orca. 1 1 for sugars or polyols respectively (at least

in the form that is given ikquation 1.8). Using just a single value &, the Norrish equation has
been reported by many to provide an accurate predictiapinfsolutions comprising a wide range of
different solutes up to and in some cases, even well past the solubility lio#t 28°C). Although the
number of publications is too many to fully summarise, particularly relevant examples include the
works of for instance; Chrifet al (polyols)® Baezaet al (sugars and polyof)and Fyusret al

(sorbitol, glycerol®

Whilst the Norristequation is only used for predicting thgof binary solutiois containing one solute,
aqueous multisolute systems are often treated using the Ross egHgtiatign 1.9).°* This simply
states that the water activity of the mixed solutian) is equal to the product of the solutian
measured for the binary solutions of each component (wherei = 1 ,H) & #he concentration in

which they are present within the mixed solution:
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(A DRO[BD R Equation 1.9

Because of its simplicity, the Ross equation has been found to give reasonably accurate predictions of
aw in multicomponent solutions containing sugars. Mauer ardariers for instance have reported

that it can be used to estimate the water activityatifrated solutions of glucose and fructose, sucrose

and glucose and sucrose, glucose and fructose withi@1, 0.02 and 0.0&, respectively’> Over the

years, various authors have attempted to offer modifications in the hope of improving accuracy, yet the
addition of extra semfiempirical constants has rarely produced noticeably better results whilst greatly

increasing complexity for the user.

Although it can generally be well predicted, the molecular basis for what gives agsént@aqueous
confectionery solutions is still poorly understood, as evidenced by the existence of multiple and
sometimes contradictory hypotheses that exist withenlitarature. A greater comprehension of water
activity appears necessary for improving our understanding of how current humectants function and
could provide some further insights that nesgoaid in the rational selection of new sugaplacers.

As such thisaspect has been investigatedyreater dethiwithin Chapter 3.

1 Aim 2 To investigate the humectant and plasticising properties of the natural osmolgtes 2
U-D-glucopyranosyl glycerol (glycojnAim 2a) and 20-UD-galactopyranosyl glycerol
(floridoside Aim 2b) in order to assess suitability amigar replacementswithin a model
aqueous confectionery fillingn the case of glycoin, which is already produced commercially
under the tradename Glyio® natural, this will specifically involve (se&&hapter 4:

(2ai) Characterisation of the received Glycoin® naturah order to confirm the

presence/quantity of glycain
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(2aii) Investigating the humectana) and plasticity Tg) of glycoin and itaqueous solutions
as a function of solute concentratiand subsequentomparison against current archetypal
confectionery solutesicrosefructoseetc).

For floridoside, which isnot commercially available butaturally bioaccumulated within
abundantand renewablenacroalgal biomass, the specific aims asegChapter 5:

2b)To establ i sh -gradé muteefa extractimaghhigh gurityofldridoside from
natural macroalgaeFalmaria palmaja

(2bii) To investigatethe relevant physicochemical properties, (@nd Tg) of floridoside
extracted accordingp Aim 2b(i) and compag theseagainst current archetypal confectionery

solutes (sucrose, fructose).

Organisms from all three domains of cellular life produce a plethora of compounds in order to combat

the stresses of their environmertitevatedexternalosmotic pressurer reduced, (also referred to as
hypertonicity or hyperosmolarityls a prominentexample of such a stress and its control (i.e.
osmoregulation) plays an important role in homeostagisssmany eukarya,bacteria andrchaea?

Typically resulting fromexposure to saline environmentisat contain high concentrations of
dissociating saltsf osmotic stress is not properly alleviated then it can resplbiantially deleterious
phenomenanamelycell shrinkage and ultimately cell dedthOne of the most efficienmitigative

strategiess the intercellular accumulation of watssluble, organic species and/or (to a lesser degree)
inorganic salt8"Of t he f or mer group, which are commonly t
examples? several major molecular classes appear to be ubiquitous including; carbohydrates, amino
acids, methylamines, nigtisulfoniums and many of their derivativg&gure 1.8).°” Such solutes are

often then further defined (someti mesdepaidiad eadi n
on whether they facilitate or disrupt the function of essential intercellular machinery (protein,

membranes etc¥.
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Figure 1.8: A selection of the most common naturadlyc c ur r i ngd 6 osmol yt es

From the perspective ofiththesis it is interesting to note how many of these osmolytes or structurally

similar analogues already fingse within the food industry, particularly mor{e.g. fructose, glucose)

or di-saccharides (trehalose, sucraseaddition toaliphatic polyols (mannitol, sorbitol and glycerol)
Theirutilisation as humectants faodstuffs is perhaps not surprising givthat one of themain roles

is in-vivo reduction ofay andtherefore essentially function as intracellular humectarttsir @bility to

effectively lowera, canin large partbe attributed to a combination dfigh solubility and relatively

low molecular mass given thitis most effectivéy reducedhrough minimising« (¢ f . Raogult és
Their small size is also attractive from a plasticisation perspectigesds to exhibit a strong positive
correlation with molecul ar weight, whil st the p
compounds should intuitively affoslifficient compatibility with thematrices that constitute aqueous

confections (namly aqueous oligdpoly-saccharides).
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Considering thge desirable physicochemical properties dhd precedent for using sudvlutes in

foodstuffs it appears as though the area of natural osmolytes might prove fruitful in the search for novel,
replacenenthumectants and plasticisdms commonfree sugars. However, outside of the application

of the traditional aforementioned solutes, there appears to have been only limited exploration of this
concept within the confectionery and wider food industtytoe best of this aut hor ¢
1980s, Chirife and caworkers evaluated tha, lowering capacities of various amino acids (lysine,

ornithine, proline ety and polyol osmolyteDf andL-arabitol, glycerol) which could be well described

via the Norrish equation with appropriate value&of? * In laterreviewsby prominent aficionados

including Sladeet al. and Aguilera and Kargthe potential application of compatible solutes within
food-relevant technologies was highlightget apparently unable tatalyse any interest the use of

neotericosmolyteswithin food and particularly confectionery systetffs'o

Aside from the aforementionedreeminentpolyhydroxy humectants that already find extensive
utilisation (glucose, sucrose, trehalose, sorbitol eth@re are many nitrogetontaining osmolytes
(commonly referredtoadd-o s mo |l yt es) most -dl-tarbexilatecnioiety ansbexistasi n an
zwitterions. Proline is the most ubiquitous of such solutes andiédl-&nown flavour ingredient in the
food and beveragmdustriest®® however its application in certain produstsch as confectioneing
limited by its propensity to undergsignificant (and potentially undesirable) Ma#drd browning
reagionswith reducing sugars-citrulline can be founaaturally in watermelobutwould presumably
encounter a similar problem and is also limited by its relatively low soluHfitiroline betaine
(stachydring is presentvithin variousnatural foodstuffsand particularlycitrus juice (< 1.1 g %),
yet its use appears to be currently restricted by a lack of availafilityhe other hand, urea is already
a commodity chemical aralknown ingredient in some chewing guffHowever,it is unlikely to be
popular with consumergiven its obvious link to urineyith recentstudiesalso indicating that it may

exhibit in/direct toxicity bothin vivo andin vitro.1% Similarly, trimethylamineN-oxide has recently
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been linked (albit not definitively) to several serious maladies including insulin resistance,
cardiovascular disease and canedrich suggests that it is likely to be unsuitable for human

consumptiort?” 108

There are however, somstructurally unusualN-osmolytes which could make for promising
humectants/plasticisensamelyectoine, hydroxyectoine, betaineantlg | ycr ophosphor yl ch
GPC) Ectoine andhydroxyectoine are widely accumulated within various species of halophilic bacteria

and their ability to act as effective humectants has already generated significant interest in the cosmetic
sectort®Notably, the former has also been applied within medicinal products designed for direct human
consumption (e.g. throat and nasal medicatibfigjetected naturally in some chee$ésand has

recently been implicated as a functional food ingredient for enhancing the probiotic profile of
yoghurt*? However,cost of production (whicleurrently proceeds via bacterial milkiftj)is still

prohibitively high for largescale industrial usage and there remains a lack of clarity surrounding its

safety for human consumption in significant quantities (gram scBktpine betaine glycine or
trimethylglycine) can be obtained as aprpduct of the molasses produced from the widely cultivated

Beta vulgaris altissimgsugar beet) via relatively simple filtration/chromatographic treatment and

within which it often constitutesputo 1.5 wt. % dry mass$? Notably, it has already been patented for

use in the confectionery sector as a crystallisation inhiaitdageneral humectant for use within foods

and nutitional products'> 1(JGPC isconsidered safe fdruman consumption (apparently even up to

1.2 g day)” "8whilst also being potentially derivable from natural sources including soybean lecithin

and via wheat fermentatid#?; 2° making it apromisingf ut ur e t ar geabéromfandci
food perspectivel t i s per ha p<PGalongpnth bstaine,gectding antl hydectoine

are amongst the most ubiquitous natuosmolytes given that the molecular structures are very
dissimilar with respect to traditional anthropocentric humectsuntd assugarsand polyols This is

especi al | yGPQ mandebetamé whidh both contaitounterintuive 6 hy dr ophobi ¢
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trimethylammoniumgroups, yet the reasomar their potent humeancy remains poorly understood

and will besubsequentlgxplored in greater detail withidhapter 3.3,

An interesting and currently understudied class of osnmlgéaticularly with especto their potential

utilisation in food are nosaccharide aglycone glycosidées. thosecontaininga glycosidic linkage to

a nonsugar speciesSome O6syntheticdo e x &dfib-gatactopyramosyb-di n g I
sorbitol Figure 1.9a), maltitol (4-O-U-D-glucopyranosydp-sorbitol Figure 1.9b) and isomalt(a

mixture of1-O-UD-glucopyranosyb-mannitol Figure 1.9ci) and 60-U-D-glucopyranosyb-sorbitol

(Figure 1.9c ii) derived from lactose, maltose, sucrose respectia@alreadypopular6 s ugar fr ee
humectants/plasticisemn account of theilimited digestibility andnon-carcinogenicity*?* However

because they do not exist in natutkey areoften consideredt o Uneaturdd and excessi
consumption can lead to laxative effedibe aforementioned solutes are anticipated to have display
broadly comparabla, lowering capabilities with respect to those of their parent disacchaxridbhe
humectancyf structurally similar solutes jgrimaiily depenent on the size and far less on the spatial
distribution of individual functional groups (séehapter 3). As highlighted in1.3.1. aliphatic
polyhydroxy species tend to exhibit lowByvalues then analogous cyclic memw di-saccharides of

the same molecular weight which is also true of lactial 40°C for lactitol monohydrate) versas.

110°C for lactosel? and maltitol ¢a. 40°C versusa. 90°C for maltoself® and makes thenvell suited

as confectioneplasticisers
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Figure 1.9: Structural formulae ofommercialpolyol glycosides{a) lactitol, (o) maltitol
and €) isomalt { = 1-O-U-D-glucopyranosyb-mannito| ii = 6-O-U-D-glucopyranosyb-

sorbitol).

It is hypothesised that the same shdhlkteforealso be true for structurally similar natural glycosides
that contain aliphatic polyhydroxy aglycone functionalitiBlse two preeminent members of this class
are2-O-U-D-glucopyranosyl glycerdglycoin) and 20-Ub-galactopyranosyl! glycerdfloridoside, in
whi ch @il tulteorp y U agalac®myranosdormsla glycosidic bond with the secondary
hydroxyl of a glycerol molecule(Figure 1.8). Glycoin isa primary osmolyte olvariousmoderately
halotolerantcyanobacteriawhereas flodoside isaccumulated by mostf the Rhodophyta(red
macroalgae¥?***2° Both havealreadyreceived some attention astural andunctional foodngredients
and af ood or honestantg are poten@ally already available at scaligh reportedlylow
digestibiliies, a lack of cariogenicityand sweet oneutral taste&® 27 Indeed, glycoinis produced
commercially by the German company bitop AG under the tradename Glycoin® nahdaidas
floridoside can often constituta significantproportion (up to 25 dry wt. %) of certalhodophyta
with some members of this phylum already being harvested at over the one-tuoillipmet basis)

scalel?8130
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Yetthere appear to be no publish@éetailsconcerning thew lowering orplasticisationpropertiesof
glycoin or floridosideor their utilisation within confectionery productso t he be st of
knowledge Due to their small size and high structwianilarity with respect to common free sugars, it

is anticipated thdtothglycoin and floridosideouldbe effective natural humectants/plasticisers within
agueous confections yet this must first be confirmed via rigorous experimental charaatdrefatio

any further evaluations can take platleerefore, one of the main goals of ttreésearchvas to undertake
detdled physicochemical characterisation lmfth glycoin and flotidoside, the results of which have

beenpresented ilChapters 4and>5 respectively.

1 Aim 3 To develop and characterise raatureinspired andé p r-a-0 6 n c e p-gréde, f o o d
eutectic mixture for application as a potential sugaduced humectant and plasticiser within
a model aqueous confectionery fillirge€Chapter §. More specifically this will involve:
() Initial screening of a vaety of mixtures constituted of feagdade components order to
assess their potential to forstableeutectic meltshatcan meet a sugareduced mandate.
(ii) Characterisation oinyleading candidateutectic mixturesesulting fromAim 3(i) in order
to appraise suitability for application gmtentialreplacemenhumectarg/plasticises within

alow-sugar,model confectionery system.

Eutectic melting in solid mixtures describes the phenomenon of melting point depression of the mixture
with respect to the melting points of any of its constitugimigoure form)and has been known for many
years.Within the simplest of such systemghich consist®f an intimately mixedinaryblend of two
componentgat constant pressure) tlaae immiscible in the solid phase but miscible in the liquid phase,
there is aminimal temperatureat which eutectic melting occurs, termed the solidus or eutectic
temperaturé®! At a specifi¢ systemdependentompositionthe solid mixture will completely liquefy

once it reaches treolidus corresponahg to the secalled eutectic poinEorall other compositiog) the

formation of afully liquified melt occurs at temperature higher than the solidusferred to as the
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liquidus, whichincreases toward#e fusion temperaturef anindividual constituentas themixture
becomesncreasing enrichedith it. A graphichsummary of these phenomesgresented ifrigure

1.10. Within the area of green chemistry, the interest in the study of eutectic mixtures has increased
exponentially over the paswenty years or so owing to the semir@intributionof Abbott andco-

workerswhoi nt r oduced teepeutectisnocl evpESHHOhde se Oecooldbeent s o6
formed viasimpleblendingof quaternary ammonium salts with various amigesst notablyureg and

were shown to yield mixtures that were capable of liquifyingratindroom temperature despite the

fact their native components melted at > 90@ndthus,appearedto e pr es ent amelirtbeep 6 e

point depressiorfdashed linesrigure 1.10).1%3

—  Solidus —_— N = Eutectic point
or = (eutectic . OF,. =Liquidus O ‘ Jopom
..... temperature) ... =‘Deep _eutectlc
point
T ™~ Liquid Lo
M .’ Liquid
o | Liquid N L + Solid 2
3| *Solid1 *a ‘
o —o—
-3 A ‘Deep’ eutectic
S o depression
|2 ent
Solid1+2

Pure solid 1 Composition Pure solid 2

Figure 1.10: Graphical schematic of a simple binary eutectic mixture comprising
hypothetical solids 1 and 2rrow indicates direction of increasing temperature. Originally

in colour.
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Following the work of Abbotét al, DES are now considered to be amo
technologies and hundreds of differentectic mixtures now been documented within the literattire.

Most are based on mixtures of naturallgcurring including sugars, sugar alcohols, natunateynary
ammonium saltsorganic acids, amino acids e@fhich many also fall into the classification of
6osmol ytesd that we ¥ \whildt thegphopeities loftspedfic PES @re hatunally | y .
highly dependent on the individual components that constitete,tthey tend to broadly share some
attractive physiochemical characteristics includimgr alia minimal vapour pressure, lack of toxicity,
biodegradability, facile preparation, broad polarity range, good thermal stability and excellent
solubilising caphilities.**” 138 Theseproperties havéacilitated successful application of DES within
various fieldssuch as organic synthesis, biomasstmatment, C@capture and biocatalysis amongst
many other$**!42 DES can be broadly classified into five types depending on their constituents; (i)
metal chloride plus quaternary ammonium salt, (i) metal chloride plus quaternary ammonium salt
hydrate, (iii) general hydrogen bond domptus quaternary ammonium saliv) hydrogen bond donor

plus metal chloride hydrate and (v) rimmic mixtures based on weak and strong hydrogen bond

donors/acceptors?

Although the exact mechanisnthat underpin the formation of DES are still under debadevary

depending on the constituentmt arepresent, an underlying assumption is thatftreation of the

interactions which manifest within mixed liquid melt must be more favourable overall thamticke

exist within the native solidsCurrently there appears to be confusion in the literature as to what
constitutes a O0deepd eutectic mixture, with son
describe systems that exhibit melting points below those of their constituents and if theserdrera

below room temperaturé’ However this definition has been criticisedbecause itencompasses

virtually every mixtureincluding binary aqueous solutions containing water and any séiteis has

led to some to invokettee r m 61 ow t r ansi t itodescribesughestenssfSbut e mi x t

for sake of consistency the terms O6DESO® or Oeut e
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Notably, many eutectic mixturesan be formed using naturaldccurring food ingredients such as
sugars and polyols which are often r eThexconceptd t o a
of NADES was introduced by Choet al. who speculated that specific mixtures of natysfaint

metabolites namely sugars, amino acids, choline and organic amdswatermay form in-situ

intracellular eutectics on account of their inexplicably higtvivo concentration$* It has been
hypothesised that such mediaould play a role in for instance; the cryoprotection,
biosynthesis/solubilisation of poorly wateoluble compounds and the stabilisation of proteins within

various organism¥’ “80wing to the fact that many such NADES are formed from edible components,

one of theimost promising areas for application is the food sestarious studies have proven the

utility of NADES as extractants for naturlidod additivesand nutraceuticals including flavonoit§,

phenolicsandterpenoidg®0 151

Most interesting from the perspective of this thesis is ity ofthe food-gradeeutecticmixtures

appear to display an attractive combination of potent humectancy and strong plasticisation. Indeed,
many DESare foundo vitrify upon cooling anaxhibit vey low Ty values(often <- 40°C) in addition

to minimalaw (< 0.2) duanainlyto fact thaonly a small amount dff any) wateris required to achieve
liquefaction™? Previous studies have indicated that manfiythee ut ect i c o6 n dtswaomuk s &r
which give rise tathe augmentegbropertiesof DES are reasonably resilient to water additaomd can
persistfollowing even sjnificant dilution (>40 wt. %).1°¥%% |n this way, the sequestration of water

within the eutectiphaseappears to be affective stategyfor maintaining a lova,,'*” and couldalso
hypotheticallyremain operative withinmost aqueous confectionery matridggrupbased binders,

caramels etcWhichtypically contain moderate amounts of waterZ0 wt. %)

Given their inherently lowTy, is not surprising that DE®ave becoming increasingly utilised as

plasticisers for a variety of different biopolymers; most typicaligrci®® > but also chitosaf??
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cellulose acetat®’ and agarose for instant®As discussed briefly in sectidn3.3, sacchariddased

oligomers and especially those basedqn 1 4j-linked glucopyranosé.e. glucose syrupsjre the
mainingredients withirvirtually all aqueous confectionery fillings. Giverethhigh degree of structural

similarity with respect t@olymeric starcl{theyare essentially highly concentrated agqueous mixtures

of partial starch hydrolysates), it is hypothesised that D&f8d also act as effective plasticisers of
confectionery matricebased on glucose syrupwwever very few studies have actually explored the

use of eutectic systems as food additiweish only one patent describing the uséioé ut ect i ¢ f | a\
systemsoO compr i sgratecprbohydrates) sugasalcahddsidt, nosadueous solvents

andor saltswith minimal levels of water addition for delivery of active ingredients (namely flavour
compounds) into food or beverage prodd€tanother somewhat relatguitenthasdescritedtheir use

as solvertlirect precursors to food flaveais?

A recent study has developed a NADES based on glycerol and choline chloride which is designed to
act as a direct oral delivery system for the bioaativeumin!®® Some authors have also advocated that
NADES themselves could serve as ingrediéntsr A dessem tas bei®gftdr i nk atk
is interesting to not¢hat avery recent article hasmvokedthe concepif using NACES as food
plasticisers and a sugar replacement straf&dgyowever, he authorsonly examinel the properties of
several agueous amino acids (glycine, proliaa)l their influence orsome foodrelated (starch
gelatinisation, protein denaturation, biopolymer melting eph&nomenaalthough they did not
investigataglucose syrufpased modelsr evertheapplication of any NADES themselveBhus there

is an outstanding question regarding whether{gp@die eutectic mixtures could be successfully applied

as neotericnatureinspired humectants/plasticisers for use within aqueousglucose syrugpased
confectionery systemin particular, it is hypothesised that the formation of a highly plastic (i.e. very
low Tg) molten eutectic phase which is also capable of effectively sequestering water should be able to

act as an effective funomal replacement for sugar within a hydrophilic, oligosacchdraded matrix
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which, in the opinion of this author merits further investigatiba results of which have been presented

in Chapter 6.

1 Aim 4: To evaluate the performance of the novel humectants/plasticisers developed as part of
Aims 2 and 3 alongside archetypal confectionery humectants within a model aqueous
confectionery system based arow 6 a d dsagar@lucose syrup geeChapter 3. More
specifically, this will involve:

() Preliminary analysis of the agceived glucose syriupordert o conf i r ,sugarow 6 ad ¢
composition.

(i) Preparation of model confections based on said-dogar glucose syrup and added

neoteric humectantglasticisersdeveloped earlier within the thesis (glycoin, floridoside and

novel foodgr ade 6 deepd) a archetypal confectimnery salutes (fructose and

glycerol).

