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ABSTRACT

Natural and synthetic glycolipid biosurfactants éarawn much attention due
to their nonionic and biodegradable propertiesadidlition, synthetic branched-chain
glycolipids have become of great interest in biomkimg research, since they provide
a suitable alternative for natural glycolipids, alhiare difficult to extract from natural
resources. Two new synthetic branched-chain glpmdi are presented here, namely
2-hexyldecylf(/a)-D-glucoside  (2-HDG) and  2-hexyldecgl/a)-D-maltoside
(2-HDM), whose structures are closely mimicking tiadural glycero-glycolipids. Their
amphiphilic characteristic gives rich phase behawvio dry form and in dispersions.
2-HDG form a columnar liquid crystalline phase thetropically, whereas in a binary
aqueous system, 2-HDG form inverted hexagonal diqarystalline dispersions
(hexosomes). On the other hand, 2-HDM form a laanéliquid crystalline phase
(smectic A) and multilamellar vesicles were obsdrue aqueous media. Moreover,
2-HDM mixed with SDS or AOT induced the formatioh more stable unilamellar
vesicles. Further studies were conducted to inyatgithe effect of incorporating these
novel branched-chain glycolipids into the referenceano-emulsions of
water/Cremophd&t EL/medium chain triglyceride system. We found thiféerent head
groups of the Guerbet glycolipids affected the iitgbof the nano-emulsions
differently. The presence of 2-HDG enhanced nanalgion stability by reducing the
oil droplet size, whereas the 2-HDM slightly impeavthe properties of the reference
nano-emulsion in terms of droplet size and stotage stability. These nano-emulsions
have been proven capable of encapsulating ketapsifewing a relatively fast release
of drug. Thus, both branched-chain glycolipids aoly provided alternative nonionic
surfactants with rich phase behaviour and versagleo-structures, but also could be
used as new drug carrier systems in the futureaa@dilso suitable as nano-emulsion

stabilizing agents.



ABSTRAK

Biosurfaktan glikolipid semulajadi dan sintetikaklmenarik banyak perhatian
disebabkan oleh sifat mereka yang bukan-ionik damdah dibiodegradasikan.
Di samping itu, glikolipid rantaian bercabang siiktéelah menjadi kepentingan besar
dalam penyelidikan biomimik, kerana mereka menyathaalternatif yang sesuai untuk
glikolipid semulajadi, yang sukar diekstrak daripadumber asli. Dua glikolipid
rantaian bercabang sintetik baru diperkenalkan i, $aitu 2-heksildesil8(/a)-D-
glukosida (2-HDG) dan 2-heksildegilf a)-D-maltosida (2-HDM ), yang mana struktur
mereka hampir menyerupai glisero-glikolipid semadiaj Ciri amfifilik mereka
memberikan kepelbagaian fasa tingkah laku dalamddeea kering dan serakan
(larutan). 2-HDG membentuk fasa hablur cecair kolansecara termotropik, manakala
dalam sistem akueus binari, 2-HDG membentuk seralgbhur cecair heksagon terbalik
(heksosom). Sebaliknya, 2-HDM membentuk fasa habdwair lamelar (smektik A)
dan vesikel berbilang-lamelar telah diperhatikanddiam media akueus. Selain itu,
2-HDM bercampur dengan SDS atau AOT mendorong petokan vesikel
satu-lamelar yang lebih stabil. Kajian selanjuttsjah dijalankan untuk mengkaji kesan
menggabungkan glikolipid rantaian bercabang barudengan sistem nano-emulsi
rujukan iaitu air/Cremoph8r EL/trigliserida rantaian sederhana. Kami mendapati
kumpulan kepala glikolipid Guerbet yang berbeza imennkesan kepada kestabilan
nano-emulsi yang berbeza. Kehadiran 2-HDG menikgkakestabilan nano-emulsi
dengan mengurangkan saiz titisan minyak, manakd#® menambah-baik sedikit

sifat-sifat nano-emulsi rujukan dari segi saizséiti dan kestabilan masa simpanan.



Nano-emulsi ini telah terbukti mampu memerangkapn@kapsulkan) ketoprofen yang
menunjukkan kadar pelepasan ubat yang agak cepett. i, kedua-dua glikolipid

rantaian bercabang ini bukan sahaja menyediakannattf kepada surfaktan bukan-
ionik dengan kepelbagaian fasa tingkah laku damks&tr-nano serba-boleh, malahan
boleh juga digunakan sebagai sistem penghantaryabgtbaru di masa depan dan juga

sesuai sebagai ajen penstabil nano-emulsi.
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Chapter 1 Introduction and Literature Review

1.1 INTRODUCTION

A great deal of attention has been given to theynigpes of bio-surfactants
such as glycolipids and phospholipids in the lastadle, particularly for their self-
aggregation properties and characterization. Amtoingsn, glycolipids have been most
widely studied because of they are nonionic, noicto biocompatible and
biodegradable. Their amphiphilic and amphitropiareleteristic can be expected from a
hydrophilic group because of the sugar moiety dxadlipophilic (hydrophobic) group
from the hydrocarbon alkyl chains. The structuessult in a range of phase behaviour,
such as the formation of different thermotropiaiajcrystalline phases in dry form and
lyotropic phases when in contact with polar solgsestich as water and dimethyl
sulfoxide (DMSO).