(iif) Evaluation of additivenfluence on kephysicochemical properties(, Tq and viscosity)

of the model aqueous confections prepared according to Aim 4(i) in order to assess potential

as G6Gidm@phumect ant s/ p-bugas, bquanus somfeciondrydilingst e duc e d

In addition toay reducton, the second fundamental role of any small molecular sugar is to increase
product fluidity or plasticity. Most aqgqueous col
which the constituent molecules lack the laagge, periodic ordering thaha&racterises a crystalline

solid although some structuring does exist on the local level. As mentamkel, from a technical
perspective the preparation of amorphous confect
aw, Whilst the lack of crystallinity can also be sensorially desirable as it results in a faster dissolving

product with a smoother mouth feel.
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Depending on a variety of internal (namely composition) and external factors (temperature, pressure
etc.), thesermorphous materials can exist in either an tittigh viscosity (187 10 Pa), brittle glassy

state or viscous rubbery state whereby the crossover point between the two is referred gtaas the
transition temperaturd.’®® Unlike other commonly encountered phasmsitions such as fusion or
vaporisation, thdy is a second order transition in that is does not involve the release or absorbance of
latent heat by the analyte. During the transition, there are significant changes in numerous thermal and
physical properties of the analyte including; viscosity, dieleciitstant, specific heat capacity and
expansion coefficient which tend to more closely resemble eitherlg@idr liquid-like values below

or aboveTy.1%° By monitoring their change as a functionTofthe T, can be determined, yet ratherrha
occurring at a singular valui¢ instead manifests over a relatively broad range depending on the

experimental conditions and nature of the sample.

Although the concept of the glass transition has been recognised within broader polymer science since
the 1940s, its mainstream applicatin food and confectionery systems did not occur until later (1980s

- 1990s) through the seminal work of Slade and Le¥ih&hey analogised the carbohydrate (or
peptidg-based polymers which constituted foodstufftraéalitional synthetic archetypes and suggested

that the small molecular species which are typically also present (e.g. sugars and water) act so as to
plasticise them. Knowledge of thg is now widely accepted to be crucial for the control and
optimisation of both the sensorial characteristics and stability of any food prédtet.despite its
ubiquitous application, the fundamental mechanisms underpinning the glass transition phenomenon still
remain poorly understogdlthough there have been many theoretical models and frameworks advanced
over the yearsWVhilst detailed discussion of these theories is outside the scope of the present work, it
is briefly worth mentioning that the currently most accepted theory congetime Ty of amorphous

food matrices is based on the concept of o6free
that the volume of an amorphous material abovg issmade up of two main contributions; the inherent

volume occupied by the atomsno | ecul es of its constituents and
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which arises from their atomic/molecular motihAs the material is progressively cooled, the motion
of the constituents diminishes and reduces the available free volume, eventuallyoiattfie)ywhere
long-range motions can no longer occur and only the inherent volume is left. Acoro@ehensive
review coverindgree-volume and other theori@s the glass transition in food systems can be found in,

for instanceAbaid et al*™®

Within amorphous food matrices including confectionery, the most important influefigésahat on
viscosity (and thus texture). It has been widely reported that the viscosity of such systems is linked to
the difference betweefy and the temperature @ external environment i.6. = Tg+ X (K).1%8Over
themost common temperature range iaferestfor aqueous confectionshereX & 20to 70 K, the
T/viscosityrelationship exhibits an exponential likbaracter and can be effectively modelled using the

so-called WilliamsLandetFerry (WLF) equationEquation 1.10):*"*

a€Q Equation 1.10

d T)@ndd Tgj are the viscosity (in Pas) of the amorphous confection at a certain operating temperature

and Ty respectively, with the latter often taken to bé°t010'* Pas C; andC; are constants that are

related to the fractional free volumeTgtand its ratio with the thermal expansion coefficient of the free

volume for which 17.44 and 51.66, Kespectively have historically been descdilles O uni ver s a
values!®® Yet, it is often necessaryhatmodificationsto C; and/orC; be made in ordeto optimally fit

experimental datd? ** From a thermodynamic perspective, amorphous matesi@ inherently
unstabledue to supersaturatiand will eventually spontaneoustyystallise, with the crystallisation

rate also principally being correlated with+ X. For this reason, some confections with very High

(T < Tg) such as hard candiean retain microbial and sensorial integiity many years following

preparation istored at ambient temperatsre
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In most aqueous confections, it is desirable Thafly + 20 to 70 Kin orderto generaten appropriate

semif | ui d dexturefetgafar & binder syrupyet crystallisation@uld occur quiterapidly within

this temperature regiof In order to prevent crystalision within most aqueotsased confections, it
isnecessarytousesec al dedt 6ring agent o6 that t y(lsokriwnl y con:
as corn syrup or confectionerds gl ucomsixuleofwhi ch i
partially hydrolysed sladinkedhglucose nediglucbse ddextrese), b as e d
maltose, maltotrioseetc. akin to maltodextrins but wheE > 20.4° In addition to preventing
crystallisation, glucose syrups also contribit@ards thesweetnessplasticisation andy, reduction

within a confectionall of whichare highly dependent on the syrup composition wigheateramount

of glucose and maltosend thus greateDE, resulting in lowera, and Tg/viscosity!® It is also very
commontouse@ hi gh fr uct os e,wbevemn half erynore g the gluddsadd®eried
enzymaticallyto fructoseortousesoc al | ed O6i nvert sugar®é syrup whicl
aqueous mixture of glucose/fructose thatbtined via acid or enzyme catalysed hydrolysis of sucrose

Both HFCSand invert sugar syrupge typically sweeteand oflower viscosity than regular glucose

syrups due to their high fructose cont&As glucose, maltose and fructose all represent undesirable

free sugarsahdespecially the latter), manufacturers are becoming increasingly interested in utilising

mixed syrups that contain greater amounts of maltotriogklamyer maltooligosaccharidesich fall

outside the 0add(@lthdughsnaygstllibe caldriick si f i cat i on

Despite theiattractive reducedugarstatus the use okolelylow DE, oligosaccharidédased glucose
syrupsis not technically feasiblewithin most aqueous confectiomgven thatthere existsa strong
negativerelationshipbetweenDE and Ty (viscosity) As a gneralheurism the level of plasticity or
reduction inTy is ofteninverselycorrelatedo themoleculaimass or size of an ingrediemtith smaller
species providingreater reductioff This is classicallattributed tcanenhanced penetration into the
amorphous oligomeric/polymeric matriwherein the small additives are capable ruping of

inter/intramolecular hydrogen bondirtat existdetweerthe larger chainsThisleads to an increase
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in chain mobility flexibility and molecular spacirendultimately resuksin greateirfree voume!4 175

Although size is generalihe main determining factate shapespatial distributiorand naturef the

functional groupsf a plasticiseccanalsobe highly influential,'’® yet the underlying reasomemai

poorly understoodWater is an extremely potent plasticiser witfigaof ca. i 135 °C andplays the

predominant role in the maintenance atibbery or plastic consistenayaqueougsonfectionery (and

general food)natrices As suchthere isa very strong negative correlation between water content and
Ty/viscosity (at least outside the low water concentration regime wheeead | e-p| @satmit¢i sat i
may occur)’’ Becausetteremoval of watefs required in ordeto reducea,, to a safe levela dramatic

increase iMy is inevitabke andespeciallysoif other small species such as glucose, maltose and sucrose

are also absent as part of a suga@luced mandaté\ graphical representation of the interrelationship

betweera,/water contentTg/viscosity and glucose syrupE is shownin Figure 1.11.

@ © @ Glucose syrup, DE:

®>@>0>0
High Low
Aqueous
Confectionery

Space =

T,/ Viscosity ———>

a, / Water Concentration >
Figure 1.11: Graphical representation of the interrelationships betvigktscosity, aw/

water concentration and glucose syiip within aqueous confectionery systemsrows

indicate diredbn of increasd x andy axisproperties. Originally in colour.
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It is therefore critical that any potential new suggslacement strategy musiffer effective
plasticisation of the base glucosguprich matrix. Given thafy is generally highly correlated with
molecular mass, it follows that small molecules are most likely to behave as effective plasticisers, which
is further justification forthe investigation of small natural osmolytes and eutectic mixtures formed
using combinations of low molecular weight compone@isapter 7 investigates thénfluence of
common confectionergolutes(fructose and lgcerol) on theTy and viscosity &énd alsaw) of a model
agueous confectionery systaémwhich teir performance isvaluated along witlseveral novelfood

grade alternativemtroducedwithin Chapters 4- 6.
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Chapter 2:Experimental

This Chaptemutlines the various Materials and Methods that vesnployed throughouthe work

described wthin this thesis. In the case of kagalytical technique@nfrared spectroscopyheology,

thermal analyses, measurement and XRPthe basic workingrinciplegtheory that are relevant to

results discussed heraine also outlined.

2.1. Materials

The chemicals and reagents used within this work are presentEabla 2.1, unless specified

otherwise.Deionised water was used througho#ill common solvents were used without any

further purification

Table 2.1: Summary of materials useddthin this thesis.

Material (Abbreviation) Identifier (CAS)  Purity (%, if Supplier?
given)

U-D-glucose 492-62-6 96 SA
Calcium chloride (CaG) 1004352-4 96 Acros
Choline chloride (ChCl) 67-48-1 >98 SA
D0 7789200 99.9 atom D SA
Ds-DMSO 2186170 99.9 atom D SA
D-Fructose(FRU) 57-48-7 - NPTCC
D-glucono1,5lactone(Glu-1,5-Lac) 90-80-2 >99 SA
D-glucurona6,3-lactone (GluLac) 3244992-6 >99 SA
D-gulono-1,4-lactone p-GLac) 632207-2 98 AA
Dulse macroalgae Palmaria palmata - Ebbtides
Ectoine(Ect) 96702033 > 99 bitop AG
Folic acid(FolAc) 59-30-3 > 97 SA
Glycerol (GLY) 56-81-5 - NPTCC
Glycoin natural ® ¢lycoin) 2216026-5 - bitop AG
Hydranal Composite K - - TFS
Hydranal Composite 5 - - TFS
Hydranal Ketosolver - - TFS
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Hydroxyectoing(HyEct) 165542154 bitop AG
L-ascorbic acid (Asco) 50-81-7 >99 SA
L-citrulline (Cit) 372-75-8 98 AA
L-gulono-1,4-lactone (-GLac) 1128 95 SA
Lithium chloride (LiCl) 7447-41-8 >99 SA
Mylose 351® (MYL) - ca. 80% Tereos Syral
solids
Myo-inositol (Inos) 87-89-8 >99 SA
Nicotinic acid (NicAc) 59-67-6 >98 SA
Pantothenic acigPanAc) 599-54-2 100 Bulk
powders
Potassium bromide (KBr) 775802-03 99 Acros
Potassium carbonate {€0s) 584-08-7 99 AA
Potassium chloride (KCI) 7447-40-7 >99 SA
Potassium stiate (K.SQy) 7778805 >99 SA
Silicone oil (5 ¢St at 298 K) 6314862-9 - SA
Sodium chloride (NacCl) 7647-14-5 99.5 TFS
Sodium sifate (NaSQy) 7757-82-6 > 99 SA
Viscosity standard (0.990 Pas atZ5 D1000 - SA
(supplier code)
Viscosity standard (10.030 Pas at@5 N4000 - SA
(supplier code)
Viscosity standard (72.238 Pas at@j S30000 - SA

(supplier code)
8SA = Sigma Aldrich, NPTC = NestEé Product Technology Centr€onfectionery TFS =

ThemoFisher ScientificAA = Alfa Aesar.

Dulse seaweedP@lmaria palmatd was used as a source of floridoside avab harvested off the
coast of Otterton Ledge, East Devon, UK (approximate Latitude: 50.§2&hgitude:-3.2955°)
in late September 2018 (average water temperature 4 a8d salinity of 34 g k§seawater) and

purchased from Ebbtides UK, Devon, United Kingdom. Prior to delivery, the biomass underwent
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preliminary drying in a commercial dehydrator (5 min at°@then 80 min at 40C) and was

subsequently stored in sealed plastic containers under ambient conditions upon being.received

2.2. Methods

2.2.1.Preparation of agueous glycoin solutions

Aqueous glycoin solution@iscussed irChapter 4) were prepared in one of two ways depending
on the target concentration. For solutions <wB2%, the asreceived glycoin solution was simply
diluted with water until the desired concentration was reached. For targetswt. 82, the as
received glycoin solution was driachder elevatedemperaturén vacuo(> 3h, > 80°C, ca. 20
mbar)before bein@llowed to coohaturally whilst remaininginder reduced pressuiea. 20 mbar)
until<40°Ct o yi el d an ¢ aG@hTy D0 vat. Ysabecordireg toeSTANlaid material
was subsequently dissolved in the desired amount of water and stirred at sufficient temperature to
ensure visible homogeneitgd. 80°C). All masses wereecorded using a Kern AGACJ balance
(0.1 mg resolution)The relationship betweeamaterconcentratioranday, of the binary glycoinwater
system was also assessed udsgpiestic moisture sorption studieghich consisted ofaccurately
weighing aliquotgca. 0.17 1.0 g)of anhydrous GIyT into plastic vessels and subsequently storing

them in separate sealed receptacles containing saturated salt slurries of KCI, NaCl,sMg(NO
K,>CQO:; or LiCl corresponding taw or (—) = 0.851, 0.755, 0.544, 0.432 or 0.113 respectively (at

20 °C).18nitial masses and changes thereof were monitored periodically (typically evietyt7
days) using a Kern AGBCJ balance (4 d.p.) until plateau had been reached (measured over 69

days). All experiments were conducted in duplicate.
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2.2.2.Screening ofleep eutectic solven{DESjormation

The screening oDES mixturesinvolved initially weighting desired amounts afomponents
according to praletermined molar ratios and briefhandmixing (30 s) to ensure homogeneity.

The resulting solid blends were quickly transferred into sealed glass vials which were then placed
onto a preheated hotplate and stirred at temperatrd@ °C) for at least 1 hour during which

time, they were checked pedically for liquid formation. Following heating, samples were
allowed to naturally cool to room temperatuteactone and Ascbased DES used for further
testing(rheolodgcal, NMR and DSC analysisr within a model aqueous confectionery systerare
storedin a vacuum desiccator untiéquired (typically < 48 h following preparatio.summary

of the mixtures that were investigatetthin Chapter 6 is provided inTable 2.2

Table 2.2: Summary of thenixtures screeadfor eutectic melting

Component 1 Component 2 Molar ratio (Component 1:2)
Citrulline ChCl 2:1,1:1, 1:2
Ectoine ChCl 2:1,1:1, 1:2
Hydroxyectoine ChCl 2:1,1:1, 1:2

Folic Acid ChCl 2:1,1:1, 1:2
myo-inositol ChCl 2:1,1:1, 1:2
Nicotinic acid ChCl 2:1,1:1, 1:2
Pantothenic acid ChCl 2:1,1:1, 1:2
L-ascorbic acid ChCl 2:1,1.5:1, 1:1, 1:1.5, 1:2
L-gulonolactone ChCl 2:1,1.5:1,1:1, 1:1.5, 1:2
D-gulonolactone ChCl 2:1,1.5:1,1:1, 1:1.5, 1:2
Glucuronolactone ChCl 2:1,1.5:1, 1:1, 1:1.5, 1.2
Gluconel,5lactone ChCl 112

20nly a 1:1 mixture could bpreparediue to lack of available material.
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2.2.3.Preparation ofPalmaria palmata(dulse)extracts

Several different extracts were produdbdough either refluxing waterEtOH Soxhletor simple
mechanicakreatment ofPalmaria palmatabiomasswith the correspondingharacterisatiorthereof

beingsubsequently discussed in detail witihapter 5.

2.2.3.1.Water extract

As-received dulse was driélvacuo(24 h, 8C°C, ca. 20 mbar) before being ground using a commercial

cof fee grinder (Kitchen Perfected, nabs€€y8mQon) anc
was then heated under reflux in watea. (900 mL) for 24 h, cooled, filtered and the filtrate (brown
coloured)was subsequently drieid vacuo (first using a rotary evaporator and then vacuum oven
operating ak 80°C, ca.20 mbar) to yield a brown, glassy sola@pproximately 15 wt. % yield based

on the initial biomagghat was analysed using DSIGGA, CHN microanalysis anBiMR spectroscopy

The spent macroalgaeg residue following filtration) was isolated and driedvacuoprior to further
characterisatiofoptical microscopy

2.2.3.2.Ethanol extractives

As-received dulse was driedround and sieved as descritsxbve Theresultingbiomass ¢a. 80

g) was placednto a cellulose extraction thimblnd subjected to exhaustive extraction (Soxhlet)

in ethanol ¢a. 900 ml)for 24 hresulting in the formation of a green coloured suspension containing
anoffwhi t e sol i th.orfghhenilcatstodri d6d was <coll ected Vvi e
ethanol (ca. 25 mL)and subsequently dried vacuo(5 h, 80°C, ca. 20 mbar)and corresponded to

aca 27 3 wt. % yield with respect to the initial mass of biomass ussfdre being subjected to

TGA, pXRD, FTIR andNMR analyses The washings were combined with the filtrate before
concentratiorin vacuowhich yielded a dark brown/green coloured, sytie material that was
subsequently collectedesuspendethto fresh ethanolnd stirred atoom temperaturevernight

Following this period, the resultingandy/creamcoloured precipitat§ 6 or gani wase xt r ac
collected via vacuum filtration, washed with ethanol and subsequentlyidrieatuo(5 h, 80 °C,

ca. 20 mbar)and corresponded to@a 1571 20 wt. % yield with respect tthe initial mass of
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biomass usedA schematicoverview of the extraction process in presented-igure 2.1. Ethanol
extractives were subjectedMMR, polarimetry, FTIR, pXRDDSC, TGA, STA, CHN/Clandoptical
microscoe analysisalong witha, and KFmeasuremer(bf the corresponding aqueous solutiofi$je
(dried) spent biomasthat was obtainetbllowing Soxhlet extraction waalsocharacterised vi€HN

analysis

Palmaria palmata
(ca. 10 % moisture)

@ Dry in vacuo @Grind & sieve
(24 h, 50 C, 20 mbar, 125 -2

50 um)

Palmaria palmata
(dry, ground) ca.80g @ EtOH
Soxhlet extractionl Hot vacuum = wash| Off-white
)

(EtOH, 900 mL, 24 h, reflux filtration Extract
Dry ca. 2 -3 % yield
\ in vacuo
EtOH filtrate (5 h, 80 C, 20 mbar)
Concentrate
in vacuo
Amorphous
syrup

EtOH Suspend in | (3) Stir at r.t.
washings™ fresh EtOH overnight

EtOH suspension

LI Filter and Dry in vacuo
@ L 1@

OH wash (5 h, 80 C, 20 mbar)

Cream/sandy

powdered solid
ca.12-16 g (15 - 20 % yield)

Figure 2.1: Schematic overview of the Soxhlet extractisngedureof Palmaria palmata

developed in this work. Originally in colour.

2.2.3.3.Preparation of untreated crystalline materials

Untreated (palgink coloured) crystalline material (UCMYyas produced via physical scraping of
the surface of theasreceiveddulse biomasswith an aliquot thereof being subjected to drying
vacuo(5 h, 80°C, ca. 20 mbar) leading to the generationao$econd solid (UCM). Both materials

were stored in sealed glass vials until further use, with UCkking used withirc 7 days of
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preparationAny visible pieces of biomass flesh that remained following collection were discarded
prior to analysi§DSC/TGA/STA/TGIR, IRandNMR spectroscopy The collated UCM was used
to prepare crystalline anhydrous, @hd k) and monohydrated floridoside {jFas describedn

2.2.4

2.2.4.Preparation of floridoside crystals
All of the floridosidecrystals described beloand discussed iGhapter 5werecharacterised using
IR spectroscopYATR and DRIFT) thermal analyse®SC, hot-stage microscopgndin some cases

TGIR), XRD (single crystal and variable temperaturajlisothermaloptical microscopy

2.2.4.1.Anhydrous floridoside FormHCF;)

UCM was boiled in neat MeOR&. 25 mg mL?) before hoffiltering (cotton wool plug) tagive a
paleyellow solution which was stored in a sealed glass vial and allowed to naturally cool to room
temperature (@ °C). Transparent, colourless polyhedral crystals could typically be observed
following ambient storage over around ¥ days. Crystals used for further analysis were removed
from the mother liquor, collected via vacuum filtration and washed with EtOAc before being dried

in vacuo(> 2 h, 80°C, ca. 20 mbar) prior to use.

2.2.4.2.Monohydrated floridoside FormHQR)

The crystal submitted for XRD analysis was prepared as described {@rZ4.1 except that the
MeOH filtrate was lefin anunsealed vial and underwepdrtial, slow eaporation gnder a fume
hood atca. 20°C). After a period of several days, colourless crystals could be observed within the
thickened yellow liquor. Crystals used for other analyses were removed andndvieclio(> 2 h,

25°C, ca. 20 mba) prior to use.
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2.2.4.3.Anhydrous floridoside Formi{R)

UCM was processed in the same way as describedf(i2.E.4.]) except that a large excess (~ 3:1
v/v) of EtOAc (room temperature) was immediatelgdeddirectly into the MeOH filtrate. This
was left overnight in a sealed vial @ 20 °C and resulted in the concomitant formation of small
clusters of colourless needli&e crystals () and polyhedral crystals (Fwhich could be separated
manually. Crystals used for all other analyses were typically sphertylfiee clusters of very fine
needles prepared by immediate addition of EtOAc to the MeOH filtrate (~v/&)luntil the
formation of a turbid, white suspension which was subsequently storee3fbri@ a sealed vial at

ca. 20 °C. Crystals used for thermal, thermogravimetric and specopic analyses were removed
from the mother liquor following this time, collected and washed with EtOAc before being dried

in vacuo(> 2 h, 80°C, ca. 20 mbar) prior to use.

2.2.4.4.Floridoside crystal calculations

Calculations of torsion anglebl-bond lengthand simulated pXRD patternsg2=5t0 90°, 0.1°
step)corresponding to the various floridoside polymorphs were generated from the single crystal
structural data using Mercury (v 4.13).The critera used for hydrogen bondinigcluded:inter
and intramoleculardonor and acceptor (A) atorseparated by 2 bond <3.00 A (H---A), > 90°

(O-H---A) andOH donor only

2.2.5.Preparation of model confections

The model confectionghat are discussed i@hapter 7 were produced via a direct formulation
approach which consisted of accurately weighing (to 0.01 g) 1 kg Mylose 351 glucose syrup (MYL,
nominally 80 wt. % solids) into a stainlesteel pan followed bgnadditivehumectant/plasticiser

at a level such thahe solute concentration of the latter was set consistently at 10 wt. % of the

syrup solids (se&able 2.3). The pan was transferred onto an electric hotplate and heatad 70
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- 80 °C with manualstirring in order to facilitate sample homogenisation. Once homogenisation
had been achieveddétermined visually an initial aliquot was withdrawn within the
aforementioned temperature rangied subsequent aliquots (up to siwjeretaken following the
onset of boiling ¢a. 105°C) at approximately Bninute intervals (typically corresponding &m
increase oR 1 3 °C). Once removed from the cooking vessel, samples were immediately wrapped
in a waterproosilicone paper in order to prevent further moistaigs/gain and laid on a metal tray

to quickencooling.Once cooledthe wrappedonfections were stoddn sealed plastic containers
prior toanalysis(KF titration, HPLC, DSCrheologyanda, determinationfor variable lengths of

time depending omechnigue but all measurements were conducted withilays of production.

The peparation of model confectisiwas conducted in collaboration with Dr Steve Whitehouse

(NPTC Confectionery.

Table 2.3: Model confectionery systems prepared in this work.

System (Abbreviation) MYL Additive mass(g)
mass(g)

Mylose, neat (MYL) ~1000.0 -

Mylose and fructose (MYL+FRU) 1009.4 80.1C

Mylose and glycero(MYL+GLE) 1001.2 80.04

Mylose and floridosidextract(MYL+FLO) 1000.2 80.0F

Mylose and GluLac:ChCl, 1:1 (MYL+DES) 1000.5 79.95 (99.75 0.03 wt. % solids)
Mylose and glycoin (MYL+GLO) 1000.1 88.84 (90.84+ 0.18 wt. % solids)

aUsedasreceived (presumed pur)riedin vacuo(5 h, 80°C, ca. 20 mbar) prior to use.

2.3. Analysis and Instrumentation

2.3.1.Infrared spectroscopyIR)

Infrared(IR) spectroscopy concerns the study of the interaction of matteligtithihat falls within the

socalled6 i n f raageot thedelectromagnetic spectruoorresponding toadiation of wavelengths
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(24 0.781 1000em) andfrequencieqv & 384to 0.3 THz) that are itermediatewith respect to the
visible and microwave regionghelR regioncan befurthersubdivided into the nea(NIR,  8.78&
2. 5), midn( 2.5 25¢ mand fariR (ad 257 1 0 0 0). Thenenergy(E) associated witlsuch
radiation(whereE = hv andh is the Planclconstant= 6.626 x 10** J s) is sufficient so as to induce
vibratioral excitation of molecular bonddollowing photon absorption Absorption only occurs
howeverwhen the frequency of the IR radiatieractlymatcheghatof a particularvibrational mode
whose motion residin achangeof the overallmolecular dipole monm&.18°In general, bondthat are
more polarise@resulting fromsignificantdifferences in thelectronegatiiies of the conituent atoms)
tend togive rise to larger changes in the dipole momgmin excitation agh thus exhibit stronger

absorption.

To a good approximatiothe vibrationalfrequencyv of a diatomicbondcan be weHldescribedusing
the so-called bharmonic oscillatdmodel by considering the bond as a sprinigh atomsA and B

positioned at either end. In this cagean be calculated viaquation 2.1

o — Equation 2.1

whered and0 arethe masssof atoms A and B an#l is the force constanof the springwhich
essentiallyrepresents thforce requiredo restordts original positiorfollowing displacementii§ this
casefollowing a specificmode ofvibratione.g. stretch or befdAccordingto Equation 2.1, bonds
compriing lighter atomse.g. H, C, N O etc.andbr with a higherk (e.g. greater number of shared
electrons within the bonavill vibrate at greatev and thusabsorb IR radiation of greatér( | ower &) .
This E corresponds tdhe differencein the potential energybetweenindividual vibrational energy

levels n, wheren = 0 (the ground statg 1, 2, 3.. etc!8 Within IR spectroscopy, thifequency has

historically been r epr es &whicktdke thewnitcth(ee. theomunthero f 6 wa
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of wave cycles that occur within 1 cm) whére 1/aandi = vic (wherec is the speed of light = 2.988
X 10°cm sb), thusincreasingcmc or r esponds t o a r edandB TheoMR,i n & a
mid-IR and farIR regions broadly encompa$sd 4 0 02800, 400- 4000 and 10 400 cnit

respectively.

Within the harmaic oscillator modelpnly transitions betweeaadjacentvibrationallevelsare permitted

(i.e.gqm + 1) during ploton absorption/emissiom real systemsvhichar e act ual | gsad6anhar
bondwill eventuallybreakfollowing sufficiently largedisplacement fronits equilibriumpositior), gm

can take any integemalue with transitionsromn =0 ton=2,n = 3 orn = 4 etc.being referred to as

the second, t hi r dSuch traosiions dne lesstintense tmfundamentakhvieration.
i.e.n=0to n=1(which often occwin the midIR) andasthey involve absorption of comparatively

higher energy photons, it isommon to find themwithin the NIR regian alongside saalled
6combinationdé bands which manifest as a result o
vibrations. Another consequence aihharmonicityis that the energy difference betweesdjacent

vibrational stategs not constant ahinsteadcontinually diminisles with increasingly higher values of

n. Whilst the fundamental vibrati@h frequencyis often close to that calculated viaquation 2.1,

transitionsw h e rne 2 (@nd especially at highe) havefrequenciesvhich are (considerably) lower

than therelevantmultiple ofthe fundamental frequencii.e. Vi=1 ¥n=3< 2 Va=1 ¥n=2).

Given thatv is very sensitive to theonstituentitoms andhature ofa bond, different functionagroups

will absorb photons of varyincharacteristifrequenées whichcanthereforeébe used taidin molecular
identification andnteractionstudies Within a typical FTIR spectrometdR radiationis generated at

a source and is passed througlsocalled interferometer before reaching the sample and then a
detectort®? The interferometesplits thesourcelR beam into twovia a beamsplitter, seintj one to a

mirror of fixed locationand theotherto amirror whose position caimsteadbe movedwhich carresult
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in an optical pathlength difference betwdbha twa Movement of the mirroleads to varyingdegrees
of constructive/destructive waveterference(depending on theathlengthdifferenceand particular
wavelength involveonce the two beams are recombin@dcombination of the beam resultstire
generation ofa complex overallinterferencepatterd which effectivelyrepresentshe sum ofthe
different electromagnetiavaves with varying (IR) frequenciesOnce passing through an-BRtive
sample a portion ofthe frequencies are effectively removeli€ toabsorptioi creating a different
interference patterwhich thenunderg@sa so-calledFourierTransform(FT, hence FTIR}hatallows
for the constituentfrequenciegand their relative intensitie$) beextracted and compared witose

sans sample.

There are various differe®TIR samplingtechniquesof which, attenuated totaleflectance (ATR
ATR-FTIR) and diffuse reflectance (DRIFT) are amongst the ro@stmon In ATR, the recombined
IR radiation exiting thenterferometer is focuseahto a high refractive index cryst@bith respect to
the samplejvhich is in contact withhesample'®3 At a specific anglehebeamis totally reflectedfrom
the internal surface dhe crystal resuling in the generation of ao-called evanescent wawehich
extends beyonthe surfaceand partially penetratginto the sample layer contacting the crystdie
samplethen absorbs some portion thie evanescent wayattenuating its intensity befotbe beam
entersback into the crystal and eventyaléaves to the detectdn DRIFT, incomingIR radiationis
focussednto a particulate sample (e.g. finely ground powder) aray in some circumstancéslong
with specular reflectana#f the particle surface sans penetratj@@netrate intthe particlematrix and
subsequently scattrerefromfollowing partial absorbarebefore being collected and directed/éwds

the detector.

Within this thesis,ATR-FTIR analyss was principally employed teharacterise a variety of

Palmaria plmataderived extract$§in the midIR range)asdiscussedn Chapter 5. Analyseswere
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performed using a Perkin Elmer FTIR Spectrum 400 spectrometer operating under ambient
conditions intransmittance mode from 6504000 cm® at a resolution of 4 crhand with an
acquisition of at least 16 scans per sample. A blank background subtractemlfcntair, also

16 scanywas performed for each experiment ardoothing/baseline corrections (using OPUS
software) were applied following data collectigkmalysis(of the aforementioned samplesithin

the NIR rangavas conductedtia DRIFT spectroscopysing a Bruker Equinox 5B spectrometer

fitted with a ZnSe widow andMCT detector (liquid N cooled)using neatlightly ground analyte

and referenced againsgeoundKBr backgroundMeasurements consisted of collecting 128 scans

per spectra (256 for backgrouriaBtween 4000 8500 cm' at a4 cnt! resolutionandatca. 20°C.

2.3.2.Rheology

Rheologydescribeghe study of the flovand deformation of matter and represents an important area

of interest within food and general materials science. Many aqueous based sugar systems (glucose
syrups, honegt c. ) can be characterised according to th
resistance of a fluid to deformation following the application of shear stress (i.e. stress acting parallel

to the fluid surface) and is linked to relevant sensany @ocessing properties. The shear viscosity of

a fluid is related to the shear stress via the following equdignation 2.2):

Z S Equation 2.2

where)  d Orepresent the shear stress (in Pa), viscosity (in Pas) and shear rate (i.e. the rate at which
the fluid is sheared, im'$. A large proportion ofluids exhibitso-called Newtonianléw behaviour
wherebythedr viscosity is independent of shear rate (@@e. w i Hqgimation 2.2is constant)as is the

case for many O6si mpl e0 ambalsemosahqueousugar splutionfFors uc h a

ot her substances, e s-p e t (e.gl Bdusoustbibpolgreer disgeraiins dr e so6 s e
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greatlydependent oma nd it i's more appropriate tonoeonsi de
Newtonian fluidsthe application of shear has some type of disruptive influence on the local structural

level (e.g. polymer chain alignment or entanglemerttich ultimately results in an increase (for shear
6thickeningé or oO0dilatantdé substances) or decr ea

the macroscale viscosity of the material.

In this thesis, the flow behaviours of both fegdeeutectic melts and model aqueous confections
(subsequently discussed@hapters 6and7 respectively) were characterised usirigyaokfield CPS+
rotational heometer operatingnder acone/plate geometrgnd controlled shear rate modé
atmospheric pressur&he cone had a diameter of 25 mm, angle Y42d a gap between it and the
fixed bottom plate set to 0.045 mm in all experiments and calibration was performed prior to sample
measurementising viscosity standards ranging from 1 toF& sat 25 °C (seeTable 2.1). The

basic operating principle of the rheometer involves measuring the torque required to induce rotation
of the conewhich experiences some degree of resistance upon contacting the fluid placed between
it and the bottom pla #*For arotational cone/plate rheometer of known geometry, this torif)e (

is proportional tdJas described viEquation 2.3whilst canrelated to the RPM of the rotating cone

via Equation 2.4

z -— Equation 2.3

—_— Equation 2.4

where r and—are the cone radius and angle. If balland are known thers can be readily
determined througEquation 2.2 It should be noted that the aforementioned instrumental setup had

an upper operating limit dfl = 0.050 N m which correspondedz@ 12223 Pa.
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In Chapter 6 of this thesis, meological analysis of various lactehased eutectic mixtures
(GluLac:ChCl,L-GLac:ChCIl,p-GLac:ChCl and Asco:ChCl at 1:1 and 1:5 lactone:ChCl ratios) was
undertaken in order to characteriseitlyzneral flow propertiesvhichis of particular interestrbm

an applicatiorand processingerspective. In each experimentfrash aliquot ofsample(ca. 0.3

mL) was applied tdhe bottom measuring plate abD2C onto which the top measuring cone was
very quickly loweredbefore both silicone oil and a solvent trap were placed artdwndone/plate
geometry and excess sample was removed from the outer Bugeeasuring programmesed

was based on a modificatiori @ previous description in the literatui®Briefly, the sample was
heated to and equilibrated at the desired temperatiré @0 °C) for 10 minutes before being
subjected to a 120 s pehear at 20 Pa followed bysa&cond60 s equilibratiorat temperatur¢o
remove rheological historysothermal flow curvesf each DES werebtainedusing a controlled

shear rate regime whereby theeahrate was increased linearly from 5 to 50sger a period of

100 s (i.e. a 55increase per second). Each reported result reflects the average of at least two
replicates.

The aforementioned method (i.e. equilibration at temperaturestprar andurther equilibration)

was also used for viscosity determination of model confectiGhgter 7) except that an excess

of sample ¢a. 0.4 mL) was purposefullgpplied to the bottom measuring plate>a80 °C and not
removed prior to measurement. Once equilibrated, samples were subjected to a cooling temperature
sweep starting from the initial equilibration temperature (820 °C) which proceeded at 0°C

st until the torque limit of the rheometer was chad.Each reported result reflects the average of

at least two replicates.

2.3.3.Thermal Analyses

Another ae of the key classes of analysis that was conducted within this thesis was thermal analysis,
which broadly describesnalysisof the change in thphysicochemicaproperties of substance when

it is subjected to varying thermal conditioRsur mainthermal analiical techniquesvereperformed
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differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), simultaneous thermal
analysis $TA) and thermogravimetric analysisinfrared spectroscopy (TGIR). For eaoh the
techniqus, the basic principlesre introducedand experimental details relevant to the results and
discussion described withiaterchapters are outlined hereaft€he procedure employed for hot stage

optical microscopy is also provided.

2.3.3.1.Differential Scanning Calorimetry (DSC)

Calorimetry broadly describes the measurement of the heat changsub$tance as a function of
temperature and time under a controlled tempeggirogram |t i s common suclko analy
a measuremerver a temperatur@r timein the case of an isothermakperimentyange given that

the temperaturen(b. systenpressure is typically kept constant) at which a calorimetric process occurs

and the energy associated with it provide useful information regarding the naturevenbi&ibstance

under investigation. The ter m Oigbn df thesamplebeingal 6 st
analysed (isolatedithin asamplepan and a separate reference en(iygpically an emptysamplepar)

operating undethe sameontrolled temperatufiemporalprogram There are two main DSC designs

that are utilised withincommec i al i nstruments; 6hed®¥Inthelfumeo and 6
both sample and reference pans are placed within the same furnace and the temperature difference
between the two which manifests during experimentation is recorded and conveaitéab flow

equi val ent using a suitable calibration factor.
reference are instead placed into two separate but identical furnaces and the temperature difference
between the two minimised by varying the ambof power that is supplied to thefim order to

maintain equivalent temperatuim)d measured directly.

Due to the presence of the analyte, the sample pan exhibits a greater (specific) heat Capadityat

constant pressure) with respect to the reference given that some extra amount of energy (heat) is
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required to increase the temperature of the material under investigation (in addition to that required for
heating the measuringceptacle®f both sample/reference systems). Upon undergoing adidsr

phase transition (e.g. fusion), a characteristic quantity @alied latent heat is either absorbad
releasedy the material during an endothermic or exothermic event respectively whilstiheréture

of the material remains constant. In a heat flux DSC, this results in a detectable temperature difference
between the sample and reference as a significant quantity of (latent) heat can be absorbed/evolved by
the former without resulting in a tgrarature change yet the same is not true for the latter. Similarly, in

the power compensation method a comparatively greater/reduced amount of power must to be supplied
to the sample with respect to the reference during an endothermic/exothermic exdt io maintain

equivalent temperatures.

The results of a DSC experiment are typically presented as a plot of the differential heat flgw rate (
axis) versus temperature (or timeaxis) wherein firsorder transitions appear as peaks in the
thermogram(n.b. exothermic/endothermic events are assigned positive/negative heat flow rates by
convention). Given that the heat flow (and specific heat capacity are relateggton 2.5, then the

latent heat of the corresponding transition (a.k.a. heat oalpgthf transformation) can be calculated

via integration ofC, over the temperature range of interest (between temperatures T1 &gldaon

2.6):

0  — Equation 2.5

YO . 6 Q7Y Equation 2.6

wheredH/dt is theheat flow (in W = J§), dT/dt is the heating rate (in K)smis the sample mass (in
0), Gy is the specific heat capacity (in JigY), Ti s t he t e mp e rHhigtheenthalgybfn K) a

transformation(in J g). Socalled second order transitioisswhich no latent heat is transferred but
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abrupt discontinuities to material properties nam@lyare also commonly encountdrethe most

pertinentof whichis the glass transition, which manifests as a-stegmge in the measured heat flow

rate signalA typical DSC trace is presented figure 2.2in which a hypothetical substance initially
undergoes melting during heating as evidenced by a sharp end¢ihé&efore partial recrystallisation

(cf. exotherm at point 2) and subsequent partial vitrification (cf. glass transition at point 3) on cooling.

Upon reheating, the glass then transitions back into an amorphous rubber (4) and there is sufficient
molecula mobil ity for some extent of Oo6cold crystal/]l

formed during (2) and (5) melts once again (6).

— 1st Heating Cycle
— 1st Cooling Cycle )
— 2nd Heating Cycle ﬂ

e
e |
®

lEndothermic @

Heat Flow (mW)

Temperature (°C or K)

Figure 2.2: Exemplar DSC trace of a hypotheticahterial wherein axis arrows indicate

direction of increased quantity. Originally in colour.

Within this thesis,DSC analyses were undertaken in order to determine elhéof agueous
glycoin and model aqueous confections) and/or more general thbemaviour (identification of
phase transitions dPalmaria palmataextracts, floridoside polymorphs and eutectic meléd)

DSC experimentswere performed using a TA Instruments Q2000 Modulated QiE€at flux
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design) under a flowing nitrogen atmosphere (50 mL Minand Tzero hermetically sealed
aluminium pans (TA instruments) containiog 515 mg of sample. Glass transition temperatures
(Ty) were calculated asitherthe onset omidpoint of the stegghange in heat flow that occurred
during the second heating cyckny quoted maximum fusion temperatuii@,ax corresponds to the
temperature recorded at the maximum of the most significant melting endodle¢ectedduring

the first heating scan.

Different DSC methologies were employed depending on the analythar&cterisation of
6anhydr ous 6T, didcyssed irChaptér @)l cgnsisted ofheatirg a freshly dried sample
(prepared according to secti@r21 and analysed within minutes of being removed from the vacuum
oven)from 20to 80°C at rate o °C min, isothermal storage thereat for 5 nbiefore cooling te 80

°C at 5°C mint, subsequent isothermal storagé 80°C for 5 min beforeeheatingback to 8C°C and
repetition of the same heat/cool cycles a further twice. Binary aqueous solutions containing glycoin (>
62 wt. %, also prepared as described in se@i@f) were subjected to an identical program (using a
heating/cooling rate of & mirt!). The asreceived glycoin solutiorch. 62 wt. %) was also subjected

to an identical program except that a heating raC1@in' was used during heating/cooling.

Within Chapter 5, Palmaria palmataxtracts and crystallirfdoridoside sample&escribed in sections
2.2.3and2.2.4 were heated r o m t23D5 A &AT min?, held isothermal for 5 mirgooled to

T 8 0 atA°C mintand held isothermal for 5 min before being reheated té@50d repetition of the
same heat/cool cycles a further twice. In the case of ¥90Man identical program was used except

that the upper temperature was limited t6Q0

Thermal characterisatiaof the lactones used to prepare the DES mixtures discus$ithisier 6
consisted of heating the neat;r@seived compounds from 2€ to 180 (GluLac) or 198C (L-
andD-GLac) at 3C mint. in-situ DES formation experiments (also discussed in detalliapter

6) were designed teeplicate theconditions of the screening proceseg¢cribed in sectiof.2.2.
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They involvedheatingsolid mixtures of lactone and ChCdf appropriate stoichiometric ratio (1:1
or 1:1.5 lactone:ChClrom 20 to 100°C at 3°C min! and holding at 100C for 20 min.Samples
were subsequently cooled t80°C (at10°C min?) and held for 5 min befone-heating and two
furtherrepetitions of the same full cycle. Preformed DES (both 1:1 and 1:1.5 lactones@té@n}
were analysed in the same way except using fully molten eutectic mixtures that had been prepared
via stirred heatingon a hotplate (section2.2.2 prior to analysis For the preformedGlu-1,5
Lac:ChCl, 1:1 DESaheating and coolingateof 10°C min! was instead useaind operated up to
a limit of 80°C followed by the same number of repeabling/heating cycles

For the model aqueous confections that are describ€thapter 7, samplesvere heatedrom 20
°C to either100 or 120°C, held isothermally for 5 min, cooled ta80 °C, held isothermally for 5
min and subsequently reheatedL or120°C. Heating and cooling rates oP6 min' were used

throughout

2.3.3.2.Thermogravimetricanalysis TGA

Thermogravimetric analysis involves measurement of the mass (weight) of a substance as a
function of temperature and time within a controlledctive, inert (e.g. MAr) or an oxygerrich

purge gas (e.g. air4p environmental atmosphereperating under a regulated temperature
program*®’ Heating to relatively low temperatures (< 1%0D) is generally sufficient to drive off

volatile components including physisorbed and crystallisation water in addition to residual organic
solvents. The thermal decomposition of most organic compounds begites 480 - 250 °C

although the exact naturé the decomposition event/s is highly dependent on various experimental
factors (intrinsic properties of the sample, heating rate, purge gas identity/flow rate, sample
size/morphology etc)® The volatilisation of organic matter is typically well advane¢da. > 550

°C such that under pyrolytic conditions (i.e. in the absence of oxygen), only a @arbanh &6 c har 6
and (relatively) thermally stable inorganics e.

remain. If thermal decomposition insteproceeds within an oxygeich atmosphere then only the
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inorganic constituents persist (due to combustion of any organics), allowing for potential ash
guantification. Increasing the temperature further may be sufficient to induce the volatilisation of
certain salts and can also result in sample mass increases via oxidation reactions.