Glycolipids influence membrane functionality (celall stability and transport
process) and they exhibit a wide spectrum of prattapplications, for example as
stabilizer of hydrocarbon foam, cleaning agentspuetics emulsifiers and syntheses of
nano-structure materials. It is not easy extracghgolipids from natural sources and
totally synthesizing the natural glycolipids. THere, continuous study and research
into the synthesis and development of syntheticaiyids are on-going, alongside the
structural improvement of glycolipids capabiliti@anched-chain glycolipids are more
suitable because they represent a simplified modlehe natural ones and are an
admissible alternative to natural glycolipids. Flis reason, chemists use the simpler

synthetic branched-chain glycolipids in formulatemd synthesis projects.
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In the present study, Guerbet branched-chain gigesswill be characterized in
dried and hydrated forms. First of all, two teclahigrade derivatives with the same
chain lengths but different head group polaritiéé lve prepared. The first one is based
on glucose; 2-hexyldecy¥/a)-D-glucoside (2-HDG) and the second one is based on
maltose; 2-hexyldecyB{/a)-D-maltoside (2-HDM). Their chemical structures are

shown inFigure 1.1

OH
o
OH HO"Ho. OH
HO 9 OHl o
HO
o Ho o
oH oH

(a) (b)
Figure 1.1: Chemical structures of (a) 2-hexyldeg3la)-D-glucoside (M = 404.58
g/mol) and (b) 2-hexyldecy#/ a)-D-maltoside (M = 566.73 g/mol).

These compounds are bgthdominant (~90%) anomeric mixtures, which are
produced without furthern- and g-isolation using column chromatography process.
Although alp glycosides anomers are known to give differentsphhehaviours, a
selected composition of anomeric mixture will bdigated, and reused, for economic
reasons. A set of fundamental investigations wall donducted for their emulsifying
strength that will be the basis of the formulatiorbinary and ternary phase systems.
The investigation will include the measurement dfeit thermal properties
(decomposition and melting temperatures), morphpol@igermotropic and lyotropic
properties) and critical aggregation concentratidviere information will be derived
from the physico-chemical characterizations andatyinphase in the formation of
glycolipids dispersions and aggregations. In tinalfpart, the influence of glycolipids
incorporated in nano-emulsions for drug transpmmatand delivery will be

investigated.
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1.2 REVIEW ON SURFACTANT

The wordsurfactant is an abbreviation of swa€e-ade-agent which is also
commonly called a detergent. Surfactants have distivacharacter, having both
hydrophilic and hydrophobic moieties in a moleckh®wn as amphiphile. A molecular
structure of a surfactant is illustrated kigure 1.2 Self-assembly of the amphiphilic
surfactants is a possible way of eliminating thergatically unfavourable contact
between the non-polar part and water, while simelbaisly retaining the polar part in
an aqueous environment [1]. The physical phenomeasponsible for such behaviour
is referred to as the hydrophobic effect and arigesn a subtle balance between

intermolecular energies and entropies [2].

Hydrophilic part (polar head)

Hydrophobic part (non-polar tail)

Figure 1.2: lllustration of a surfactant molecule which cotsisf a polar head group
and a non-polar hydrocarbon tail.

Surfactants can occur naturally in biological comgrats of animals and plants,
which are called natural surfactants or bio-sudatd. Some examples are
phosphatidylcholine, lecithin, sodium cholate amdkyf acids such as caprylic acid,
capric acid, lauric acid, myristic acid and oth¢s$ On the other hand, synthetic
surfactants are surfactants that can be synthesizd¢de laboratory such as sodium

dodecyl sulphate, decyltrimetyl ammonium bromidd aadium dioctyl sulfosuccinate.
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In general, most of these molecules are solubleater although some of them form
colloidal dispersions instead of solutions. Fostlgason, these surfactants find a wide
spectrum of practical applications ranging from mafstry to biology (as membrane
mimics) to pharmacy (as drug delivery vesicles}]3-

Surfactants are usually classified by the chayge of their polar head group,
such as cationic, anionic, nonionic and zwittemorjd-6]. Generally, in ionic
surfactants, the hydrophilic part of the molecutenmally exists as a salt form that
increases the attraction for aqueous solutiors $iensitive to the presence of other ions
in the solution system and to temperature. On therdhand, nonionic surfactants can
be classified according to whether the head grampgrom an ethylene oxide group or
hydroxyl group, by forming a region that is favdoiemiscible in water. Besides,
nonionic surfactants are also typically insensitteeelectrolytes and environmental
temperature [7]. The following are brief descripgoof the classes of surfactants

according to the charges in their hydrophilic hgemlps.

Anionic Surfactants

Anionic surfactants are compounds that dissociateolution into negatively
charged ions. Surfactants such as fatty acid beimeaasimilar way where its carboxylic
group (COOH) forms carboxylate (COGOn basic conditions. Some common anionic
agents are alkyl benzene sulphonatesgHRSO; Na'), alkyl phosphates (RRM™),
alkyl sulphonates (RSM"), alkyl sulphates (ROS™) or carboxylates (RCO®™)
where R is a hydrocarbon chain or unit [6-7]. Ex&apinclude sodium dodecyl

sulphate (SDS) and sodium bis (2-ethyl hexyl) sufiwinate (AOT).
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Sodium dodecyl sulphate (SDS) Sodium bis (2-ethyl hexyl) sulfosuccinate (AOT)

Figure 1.3: Examples of anionic surfactants.

Cationic Surfactants

Cationic surfactants account for not more than 5.6f6the total world
production of surfactants [1]. Such compounds pExsseeful germicidal properties but
are unsuitable as detergents. They are more exgeansd generally less stables than
anionic compounds. The most distinct property thatationic surfactant has is the
positively charged polar head group such as tetkeyl aammonium halides
(RN"(CH3)sCl), where R is a hydrocarbon chain or unit. The coumgls most often
encountered are the quaternary ammonium salts, asiatetyl trimethyl ammonium
bromide (GeH3z3(CH3)sN'Br’) and the alkyl pyridinium salts, a commercial exéenof
which is dodecyl pyridinium bromide {&4,sN*(CsHs)Br) [4,6-7]. Other examples
include dihexadecyl dimethyl ammonium acetate andedyl trimethyl ammonium

bromide (DTAB).

~ M/W
B

Dihexadecyl dimethyl ammonium acetate Dodecyl trimethyl ammonium
bromide (DTAB)

Figure 1.4: Examples of cationic surfactants.
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Nonionic Surfactants

Nonionic surfactants cannot dissociate into ionisdsa solubilized in water due
to the presence of polar groups. Examples of nanisarfactants are the compounds
with a general formula of R(OGBH,),OH, obtained by condensing an alcohol or a
phenol with ethylene oxide [2]. In such substartbesR group is hydrophobic whereas
the hydroxyl group and the -O- links in the polyetil moiety are water seeking.
Consequently, it is possible to obtain the desibathnce between hydrophilic and
lipophilic properties by adjusting either the vahfen or the size of the alkyl group. For
example, when R is an alkyl phenol group, an atihdin of 8-12 carbons will give a
detergent when n is in the order of 10 [3-4]. Iagtice, a commercial product obtained
by polymerization is usually a mixture of severahtologues with various numbers of
monomer units in the chain. Polyoxyethylene sudiais have widespread use in
industrial and domestic cleaners. They are stablacids and in alkalis, and usually
foam less than anionic agents do.

Two other successful ranges of nonionic surfactanésthe laurate, palmitate
and oleate esters of anhydrosorbitols and the etleybxide condensates of these esters.
These series are better known under their tradeesaaf “Span” and “Tween”
respectively. They may be blended together to preda wide range of HLB
(Hydrophilic-Lipophilic Balance) values suitabler fearious applications [4].

The polar head group of nonionic compounds doesay any overall charge.
Some common nonionic surfactants are oxyethylef@QH,CH,),-) and oxyethylene
alcohol. Examples are polyethyleneglycolmono[4-@ 3-tetramethylbutyl)phenyl]

ether (Triton X-100) and dodecgtb-maltoside [6-7].
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SO T

Triton X-100 Dodecyl$-D-maltoside

/\/V\/\/\A

Figure 1.5: Examples of nonionic surfactants.

Zwitterionic Surfactants

As the name implies, this type of surfactants eariboth an anionic and a
cationic group in the same molecule. One seriegvafterionic surfactant has the
general formula R-NH-CHCH,-COONa’, where the amino group become positively
charged in acid media and the carboxyl group negjgticharged in the presence of a
base. Sodium n-dodecyl-3-aminopropionate is a sgmtative of this type of compound
[4]. Some other common zwitterionic compounds arearbaxybetaine
(R(CH:)N'CH,COO) and sulphobetain (RNCH,),CH,SQ;), where R is a

hydrocarbon chain [6]. Dodecyl dimethyl propandaok is an example of this.

N

N

Dodecyl dimethyl propane sultaine

Figure 1.6: Example of zwitterionic surfactant.
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1.2.1 Aggregation Behaviour of Surfactants

The solubilization of amphiphilic compounds in ajuaous medium normally
results in the formation of more than one typeedf-aggregation structures. The type of
aggregation the surfactant will form depends ontype of surfactant structures such as
its packing parameter [3,12]. Aggregation behavioiusurfactants in aqueous solution
is fundamental to understanding the strength afrfastant that is directly correlated to
the volume of hydrophobic-hydrophilic regions. Arfagtant can dissolve and form
monomers in a very dilute aqueous solution. Theegggion of the surfactant starts to
form by increasing the molar of monomers in theuoh indicated by “aggregation
number, N” [4-5]. The physical properties of théusion will change in the presence of
surfactant aggregation, and the simplest aggregasonormal micelle. Thus, the
transition from a monomeric solution to an aggreddbrm can be seen as a change in
the slope of plots against surfactant concentradfomany physical properties such as
surface tension, electrical conductivity, osmotiegsure, turbidity and light scattering

measurements as showrFigure 1.7.

Osmotic Pressure

Scattering

v Surface Tension

Equivalent Conductivity

Physical properties

Interfacial Tension

Surfactant concentrations

Figure 1.7: The CMC determinations of surfactants in aqueoediom.
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The concentration of surfactants at which the piatgeroperties of the solution
change and the concentration of micelles becomadesilly appreciable is referred to as
the critical micellar concentration (CMC) or craicaggregation concentration (CAC)
[6-7,12-13]. The CMC/CAC value is conveniently datened from a break or deviation
of physical properties profiles as a function offactant concentrationF{gure 1.7).

In fact, the tendency of amphiphilic molecules doni micelles in an aqueous solution
is a consequence of the hydrophobic effect [14-Obice the surfactants are aggregates
or micelles are formed, further increase of thaltsurfactant concentration does not
change the concentration of the free monomer. Bineentration of the free surfactant
molecules remains constant after the surfactaetaggregated or micelles are formed.

Some surfactants can be dissolved in non-polareatdv Similar aggregation
can be formed whereby the hydrophilic head grodpkeosurfactants associate together
by allowing the hydrophobic alkyl chain towards timn-polar environment. These can
be seen when the surfactant is dissolved in a tar-Bolvent such as hexane. The
structures formed are called reverse micelles.

Depending on the particular molecular architectwiréhe surfactant molecule,
a variety of microstructures can be formed. They abvle to rearrange themselves in
response to changing environmental conditions (paa-polar solvent) [2]. Possible
aggregate structures formed by surfactants arerisphenicelles, cylindrical micelles,
vesicles, lamellar sheets or other bicontinuouseerted assembly structures [4,6,13]

as shown irFigure 1.8
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o 15

Spherical micelle Inverted micelle

SRR

Bilayer fragment / Lamellar

Cylindrical micelle Hexagonal |

Figure 1.8: Typical aggregate morphologies into which surfaitaself-assemble in
agueous solution.

10
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1.2.2 Packing Parameter

Aggregate morphology is determined mainly by a cdéd balance between
attractive hydrophobic interactions of surfactalkiylatails and electrostatic repulsions
of surfactant head groups. In addition to repulsiteractions of electrostatic origin,
repulsions due to hydration of the head groups fneisaken into account. An opposing
effect is exerted by the interfacial tension tlesidls to decrease the effective head group
area. The molecular architecture of a given suafatctietermines the type of aggregate
into which a surfactant associates in aqueousisalutoreover, the formation of self-
assembly structure is also influenced by otherofactsuch as pH, temperature,
surfactant concentration and electrolytes contéviit. these factors will cause the
modification of surfactant aggregation structurehick is related to its packing
parameter. The relationship between the shape efsthfactant monomer and the
aggregate morphology can be represented by thengaplrameter approach [6-7,12-

13]. The packing parametd?)(is calculated from this equation (1.1):

P=— (1.1)

wherev is the volume of the hydrophobic part of the sttdat moleculea, is the mean
cross-sectional (effective) head group surface arehl is the most extended chain

length of the hydrocarbon alkyl tail [4-5].