The results of TGA are typically presented as a plot of the weight (mass) or weight peraris) (y

vs. temperature or time {axis) in the case ohonisothermal or isothermal experiments
respectively. Visualisation can be improved through a plot of the first derivative of the mass change
(with respect to time/temperature) vs. time/temperatarecollectively termed derivative
thermogravimetry (dTG)The peak of the dTG curve signifies the point at which the rate of mass
change is greatest, whilst integration of the curve over a specificéimeérature ranggelds the
masschangeinvolved. An exemplar TGArace (a) for a hypothetical material alongith its

correspondinglTG signal(b) are shown irFigure 2.3

(a)

J

(b)

= x (%) | (%)

— \

Weight percent (%)
«—— dTG (-% T 'or-%t )

Temperature (T) or Time (t)—>

Figure 2.3: ExemplarTGA (a) and dTG k) traces of a hypothetical material wherein axis

arrows indicate direction of increasing quant@yiginally in colour.

In this thesis, lgh temperature TGA was carried out using a Netzsch 409 STA wherein samples

(ca. 50 mg) were placed within an opemina crucible and heated under either flowing(hdDO
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mL min?) or in a mixture of air/N(100/20 mL min') at 5 or 10°C min, typically up t01300°C.

It should be noted that in all highmperature TGA experiments, thengpearedo bea systematic

increase in measured mass over 100 wt. % related to a buoyancy phen@senmenced by a

blank run(i.e. only crucible)which displayed the same trenBidure 2.4). The aforementioned
experme nt al procedure was used to characterise th
glycoin, Palamaria palmatabiomassand extracts thereof as discussedChapters 4 and 5

respectively.
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Figure 2.4: Blank TGA experiment (100:20 mL minair:N, 5°C min') based on a sample
mass of 50.0 mg. Originally in colour.

2.3.3.3.Simultaneous Thermal Analysis (STA)

In most instances, it is desirable to conduct both TGA and DSC experiments (i.e. measurement of
botht he heat fl ow and mass change of a sample und
to ensure an accurate correlation of events that occur during each set of measuf@miists.

enables differentiation between both mass loss (e.g. endotheraporation vs. exothermic
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combustion) and nemass loss events (e.g. melting/freezing, glass transition etc.) that may
otherwise be difficult or impossible to interpret solely using TGA, which itselfomamore useful
than DSC for investigating volatilisaon/decomposition behaviour and performing certain

compositional analyses (e.g. aséterminatio.

In this work,STA was conducted using a PL Thermal Sciences STA 625 and consisted of heating
samples (approximately-512 mg) inanopen aluminium cup uter a flow of either air or nitrogen

(ca. 50 mL min?) typically fromca. 207 625°C at5 °C mint unless otherwise stateBSC signals

were obtainedsimultaneouslyvia referene against an emptgample panThis procedure was
employed for the ther mal c har arcChapteridsaadvarious of 06 a
floridosiderich extracts ofPalmaria palmata(Chapter 5). Additionally, it was also used to

investigate the thermal decomposition (pyroty3i of v ari ous &énéQusidbga act on
heating rate of 3C min?!) and to estimate the water content within preformed Aszsed DES

(using a heating rate of PC min?), both of which are discussed @hapter 6.

2.3.3.4.Thermogravimetric analysisFourier Transform Infrared spectroscopyGIR)

In addition to DSC, anotherseful analytical technique that can be interfasétd TGA is FTIR (i.e.
TG-IR), in which gases that are evolved from a sample during heatmgubjected to FTIR
spectroscopythus providing potential information concerning the functional groups present within
fugacious components and aiding in species identification (cf. sex8of). Given that many of the
common purge gases (e.gz &hd Q) are IR inactive, band assignniesf the evolved matter is
significantly simplified, whilst band resolution is maximised due to limited intermolecular
interactions within the gas phase during detection. Additionally, the relatively high purge gas flow

rates (coupled with a heated tramgbge to connect the two instruments) ensure the rapid delivery
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of the volatiles to the FTIR spectrometer, allowing for effectmdine analysis with a high degree

of temporal resolutiof®

In this work, TGIR was carried out usindN@tzsch 409 STAha was connected to a gas cell within
a Bruker Equinox 5%nfra-red spectrometer via heated (1€0) transfer pipe. Once loaded in the
crucible samples werglaced under reduced pressure following backfilling with (Npeated
twice). Samples wer¢hen heatedrom 24 - 300°C at 5 °C mint under flowing N (100 mL min?)
with spectra collected from 5504000 cm® approximately every 34.5 283°C) at a reslution

of 4 cmr® This was used to augment the thermal characterisati®hCdl obtained directly from

Palmaria palmatebiomassas described withihapter 5.

2.3.3.5.Hot-stageoptical microscopy

Hot-stage microscopy was conducted in order to compliment the DSC analysis of crystalline
floridoside (pseudo) polymorphs as discussedhmapter 5. Covered, sampleontaining glass

slides were mounted onto a Zeiss Axioskop 40Pol microscope fitted waéth@eraturecontrolled

Mettler FP82HT hot stage and Mettler FP90 central processor. Samples were subsequently heated
at 5°C mint and photomicrographs taken at frequent intervals using an InfirtyX1P digital

camera mounted atop of the microscope. Adit-stage optical microscopgxperiments were

performed by Dr Richard Mathe (Department of Chemistry, University of York).

2.3.4.Water activity (aw) determination

As discussed in sectidh4, ay is one of the key properties that must be considered when preparing
confections and especially aquecamsed systems which inherently contain considerable amounts
of water (up toca. 20 wt. %). In this work, they of all samples was analysed using a Nsima

LabMasteraw meter in which a sample is housetdhin a sealed, temperatuo®ntrolled chamber
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alongside a sensor that comprises an electrolyte film immobilised onto an inert siippgin

sealing the chamber, water vapour is evolved from the samnmil a characteristic equilibrium
vapour concentration/pressure (which is reflective of saraplef. Equation 1.1) is established

within the headspace above the surface. Depending on this concentration, the sensor will
absorbs/desorbs a characteristic amount of the vapour which results in a detectable citange in
conductivity. Greatemoistureabsorption increase®nic mobility of the supported electrolyte,
improving charge carrying ability and thus overall electrical conductiitly.a, determinations

were recordeat the NPTC Confectionery (Yorkisingan instrumenbperating a5+ 0.1°C that

had been previaly calibrated using at least two saturated salt solutions (depending on sainple

with a, = 0.113 to 0.973 0.003. Samplesc@é. 1.5 mL and no older than 48 h) were allowed to
equilibrate at temperature for at least 20 minutes befoeasurement which as conducted in
duplicate and reported as an average. Where large discrepancies existed between replicates (>
0.010), a further one or two repeats were taken with the reported values representing the mean of
all results.ay analyses werperformed on binary aqueous solutions of hydréegtoine Chapter

3), glycoin Chapter 4) and floridosiderich extracts Chapter 5) in addition to deep eutectic melts

(Chapter 6) and also model confectionery systerGhépter 7).

2.3.5. X-ray Diffraction (XRD)

X -ray diffraction(XRD) is a technique that measures the diffractionaof 4y r a d i04it1ld0on ( &
A) following interaction withmatter During XRD, X-rays(typically generatedia bombardment of

metallic target e.gCu, Mo, Cowith high-energyelectron$ are directed at a crystalline sample in which

the constituent molecules/atoms are arranged periodically within a repeating lattice. Thisdatbee
intersected by a series of equally spaced parallel planes (lattice planes) which are separated from their
closet adjacent neighbours by a characferiistanced (which ison the order of). Upon contacting

the electrom of atoms thatconstiute a particular lattice pane incoming (incdent) Xrays can be
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redirected and under go coher enfolloveing edireceon.Under i . e .
certain circumstanceX-rays that are coherently scattered from a pairaoéllel latti@ planes mape
completely inphase with each oth@ndconstructivédy interfere resulting in wave amplifiation and

so-called diffraction®> Such a scenario (illustrated Figure 2.5 can onlyoccur when the Bragg

equation Equation 2.7) is satisfied

W Qi Qe Equation 2.7

whereais the Xray wavelengthd corresponds t o t he anaydifeactédpr med b
X-ray anddiffracting lattice plan@ndx is anintegervalue In a typical XRD experiment, the diffracted

X-rays are detected by a moving detector unit whose position, along with that of the sample is
systematically altered (with respectto the incidemt¥y beam of fixed &) in ord

over a ange of (28 angles, and the diffracted-pay intensity at each position counted.

> Incident X-ray > Diffracted X-ray

NP~

S

28,0

Figure 2.5: Schematic representation ofr&y diffractionsatisfyingthe Bragg equation.

Originally in colour.
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XRD can be used in the structural characterisation of both bulk polycrystahmeles referred to as
6powder d8 XRD (pXRD) and also | arge, unfractured
XRD. The former is primarily used for species identification and the results thereof are typically
presented as a plot of diffraction intensigyais) vs. 26 (x-axis) which is unique for each individual
crystalline phase. The latter yields precise inforarategarding the position of atoms (and hence bond
lengths/angles etc.) and dimensions of the unit cell within a crystal lattice, yet it can be challenging to
obtain a crystal of sufficient quality and data collection is a considerably more involvedraend ti

consuming process.

In thesis, both isothermal (at room temperateae21 °C) pXRD and variabléemperature XRD

(VTXRD) were used to characterise various floridostdataining crystalline solids as discussed

within Chapter 5. Room temperature diffractograrng pre-ground materia were recorded using

a Bruker D8 powder diffractometer equipped with a Cu source operatireg antbient conditions

with a scanning range of between 5 and29®, a scanning speed of°Znin*! at an increment of

0.1° with the power and current set to 40 kV and 40 mA respectiwel)XRD studies were

performed using a Bruker X8 diffractometer equipped with a cudioih temperaturecontrolled,

bored graphite rod furnace (UniNMd0568) t yr om Nodks}
microfocus sourceDiffraction patternavere recordedising samples that were filled into 0.9 mm
borosilicate glass capillary tube€dpillary Tube Supplies Lydand aBruker VANTEC 500 area

detector set at a distance of8/@dm from the sample Di f f r act ogr ams <¥ér e col
as a fundbn of temperature which involvetleating the samples at progressively increasing
increments ota. 2°C at a heating rate of 1€ min. At each interval, samples were equilibrated

(45s) at temperature prior to irradiation which lasted for 60 s. The collected data were subsequently
processed usinBruker DIFFRAC.SUITE EVA softwareAll VTXRD analyses were conducted by

Dr Stephen CowlingWniversity of York).
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In addition to measurements involving bulk powdered floridogidetaining crystallite samples,

single crystal XRD of F i and F was undertaken in order to obtain a more detaiietureof the

internal latticesrfamely covalent ahhydrogerbond length/anglek see2.2 4.4) of each (pseudo)

polymorph s discussedater within Chapter 5). Single crystals (obtained directly from the
crystallisation liquoras prepared according to the methodology outlined in sec?i@a) were

cooled with an Oxford Instruments Cryojet with data being collected using an Oxford Diffraction
SuperNova diffractometer with Gii, radiation { = 1.54184 A) operating at 110K fitted with an

EOS CCD camer a. ACrysalisd was employed to car.
initial unit cell determination, frame integration and uwoél refinement®® Faceindexed

absorption corrections were applied using spherical harmonics, implemented in SCALE3
ABSPACK scaling algorithm® OLEX2 was used for overall structure soluti§hrefinement and

partial preparation of computer graphics (ORTEPs/solvate structure) within which structure
solution was compl et e aw=ion @t Refiremeit®yrfalimatrixk d u a |
leastsquares used the SHELX@7 algorithm within OLEX2®" All non-hydrogen atoms were

refined anisotropically. ¢4 hy dr ogen atoms were placed using a
the refinement at calculated positionsHhydrogens were located by difference map and allowed

to refine after all dier atoms were located and refined. Crystal and collection dafa ford F

have been deposited in the CCDC under the cod28@$260and200425%espectivelyAll single

crystal structures were solved and refined by Dr Adrian Whitw(department of Chemistry,

University of York).

2.3.6.Elemental microanalysis

2.3.6.1.CHN

TheCHN contens of Palmaria palmataand extractives there¢Chapter 5) weredetermined using

a CE440 Analyser (Exeter Analytical Inc.) coupled with a Sartorius S2 analytical balance and
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involved combusting samples at 975 °C followed by subsequent analysis of the resulting products
via thermal conductivity detection.

2.3.6.2.S/CI/Br/F

S/CI/Br/F microanalysis consisted of combusting samplBalmaria palmataand extractives
thereoj in O, followed by ion chromatographyDionex Aquion IC systenfitted with anlonPac
AS22 columi. All elemental microanalyes wereconducted in duplicatey Dr Graene McAllister

(Department of Chemistry, University of York).

2.3.7.High Performance Liquid ChromatograpfigPLCand Liquid
Chromatography Mass Spectrometry (LGIS)

HPLC was used tcharacterise aseceived Mylose glucose syrigmd toinvestigatethe extent of

thermal degradation withimodel, Mylose-based aqueous confectiof€hapter 7). Aqueous

solutions ofca. 0.5- 2 mg mL* of sample dissolved in HPLC grade wategre initially syringe

fitered 0. 45 em) bef ore bei ngPlexiHg¢ormnt(ietetnalidiameter amch Agi |
l ength of 7.7 and 300 mm r espe60°Cimisdcragtic mgegar t i c |l ¢
with pure water (0.400 mL mit) as the eluent. Detection was achieved using an Agilent 1260

Infinity Il Series Refractive Index Detector operatingat’C. All HPLC analyses were conducted

by Dr Richard Gammons (Green Chemistry Centre of Excellendggetsity of York). LC-MS was

employedto aid characterisation ahe constituents withirasreceived glycoin Chapter 4).
Chromatographwas conducted under conditiotigt were identical to those used for HPw@ilst

MS was achievedvia electrospray ionisatiomsing aBruker Compact® Time of Flight mass
spectrometer operating in positive modd LC-MS analygswerecarried out by Mr Karl Heaton

(Department of Chemistry, University of York).
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2.3.8.Indudively Coupled Plasma Optical Emission Spectroscopy-QEB)

ICP-OES was used tdetermine the most abundametal/loids in Palmaria palmatabiomass
(Chapter 5). A weighted aliquot of analyte and mixture of HNBCI (3:1, v/v) weresequentially

added into a microwavable digestion tube and subjected to microwave digestion (Mars Xpress).
Following digestion, samples were made up to rBk using deionised water, filtered and
subsequently analysed on an axial Varian VISTA ICP wherebytsasare automatically corrected

for dilution factor. All ICROES analyses were conducted by YARA Analytical Services

(Pocklington, York).

2.3.9.1sothermal Optical Microscopy

Isothermaloptical microscopwasemployed in ordeto characterise the morphology Bélmaria
palmata biomass various extractives thereof in addition wrystalline floridoside pseudo
/polymorphs(Chapter 5). This was conducted using an Olympus BH2 microscope operating in
reflected light mode equipped with digital camera image capture (Visicam) and under ambient

conditions (21°C) at theNPTC Confectioneryn collaboration with Dr Steve Whitehouse.

2.3.10.Karl Fischer (KF) titration

Volumetric Karl Figher titrationwasused to asseshe watercontentof acommercial ageceived
glycoin solution (Chapter 4), the saturaion limit of a floridosiderich extract derived from
Palmaria palmata(Chapter 5) in addition to the water contentof the eutecticmelts and model
aqueous confections discussed witlapters 6 and 7 respectively. KFanalyses of model
aqueous confections atideir constituentingredients vereconducted at th&lPTC Confectionery
(York) using a jacketed KF Turbo operatingZdt+ 0.1 °C employing a mixed solvent system of

MeOH:Formamide (2:1 v/v) andydranalComposite @s the titrantBriefly, the method consisted
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of additionof the confectionga. 0.57 1.0 g) into the titration vessel followed by a fim@nute

period of shearing and then two minutes equilibration time prior to addition of the tReported

water contents typically reflect the average of at least two replic@sdrations ging pure water

were conducted prior to use for each experimental set. All other sampleavedysedising a 907

Titrando unit (Metrohm) whereby Hydranal Composite 5K and Hydranal KetoSolver were used as

the titrant and working medium respectively. Apal i zi ng current of 50 €A,
mVandadriftencboi nt cr i t e?)was appliediroall eases. ll titrations were carried

out atca. 21°C with a minimal duration of 120 s and sample sizes of 0.210 g (depending on

H.O concentration). Each titration was repeated at least tackecalibrations using pure water

were conducted pridio sample analysis.

2.3.11.Matrix-assisted Laser Desorption lonisatiailime of Flight Mass
Spectrometry (MALDTOFMS)

MALDI -TOFMS was used tassess the range glucooligomers present within asceived
Mylose 351 glucose syrufChapter 7). A small aliquot of anhydrous Mylose 351 syrup solids (<
0.1 mg) was taken up in watérl 0 O befode ypotting 1:1 with 2;8ihydroxybenzoic acid matrix
solution (1:1 v/v). The dried spot was analysed by MALBIOF using a BrukeUltraflex IIl.
Spectra were acquired in reflection mode over a m/z range of@@D. MALDI-TOF-MS analysis

was conducted by Dr Adam Dowle (Centre of Excellence in Mass Spectrometry, University of

York).

2.3.12.Nuclear Magnetic Resonanc&pectroscopy{NMR)

NMR spectroscopy wasised to characterisglycoin (Chapter 4), Palmaria palmata extracts
(Chapter 5) and molten eutectic mixturesChapter 6). All NMR experiments were performed
using a JEOLJINM-ECS400A spectrometer operating at a temperatur® 6Cand a frequency of

400 MHz ¢H) or 101 MHz £C). All samples were dissolved in eithesg@®or DMSOds to give
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solutions or suspensions of. 20 7 40 mg mL! (unless overwise stated) which were filtered
through a cotton wool plug prior to analystsi chemical shift values were obtained via internal

referencing against the residual protic solvent resonanc€s£2.75 ppm, DMS@Qis = 2.50 ppm).

2.3.13.Polarimetry

Pdarimetry was used to corroborate the purity of floridosiigh Palmaria palmataextracts
(Chapter 5) andwas carried out using a Bellingham & Stanley ADP450 Peltier Polarimesary
Sodium Bline, 598 nm)operating at approximately 2C€. All samplesvere dissolved in distilled
water (HPLC grade) at concentrationscaf 10 mg mL! with measurements taking place following
> 16 hours equilibrationThe gecific rotation valueseportedrepresent the average of at least four

replicates (£ 0.010 °).
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Chapter 3:A molecular scale interpretation of water activity in
simple, confectioneryrelevant solutions

Aspects ofhe work reported in this chaptentgebeen publisheth: A. J. Maneffa, R. Stenne, A. S.
Matharu,J. H.Clark,N. Matubayasiand S Shimizu, Water activity in liquid food systemsralecular

scale interpretatiorsood Chemistry2017,237, 1133 1138.

The purpose of thiChapteris to investigateAim 1 as described previoushyithin section1.4.
Specifically, itd eal s with a mol ecular scale interpretat.
binary aqueous solutions and particularly those comprising confectioglerant solutes such as

sugars angugar alcoholsThe Chapter is made up of three sections:

(i) Section 3.1 A brief critical review of the currently prevailing hypotheses regarding the molecular
basis of ais providedbefore a potential solution via an unheralded statigtiesinodynamics approach

to the problem, the Kirkwoe8uff (KB) theory of solutions is then introduced.

(i) Section 3.2 Using KB theory, amolecular levelanalysis ofsolution a, is presented through
interpretation of the preeminent Norrish constant. Enhigbles identification of the main contributors

towards solutiora, and allows for scrutiny of the current hypotheses that describe its origin.

(i) Section 3.3 Applying the same analysis developed in sec8dh some rationalisation for the

efficacy d several unheralded and structurally counterintuitive natural osmolygesis.

B1LWSPASGAY T Wol 0SNI I OGABAGEQ AYy f AljdziF
Starting from its initial i nception as a concept
asarepreseatt i on of the Aavailabilityo of water in fo

topic.”® This appears to have been a sentiment that has since been adopted by various researchers over
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the years who have subsequently refined it to considassimply areflection of the degree of either

6 b o u(drdailablé o r  6(favaikaldd wate within a solutiont®®2°° What is actually meant by

the two aforementioneterms appears ambiguot?$,2°? althoughit is generally understood that
greater degree of bound watevhich encompassesteractions between solutes/wakeads to the
diminution of ay whereas a higher concentration of free watehnich is presumably reflective of
interactions between water molecules (akin to those which occur within pure wate3, it up It is
possible that this view has developed as a eawgr from the study dd, relations in solid foodstuffs

that contan relatively static surfaces onto which associated water could conceivably be considered
6boundd (in the traditional sense of the word) a
relaxation rates for instanc&f. However, the direct application of this concept towards the
interpretation of solution water activity, in which the interatsi@re highly dynamic and transient in

nature has been criticised by various authors as being oversiniiifsfic.

A connected and perhaps more refined conedyich has also been posited is that of stoichiometric
6hydrationd model s. These appear to have been p
who suggested that tts, of aqueous solutions of sucrose was a consequence of that fact that they
appeared -tdedled iisemi hat the activities of each
fractions after accounting for dissociation, association and compound forrffatiov. these
phenomena, the original author asserted that only thassdiciation of water or association of sucrose

and water i.e. hydration should takeg# in solution, simply based on the relatively small number of

sucrose molecules relativetowateyd 0. 1 i n a sat urcatew %panchentes e s ol
a low likelihood of sucrose sedfssociation. Whilst wategelf association was indied to have

relatively little influence onaw, Scatchard suggested that wedecrose interactions could give a
reasonable description if the existence of either a stable aedfor heptdnydrated sucrose molecule

(i.e. Gi2H22011.6H0 or Ci2H2:011.7H,0) was considereeP®
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A well-known extension wdaterpresented by Stokes and Robinson within the framework of the semi

ideal solution, whereby the hydration of each solss not limied to a specific stoichiometric ratio

and was insteadlescribediia aseriesof varyingempiricalequilibrium constantsetween hydrates with

di ffering integers (an Oaverage hydretdhe authors nu mb e
themselves suggested at the time that t heir t he
fundamental level. More recently, the modulation of soluéigby solely stoichiometric hydration of
saccharide nomlectrolytes has continued to be invoked by various authors including Zavitsas,
Gharsallaouet al. and Subbialet al.based on the inference of notteger hydration numbers from the

measured water aeity.>®21°However these descriptiortsave drawn idticism from otherg!* 22who

claim that they are nothing more than parameter fitting exercises for which thetedrbgdration

numbers have little or no basis in reality and cannot be applied from one system to another. Perhaps an
even more fundamental issue (as highlighted by Zavitsas himself) is that the definition of what
constitutes 06hydr wtandibis gossibleto fimd that they sanaersysterg cao give

di fferent exper i medegerdingod theniethed tdd®mbtainthentd e r s 6

Some aficionados have advocated that solute clustering esissel€iation must be also factored in
order to properly consider the basisagfin nonelectrolyte solutiond# 215 Indeed, according to a
detailed analysis of the sucresater system Starzak and-emrkers concluded that of the available
models?'é 217 the unusualbehaviour ofy, could be best described by thaft van Hook which
incorporated hexameric ndrydrated sucrose clusteriftfHowever, despite some promising insights,

little advancement in the overall concept of solute hydration/clustering has been forthcoming in recent

years to the bestofthisut hor 6 s knowl edge.

The final popular hypothesis regarding the origin of water activity is that it directly resultstfiem

i st r uc thawateraolecuieswithin a solution. This ideanost likely stens from the classical
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classification of solutesd@ma ker so or fbreakerso of t hoabystruct
for instance Frank and Evans and Frank and FrAAR€A|l t hough t he t &soffan 6 st r uc
ill -defined, it classicallyrefers to the arrangement of water molecules in norcea(i.e. hexagonal

crystalline HO, ice |), whereby the waters adopt an almost perfect tetrahedral strutham does

not appear to be any clear consensus on what determines whether a saifitss@asa structure maker

or breaker, although it is most commonly linked to the magnitude of the water activity coefficient
wherebyyw> 1 or < 1 signifies wat er?2?gpsydsfdundnogoé and ¢
below 1 for virtually all sugars and sugayr al coh
yetthere appear to be conflictirgcountsvhich suggest they are water structure makers, breakers or

even bothdepending on concemation?+2%

An interesting and potentially pertinent conceptualsbibot of the water structure hypothesis that is

worth mentioningisthesoal | ed fAspeci fic hydrationo model of
solution properties includingpeay of sugarsté hei r o6 f i t 6 icedike water.Thistheoyr uct ur
seems to have originated from Kabayama and Pattarsdbthen popularised by later authors such as

Warner and themait et al, whopostulated that the enhanced hydration-gfucose could bée result

of a better fit #dAwith the t %2 Bhisasdertianlwassbasedeom g e me n
fad thatthe distance between oxygen atoms in nearegthbour equatorial OHsppeared to beery

closeto the spacing between oxygens in water molecthilas adoptedhn icelike tridymite structure

(Figure 3.1). A decade or safter this,the model was further embellished by Franks and/akers

who claimed that it gave a better thermodynamic description of aqueous carbohydrate solutions
compared tdor instance, the sennileal solution extension proposed 8tckes and Robinsof{® #1

Yet, various others and evémanks himself later highlighted weaknesgeshe modelsuch as its

inability to explain the behaviour of furanoses for exanmyleose spatial OHOH measurements do

not fit into theice-like structureandthe unrealistic nature of such an idealised water structure existing

in close proximity to asolute moleculewhich exhibitslocal perturbatios (e.g. mutarotatiorfy?
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Neverthelessseveral recent auth®havestill insisedon thelink betweerthe number oéquatorial OH
groupsbelonging to a sugar molecudnd the extent to which it is hydratefits into the water

structure?®* 33 24

B-b-glucopyranose

= H-bond to upper contact

@ =H-bond to lower contact

Figure 3.1: Graphical representation of the hypot
saccharidesgd) an idealised tridymitic water structure in which hexagon points represent an
oxygen atom andb) b-D-glucopyranose. Adapted from Kabayama and Patterson and Tait

et al??" 22 Qriginally in colour.

In the opinion of this author, invoking the concept of arigid t r ua@deseribeliguid waten the

traditional sense isomewhat misleadings pure water itself and its resulting solutions appear for all

intents and purposg® be highly dynamical and transient in naturkis should bespeciallytrue of

sugars which can often exhibit very diggant conformation changes e.g. mutarotafioisolution It

followst her ef or e, that the study of &édstructured in s
lends itself to investigation by statistical approacAesthis end e KirkwoodBuff (KB) theory of

solutions, first introduced by Kirkwood and Béff,is a rigorousranchof statistical thermodynamics

which provides a relation between macroscopic properties and local solution stvisctbheesecalled
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Kirkwood-Buff integrals(KBIs). The KBIs, denote; are related to corresponding radial distribution
functions (RDFs)g; which describe the probability of finding the centre of a parfi@de a certain
distance (r, extending out t#) from the fixed centre of a second reference partielgh respect to
that in the bulk. Essentially this provides a means of quantifying the affinitipof (and viceversa.

This relation is as followgEquation 3.1):

O S N O I p Qi Equation 3.1

The- 1 term simply removes the background level of the RDFtamnd is used as we are dealing with

a 3D solution sphere around the central molechla:. a binary aqueous solution which contains a
solute (e.g. sugar) and the solvent (water), there are three KBIs that correspond to the RDFs of water
water, solutesolute ad solutewater affinities;Gww, GssandGsw respectively, wher&sy is equivalent

to Guws. Because the integral operates starting from r = 0, there is some distance extending from the
centre of fixed molecule out to the centre of the second which simpiptthe occupied due to the fact

that the molecules cannot overlapichrepresenteané e x cl uded vol umedé. Thi s pe
RDF is therefore always < 0 and because it contributes towards a significant portion of the overall
integral,G;j is typically found to be negative, especially as the molecules in question become larger. If
moleculej has high affinity towards moleculggreater than in the bulk (or vice versa), then this will
result in peaks in the RDF that lie above the bulk basélen > 0, which makeg; and thusG; more

positive. Conversely, if is preferentially excluded froiinwith respect to the bulk then peaks will be <

0 andg; andG; will become more negative.

Although the original authors suggested that the micpiscecale KBIs could be used to calculate
macroscopic solution properties, the seminal work of-Bamm demonstrated th#tereverse process
is also possible i.e. deriving the KBIs from experimental bulk properties (namely density and the

osmotic pressue®® Within the area of food science, this approach has recently found application
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within for instance, in the study chrageena®’ and caffeine?® More related to the objectives ofeth
currentthesis it has also beensed in order to rationalise changes indhef the archetypal sucrose

water solution by Shimiz#® Yet this has not been extended more generally towards a broader
understanding of what gives rise to the measur e

common sugars and sugar alcohols to the best of

32.KBOF SR [ yHiSNI & O R OWG eQ Ay fAldAR ¥

As discussed inChapter 1, the Norrish equatioifw @ Q ) is currently the preeminent
relation that is used in food sciencetedicta, of a binary solution containing water and a +votatile
solute. The Norrish constarKy is simply related tthe water activity coefficieny,, through(Equation

3.2):

0 —_— Equation 3.2

Kn can be found through lineaation of Equation 3.2via a plot of Iny, againstw as the slope
through the origin The most acceptedy values ofvariouscommonconfectionerysolutesthat
have previously been determinby other workersre collated inTable 3.1 alongsidegraphically
estimatedvalues forrelevant trisaccharidesnaltotriose and raffinose (the plots are shown in
Appendix Figure A.1) for which no literatureKy could be found but vapour pressure data did
exist4% 241 Gjven a recent interest in the use of amino acids as sugar repfddbesKy values of

several such solutes are also includedable 3.1
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Table 3.1: Summary oKy values for various common sugars, sugar alcohols and amino

acids provided in the literature

Type Solute Kn Ref. Type Solute Kn Ref.
Polyol (C3) Glycerol -1.16 A Monosaccharide Fructose  -2.25 B
Polyol (C4) Erythritol -1.34 A Monosaccharide Glucose -2.25 B
Polyol (C5) Arabitol -1.41 A Monosaccharide Galactose -2.24 C
Polyol (C5) Ribitol -1.49 A Monosaccharide Xylose -1.54 C
Polyol (C6) Xylitol -1.66 A Monosaccharide Mannose  -2.25 D
Polyol (C6) Sorbitol -1.65 A  Disaccharide Sucrose -6.47 B
Polyol (C6) Mannitol -0.91 A  Disaccharide Maltose -4.54 B
Amino acid (C5) Proline -3.9 C Disaccharide Trehalose -6.66 E
Amino acid (C3) Alanine -2.52 C Disaccharide Lactose -10.2 B
Amino acid (C2) Glycine 0.87 C Trisaccharide  Maltotriose -6.66 TW?
Trisaccharide  Raffinose -5.38 TW?

aThis work using a, datafrom Miyajima et al. (Maltotriose$* or Ellerton et al. (Raffinose)? A:

Chirife et al.®8 B: Taoukis and Ricardsor?! C: Lewicki D: Labuza and Altunakaf,E: Galmariniet

al 242

Inspection ofTable 3.1 indicates that th&y of virtually all of the most common confectionery solutes

take a negative sign (at least in the form that is presenteguation 3.2) andthat the corresponding
solutions display negat i vw <d &hisiisaigefulframsa pfagticalm Ra o u
perspective because one of the main functiorsalddedhumectants to reduce. Another notable

trend is that within a specific molecular claks,is primarily dependent on the mass/size of the solute

and generallyncreagsin larger molecules. Norrish himself noted an almost linear relationship between

the magnitude oKy and the number of OHs for several polyhydroxyls which was later suggested by
Miyawaki et al.to be better correlated with the number of equatorial OHs %R’k However,much

like in the case dd itself, there remains uncertaingyrrounding what really influences the magnitude

and sign ofKn. Yet knowledge of this would surelye useful for rationalising and predicting the

solution properties of new humectants.
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A previous resulin KB theory has shown thain a binary solution of water and solutbg KBIs
describing the selihteraction between wateGw), solute (s and also the interaction between the
two (Gsw) can be linkedo thechangeof yw as a function oks (at constant teperature and pressure)

through the followingEquation 3.3):%°

— —p Equation 3.3

whereR s the universal gas constdBt314 J K mol), T is the temperaturg298 K), xs andx, are the
mole fractions of solute and water respectiaiyc, is the molar concentration ptirewater(0.0555

mol cnt®).

The term o6éinteractiond in this context does
molecules, but to the overalltreccumulation or deficit of a species relative to the solution bulk value,
as described via the RB#.If the system is considered at infinite dilutiontloé solute(denoted by the

S u p e r s),cdheriEguatiorEB.3 caneventuallybere-evaluatedseeAppendix Equations Al - A3

for a more complete derivation) in termskaf via Equation 3.4, wherew corresponds to the partial

molar volume of pure watg¢i8.1 cni mol?):

0 — 0 "0 ¢O Equation 3.4

According to Equation 3.4 Ky will become more negative (i.e. ndatheal, a, depression will be
increased) if the value of th® + "0 term is more negative and/@ is less negative. Intuitively,

this seems reasonable because it should ultimbtellge affinity of water and the added solute that
lowersay (i.e. a more positivéD or overall net accumulation of water around the solute with respect
to the bulk).This affinity is diminished if the solute and/or water strongly associates with itself and thus

not the other species (i.e. which would be indicated by increasingly positive vali@saofdO ).
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Importantly,Equation 3.4 can be used tquantifythe contribution of each KBI towards the magnitude
of Ky and therefore the change in solutian It is known thatO and™O can be determined via

Equation 3.5 andEquation 3.6 respectively**
O YW @ Equation 3.5

O YW ) Equation 3.6

@ correspond to the partial molar volume of solute at infinite dilutiofl. is the isothermal
conmpressbility of pure liquidwaterat 298 K @.53 x 10 Pal). Thus, if these quantities are known
(along withKy), then™O can then also be readily computed via rearrangiqgation 3.4 to give

(Equation 3.7):

O 0 cw ¢O O Equation 3.7

It should be noted that for the systems considered hef€ allalues are negative simply due to the
aforementioned excluded volume effect, yet some are significantly less/more negative than others.
Graphical summaries tifiese’ O values asletermined vidquation 3.5, Equation 3.6andEquation

3.7 for each of he sugars and polyoissing the relevarky andw data (summarised iAppendix

Table A.1) are shown irFigure 3.2 andFigure 3.3, respectively.

In general,;O andO consistently make by far the most significant contributionisniowhilst that
from"O is negligible by comparison. This is-keeping with the previous findings of Shimizu, who
indicated that the change @&, of the sucrosevater system was mainly driven by the competition
between solutevater and solutsolute interactions at low to mod&rasolute concentratio®

Notably, the relative insignificance @ in modulding the change in water activity appears to be at
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odds with the hypothesis that?®Z%asthewatewdterselct ur e 0

interaction i.e’O should play a prominent role in determiniagin that case.

B, [26;, G

Raffinose
Maltotriose
Lactose
Maltose
Sucrose
Trehalose
Mannose
Glucose
Fructose

Galactose

Xylose

0 -200 -400 600 -800
G; (cm® mol™)

Figure 3.2: KBIs (O ,"O and"O ) of various common monpdi- and trisaccharides as
calculated vigEquation 3.5, Equation 3.6andEquation 3.7. Originally in colour.

Similarly, the idea of water activity as a comp
6unavailablebd water assumes t h autrespedively, Suggestigr and
that the interplay betweé® and'O shoud be dominant®! Although™O is found to be important,

it is actually the compensation between it a@d that really determine&n. A more nuanced
interpretation of the broader bound vs. free water concept might suggest that there is an underlying
assumption that the O6bindingdéd of water molecul e
O0boundd tsaute doweverh the balance betwesolutesolute clustering and exclusion

(captured through th@agnitude ofO ) is now explicitly implicated.
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Figure 3.3: KBIs (O , 'O and"O ) of various common polyols vi&quation 3.5
Equation 3.6andEquation 3.7. Originally in colour.

The findings are instead in qualitive agreement with previous descriptions based on the competition
between solute clustering and hydration aBustrated inFigure 3.4, which may explain why models
accouning for both phenomenaould bestdescribethe experimentah, data of sugar solutiorfs®
Notably, this conclusion has now been reached without invoking the use of heuristic stoichiometri

models based on solute/solvent binding, dimerisation or other specific interactions.
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Figure 3.4: Simple illustrative representation of molecular basis for water activity within a
binary solutewater solutiongay in (a) and p) is very similar despite any differences in local
6wat er structurebod a ayoincreases withegreateo soitdblete wh er e a s

clustering/interactiongj. Originally in colour.

According toEquation 3.4, 'O comes directly from the (infinite) partial molar volume of the solute

in water which is obviously greater for larger molecules that otherwise contain highly similar
functionalities i.e. pyranose/furanose rings and hydroxyls for sugars or carbon atdmydramgls for

sugar alcohols. AlsoD andKy are both virtually identical for the same size sugars, irrespective of

the orientation of their hydroxyl groups suggesting that this molecular feature has little influence on the
extent of solutevater ineraction This conclusioni s i n di sagreement wi th t
hydrationd model of sugars which advocates that
cases where some differences betwéedo exist amongst similarly sidsugars &. trehalose-(6.66)

vs. maltose-4.54) vs. lactose-10.2) the only discrepancy is th® term suggesting that the extent

to which they cluster/selxclude is the main discriminator. Yet how subtle structural modifications
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such as OH orientatioinfluenceay actually manifest remains unclear and could be a goal for future

investigations

As mentioned previously, the individual KBIs are in principal concentratgpendenbutside of the

infinite dilution range (cfEquation 3.3). However, it is very interesting to note that Résgeal. have
demonstrated that boi® and'O change only very slowly as the concentration chaff§és.cording

to their analysis, &th becore increasingly positive butontinueremain large negative values even at

> 3 mol kg (the upper limit of their data), whilSO remains fairly constant and very small by
comparison.The continued lack of influence frof©® again lends support to the idea thatva t e r
structurebd has very | it tah @&lso,thefcomparaple ¢omribdtioneofc e o n
"0 /'O and the similar rates at which they change indicates that the solution behaviour of virtually all
sugars and sugar alcohols mustubeerpinned by broadly general phenom&hémportantly, as the

positive increases ii® andO occur concomitantly, they somewhat cancel each other out and (along

with the continually small influence 60 ) result in the near constancy Kf. Thiswould explain

why previous experiments have found that the of highly supersaturated solutions both
sugars/polyols even down & = 0.57 0.7 could be well predicted using just one valuekaf.2° This

finding is likely to beémportantforsugafsr e duct i on str at e ¢gineds siaroasedlawii mMge
molecules as it indicates that their huma@cy should be very predictable and primarily depend on size

and much less on the orientation of functional groups.

3.3.Newinsightsintosazi S WKdzYSOG | y GaEd@rrimNR Y Yy I { dzN
osmolytes?

As discusseth Chapter 1.4, there are various small molecasmolytesvhich exist in naturandare
often accumulateh-vivo to increase internal osmotic pressarelreduceas. Several examples are

shown inFigure 3.5.
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Figure 3.5: Structural formulae of several naturattyc c ur r i ng os mol-Ort e 6 h ume
glycerophosphorylcholine, hydroxyectoinegtoine, myc-inositol and betaine (which is

shown alongside analogous (methyjlycines for reference).

The Ky values of these solutes as with the archetypal sugars/polyols have been calculated graphically
(seeAppendix Figure A.1) using the relevard,, data from literature or generated via experiment (in

the case of hydroxfectoine, which are shown separatdlypendix Figure A.2), andsummarised in

Table 3.2. It should be noted thaéte Ky haveonly been determined using VLE data up to 2 mol kg

(ca. 34 wt. %) corresponding to an of around 0.937 although its solubility limit is likely considerably
higher. Similarly, the VLE data used for sarcosidar{ethylglycine) N,N-dimethylglycine (DMG) and

betaine ,N,N-trimethylglycine) are also considerably lower than the solubility lihéach respective

solute as complete data setwld not be found withifiterature.

It can be seen that like many common sugars and sugar alcohols, many of these solutes induce negative,
nortideal solution behavioukKg << 0) that is generally quite comparable or even superior to common

free sugar humectants in some cases. As with the sugars/polyols discussed i3 SettieseKn have

been employed to calculate the individudIK via Equation 3.5 Equation 3.6 and Equation 3.7

usingw values taken from the literature (summarisedppendix Table A.1) (shown inFigure 3.6),

although no such data was forthcomfoghydroxy-/ectoine
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Table 3.2: Summary of calculately values (via a linear plot of Ipy vs. @ ) of various

natural osmolytes and their structural analogues.

Solute Kn Range (mol kg')? R? Ref.

UGPC -23.70 <2.000 0.999  JacksoprAtogi et al %’
Betaine -10.23 <4.941 1.000 Smith and Smitk®
Dimethylglycine (DMG)  -13.79 <1.600 0.999 Miyawaki et al?*
Sarcosine -3.10 <7.544 0.994 Smith andSmitr?*8
myo-inositol 3.28 <1.000 0.998  JacksoprAtogi et al %’
Ectoine -7.44 <5.812 0.982 TwWP
Hydroxyectoine -4.01 <7.130 0.972 TWP

aConcentration range over whiéy has been determiné@his work.

It is interesting to note that myinositol displays unusual behaviourk&sis positivei.e.yy > 1. In this
case,'O is calculated to be far less negative64.3 cni mol?) than the other solutes and also
significantly lower thadO (- 99.9 cni mol?) which is instead very comparable to that of other six
carbon molecules (both sugars and polyols). This indicates that -solute affinity must be
sufficiently large s@s override the contribution made by the excluded voli@neThis is surprising
because the structure of mimsitol appears similar to common monosaccharides for wKck 0

with the major difference being the replacement of the pyranose witbl@heyane ring. It is not
immediately clear why this is the case and thus more, detailed empirical and computational studies
appear necessary. Similar behaviour also appears to be true of the amino acid glycine whith has a
(- 35.8 cni mol?) that & slightly less negative tha® (- 42.1 cni mol?) and a positive experimental

Kn of 0.87. The selfassociation of glycine in agueous solution has been heavily implicated by various
experimental techniques including dynamic light scattering, diffusidered NMR and neutron
scattering®® ®! This is consistent with the relaély positive value calculated f&® and the general

notion that the clustering of a solute limits its ability to loager
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Figure 3.6: KBIs (O ,"0O and’O ) of various natural osmolytes and comparison with
selectedN-containing species as calculated Eiguation 3.5 Equation 3.6andEquation

3.7. Originally in colour.

It is very interesting to consider the differences within the homologous glycine fawitilgrein the

addition of an extra methyl groupdove methyt, di- and finally trimethyl glycindeads to a substantial

decreaseén Ky which is actually highly negative in thase of the latter two and to an even greater

extent than that found for the-dand trisaccharides. In these molecules the carbocation becomes
increasingly shielded by the additional methyls, presumably discouraging interactions between it and

the delocaked carboxylate anions of the other solute moleclieleed, JackseAtogi et. al. have
suggested that tri met hy |lsgplhyecri-erotdasrsaitfin solted’'Ae gar de ¢
study intheliterature has suggested that having a trimetigiety alone may not facilitate strong solute
self-exclusion, as indicated by the apparent tendentgrobutyl alcohol (TBA) to aggregate in dilute

aqueous solutioff? Instead, it was suggested that the presence of a hydrophilic group which could be

very strongly hydrated (to a greater extent than the TBA hydroxylpigsasecessary. Such a balance
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may also explain why other amino acids such as alanine and proline and related derivatives e.g.
hydroxy-/ectoine which all exist as zwitterions in aqueous solution (and hence should form strong ion
dipole interactions withet er ) but al so contain some O6hydropho
considerably more negativg values with respect to glycine which contains no hydrophobic moiety.

A similar combination also appears manifest in the stronglyideal solutiob e h a v i GBGKvo f U
=-23.70) which contains the trimethyl ammonium group but this time in combination with a phosphate
monoanionSurprisingly, theky value calculated for DMG is found to be higher than that of betaine
but it should be noted that the DMG activity datere measured over a considerably smaller and more
dilute concentration range 4.94 vs < 1.60 mol kg').??* 22°Given thatKy tends to slowly fall (at least

for sugars/polyols) with increasing solute additi6d'® 222his may account for part of the discrepancy

and should be confirmed via further measurements that ideally span the entire limit of solubility for
eachoftheglycie deri vati ves.-GHhwhes&achnscarrerdlypoply de evsluated U
up to < 2.00 mol kg owing to limited experimental datéterestingly, although it may have been
expected that molecular features that appear to give rise to decrdaseddate interactions such as
methylation are not necessarily detrimental to solubility as evidenced by the trend in the respective
agueous saturation limits of tiNemethyl glycines; glycine = 3.0, sarcosine = 18.5, dimethylglycine =

8.3 andylycine betaine = 11.3 mol Kdall at 25°C) and even the complete water miscibility of TEBA.