11
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The preferred type of aggregate to be formed igatid largely by these
parameters. For example, increasingf the surfactant molecule will increaBehence
changing the structure from wedge shape to cyladlriAs a result, a transformation
from micellar to lamellar or bilayer structure iora likely to happen. Increasevrcan
also be achieved by replacing the hydrocarbon cfram a single to a double chain.
Similarly, decreasingy, either by replacing it with a smaller head growpdecreasing
head group-head group repulsion such as by thdi@udf salt will have the same
effect. For ionic surfactants, a decrease in répeillsead group interactions induced by
added salt will decreas®, thus increasind®, causing a transition from spherical to
cylindrical micelles to vesicles or bilayers [4-8,8].

Furthermore, the packing parametét, of the surfactants determines the
morphology of self-assembly structures as showrTable 1.1 Surfactants where
0 <P < 1/3, will form spherical micelles such as SDSlaw salt. If 1/3 <P < 1/2,
cylindrical micelles are formed such as CTAB inthigglt and nonionic lipids. On the
other hand, surfactants withPavalue of around 1, will form planar bilayers arebicle
structures such as sodium dodecanoate-dodecanait awl didodecyldimethyl
ammonium bromide. Inverted structures, such asrsedemicelle and reversed vesicle
structures that are formed by polyethylene glyamtyiphenylether (Triton X-100) and

dihexadecyl phosphate respectively havevalue greater than 1 [2,4,6-7].

12
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Table 1.1: Relationship between the shape of surfactant moreoraad preferred
aggregate morphology.

Critical packing shape of the Packing parameter Aggregate
surfactant molecule morphology
i%j 0<P<1/3 Spherical micelles

Cone

E 1/13<P<1/2 Cylindrical micelles

Truncated Cone

~1 Planar bilayers,
vesicles

Cylinder

>1 Inverted micelles,
inverted hexagonal

Inverted Truncated Cone
or Wedge

13
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1.2.3 Hydrophilic-Lipophilic Balance (HLB)

One of the crucial yardsticks for measuring the mitage of a surfactant is HLB
value. The HLB value is used to determine whether surfactant is hydrophilic or
lipophilic (hydrophobic), in other words, to pretitie solubility of surfactants. The
scale range of HLB values is from 0 to 20. A HLBIluea that is approaching 0
corresponds to a completely lipophilic compound.emas a value approaching 20
indicates an absolutely hydrophilic compound [15-19 is usually applied in the
formulation of emulsion because the value will pcethe type of emulsion that will
form. Thus, lipophilic surfactants are deemed &ldtafor the formation of w/o
emulsion, while hydrophilic surfactants are suitalolr the formation of o/w emulsion.

In general applications, the HLB system has beendanost useful in guiding
the formulator in the choice of surfactants mostesiufor a specific purposd@able 1.2
lists the typical HLB values of surfactants broadied to indicate the suitability of a

particular surfactant for a particular applicat[@éd,18-19].

Table 1.2:HLB values and their general areas of application.

HLB Value Application
<3 Surface films
3-6 Water-in-oil emulsifiers
7-9 Wetting agents
8-15 Oil-in-water emulsifiers
12-15 Detergents
15-18 Solubilizers

14
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The HLB system was introduced by Griffin in 194%]J1His work was an
attempt to identify the optimum nonionic surfactéort the stabilization of emulsion.
In the system, Griffin proposed calculating the HhBmber of a surfactant from its
chemical structure and matching the number with thé3 of the oil phase to be
dispersed.

Experimental determination of the HLB number forgi@en emulsifier is a
tedious process. However, this value may be caldilith satisfactory accuracy based
on easily determined characteristics of the ematlsiThe following HLB equation was

suggested by Griffin for polyhydric alcohol fattgid esters:

—od1-3
HLB—ZC(l Aj (L.2

where,Sis the saponification number of the ester aAnd the acid number of the acid.
In certain cases where accurate determinationeos#ponification number is difficult,

the relationship

(1.3)

Is used, wher& is the weight percent of polyoxyethylene chain &b the weight
percent of polyhydric alcohol (glycerol, sorbitaetc) in the molecule. When ethylene

oxide is the only hydrophilic group present, the&pn is reduced to

HLB=— (1.4)

15
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A general HLB formula commonly used for nonionicfaatants [16-17] is

HLB =20 — Vs (1.5)
M, +M,

whereMy is the formula weight of the hydrophilic portioh molecule and\V, is the

formula weight of the lipophilic (hydrophobic) pamh of the molecule.

1.2.4 Application of Surfactants

Surfactants are often named according to theirni@dgical importance in
industry such as detergent, emulsifier, dispersaugt wetting agent. They are mostly
used as detergents, cosmetic additives and foodpeal functions [2-4,7]. In cosmetics
(emulsion formulation), surfactants with high salip in water will form an oil-in-
water emulsion whereas those of high solubilitgiinwill form a water-in-oil emulsion
system [5].

Anionic surfactants such as SDS and dodecyl berszyfonic acid are
commonly used as detergents due to their avaitalasiiid lower price. Fatty acids also
have important biological functions and are preserat variety of forms in body tissues
and fluids [6-8]. Thus, esterified to glycerol astred in the cytoplasm of many cells,
fatty acids serve as an important source for endPggsibly even more important is
their presence in phospholipids, the major buildibtpcks of most biological
membranes. The level of free unesterified fatty asigenerally low in both body fluids
and cell membranes, and mostly found associated allitumin or lipoproteins [9-10].
These characteristics have a wide range of prac@gplications including in
encapsulation and control drug delivery [10], theparation of bactericidal and vaccine
formulations [11], as well as in the preparation aasmetics and pharmaceutical

products [12].
16
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1.3 REVIEW ON LIQUID CRYSTALS

Liquid crystalline state was detected more than yrs ago. A liquid crystal is
a state of matter, a phase called mesophasest(iedre phases). The molecular order is
intermediate between a solid crystal and an isatrioguid [20-21]. Molecules in liquid
crystals are in a partially random state of motoil possess some long range ordering
in one or two dimensions, orientationally or/andsifionally. They possess some
properties of solid crystals (e.g. optical birefigmce properties) and some of the liquids
(e.g. fluidity), resulting in a unique anisotrofiehaviour [22].