249 This family of solutes also exemplify the fact that a greater number of OH or heteroatoms more
generally which are capable of interacting with water throudfohting shoulehot be assumealpriori

to offer superior humectancy.

3.4. Summary

Water activityhas historically been and continues to be recognised as a key concepteictionery

and broadefood scienceDespite this, the literature which discusses the origia,ofithin aqueous

sugar and polyol solutions has been conflicting over the proceeding decades and can be broadly

classified according to three main hypotheses; free vs. bound/hydration water, hsa@ltdtion vs.
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clusteringornore qui val ent wat er Vasgplicatienofthe KirkwpaBufbtiyeorg ol ut e s
of solutions, the preeminent Norrish constét) (which is commonly used to describe the 1eality

of aqueous foodolutions, can be described in terms of watater, solutevater and solutsolute

interaction parameter3he magnitude oKy was influenced predominantly by the solutater and

solutesolute interactiomparameters, whilst the watesater parameter & found to have a negligible

influence on determining the extent of solution maeality. This finding is at odds with idea of water
structuring dictatingay as this should presumably be captured mainly through wateinsatction.

Similarly, itques i ons the simplified picture of o&éfreebd w
solutesolute interactions are highly operative in determi@ipgGreater solute seéfxclusion is found

to decreasay Whilst increased solutsolute interactions pushes it up, which is in qualitative agreement

with previous models based on a competition between solute clustering and hydration.

The ay lowering behaviour of solutes belonging to the same class e.g.-rapdésaccharides was

found to depend primarily on the molecular mass/size and far less on specific stereochemical effects

e. g. hydr oxyl orientation, questitwasalgogossblets 6 s p e
rationalise tle efficaciousness of several, structurally unusual and somewhat counterintuitive
6osmol yt es6 whi cimethyt aanmdniars malety, namely thetinet atNemethyl

gl yci neGPC asingl theUKBased interpretation. Their poteat lowering ability can be
predominantly attributed to significant solute sedikclusion (i.e. large, negative sohgelute

interaction) which presumably occurs through mainly steric effects, whilst some degree of strong solute

hydration also seemsgrequisite.
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Chapter 4:Glycoin (2-O-" -D-glucopyranosyl glycerdlas an unusual
but promisingnatural humectant and plasticiser

The purpose of thisChapteris to investigateAim 2a as described previously within sectidm.
Specifically, it deals with the evaluation of the natural osmadly@-U-D-glucopyranosyl glycero
(glycoin) as a potential replacement humectant and plasticiser for common confectionery sugars.

The Chapter is divided into two main sections:

() Section4.1: Presents a&rief preamble that provides further contextualisation for the choice of the

glycoin as a potential neoteric foadd specifically confectionetyumectant and plasticiser

(i) Section 42: Provides characterisation of a commercial glyemintaining product before
investigating the humectant and plasticisation properties of the binaryghatem system in terms of

aw and Ty with comparison against traditional confectionery solutes (secirfosctose glucose and

glycerol).

4.1. Preamble

As previously discussed @hapter 1, the application of naturalsmal | ed 6écompati bl e
6osmolytesd as replacements for archetypal sug

food, but othecconsumeifacing industries (pharmaceutical, personal care etc.) in addition to high
structural similarity with the existing solutes-C2U-b-glucopyranosyl glycerol a.k.a. glycoin
(Figure 4.1) is considered to be the preeminent osmolyte of nraasinedwelling cyanobacteria
wherein it is primarily produced in response to external osmotic stress (although the influence of

other factors e.g. limited nitrogen/G@ontent have also been implicajégf: >3 254
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Glycoin cf. Glucose

Figure 4.1: Structural skeletal formulae of glycoin-@UDb-glucopyranosyl glycerol).

In addition to marine organisms, glycoin has been reported to exist naturally (alorigQvifomers)

within several Japanese staple foodstuffs produced using the koji fukgperdillus oryzaée. rice

malt) 25 namely sake, mirin and mismdhas alsdeen detected within several Spanish red witfes.
Intuitively, the presence of glycoin itheseproducts suggests that it should be safe for human
consumption, although its reported content within them is low. A single published studydrnakak

and Uchiyamauggestthat glycoin may havdow digestibility, | ow Mai | | ar dc utedact i v
sweetnessc@. 0.55 that of sucrose) and lack of cariogeniityall of which are attractive from a
confectionery ingredient perspectiv&@hese properties along with its purported potential as a
prebiotic?®® have led to commercial interest in glycoin as a functional food and beverage ingredient
(nutritional supplement, sweetening agent, blood glucose suppressant, humectant), as described in
several Japanese and worldwide paté&&2 However, its specific usage in confectionery and related

systems has not yet been disclosed to the bestaftht hor 6 s knowl edge.

Interestingly, apart from the aforementioned studylbkenaka and Uchiyama, there appear to be
no published studies on the physicochemical properties of glyrata aqueous solutions in terms
of water activity and glass transition temperaturkis is surprising giverthat manyimportant
characteristicsncludingaw are likely to have direct impact on the shelf died qualityof glycoin

containing produc, some of which are already commerciali¢ed). cosmetigs Such knowledge
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should also allow for a more complete understanding of the biophysicatntespof organisms
wherein glycoin is employedh-vivo as an osmolyte to lower intracellular, and ultimately

facilitate homeostasis.

Notably, glycoin is already produced commexity by the German company bitop Aého market

it (in the form of anaqueous solutionunder thetradename of Glycoin® naturas an active
cosmetic ingrediem® The current procesavolves enzymatic synthesis from sucrose and glycerol
via applicationof the enzyme sucrose phosphorylase whereirgtheose constituent of sucrose
undergoes glycosylation through covalent attachment to #@ep@sition ofglycerol, resulting in

(a relatively) enantiomerically pure produét.It should be noted that overall production is
currently somewhat limited in scast ~ 10 tonnes per annum according to the rele¥amopean
Chemicals AgencyECHA) registration pagé®* However, here may be scope for significantly
increased capacitgsboth of the main chemical substrates are highly abundant and cheap. In this
vein, a considerablamountof research continues to be dedicated to augmenting the industrial

viability of glycoin including via novel biochemical routes and process intensiict> 26"

According to the brief preamélpresented above it appears as though glycoin is ideally suited for
use as a novel and healthful sugaduced humectant/plasticisendis already established as an
industrial product. However, a lack of relevant physicochemical data concerniaglasering

ability and glass transition temperature prevent any meaningful conclusions from being drawn in

this regardand will now be addressed.
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4.2. Results and Discussion

4.2.1.Preliminarycharacterisationof Glycoin® natural

Initial experiments concerning glycoinvolved characterisation of the material (Glycoin® natural)
received from bitop AGDortmund, Germany)n order to confirm identity and estimate purity
which would be necessary for appraising the efficacy of the molecule as a potential humectant and
pladiciser. The presence of other carbohydrate impurities resulting from the production process

had been indicated in the Certificate of Analysis provided by the sugplpgrendix Table B1).

LC-MS analysis on the a®ceived sample revealed tpeesence of four distinguishable species
with retention times () of 13.4, 15.0, 15.7 and 16.4 minutesspectivelyFigure 4.2). Inspection

of the relevant ESI (positive) fragmentations patterns indicated that the first peak was consistent
with sucrose, with strong signals at m/z = 32%35Bnd 360.137 which are assigned to [M
H.O+H]"and [M+NH,]* respectively (M = &H2,011) based on thbestfitting molecular formulae

The subsequent peaks gtt15.0 and 15.7 min gave virtually identical {gahs with intense signals

at m/z = 255.047 and 272.136, consistent with fragments [M+H]Jand [M+NH]* for M =
CoH150s and hence, the presence of glycoin in addition to a structural isomer. The final pattern was
in-keeping with a monosaccharidéth strong signals visible &i80.09 and 198.1Beingattributed

to [M-H2O+NH,4]* and [M+NH,]* respectively (M = GH120g). It is currently unclear why many of
detectable fragmentsvithin the analysis wereammonium adducts, althoughthey are very
commonly encountered in positive mode mass spectromeétrywas not possible to detect any
signalscorrespondingo glycerol which was fowhto have a much greateg {~ 20 min) under
experimental conditios The parity in relative intensity of the two peaks corresponding to glycoin
and its1-O-isomerwas unexpected given that the concentration ofdoh@erwas expected to be
almost an order of magnitude higher and necessitated verification via use of a second technique

NMR (*H and**C).
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Figure 4.2; LC spectrum (top) of asreceived Glycoin® natural and positive ESI
fragmentation patterns of the signalsgat 1.3.4, 15.0, 15.7 and 16wdinutes.Originally in

colour.

The'H NMR (400 MHz) spectrum ofllycoin in DO (Figure 4.3a/b) indicated the presence of a
promi nent =dbdappn (eterereed with respect to HOD at 4.75 ppm) which displayed

a coupling constant o4.1 Hz (full signalassignments are given isppendix Table B.2). The
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relatively low J-value of this latter signal can be attributed to a gauche relationship between the
vicinal protons situated on C1 (equatorial) and C2 (axfdl: () (seeFigure 4.3a) as described

by the weltknown relation introduced by)ar pl us and whi c h-subditutedndi c a't
pyranose systerft® This is exemplified via comparison with tHél s p e c t rDtglcose f U
(Figure4.3c/d) , wher ei n t he-ammdeyfaaosas ean befreadilp abseradds.16

and 4.57ppm with 3Jy1 12 = 3.7 and 8.1 Hz respectively at approximately 90 minutislowing

dissolution (in DO atca. 298 K).
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Figure 4.3: *H NMR spectra (400 MHz) of freshly prepared glycaifb] andb-glucose
(c/d) solutions in RO (referenced with respect to HOD at 4.75 ppm).

Following further storage (wler ambient conditions)ovee. 72 hour s, the-concen

glucopyranos@anomer was found to decreasgedo progressive mutarotation. This resulted in an
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equilibrium composition that wa&igaedp)r-mxlosenat el y

agreement with common | iterature v dlramasesardn. b. t
open chain fom were virtually undetectablé Conver sely, no such -signal s
glycoin, namely the anomeric proton which shoul

4.51 ppm) and display a significantly largkvalue ¢ 8 Hz)2° could be detectedeven following

storage> 100 dayqFigure 4.4a/b).
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Figure 4.4: 'H NMR spectra (400 MHz) of equilibrated glycoin (> 100 dayb) and D
glucose (> 72 hours/d) solutions in RO (referenced with respect to HOD at 4.75 ppm).

This was again consistent withe assignment of1 asan acetabs this wouldnhibit anomeric
interconversionlt should be noted that it was possible to obsertyercomparatively very weak
signals within théH NMR spectra of glycoin, which presumaldgrrespond to the aforementioned

impurities given that they manifested in the spectral regibatare typical of sugarfderivatives
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(ca. 3107 4.20 and 4.80 5.40 ppm) Their presence would also explain why thmeasured
integration valuesvere somewht greaterthan that expected for pure glycoin (referenced with
respect to theisolated doublet at 5.05 ppni see Appendix Figure B.1) although direct

quantification was not possible to the complex and overlapping nature of such signals.

The!H analyses were also corroborated ¥@/- DEPT-135 NMR (101 MHz) which highlighted

the presence of nine unique carbon environments in gly€aguie 4.5a/b); six methine and three
methylene carbons, againrsistent with the expected structure. It should be noted that the upfield
met hyl enes in the DEPT spectrum are very weak
virtually identical to those in the regul&iC experimentThe fact that all three dhe methylenes

are considerably upfield shifted (< 62 ppm) is indicative of-@ Bnked structure given that if
bonding occurred through either of the primary glycerol hydroxyls, then the secondary methylene
carbon of the glycerol moiety would be expected to display a significantly higher chemical shift
(e.g.~ 73 ppm for glycerol inD,0).2’* This, along wih the aforementioned spectral features
described for théH results is inkeeping with previous structural characterisation of glycoin via

NMR.272' 273
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Figure 4.5: Regular §) and DEPT135 () *C NMR spectra (101 MHz) aflycoin (in D,O)
with zoomed regions shown alongside whole tracesj @95 (top) and 55 65 ppm

(bottom).

4.2.2.Physicochemiclecharacterisationof the glycoin-water system

Following confirmation of the high purity of the -@sceived Glycoin® natural, effortaere
subsequently focussed on assessing its physicochemical propartdegsarticularly those of its
aqueous solution#\s the supplied product was already relatively concentratads@ wt. %based

on Karl Fischer titration)a series of comparatively diluted solutions could be produced via simple
dilution. For more concentrated mixtures, water removal agdsgevedvia thermal treatmenin
vacuqg with the most efficient method being a combination of initial concentration oti@ry

evaporationg¢a. 65°C, 40 mbar) and subsequent heating in a vacuum @@°C, 2h, ~ 20 mbar)
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followed by natural cooling (whilst remaining under vacuum) to ambient temperétigieould

also be noted that although the analyses involving TGlyere conducted in an expedient manner
(within approximately 5 minutes) following gene
of moisture may have been adsorbed during the course of samplegpi@pdwe to the significant
hygroscopicity of the material under laboratory conditions. If such moisture adsorption can take
place during experimentation, then this necessitates the use of an inert atmosphere e.g. glove box
when handling anhydrous GIl. Howe\er, such facilities were unavailable during the undertaking

of this work and hence the results presented herein must be evaluated wetvdagn mind.

The aforementioned drying regime resulted in the formation of a solid, brittle mai@hall)

which was apparently devoid of water 1. e. 6anhyd
any loss of voltailesupon heating during STA N 10 K min?, Figure 4.6). Inspection of the
corresponding trace shows that the majority of mass loss occurred in a generally concerted fashion,
beginning at approximately 20 and reaching a maximumt ca. 326 °C, suggesting that the
thermal stability of glycoin should be sidifent from a confectionery production perspective (cook
temperatures are typically ~ 105.55°C). Notably,there was no significant endotherm detectable

via DSCprior to the main mass loss evestiggesting tht Gly-T was entirely amorphougven
following completewater removal. The small endothermic peak that occurs at ard@RC is
attributed to a enthalpic relaxation (recovery) event whichiginates fromrelatively small,
spontaneous structural adjustments within the analyte towards a more thermodynamically stable

state during storage beloty.2’*

123



—— Weight percent dTG Heat flow
, T - -9
100 - S

I L0
i c
§ . 1 (\_//\ [ g
. —|Lg ©
= <[ o
S 'E -g
£ 60 - | o
) 2 =
o L-10°, 102
g 2| E
£ 4] 2| 2
g ] s [=
= | L 15 T
4 I

20 _ | .20

0 -20 L-25

0 100 200 300 400 500 600
Temperature (°C)

Figure 4.6: STA trace of GIyT (T = 21- 625°C, 10 K min?, N2). Originally in colour.

A similar result wasalsoobtained during high temperature TGA of &lyin air (Figure 4.7) with

a comparable initial decompositidallowed bya second step change which corresponded to the
combustion of residual organiesmdreacted comgetion at ca. 550°C. The small mass loss prior

to the first decomposition event likely corresponds to water, again underscoring the moisture
adsorbing propensity of the dried material. When factoring in the initial gain due to buogaecy (

), the measured mass thiamainedollowing combustion was virtually zerd-{gure 4.7 insetg and

fell close to experimental errot 0.1 wt. %) thus indicating the absence afiy thermally stable

inorganic mattefe.g. salts)
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Figure 4.7: High-temperature TGA of G (T = 257 1300°C, 10 K min1, air:N»,
80:20).0Originally in colour.

The lack of crystallinity was further confirmed byclic DSC(- 80 to 80°C, 5 K min?, Figure 4.8)
wherein it was only possible to observeegroducible glass transitiaturing thesecond heat cycle

that was again immediately followed by a similar (albeit less intense) relaxation endotherm. During
the first heat cycle it was also possible to observerg weak and broad endothermic peak centred
atca. 55°C. The nature of this signal is not obvious although the associated entha@py J ¢f)

is far too low to originate from any significant melting, suggesting that it may instead correspond
to some type of relaxation within the amorphous fluid or even minimal dissolution off Gly
components within a small amount of adsorbed moisture. Integhgtithese values are somewhat
comparable to thsewhich hase been reported for several monosaccharig¢es36, 38 and31°C

for glucose, galactose and mannose respecdivaig considerably lower than that of archetypal
glucosebased disaccharides suah sucrose (6ZC), maltose (92C) or trehalose (107C).?”® This

is not inrkeeping with the common trend of increasingvith molecular mass amongst structurally

similar carbohydrates and sugtgeshat theglycerol moietyimproves plasticity However, this
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assertion can only be fully appraised once purer anhydrous glycotasied asthe small

carbohydrate impurities (fructose, glucose etc.) or residual water mayatswecontributed to

plasticisation othe vitrified melt.

1st Heat 1st Cool 2nd Heat —— Isothermal
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Figure 4.8: DSC of GlyT (- 80 to 8C°C at 5 K min') showing thdirst heating (black)first
cooling (blue) angeconcheating (red) cycle®riginally in colour.

Unfortunately, on account of the aforementioned hygroscopicity, it was not possible to perform any
further complimentary analyses (e.g. pXRD) due to unavoidable exposure to ambient humidity
during measurement. This was exemplified in K&IER-FTIR spectrum of GIyT (seeAppendix

Figure B.2) wherein a weak band manifestingca 1650cm™ can be assigned to the scissoring
deformation mode of residual water. The presence of this sigmgled with the amorphous nature

of the sample is also consistent with the generally broad form (indicatilegkaof regular

vibrational level$ of the characteristic carbohydrate bands centred at approxinggély (GH
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stretch), 2900 (€H stretch),1450- 1200 C-H bending and 1150 1015 (GO stretch, GC stretch

etc.) cmt.

During initial attempts to induce crystal growth, it became apparent thafl Glisplayed a
remarkable complete miscibility (visuallyssessed according to pellucidity) with common
anhydrous alcohols; MeOH, EtOH and iPrOH which are often employed as antisolvents for
carbohydrates (e.g-glucose solubility is < 24/2/0.7 g~Lin MeOH/EtOH/iPrOH at 22C).27¢
Further investigations indicated that this solubility only extended to polar protic solvents in that
addition of a second polar aprofmcetone/ethyl acetate/acetonitrile) or an apolar (hexane/heptane)
liquid resulted in solute precipitationn@icatedby visible turbidity). However, crystallisation
experiments using antisolvent approaches or via basic temperature manipulations (®glincg

were ultimately unsuccessful and led to the formation of an amorphous solid or fluid depending on
the relative amount of residual water and or-#swivent ratiosThe high stability of the amorphous
Gly-T matrix is noteworthy from a confectionefand general food) perspective and suggests that
the material could be employed as a crystal growth inhibitor for metastable ingredients which
readily crystallise under ambient conditions, namely amorphous sacchakidesent patenhas
described the se ofvariousglycosides for the inhibition of sucrose crystallisati@i none of the

examples given appear to contain glycerol as the aglycone ni6iety.

The aforementioned crystallisation studies suggested that the ability for a liquid to participate in
hydrogen bond donation rather than polarity, is necessary for facilitating dissolution of glycoin.
More pertinent to confectionegpplications was theompletemiscibility of Gly-T with water (also

a strong Hbond donor), resulting in thiormation ofhomogenouss s ol uti onsdé over
entire concentration rang&his behaviour is reminiscent of glycerol, which is also difficult to
crystallise underelatively ambient conditions (i.e. without significant supercooling/seeding) and

is completely soluble in both water and lower alcoR6is.
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Given the miscibility of GIyT with water, a series of aqueous mixtures ranging from ~ 2 tet94

% were prepared either via simple dilution of thereseived Glycoin® Natural solutiorx(62.0

wt. %) or Gly-T (> 62 wt. %). In the case of mixtures that wer80 wt. %, brief, moderateé 60

°C for 10 mins) heating with stirring (within sealed glass vials) was applied in order to ensure
complete homogenisatioily analysis of solutionthat were< 70 wt. % could not be evaluated as
they fell below the lower temperature limit of the instrumén8Q °C). This is demonstrated in the
case ofr etceé vead sol uti on ( ~ -H&herwinthe ptésenceafam r at ¢
amorphous phase can be inferred from the lack of any crystallisation exotherm during cooling and
via the sequential exaand endothermsghat signify cold crystallisation and subsequent melting
during reheating Figure 4.9). Similar supercooling and cold crystallisation haveen reported in

other aqueous solutions containing higincentrations polasrganic compounds including citric

acidandsucrose?’® 280

Unsurprisingly,increasing theconcentration ofGly-T resulted inanincreagd Ty, which ranged
fromca i 74.4 to -6.8°C for ~ 70 to 94 wt. % solutions(Figure 4.10 and Table 4.1), wherein a

single glass transition was the only noteworthy signal within the corresponding thermograms (full
traces are shown ippendix Figure B.3). Thisindicatedthat all were homogenous mixtures given

that phase separation should have resulted in the formation of multiple glassy phdistes eft
concentrations (i.e. one would be freeze concentrated/diluted with respect to the other) which

shoulddisplay norequivalentTg.
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Figure 4.9: DSC thermogramof asreceived Glycoin® natural solution showirfigst
heating (black)first cooling (blue) angecondheating (red) cycles (recorded using a scan
rate of 10 K mirt). Originally in colour.
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Figure 4.10: Secondheat cycles for aqueous Glysolutions of approximately (from bottom
to top) 70, 75, 80, 85, 90 and 94 wt. % (fror80 to 80°C at 5 K min'). Largey-axis tick

marks correspond to 5 m\@riginally in colour.
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Table 4.1: Ty data for GlyT and aqueous solutions thereof at varying concentrations.

Gly-T concentration T4 (°C)
(wt. %) Onset Midpoint
69.9 -74.4 -71.7
74.9 -65.8 -62.8
80.1 -53.7 -50.9
85.0 -32.8 -29.8
90.0 -20.9 -17.3
94.3 -6.8 -2.1

6anhydr o 26.1 29.2

The Ty of carbohydratevater matrices(Tgmix) can often be well described by the Gordbaylor
equation Equation 4.1), as has beetiemonstrated in the case of various polyols and mondi-

saccharideg™ %1

“Yh ' ' Equation 4.1

Wherew; is themassfraction of component, the subscripts, w and mix denote the solute, water
and mixture respectively ankt is a systerdependent empirical constamthich essentially
describes the sensitivityf the amorphous solute matrixwaterplasticisationRoos ha previously
suggested thatkst is linearly related to the anhydrou3y (onset) of the molten
carbohydratepolyols and can be weltlescribed (R> = 0.92Q via the regression equation

(Equation 4.2):2%

o) ™iC 3 o p Equation 4.2

Employing this relation foanhydrousGly-T (onset = 26.2C) givesksr = 4.37which when used
in Equation 4.1 givesa good, albeit systematic underpredictiontioé experimentaly (by ca. 5

K). Thiscan beémproved by lowerindsr, for instancesettingkss = 4.00provides avery accurate
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description of the experimentalataas shown inFigure 4.11a Consistent with the previous
analysesof neatGly-T, the measuredy values ofthe aqueous amorphous phase most closely
resemblethose containing a smallemonosaccharideThis is highlighted via comparison with
GordonTaylor plots for other commofree swgarsusing experimental data from the literature
(Figure 4.11b.2”° For most single confectionery ingredientsg tininimala,, that can be achieved

is primarily influenced by the solubility vizs which is sufficiently low in most cases that>> xs

and results in only high to moderadg values at saturation (at 2&), asshownin Figure 4.12.78

89, 282-284

In the case of glycoin, the targat range for agueous confectionexgn be readily approached at

ca. 70- 90 wt. %which is not possible for most of the other solutes due to their limited solubilities.
Aside from glycerol, only fructose could be considered remotely comparable in terms of being able
to sufficiently loweray as a single solute. On a wt. % basis bottcgipl and fructose are more
effective than glycoin at reduciray, (Figure 4.12a), primarily through the colligative effect due to
their lower molecula massesYet glycoin is more potent than both amolar basignd is instead

more comparable to sucrofmeeFigure 4.12b).
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Figure 4.11: (a) Experimenal and predictedy of aqueous GHT solutionsas a function of
solute mass fractiooalculated usindequation 4.1, (b) comparison of experimentdl, of
aqueous GHT solutions withvarious common mondblue) and disaccharides (red) (data

taken from Roosj” Originally in colour.
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R YLD @)
- ® ° fﬁ;f\ Se L 2P
- \ o0 ..
'$%00 i
] 8. So ® .. %
"% .'o. %
064"  0.95- 'ai: . o %
2 ] \ 900 d ®
© ) b4 °
°®
0.4 0.90 o % °, o*
] \ O; L] LI
°
0.85 . 00.. o "’
0.2 L L L L L L L °
0 10 20 30 40 50 60 70 ‘.
[}
®
[}
0-0 1 T l T i Il 1
0 20 40 60 80 100

Solute concentration (wt. %)

101 1.00 \ (b)
0.95 - - !.

—
-—
0.8
* [ 4
Q 0.90 ®
" | . i
064 ° O% L] . oo
0] 0.85 °
; . T T T T I.
© ° 0.00 0.02 0.04 0.06 0.08 0.10
0.4- ¢ .
[ ] L ]
° °
°
0.2 [}
°
°
®
°
u 1 # T T 1 . 1
0.0 0.2 0.4 0.6 0.8 1.0

Solute concentration (x)

Figure 4.12 Experimentala, (25 °C) of aqueous glycoin and comparison with selected
confectionery solutes as a function of solute concentration either represented agwt. % (
or xs (b). Literature data is taken from Scatchatdl (sucrosef? Baezaet al (fructose)®®
Bonner and Breazeale (gluco®¥&and Rudakov and Sergievskii (glycer&frespectively.
Solubility limits (represented by coloured arrows) are taken from Eegah’® Error bars

represent 1 standard de\Originally in colour.
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I n a parall el experi ment, an isopiestic moistur
strictly regulated but was maintainedcat 21+ 1 °C) wasconstructed via equilibration (inferred

via a plateau in moisture adsorptidonsee Appendix Figure B.4) of Gly-T over saturated salt
slurries of knownay (Figure 4.13) for 69 days Despitethe significant errordisplayed by several
samples, there is generally good agreement between the mean values obtained through this method
and those from the commercial meter, especially when considering the small discrepancy in
temperature. It can be setrat even under conditions of very l@aw (i.e. low RH), glycoin displays

some propensity towards moisture adsorption which becomes increasingly significant at
intermediate levelsThisis consistent with visual observations of its considerable hygrostppic

under ambient conditions. This behaviour is similar to glycerol but notably different to that of
structurally similar crystalline solids (when accounting for hydrate formation) which instead,
adsorb only a minimal amount of watea( 0.017 0.10wt. % dry basis¥>?® prior to reaching a
characteristic deliquesceat, (equal to that of the supersaturated soluti@h)ch manifests as an

inflection point on the isotherm.

It should be noted that a limited study of the moisturéd deor pt i on pr o-glecosyli es of
glycerol (containing glycoin but predominantly tieO-isomers) was conducted by Takenaka and
Uchiyama?>” who reported a change o&. + 7 wt. % upon increasing RH from 60 to 75 % and a

change of 6 wt. %whendecreasing RH from 6 35 %.Bothresultsare considerabliowerthan

those found in the present worka( + 13wt. % (60 to 75 % RH) or 17 wt. % (60 to 35% RH),

which is likely areflection of the limited equilibration time (&rsushe @ daysused in this study
andnonequivalentcomposition of the analyte usbég Takenaka and Uchiyamwhilst the initial

water content at 60% RH was also undisclosed by the authors.
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Figure 4.13: Isopiestic moisture sorption isotherm of glycoin after 69 days equilibration
(red) compared with direey measurements made using aqueous glycoin solutions (blue)
with lines added to aid visual representation. Error bars represénstandard dev.
Originally in colour.

All of the aqueouglycoin solutionsdisplayed negative deviations from ideal behaviour (iag.<

Xw) andespeciallyat large solute concentratiariBhis isvisualisedthrough a plot of concentration
against the activity coefficient afater, yw (Figure 4.14). As described itChapter 1 andChapter

3, the nonideal solution behaviour is generally described through the Norrish conktantich

is obtained via a plot Iy, vs. @ . When compared to archetypal confectionary soluties Ky
determined via linear regression for glycointoB5 wt. % (using the solutioa, data)was- 5.77
(R?=0.9%) (Figure 4.15), which falls close to that of common disaccharides teefpalosed 6 . 6 ,
s ucr 0.8-66.5&% 2628 Thisis consistent witkearlier conclusionssgeeChapter 3) andother
studies that have concluded ttet lowering in aueoussugars/sugar alcohols predominantly
influenced by solute sizaghen controlling for structural similarit§#® 2%2% The aforementioned

findings underscore thgotential of glycoin as aa, lowering agent as it displays a combination
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of potency (approaching that of sucrose) with a redédy low molecular mass and almost

unparalleled solubility

—@— Glycoin (Solution)  —@®— Glycerol (Rudakov et al.)
1.2 --Q-- Glycoin (Isopiestic) --0O-- Glycerol (Marcolli et al.)
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Figure 4.14: Variation in the activity coefficient of watey,() with solute moffraction ()
for aqueous solutions of glycoin (red) and glycerol (bldata is taken from Rudaket al
and Marcolliet al).?®* 22 Lines have been added to aid visualise represent@iaginally

in colour.

As has been noted previoudlseeChapter 3), application of the Norrish equation using a single
value ofKn cannot offer an accurate description of the solutigrover the entire concentration
range The data presented Figure 4.14 indicates that this is also the case for the glyapaier
system whereily, may actually reach a minimum afa 0 0 3 (Ca 85- 95 wt. %), although
this was not reproduced using the isopiestic data which instead decreased monotenibally
increasedks. Thisreductionultimately results in the lowering ¢y with the overall fitfound to be
increasingly poor when the data points for 90 and 94 wni%ureswereincluded Figure 4.153).

It is interesting taote that a, minimum has been reported for the sucrasger system according
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to ametaanalysisof the data (aksa 0. 5, 18°&nd aiso.appéays to maest in aqueous
solutions of glycerol axs& 0 0.9 according to multiple published data sétigre 4.14).284 202
Yet this must be verified fahe glycoirwater system by further repeat measurements under highly

controlled (humidity) conditions.
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® <85wt. % linear (—), y=-5.77 x, R> = 0.995
® <90 wt % linear (—), y =-4.45 x, R? = 0.958
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Figure 4.15: Determination of the Norrish constamtnj via linear plots of Ins, vs. @ for
aqueous glycoin solutions up ¢a. 85 (black points), 90 (black and red points) and 94 wit.
% (black, red and blue pointsy)(and comparison of predicted with experimentadata

(b). Originally in colour.

137



4.3. Summary

The natural osmolyt@-O-U-D-glucopyranosyl glycerob.k.a. glycoinwas identified as @ossible
replacementhumectanfplasticiser for common confectionery sugars owingotwious structural
similarities and various attractive confectioneryrelevantproperties lpw digestibility/cariogenicity,
sweet taste Giventhe surprisindack of information in thditeratureregardng the influence of glycoin

on physicochemical properties of interest (namalyand Tg), an experimental investigation was
undertaken in order tassesperformanceas apotentialsugar substitutdnitial characterisation (via
LC-MS and NMR) validate the high enantiopurity and concentration of glycoin within a commercial
agueous solution (Glycoin natural®). The presence of impurities (most likely carbohydrate
/derivatives) could also be detected albeit in seemingly low amounts, altbxagfjuantification was

not possible at owing to the complex mix of species within the an&gtiewing either simple water
dilution or dehydratiomnd subsequenti | ut i on of t he r estwdspassibigtoéanhyd
prepare a range of binary weaglycoin mixtureghat weresubsequently analysed floothTg (via DSC)
anday (using a commerciah,y, meter)determinationSurprisingly anhydrousglycoin was found to
remain amorphous throughoekperimentation and could not be crystallised using basic temperature
and solvent manipulationsilike most commomonfectionery solutes (swage, glucose, fructose etc).
Notably, it was also completely miscible with common polarotic liquids (including water) but

immiscible with aproticakin to glycerolalthough the reasons fdri$ remain uncleaat this time.

Due to tle aforementionenhiscibility with water,binaryaqueous solutions of glgmn as the sole solute
could be prepared across virtually the entacentratiomange (20 to 94 wt. %¥polutions underwedn

supercooling to form homogeneous glasses@wt. % glycoin,displayingT, valuesthat were most
comparable tanonosaccharides when modelled using the Goflclyior equationksta 4 whkil€t )
Ty determination for less concentrated solution$Z wt. %9 was impededlue to cold crystallisation
duringre-heatirg. TheTy of theanhydrous materiabiset =26.1°C, midpoint =29.2°C) was also more

in-keepingwith that of a monosaccharidenplying that the glycerol aglycone moietynay have some
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plasticising influence within the amorphous matrix althotigh mustbe confirmed usingpurified

glycoin within a more controlled andhoisturefree environment.In terms of humectancy, tha,

lowering ability (assessed using both a, meter and via an isopiestic moisture sorption study
glycoinwascompared to that dfuctose glucose glycerol and sucrosend could be well described by

the Norrish equation usingy = - 5.77 up to 85 wt. %0n a weightby-weight basisthe behaviour of

glycoin was found to be very similar to fructgecose and superior to sucrasehelow-to-medium
concentration rangé< 80 wt. %)althoughit is notable thathe minimum attainable, of the binary
glycoinwater solutions appears to be far lowedn a moleculdy-molecule basis, the perimance of

glycoin was superior téower molecula weight solutes dlucose, fructose and glycerand only
marginally lower tharthe larger disaccharidgaucrose This is consigent with the hypothesis that,
suppression by sugars is predominantly a function of soluteGimpter 3). Taken together with the
relatively lowTyvalues, theesults indicaté hat gl ycoin could be effect.i
ind type replacement f oswhich motivated sultseqoeafplocationoner y

within a model aqueous confectionery systéhdpter 7).

139



Chapter 5:Clean, foodgrade extraction of the natural osmolyte
floridoside and identification of unforeseen crystal forms thereof

Aspects of the work presented in this chapter have been publistfeditManeffa, A. C. Whitwood,
A. S.WhitehouseH. Powell,J. H.Clark,and A. SMatharu, Unforeseen crystal formstbe natural

osmol yt e p o Coninorscatidns Cherisir128

The overarching goal of thi€hapteris to investigatédim 2b as described previously within section
1.4. In particular, it seeks to evaluate the suitability of the natural osn®I@té}D-galactgyranosyl
glycerd (floridoside)as a eplacement humectant and plasticiser for common confectionery sugars.

The Chapter is divided intditee principakections:

(i) Section5.1: Offers abrief overview of floridoside as a natural osmolyte with specific reference to
its utilisation as a promising functional biomolecule/food ingredient and its existence within natural

biomasses.

(i) Section5.2: Investigates the extraction of floridoside from the natural bioaccumuPaionaria
palmataand subsequently provides detailbdar act er i sat i onrichdxtracsasingaa nd f | c

variety of thermal and spectroscopic technigquesguding analysis ofTy andaw lowering capacity.

(iii) Section 5.3 Presents the unambiguous identification of two previouslyeralded crystal forms
of floridoside which are comprehensively analysed using a range of different methods and in particular,
single crystal Xray diffractionwhich providesome rationalisation of their disparate physicochemical

properties.
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5.1. Preamble

As discussedn Chapter 1, floridoside @-U-O-D-galactopyranosyl glycergFigure 5.1) was identified
as atargetnatural humectantue to its ubiquity as an osmolyte within most specieRtaidophyta
macroalgae. It has already been show@lmpter 4 that its C4 epimer glycoin exhibits excellent
lowering capabilities whilst also having a relatively IGyfor a molecle of its size making it a
promisingdrop-in replacement for sugdrased humectasiplasticisersAccording to the KB analysis
presented ilChapter 3, it would be expected th#tte same shouldold truefor floridoside given their

virtually identical size and high sttural similarity.

Floridoside cf. Galactose

Figure 5.1: Skeletal structural formulae of floridoside compared with that of its parent

monosaccharide galas®

The presence of floridoside in nature was first formally recognised in 1930 bya@dliBueguewho

initially isolated it from the red macroaldralmaria palmaa23Early work on the compound quickly
recognised its importance osmotic acclimationyet there is now an emergent picture of floridoside

as a multifunctional biomolecule. Indeed, it has now been implicated as an important regutaéor of

alia transient carbon storage/polysaccharide biosynthesis and the mitigation of oxidative stress, heat
shock and dessicatidf:®’ Given this multifunctionality, it is unsurprising that floridoside has

attracted interest from both academia and inglufsir use across a wide variety of applications
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including neuroinflammatory  supressiéi¥, antibiotic potentiatiod®® cosmetic¥® and

nutraceuticad,30% 392

Additionally, there have lao been previous works thdescribingthe use of floridoside withithe

context offoodstuffs. For instance, it has been patenteduasntifreeze agent for beef and touted as a
potential HAsweetener o owi ng tlackoficarpgenigty tTeed | ow N
food safety of floridoside is inferred from the considerable precedence for consumption of floridoside
containing biomass e.g. NorPbrphyra tenera (which can contain up to 1@ry wt. % floridoside)

which constitutes a significant part of the traditional East Asiarffiis also noteworthy that various

red algaeavithin whichfloridosideis naturally accumulatealr e per mi tt ed for wuse as
under the US Food and Drug Adhistration and appe#n be GRAS However despite this academic

and commercial interestthere have beenno published studieghat examine th relevant
physicochemical propertiesamelya, andTg of either floridoside oits aqueous solutiorte the best

of this authoroés knowl edge.

In addition toattractive functional propertiea particulaly promising aspect of floridosiddilisation

as a Ohoneettant/pladtidiseas its abundance within a variety of naturklodophytamacroalgae.

Macroalgae oreaweedsepresenan ideal source dbod ingredientsisthey themselves are generally
considered as healthy 6f amdarte aleadya dultivhted atdssate, wihr 6 n u
global production (all typesgstimatedat close to 30 milliomonnes®®” As mentioned irChapter 1, the

harvest of several genashtheRhodophyta.g.,Gracilaria andPorphyraalready exceeds one million

tons (wet basi$)® whilst the floridoside content within certain species can reacheg &5 wt. % (dry

basis) depending on guth conditions™° One of the mosprominentsources iPalmaria palmata

commonly referred to as dulse, whicleigensivelydistributed across the Northern Atlantic Ocean and

widely consumedvithin the Western world®Due tothe increasing interest in floridosidedits often
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high intercellular accumulation, many studies have desctiteedxtraction of the title compound from
various Rhodophytancluding for instance; Sime@olin et al (Palmaria palmatg Courtoiset al.
(Mastocarpus stellatysLi et al (Laurencia undulathand Rsdde et al. (Palmaria palmaty3°%312
However given that the objective dhose studiesften focussed on obtaining material of high purity
(e.g. for singlecrystal determination or biological trijdJghey were generally very poor yielding and
involved a multitude of purification steps that employed vast quantities of highly problemaliersasxi
(e.g. CHCY, CH.CI,, acidsetc.).As the aim of tk present study is to ultimatetpllect floridoside in
sufficient quantities so a® tevaluatea, and Ty in addition to potential application withimodel
confections, a high yielding ¢ | pracasé that is capable of producing it at scal&00g)in as pure

a form as possiblmust first be established.

5.2. Results and Discussion

5.2.1.ldentification and characterisation of foodjrade,floridoside-rich extracts
from Palmaria palmata

Given that previous work in the literature had identified the red macrBalgaaria palmataas a high
intracellular accumulator of floridoside, coupled with the fact that it is widely available withinkhe U
efforts were initially focussed on investigating the extraction of the title compound from the
aforementioned biomass. Following partial drying under reduced pressure (241, 2B0mbar), the
biomass (shown ifigure 5.2a) was found to contain approximately 12 wt. % ash according to TGA
(Figure 5.2b) based on mass loss > 680, of which ~ 80 % was volatilised prior to reaching the
maximum operating tempature (1300C). ICP-OESanalysis indicated that the most abundant metal
/loids present within the biomass included namely K, followed by Na and to a lesser extent S, Ca and P
(Appendix Table C.1). Separate elementalicroanalysis detected a significant quantity of Cl (3.58 wt.
%) along with the expected C (35.28 wt. %), H (5.36 wt. %) and N (2.22 wBHrisingly, a small
amount of F (0.22 wt. %as also detectetvhich may originate from several organofluorine

compounds that hay®eviouslybeen identified ifPalmaria palmatz® The high K, Na and Cl content
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can be attributed to KCIl and NaCl, both of which (and especially the former) are known to be the major

inorganic constituents afulse!*°
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Figure 5.2: Optical microgramd) and TGA b, T = 24- 1300°C, 10 K mint, Nz: air 20:100

mL min?) of asreceivedPalmaria palmatebiomassQOriginally in colour.

Initially water was chosen as the extracting solvent on account of its high polarity (and thus
hypot hesised solubilising power of floridoside)
credentials. The extractigrocessnvolved simplystirring dried ground and sieved biomass in neat
refluxing water for 24 h, with the resulting filtrate concentrated via heatingcuoto yield a glassy
brown and hygroscopic solidFigure 5.3a). The spent mcroalgae (which was visibly softer and less
structurally rigidfollowing extraction Figure 5.3b) was also driedh vacuo The dried, hygroscopic
extract was found to be amorphous according to DSysisaexhibitinga clear glass transition with

T ( mi dpoi AQ and adcompdrative lack of any other notatimals (Figure 5.3c). High
temperature TGA indicated that the extract was constituted of a significant amount of the thermally
stable inorganic matter which persisted following decomposition of the organic fraction (cf. mass loss
at ~ 200" 550°C) before undergoing volatilisation startingcat 550°C (Figure 5.3d). This was further

corroborated by a comparative lack of C (23.12 wt. %) ar{d.BiL wt. %) content within the water
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extract with respedb the untreated biomass. There was also a maasUNcontent(0.93 wt. % )which

suggestdthat partial free amino acid/peptide/protein extraction from the biomass had also occurred.
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Figure 5.3: Optical micrographs of the dried>8 extract &) and residualkf) Palmaria

palmatafollowing refluxing water extraction with corresponding DS énd TGA ()
traces of the formeOriginally in colour.

The organic contents of the extract were characterisetHiNMR spectroscopy which indicated the
presence of multiple species account othe number and complexity of observable signgigure

5.4). Aside from the dominant signal corresponding to the residual protic solvent at 4.75 ppm, it can be
seen lhat most of the others manifesithin the 3.57 5.5 ppm region, indicative of moderately
deshielded protons. It is likely that these originate from other small molecular weight osmolytes such

as taurine and isethionic acid whibhave also beerecently iéntified byKulshreshthaet al in the
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aqueous EtOH extracts of other red macroatifa€here are also clusters of peaks at comparatively
lower frequencies (1.02.5 ppm) whichikely originate from methyl/methylene protons belonging to
amino acids, triglycerides etc. whereas \aftyi no significantly downfieleshifted signalscan be
observed(aside from a small singlet at ~ 8.50 ppm), indicating the absence of phenolics/aldehyde

moieties.
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Figure 5.4: 'H NMR (400 Hz) spectrum of refluxing water extractRdlmaria palmata
recorded in RO (referenced with respect to HOD4at5 ppm) Originally in colour.

Satisfyingly, signals corresponding to floridosidsuch as the relatively intense doublet and triplet at
ca 5.10 and 4.10 ppm respectively werekaeping with the values quoted in the literature and
highlighted the hif relative concentration of the target molecule within the ext¥alet.particular, the
former signal, which originates from the anomeric proton, displays a relatively small coupling constant
(Clin=38H2 and i s di-sulgstituies pyranoseo(df. ghgcdinse8Chapter 4). This
wasfurther corroborated b{?C NMR spectroscopy, wherein nine prominent signals could be readily

observed Appendix Figure C.1) along with one further discernible (albeit far less intense) peak at
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approxmately 100.5 ppm. This likely corresponds to an anomeric carbon of another saccharide and

would be consistent with the detectable protons in the anomeric refgibaH spectrum(4.47 5.9

ppm).