A liquid crystal compound (or mesogen), may forne diquid crystalline phase
or more than one phase (polymorphism). Liquid efgsican be divided into two
classes: thermotropic liquid crystals and lyotrdmaid crystals [23]. Liquid crystalline
phase driven by temperature is called thermotrigicd crystals, whereas that which is
driven by the concentration of the solution in &idai to temperature is called lyotropic

liquid crystals [21].

17
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Thermotropic Liquid Crystal
Ordinary thermotropic liquid crystals are usuallyassified as nematic,

cholesteric (chiral nematic), smectic and coluni@ar25] (Figure 1.9.

(a) Nematic, N (b) Cholesteric, N*  (c) Smectic, Sm (d) Columnar, Col

Figure 1.9: Different ordering of molecules in some thermotoojgjuid crystals.

The simplest liquid crystal phase is thematic phase (N). Nematic liquid
crystalsexhibit a long-range orientational order but noifimsal order. They consist of
parallel or nearly parallel elongated moleculesiciwlare mobile in three directions due
to lack of a periodic arrangement [21]. The molesubre aligned in a preferred
direction called the directon. In nematic phase the directar,is equivalent to-n.
Indeed, nematic liquid crystals posses the lowesttsiral order in thermotropic liquid
crystals and they are transformed on heating toapm liquid without undergoing a
further mesophases transition.

Another special type of nematic phase is catlenlesteric phase (N*) or chiral
nematic phase. The structure can be described as a nematic masepwisted about an
axis perpendicular to the long axes of the molex;ule which the cholesteric director

follows a helical form.

18
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Smectic phases (Sm) are more ordered than nematic and chiral neméaiases
since they have some degree of positional ordesméatic liquid crystals the elongated
molecules are essentially parallel to one anotiner @e arranged in layers with the
mean direction of the long axes of the moleculesmad to the layers.
There are many different types of smectic phasgsexample smectic A, smectic B,
smectic C and so on [21,25-28]. The molecules sma&ctic A phase (SmA) are on
average parallel to the layer’'s normal while thdeunoles in smectic C phase (SmC) are
on average tilted with respect to the layer’'s ndrma

There are other types of thermotropic phases célletrated phases e.g. blue
phases, formed by chiral mesogens that pack irtobkk-twist’ cylinders, in which the
orientation of the director varies helically in twidferent directions. Thus, blue phases
are characterized by a frustration between heticééring and the inability to fill three-
dimensional space, which leads to three-dimensiatiées of orientation defects [25].

Columnar phases (Col) are formed mainly by discotic mesogens (liquidstais
formed by disk-like molecules that are stacked tlogeinto columns). The columnar
phase usually forms a hexagonal lattice becauseatiiangement allows the densest
packing of columns. Besides, discotic moleculesfoam a nematic phase gNjust like
calamatic mesogens. Accordingly, different packinfthese discotic mesogens give
rise to different types of columnar phases.

Thermotropic liquid crystalline phases can be idiedt using many different
techniques such as optical polarizing microscopigcitility studies, light scattering,
X-ray and neutron diffractions, spectroscopic teghes and differential scanning
calorimetry [25-26]. However, the most useful butialifative technique for
identification of the liquid crystal phase is opilipolarizing microscopy. Liquid crystal

phases possess characteristic textures when viewegdolarized light under a
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microscope. These textures result from defectshe dtructures. Defects in liquid
crystals can be classified as point, line and defects. Disclination is an example of a
line defect, which is unique to liquid crystals ahds a discontinuity of orientation of
the director. This effect gives typical texturesltswas schlieren texture of a nematic
phase, fingerprint of a cholesteric (chiral nemagpbtase, fan-shaped texture of a

smectic A phase and focal conic texture of a sroécphase [27]Kigure 1.10.

(a) Schlieren texture of a nematic phase (b) Fpryetrof a cholesteric phase

(c) Fan-shaped texture of a smectic A phase  (dalFmmic texture of a smectic A phase

Figure 1.10: Typical textures of liquid crystalline phases (aidal from [27]).
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Lyotropic Liquid Crystal

Lyotropic liquid crystals are formed when solvefike water or glycerin are
added to amphiphilic materials (e.g. surfactants) eertain composition. Surfactants in
dilute aqueous dispersions may assemble into &tyaof micellar aggregates above
both a critical concentration and temperature,ngjvise to different geometrical shapes
[29-30]. These are controlled by geometrical caists and by the interface curvature,
which in turn are determined by intra-micellar fescoccurring in different planes [31].
However, as the surfactant concentration increasesy-micellar forces become
progressively more important and may cause eithange in critical packing parameter
(shape transition) or disorder/order transitiofigaid crystalline state [32-34].

Many lyotropic phases have been observed anddeéailed structures reported
for the different surfactant systems [29,35-36};isas the metastable gel phase, which
has a lamellar structure with solid-like chainswéwer, the most commonly observed
phases are the fluid lamellar, hexagonal and cpbiases. The generic mesophase
behaviour of lyotropic systems [37] is shownRigure 1.11 Their structures can be
characterized by an optical polarizing microscopd X-ray diffraction techniques.
In brief, in polar solvents (e.g. water) the aggttean of the surfactant can be defined as
normal micellar solution (f, normal discontinuous cubic;Xl normal hexagonal (i
normal bicontinuous cubic (¥ and lamellar (), whereas in non-polar solvents
(e.g. paraffin) the surfactant aggregates and famsnverted micellar solution {l,
inverted discontinuous cubic,§l inverted hexagonal (B and inverted bicontinuous

cubic (V).
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Temperature

Watmntent (%)

Figure 1.11: Generic phase behaviour of lyotropic liquid crylatal phases
(adapted from [37]).