The significant salt content (presumably KCI/NaCl) in éixéract was not surprising givéts relative
abundance within the asceived biomass and significant solubility of gréncipal species in water
(33.7/27.6 wt. % for KCI/NaCl in water at 8C respectively§® Unfortunately, significant amounts of

such components (which are often perceived as salty and bitter/metallic tasting) would be incompatible
with the organoleptic profile that is general required for confectionery prodlicesefore the use of

water as an extractant was not extended further although it had however, been useful in highlighting the
presence of floridoside within the macroalgal biomasbseemingly at a high concentration relative to

the other watesoluble species.

On account of the aforementioned issues, it was hypothesised that ethanol would be more suitable as

an extraction solvent given the comparatively limited solubility of msgdirspecies even at refluxing
temperature (< 0.1 wt. % for KCI/NaCl at % within the binary salethanol system® Importantly,

ethanol is one ofmy a few solvents that are currently certified as fgoade and of GRAS statt,

whilst it is also considered a bench¥aaodertddgr eenc
preventpotentialwater trituration duringhe extractionprocessa rigorous pralrying of the biomass

via vacuum oven treatment was carried beforehand. As the aim was to maximise the quantity of
extracted floridoside in order to provide sufficient quantities for later testing, Soxhlet extraction was
chosen as the most appropriate techniogeauseahe solvent is constantly recycled throughthe

process which prevents the solution saturation of any extracted soldtesaximises yieléf
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Following several preliminary experiments) optimised extraction puredure(outlined in section
2.2.3.2) which involved extractinga. 80g of vacuuroven dried, ground and sieved (12250 &m)
biomass using approximately 900 mL pure EtOH (biomass:solvent ~ 1:11 wi/v) for 24vasirs
developedFollowing extraction, two powdered solids; an-offite material ¢a. 27 3 % dry yield)
collected directly after the extraction and a second cream/samayred materialoa. 157 20 wt. %
dry yield) collected after a series of simple preparative stepsoltamed. Both of the solids were then

subsequently submitted for a variety of thermal and spectroscopic analyses.

Both extracts were readily soluble in wate@Dand initially characterised usingd NMR. At
comparable concentrationsa( 40 mg mL?), there were virtually n@bservablesignals in the first

extract (when normalised with respect to the HOD signal at 4.75 ppm), indicating that it was devoid of
(nonexchangeable) protonBigure 5.5a) andthus, predominantly inorganic in nature. Conversely, the
spectrum recorded for the second extract was consistent with that of floridoside and seemingly in
remarkable purity given that the previous additional signals which had been present in the hot water
extract were virtually nowxistent Figure 5.5b). The corresponding®C spectrum and signal
assignments are providedAppendix Figure C.2 and Appendix Table C.2, respectively This purity

was further corroborated by polarimetry, with the average recorded value of(c 1.00, HO) =+

160°in good agreement with those provided in the literatcae 164°).319 320
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Figure 5.5: *H NMR (400 MHz) spectra of a typical first)(and secondd extract obtained
following ethanol Soxhlet extraction almaria palmatgreferenced and normalised with

respect to HOD at 4.75 ppn©riginally in colour.

Subsequent pXRD analysis confirmed that the inorganic extracts were primarily constituted of
crystalline KCI on account of sharp interpseaks aRé = 28.5, 40.4 and 50.2and also crystalline
NaCl according to several further signals, namelygat231.5 45.4° but no other common seawater

minerals Figure 5.6).
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Figure 5.6: pXRD pattern for a typicahorganic extract alongside those of KCI, NaCl and
other common seawater mineralsrrow indicates direction of increasing normalised

intensity. Originally in colour.

Indeed, an artificial blend of KCI and NaCl prepared via ethanthiced precipitationfahe two salts

from an initial 1:1 w/w aqueous solution gave a good approximation of the corresponding pXRD pattern
and TGA traceKigure 5.7) with the major decomposition occurring at 750200°C, which was found

to be intermediate between that exhibited by the individual salts. It should be noted that although the
initial concentrations of both inorganic species within solution were eitpgahrecipitated mixture is

likely to be enriched in KCI due to its comparatively lower solubility (with respect to NaCl) in the
EtOHwater systeni?! although this is yet to be confirmed. In a similar vein, a higher relgtieatity

of KCI within the Soxhlet extracts would be intuitive given its poorer solubility in pure EtOH and
greater initial concentration within the biomass, resulting in preferential precipitation out of the collated

solution within the solvent reservaf the Soxhlet apparatus.
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Figure 5.7 Comparison ofd) pXRD pattern and TGA trace (2Q, min1, 80:20air:N2),
arrow indicates direction @ficreasing normalised intensity) of a typical inorganic extract
with those recorded for an artificial KCI/NaCl mixture and neat KCI/N&Ziginally in

colour.

The procedure outlined figure 2.1 represented a very reproducible method of obtaiaimgrganic
material with high floridoside purity as highlighted previously in the relevant NMR spectra. TGA
indicated that these extractsakontained a small amount of KCI/NaCl on account of the characteristic
decomposition at > 70. In general, TGA of the organic extracts were founfbiow two common
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thermal events that are attributed to (i) the thermal decomposition of florid@siie 20°C) and (ii)
combustion of the char produced therefrom (BADO °C). Realising this and assuming that; (i) the
extracts were completely devoid of volatiles (all were dried prior using a vacuum oven for 5 hrs at 80
°C/20 mbarprior to analysisand (ii) floridoside was the sole organic constituent (cf. NMR), it was
possible to simply estimate the floridoside content according to mass lost up to °€ @@den
accounting for buoyang¢yvhich initially resulted inan increase over 100 wt. % cf. ). Using this
approach, floridoside was found to consistently represan®0 i 95 wt. % of total extract (as
highlighted inFigure 5.8). It should be noted that very slow crystallisation (sans stirring) from the
amorphous syrup occasionally (albeit in a time inefficient and sporadic manner) led to the production
of highly 6 p-199wa. &), Whiclowas fdundstd hdve a C and H content of 42.09 and 7.07
wt. % respectively close to that calculated for pure floridoside (C = 42.52, H=7.14, O = 50.34 wt. %
based on @H150g). Satisfyingly, the TGA method outlined above was found tmmlgod agreement

with results of elemental microanalysis as showhahle5.1.

Table5.1: Elemental microanalytical results of ground (1255 0 € m) ;oveu érieddalmaria
palmatabiomass before (Entry 1) and after (Entry 2) ethanol Soxhlet extraction and typical organic

extracts containing 93.8 (3a) and 99.0 (4a) wt. % according to TGAn®4b).?

Species Elemental content (wt. %)
1 2 3a 3b? da 4b?
C 35.33 36.89 39.92 39.88 42.14 42.09
H 535 5.09 6.50 6.69 7.00 7.07
N 2.21 3.17 ND - ND -
Cl 3.58 NA 3.40 NA NA NA

#stimated assuming that mass loss < 8D@s attributable solely to floridoside. ND = Not detected.

NA = Not analysed.
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Figure 5.8: TGA and dTG T = 257 1300°C, 10°C min%, air:N», 80:2( traces of a typical
organic extract containingp. 93.8 wt. % floridoside obtained via ethanol Soxhlet extraction

of Palmaria palmataOriginally in colour.

Taking into account the estimated floridoside content within the organic extracts, the cotabdidi
floridoside yield using the ethanol Soxhlet extraction approach is calculatedvétvimen 15 20 wit.

% of biomass (dry basis) which is very high in terms of natural product extraction. This fact, coupled
with the facile nature and green credailstiof the methodology presented herein demonstrates a highly
promi sing, food gr akhsed flonddsideédwhicheotiens@p nevoapporunitiesforb i o
further research and development that have otherwise been stifled by an acute lackyatvaitatle

substrate¥”

Becausehe nature of the Soxhlet extraction metioaintainsa maximal concentration gradient with
respect to the analyte throughout the experiment, it is conceitradil¢he results of this work may

represeocaasad odesnhario in terms of floridoside ex
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as theoverall aim was ultimately to collect enough so as to enable subsequent medium lab scale
experiments (~ 100g), no further attempts to optimise the extraction method (e.g. via biomass particle
size, solvenandbiomass loading) time etc.). Additionally tiis also pertinent to note that the extraction
yield will ultimately be limited by then-vivo floridoside accumulation within the macroalgae which
itself is known to vary depending on a multitude of factors (temperature, salinity, nitrogen content,
sunlight etc.) and should be the most important future consideration for optimising floridoside

production via this approacht

Unlike the hot water extract, the organic fractaitainedvia ethanol Soxhlet extraction was found to
be crystalline according to DSC, with the purest material exhibiting a sharp melting endotfigrdn at
139°C which became increasingly depressed and broadened with increasing salt Eauient(9a).

In all cases, the molten phases underwent supercooling and exfipides ofca. 31°C during the
second heating cycld-igure 5.9b). It is interesting to notéhat these values are very close tosth
recorded for GIyT (Chapter 4) and also of other comparatively smaller monosaccharides
(glucose/galactoseYhis isagain suggestive of a plasticising role of the glycerol moiety within the
amorphous melt (potentially via reduced packing/increased free voltene and promising for
application as a confectionery plasticiser. Notably, the melting point of the higly panitple was
considerably greater than the ranges quoted in most of the literattirel 297C *2° with that eported

by Craigieet al. being closer but still somewhat low (18234°C), although the authors provided no

further characterisation or comment regarding this ré&ult.

154



Salt content= ——1.0wt. % 4.9 wt. % 75wt %
\—k

2
2 -
S
ks N~—
3 4
T

1 (@)

i lEndo

5I0 1(I)0 150

Heat flow

(b)

lEndo

T T
-100 -50 0 50 100 150
Temperature (°C)

Figure 5.9: First @ and secondb) heat cycles of floridosidgch organic extracts with
varying salt contents obtained via ethanol Soxhlet extractidPattharia palmata Tick

marks along thg-axes correspond to 5 m\@riginally in colour.

The crystalline nature of the orgamitracts was also borne out by pXRD analysis, wherein myriad of
new signals were visible alongside those originating from KCI/N&@u¢e 5.10) but surprisingly,
very different to that simulated using singlgystal data for crystalline floridoside (F@Qry) isolated

by VonthronSenecheaet al (which was identical to that published earlier by Sir@miin and ce
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workers)®2 32 For instance, it an be seen that pr omi n%retabsegte a k s
whereas otherwise unheralded signals at 14.0, 15.3 and 2@e6insteadsisible. This was highly
indicative of a seemingly novel crystal form (igalymorph) of floridoside which instigateimore
thorough subsequent investigati@ection5.2.2. Given that the molecular packing within such non
equivalent crystal lattices is often quite disparate, thisftan lead to notable differencieshe thermal
stability of the individual polymorphs as has been repartentsorbitol for instance which exhibit

melting point differencesf > 10°C.3?* This would explain why the observed melting point range was
somewhat higher than those given in the literatliieh have historicallypeen very comparable to the
values proviled bySimontColin et al andVonthronSenecheaet al for the corresponding crystal

form described thereiti? 323
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Figure 5.10: pXRD spectrum of typical organic extract compared with selected other
spectra including that which was simulafed floridosideusing the single crystal data of

VonthronSenecheaet al®?® Arrow indicates direction of increasing normalised intensity.

Originally in colour.
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The corresponding FTIR spectra were virtually identical for all of the isolated organic extracts (an
example is shown iRigure 5.11), irrespective of the salt contets KCl and NaCl are IR transparent
(seered trace irFigure 5.11), the origin of the observable signals is attributable solely to floridoside.
Indeed, the series dandsat > 3200 (GH stretching) 2800 3050 (GH stretching), 1200 1400 C-

H/O-H bending) and 950 1200 cmt (C-O-C/C-C stretching etc.) are dkeepingwith the structural

features of the floridoside molecule.
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Figure 5.11: Mid (6507 3750 cmt) ATR-FTIR spectra of a typical organic aimbrganic
extract obtained following ethanol Soxhlet extractiOnginally in colour.

Surprisingly, upon dissolution in water, the sandy coloured organic extea®25 wt. % floridoside,
Figure 5.12a) gave rise to initially pakgellow solutions which darkened to a brown appearance upon
progressive concentratioRigure 5.12b). Thisis indicativeof the presence of pigments-extracted

concomitantly alongside the floridosideheay of the solutions was measured and compared hatbet
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containing ommon confectionerysolutes(sucrose and fructosePwing to a limited quantiy of
material only one such extract could be investigated in this way, with the sample chosenahaving
medianlevel of saltcontent ¢a. 7.5 wt. %) so at providea reasonable representation of the typical

extract composition.

0%I25%N30% 35% 40%‘ 5% 0%

\\ g !|I|l|

Figure 5.12: Visual appearance of a typical floridosideh organic extractoa. 92.5 wt. %)
(a) and following dissolution in water at 2060 wt. % p). Originally in colour.

A plot of themeasureay, as a function of solute concentration is showrrigure 5.13wherein t can

be seen thahe floridosiderich extract displaye@ very comparabla, lowering ability to that of the
preeminent confectionery solute fructose on a weight basis isin part due to thepresence of
KCI/NaCl, whichare both known to strongly reduagevenatrelativelylow solute concentratiordue

to ion dissociatiorf®> *° Theoretically, a greater suppressiomirshould be attainable using an extract
with a greater relative salt content, although this would obviously be detrimental in terms of the
organoleptic character. The solubility limit of the extract (58.8 wt. 24 8C based of KF titration) is
considerably lower than that of fructosm=.(80 wt. % at 25C), which somewhat limits the lowest
(predicted to be 0.832 using a fitted cubic polynoriiaee Appendix Figure C.3) that could be
achieved in a thermodynamically stable manner (i.e. no supersaturationjding to DSC analysis,
all of the solutions hadly values below théowest temperaturkmit of the instrument(- 80 °C) as no

signalscorresponding to a glass transition could be observed during cyclic dbekitigg
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Figure 5.13: Influence of solute concentration (wt. %) anusing experimentah, data
(lines + points) from this work (extract) or literatu@gatchardet al. (sucrosefCl),2

Baezaet al. (fructose§® and Chirife and Resnik (NaCF and predicteda, using the
Norrish and Ross equations (lines only). Error bars represeft standard dev.

Originally in colour.

The measured, of the extract was also compared with that predicted by the preeminent Ross equation
(Equation 1.9), which simply considers th#te a, of the mixed soltion is a product of the, of each
individual solution containing the same amount af #olute. Itbeen reported to display good accuracy

up to the saturation limit of most mixed solute syst&h3he composition ofthe extractwas
approximatedas 0.93:0.035:0.035 (mass fraction) floridoside:KCI:NaCl according to the relevant
TGA/CHN data. As it was not possible to purify sufficient amounts of floridoside, its individual
contribution toaw lowering at the various concentrations was instead esthmasing the Norrish
constant determined previously for glyco®h@pter 4) over the concentration range that is of interest

here(Kn = - 5.77) This is reasonable given the high degree of structural similarity between the two
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solutegseeChapter 3), asexemplified by several free monosaccharide sugars for whidfthialues

are essentially identicaKg = - 2.25+2.24+2.25 for glucose/galactose/fructoselsingKy = - 5.77,

along with literature, data for the binary KGater (Scatchardt al)?®2 andNaCkwater Chirife and
Resnik®* the estimation given by the Ross equation is shown alongside the experimentally measured
aw in Figure 5.13. The curves for thefructosewater (Baezaet al)® and sucrosewater systems

(Scatchardet al)?? are also shown for comparison.

Interestingly, the Ross equation appears to be quite accurate up to moderate concentrations of the
extract, only overestimating, by approximatly 0.05 yet for the 45 and 50 wt. % samples, the extent

of overestimation increasesda. 0.015. Because of the mixed nature of the sample, it is not possible

to fully account for this discrepancy at the presénit at least three possibexplanationanay be
operative The first is that th&y value of- 5.77 determined for glycoin (which was ribepure glucosyl
glycerol) may simply be lower than the true value for floridoside. The second is that the concentration
of NaCl within the sample may be higr than the 0.035 mass fraction used to calculate the Ross
prediction (NaCl lowers,, more effectively than KCl on a wt. % basis). The third is that it is indicative

of some deeper solvation behaviour whereby the interaction between the salt speiciesidéoand

water results in a progressively less ideal solution. According to the KB analysis pres&tiagtier

3, the greatest values &fy were found for solutes that exhibited large solute-asetfusion and
moderate to high hydration. Applying thiggic here would suggest that past some concentration
threshold around 40 wt. %, there is a change in the overall solution structure which results in a greater
degree of overall solute sadikclusion and/or hydration. This is counterintuitive as the asing

addition of solute would have been expected to lead to greater-solute interaction and perhaps
reduce the overathmountof solutewater interaction (at least within the immediate vicinity of the
solute) due to greater competition between somblecules for waterThis suggests that further
measurements are required in ordezdnfirm the veracity of data presentedrigure 5.13, ideally via

systematiovariation ofconstituentoncentratiorwithin the extractln any case, given the promising
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aw and anhydrously results, a mixture of organic extracts collated via several repeats of the
procedure outlined ifrigure 2.1 (totalling around100g ofca. 95 wt. % floridoside extract) was

subsequently tested for application within a model aqueous confectionery sgstdinépter 7).

5.2.2.ldentification andcharacterisation of unforeseen floridoside polymorphs and
possible implications for fooetelevant applications

As discussedn section5.2.1, pXRD analysis had indicated that the floridosiid organic extrast
obtained via ethanol Soxhlet extraction B&lmaria palmatawere constituted by a previously
unheralded polymorph which displayed an obviously different diffraction pattern to that simulated for
the only currently known crystal fori#? 322 This also appeared to be consistent with the notably higher
melting point (approximately + 18C compared to the literaturéhat was recorded for the relative
6pur ed f | orproduced viadtiee sana apprbaghiven this, it was therefore reasonable to
assume that further crystalline forms of floridoside may also exist and that knowledge of such entities
could be critical in terms of optimising any potential product/process iimgoloridoside as individual
polymorphs can exhibit very disparate, food relevant physicochemical behaviours (e.g. solubility

rate/hygroscopicity) cb-glucose ana-lactose?® 27

During early work with thePalmaria palmatabiomass, it was noted that there was a pale pink
crystalline material on some of thet@seived biomass surfacEigure 5.14a) i referred to herein as
untreated crystalline material or UCM, which could be simply removed via careful mechanical scraping
(Figure 5.14b). This sdid was found to be readily soluble in (deuterated) water with the corresponding
H NMR spectrum Appendix Figure C.4) being identical to that of the organic Soxhlet extracts and
thus, alsaconsistent with floridoside again in seemingly remarkable purity. Subsequen{Ng;T80

mL min?, 5 °C min?) identified a single concerted endothermic mass loss event (of 5.9 windo)

accompanying broad endothemanich occurred over a range approximately 607 95 °C (Figure
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5.14c) - far too low to originate from floridoside which instead decomposed stac&n@00 °C,

corroborating the findings of the previous work with the organic Soxhlet extracts.
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Figure 5.14: Optical micrographs of thBalmaria palmatasurface &) and obtained UCM
following mechanical removabj with corresponding STAc] and TGA () traces thereof.

Originally in colour.

Interestingly, the initial endotherm was followed by a second shageal sitca. 140°C, which was
quite comparable to that of the high purity floridoside extractHigiure 5.9a). In addition to this, the
UCM also exhibited the characteristic mass loss at >°Z08uring high temperature TGA (Al>
100:20 mL mint at5 °C min?, (Figure 5.14d)) indicaing the presence of inorganic salts which were

presumed to be KCI/NaCl based on previous characterisation as presented inss2dtidnis not
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currently clear exactly how suchystalsmay have formed, althougime possible explanation could be
thattheyoriginate from an internal exudate released by the organism (as has been reported to occur in
Palmaria palmat®3?® This could havesubsequentlgombined withtheinorganicspecies (KCI/NaCl)

either from the sea @gaininternally (perhaps exuded in a similar manen) crystallisedipon initial

dehydration(5 min at 70 °C followed by 80 min a0 °C under vacuumfpllowing harvesting.

In order to elucidate the identity of the fugaciousstitnent, TGIR analysis (N 10°C min?') was
conducted on the UCMith the results presented iigure 5.15. It can be seen that initialfjpottom
trace inFigure 5.15b), the only notable signal in th&'IR trace is that originating from tlesymmetric
C=0 stretctof CO; atca. 23301 2360 cm* which is present as an impurity within the syst{gpnobably

as air) and independent of the samptleshould be notedhat data collected < 850 chwherein the
bending modes of CQvould be expected to manifest (typically ~ 60800 cm?') are not shown given

a high noise to signal ratiwhich preventedaccurate assignment in this region. A series of new signals
beginning atca. 700s and reaching a maximum at 836s (Sgare 5.15c) can be seen immediately
following the mass loss at 8090°C. The strong series of bands3&007 3200 cm' and 1500° 1900

cm! (red trace inFigure 5.15b) areconsistent with th€@-H stretching and bemaly modes of water
vapour, which then virtually disappeared after approximately 900s. The later intense signals at > 2700
cm! (green trace irFigure 5.15b) which followed the thermal decomposition of floridoside are
consistent with pyrolysis products, exhibiting characteristic banda. &900(C-H stretch), 1650

1750 (C=0 stretclrgnd10007 1500 cm? (C-H bend, GO stretch, HO bend etc).
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Figure 5.15: Corresponding TGA4d) and selected FTIR tracel)(for TGIR analysis of
UCM for which the complete timeesolved FTIR data is also included).(Originally in

colour.

Given that the volatile was water and attributing the mass loss at®15® wt. %) and 150700°C

(86.6 wt. %) to water and floridoside respectivedysimple mass balance indicated a close to 1:1
stoichiometry of the two components (6.1 wt. % calculated). This, coupled with the concerted nature of
the dehydration event was-keeping with the UCM being constituted of a monohydrated form of
floridoside.This was unexpecteasno hydrated variant of floridoside has been formally reported to the
best of the authordés knowledge, although it i
appear to have been made in passing during early work by &uldi ceworkers(at least according to

a machine translation of the original French teXfs¥° It is not particularly surprising however, when
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