The lamellar phase (L,) is similar to smectic A in the thermotropic system
[21-22,29,37]. It consists of a layered arrangeman@amphiphilic molecules. The
molecular packing in the lamellar structure comssadtbilayer, in which two layers are
made up of intertwining non-polar chains oppositeaded molecules, and where the
polar head groups meet it is separated by a ldyeater Figure 1.11). The thickness
of the layer is generally less than twice the langt the molecules. This arrangement
causes the heads of molecules to be in contactweatar, while the hydrocarbon chains
are separated from the water.

The hexagonal phases have a molecular aggregate ordering which cormedpo
to a hexagonal arrangement. There are two typésxadgonal liquid crystalline phases
such as normal hexagonal phase) (Bnd inverted/reversed hexagonal phase) (H
[21-22,29,37]. The normal hexagonal phase coneistsicellar cylinders of indefinite
length packed in a hexagonal arrangement, wheteasnverted hexagonal phase is
basically the same as normal hexagonal phase etteepticellar cylinders are inverted

with the non-polar chain radiating outwards frona dylinders.
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Cubic phases are optically isotropic and very viscous [21-223R. The high
viscosity results from the lack of shear plane imitthe structure, thus allowing a
sliding movement. This phase is based on threecdatices: primitive, face-centered
and body-centered cubic. It can be classified fato classes subdivided into two sets
of structures. The first set is the discontinuoubic phase (I), while the second set is
the bicontinuous cubic phase (V). In the discondimicubic phase, the small spherical
micelles are packed in cubic lattice, whereas theelhes in the bicontinuous cubic
phase are arranged in a 3-D network, in which thgles bilayer aggregate has both
positive and negative curvatures. When observedptigcal polarizing microscopy in
cross configuration, the cubic phase has an opticdark texture (lacking in
birefringence) and is thus difficult to detect. Bagets exist as normal,,(lV,) and

inverted/reversed phases, (V).

1.3.1 Application of Liquid Crystals

Lyotropic liquid crystalline phases based on seffeanbly of surfactants in
aqueous media have been extensively studied ngtfantheir fundamental interest but
also for practical applications. Indeed, liquid stals have interesting applications in
various fields such as in detergents and the cassniedustry [38-39], in pharmacy as
vehicles or solubilization media of active compaosindh biology for membrane
function, vesicles and in the extraction of peid@ed protein [24,40-41], in the food

industry [42-44], and in emulsion technology ab#izers [45-46].
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Many kinds of ionic and nonionic surfactants catf-aesemble into ordered
lyotropic liquid crystal phases at high surfacteohcentrations. However, sugar-based
surfactants have recently drawn much attention tdutheir nonionic, less toxic and
bio-surfactant properties [47-50], and of thesgcdglipids are among the most popular
because they can be found in nature [51] or syitbéédrom cheap natural resources
such as alkyl polyglycosides (APGs) [52-54]. Theref new mimic branched-chain
glycolipids, a kind of interesting sugar-based actdnt have been synthesized and

chosen in this particular study.

1.3.2 Glycolipids Liquid Crystal

In recent years, glycolipids have attracted muttbnéon among formulators
and researchers as a replacement of the commohesignsurfactants in household
products, personal care products and pharmaceupeoadlucts, because of the
detrimental effects of synthetic surfactants ongheironment and humans. Glycolipids
have great advantages compared to common surfactemtonly because they are
nonionic, environmentally friendly and non-toxic inature as surfactants and
emulsifying agents [12,52] but also because they @madily biodegradable and
biocompatible [51]. They can be produced at reddyivow cost from locally available
raw materials such as palm oil and sugar [53-54prddver, compared to other
synthetic surfactants, they can self-assemble diifferent lyotropic liquid crystalline
phases that are stabilized by the hydrogen bonditgraction between the sugar
moieties [55-56]. The chirality of the sugar masstalso plays an important role in their

thermotropic and lyotropic phase behaviours [57].
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Glycolipids are classified aamphiphilic molecules comprising two different
kinds of moieties e.g. polar/non-polar, rigid/fleld, bulky/planar and
hydrophobic/hydrophilic, which can self-assembleamious structures. Glycolipids are
also referred to asmphitropic. These form interesting phase behaviours, namely
thermotropic phases in dry/pure form and lyotrgpii@ses when in contact with polar
solvents such as water [21,29]. Typical examplearophitropic materials are mono-
alkylated glycolipids (octyB-D-glucopyranoside) [54] and branched-chain glycdbpi
[48-49]. Recently, self-aggregation of branchedhthyhycolipids at nanometer scale in
diluted aqueous dispersions have been reporte895h8-

In biological sciences, besides solubilization biological membranes,
glycolipids are widely used for the production ipid-surfactant and protein-surfactant
membranes [8,12,24,50]. Moreover, possible biokgfanctions involved in certain
glycolipids head groups may make glycolipids pattdy attractive as a new type of
lipids for liposomal drug delivery systems [6-8,58hey also exhibit a large spectrum
of useful applications, such as a stabilizer of rbgdrbon foam, cleaning agents
(e.g. household soaps), cosmetics emulsifiers, iaritie synthesis of nano-structure

materials [38-39,45,53,57,60].
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1.4 REVIEW ON HEXOSOMES

1.4.1 Formation of Hexosomes

The formation of well-defined aggregating statethvaiontrollable morphology
and structure at the nanometer scale is of techgi@bimportance for a wide range of
practical applications [61-62]. The self-assemhitucture formed depends not only on
the type of surfactant used but also on many ealefactors, such as temperature,
composition and solvent [63-64]. Thus, to enlarge possible applications of self-
assembly structures, the liquid crystalline phasshsas the inverted hexagonal, ks
to be dispersed into an aqueous media. In ordemtulize the obtained particles against
coalescence or coagulation, an appropriate stahileuch as Pluronic F127, is used
[65-69]. However, this stabilizer may change theerimal structure of the dispersed
particle, depending on the quantity used.

Previous studies have focused mainly on the seHrably of an interesting
class of amphiphilic lipids such as monoglyceridgspspholipids, urea-based lipids,
and glycolipids. These self-assemble spontaneomshyater to form various well-
ordered inverted-type nanostructures such as d fagtropic micellar phase (), a
lamellar phase (J), an inverted hexagonal phaseg,YHand a discontinuous cubic (¥
liquid crystalline phase [64,69-78]. The importantakthrough in the idea of dispersing
the viscous non-lamellar bulk phases to form theobemes (aqueous dispersions of a
H, phase) and cubosomes (aqueous dispersions @fpdase) was made more than
18 years ago by Larsson and co-workers [79-80]. Aihe@nd \, systems comprising
aqueous nano-channels embedded in continuous hyalsapmatrices, are interesting
in both fundamental and applied research [61-68&3-This unique characteristic is
fundamental in applications, where the mesophasetate must remain intact in dilute

aqueous media (i.e. excess of water). In fact, gheparation of stable colloidal
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dispersions of the inverted hexagonal and cubigidiccrystalline phases (hexosomes
and cubosomes) has opened exciting new opportsirfibie applications of lyotropic
liquid crystals [65,87-91].

Here, we will discuss further the formation of heames. Hexosome particles
show internal arrangements of a hexagonal symn@Eigyre 1.12, which is obviously
good illustration for the presence of an lFhesophase structure. As the observed
hexagonal tubes in the hexosome particles areitelffiong (or limited by the particle
size), there is no periodicity in the directiontleé cylindrical tube, explaining why only
the hexagonal arrangement or parallel lines arergbd in Cryo-TEM measurement.
For hexosomes, the hexagonal motif is still preg@siome regions after 40° of tilting.
This comes from the fact that hexosomes are ndlyremgle crystals because the
longitudinal axis of the cylinders is bent and #iere, it is more likely that some
crystallographic planes are parallel to the electb@am after a very large tilt. The
presence of curved tubes in the hexosome partislggobably associated with the
stabilization mechanism of hexosomes. Hexosomeiligition requires that two
different surfaces are stabilized. One surfacetitha outside of the cylinder tubes
which is completely lipophilic and easily stabilizby a surfactant layer, and the second
surface is at the end of the tube where both tlizdphilic and lipophilic parts of the
molecules are in contact with water. These chanatitss give the hexosomes image of

hexagonal or close to spherical-shaped particldenu@ryo-TEM [89].
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@ Inverted hexagonal
@ 3 liquid crystalline phase
Hexosomes:
Dispersion of hexagonal
liquid crystals

Surfactant:
Branched-chain
glycolipid (2-HDG)

Figure 1.12:Example of hexosomes formation from branched-cbhinosides.

In literature, the following emulsification methodsave been introduced for the

formation of lipid-based colloidal nanostructuredpersions:

The application of high-energy input such as utirésation, microfluidization,
and homogenization [69,80-81].

A multi-step premixing method including the fornmatiof a dry lipid/stabilizer
film and the application of mechanical stirring ihgr the hydration of the dry
film. Stable glycolipid cubosome particles werenfied [92].

A dilution process (spontaneous formation) of Igpid the presence of ethanol.
A method recently introduced by Spicer et al. fbe tformation of stable
dispersions of submicron-sized cubosomes [93].

The application of microfluidization followed by &ietreatment at 125 °C.
A new method proposed for the formation of dismersi (hexosomes and

cubosomes) with narrow particle distributions argbad colloidal stability [94].
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Specifically, a major issue in the investigation tbE morphology and the
internal nano-structure of the dispersed soft netnectured aqueous dispersions is the
appropriate choice of analytical methods that alkivactural characterization of the
system. Different techniques such as small angleyXscattering (SAXS) [62,64],
cryogenic transmission electron microscopy (Cryd)E95], atomic force microscopy

(AFM) [96], dynamic light scattering (DLS) arfdC NMR [67,97] have been applied.

1.4.2 Hexosome Stability

The stability of the dispersed hexosomes as a ifumatf composition and
homogenization time can be evaluated by Stabilityalzer (e.g. LUMiFuge or
Turbiscan) tests; indirect determination can alsontade by DLS measurements of
particle size distributions and Cryo-TEM imaging {89].

The stability of nano-structured dispersion uparagie time can be measured
by dynamic light scattering (DLS). Here, particlieesdistribution and polydispersity of
hexosomes (ld particles) is monitored and recorded. Thus, thetadglization process
can be determined as a function of time. Besides,hexosomes particles size and
images also could be measured and observed by THih- However, this
measurement is without the presence of continudase Thus, the size obtained is
much smaller compared to the size measured by DLS.

Dispersion stability can be examined using Stabiihalyzer measurements.
With this instrument, lack of stability (stability aggregation, particle precipitation and
separation) is measured by the extent of centrifoganduced changes in light

transmission as a function of both time and pasiiio the sample tube. With time,
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there will be an increase in transmission at th#obo of the tube, indicating loss of
stability. The stability analyses of hexosome disjpais by the Stability Analyzer
technique can confirm our findings concerning thituence of the quantity of polymer

and the length of the homogenization periods.

1.4.3 Application of Hexosomes

Hexosomes as self-assembled nano-objects are edeslidr constructing novel
composite and matrices mimic biological systemsthia formation of new nano-
particulate carriers for delivering active biomalkxs such as drugs, peptides and so on
[62,87-89]. These biologically relevant phases haeen shown as potential drug
delivery systems [61-62]. Studies on the appli¢cgbdf fully hydrated inverted liquid-
crystalline phases (Hphase) for accommodation and controlled releassohibilized
drugs have been conducted extensively by Boyd amdiarkers [62]. There is an
increasing interest in utilizing nano-structuredueaous dispersions of non-lamellar
phases in various applications due to properties #ne identical to those of non-
dispersed phases [98-99], the high interfacial amea the capability of solubilizing
amphiphilic components [100] and their use as r@arders for loading bioactive

materials and drugs [101-104].
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1.5 REVIEW ON VESICLES

1.5.1 Formation of Vesicles

Phospholipid vesicles (liposomes) were first ddmadtiin the 1960s by Bangham
et al [105]. It has been shown that phospholipsnganeously form closed structures
when hydrated in agueous solutions. Liposomes lae called natural bio-surfactant
vesicles, and can be found in human, animal andt glells. These liposomes or lipid
vesicles, are sphericdfigure 1.13 [6-8,78]. Their self-closed structures are congoos
of curved lipid bilayers, enabling entrapment o #olvent into their interior. Because
lipids are both hydrophobic and hydrophilic (amptahic) in aqueous medium, their
thermodynamic phase properties and self-assembliagacteristics evoke entropically
driven sequestration of their hydrophobic regiam® ispherical bilayers. Those layers

are referred to as lamellar [1-2,7].

Lamellar liquid
crystalline phase

Vesicles: Dispersion of
lamellar liquid crystals

Surfactant: Branched-chain [t oH

glycolipid (2-HDM) A \m/v
0.

Figure 1.13: Example of vesicles formation from branched-chmaaitosides.
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Vesicles can be large or small and may be composdtbm one to several
hundred concentric bilayers. With respect to tle sind the number of lamellar, large
multilamellar vesicle (MLVs), large and small umilallar vesicles (LUVs and SUVS)
can be distinguished. Vesicles vary in charge améd depending on the method of
preparation and the lipids used (MLV size rang®.k-5.0um, SUV size range is
0.02-0.05um and LUV size range is from 0.@#n) [6,8].

The head group charge is important in influencimg preferred structures and
structural transition from micelles to vesicles. &hthe surface charge and the head
group repulsion are reduced, the separation oh#da&l group is also reduced and the
system will tend to a more lamellar (bilayer) stuwe [33]. Often, above certain
concentrations and under certain experimental ¢ondi such as electrolyte,
hydrophobes and pH, these micelles will structyredlorganize to give these vesicles
[7]. The concentration at which the appearance esficle is detectable is called the
critical vesicular concentration (CVC) [6,105].

The dynamics of spontaneous vesicle formation éai¢ed by several factors
including the pH of the solution, temperature, &ld@gte concentration and mixed
charge surfactants. The presence of electrolytdssahstrates can modify the surface
and packing of surfactants in aggregates, and qubsdy induce structural changes
such as micelle-to-vesicle, lamellar-to-vesicle anglindrical micelle-to-vesicle
[6-7,105-109].

Vesicles can be prepared in a laboratory using syththetic and natural
surfactants from techniques such as ethanolictiojgcthin film hydration, dissolution
in electrolyte solution and pH-induced techniquiee Tynamics and kinetics of vesicle
formation have attracted many researchers, espefoalpharmaceutical purposes such

as drug delivery systems [10-12]. In general, twajan methods are used to make
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vesicle systems for drug delivery. The first is gienhydration of a lipid followed by

high-intensity agitation using sonication or a hgtear impeller. Vesicles are then
sized by filtration or extrusion. The second metieémulsion. Phospholipids are first
dissolved in an organic solvent (such as methyldmreride) and then added under
control to an aqueous medium with vigorous agitatiSubsequently, the organic
solvent is removed under reduced pressure. Thdtirgsliposomal dispersion is also
sized by filtration or extrusion. In general, thirstf method yields multilamellar products
and the second method yields products with few l@amgL05].

Vesicles can also be prepared by adding an apptepimount of a salt (NaCl)
to a surfactant solution [109]. The formation okites is spontaneous and generally
takes place over a period of a few minutes. Funmloeg, in some cases, the change of
pH of the surfactant solution will also change toeinter ions of pH of the surfactant
molecules, thus the vesicle can be produced inrtaicerange of pH of the surfactant
solution. The titration of dilute acid to alkalickear solutions of fatty acids, in the range
of Cg — G, produces a turbid solution indicating the present vesicles [110].
For example, alkylphosphoric acid and alklyphosphoacid have shown similar
behaviours with fatty acids where vesicles are &anby varying the pH of the

surfactant solutions [111].
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1.5.2 Formation of Mixed Vesicles

The stability of a mixed vesicle system can beewsihod by considering the
possibility of a spontaneous curvature of bilayeslting from asymmetric partitioning
of different amphiphiles between two membrane &af[112-116]. Analysis of the
bending energy of such systems took into accouat éhtropy of mixing in the
membrane and an additional interaction betweeiatmghiphiles in the bilayer.

Nevertheless, the growth of vesicle size uponatigition of micelle-forming
surfactant is still not very well understood, sirgimple models predict an opposite
behaviour, namely, a decrease in the vesicle sieetd added surfactants [112,116].
Indeed, the concentration of surfactant moleculesrilsl be higher in the outer leaflet
(compared to inner one) of a spherical vesicleesthe curvature has the same sign as
the spontaneous curvature of the micelle-formingastant [117-118]. In some cases,
there is an increase of the spontaneous curvafuhe dilayer, favouring the formation
of vesicles with small radii [4-6,8]. On the othe&nd, the more common observation of

the increase in the vesicle size remains unexplaine

1.5.3 Vesicle Stability

Generally, vesicles are kinetically more stablenthacelles. It is very important
to be able to control the stability of the vesi¢les that they can be stored for a long
period of time. For example, a lipidic vesicle-emaalated drug for pharmaceutical
applications must be stable for at least 18 moth3 years, besides being stable at

room temperature [119].
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Stable vesicle suspension can only be obtainedgusurfactants that form
liquid-state bilayers. For example, an ionic sudat vesicle suspension has been
reported to remain stable for two months at roompterature [120]. However, the
investigation for stable vesicle dispersion isl gifficult. Commonly, the vesicles are
polydispersed, non-reproducible and the outcomeertte on the preparation methods
and precursor intermediates. Fusion and aggregafioresicles over time makes the
analysis much more difficult.

In solution, vesicles are subjected to instabgithich can lead to shape
transformation. Vesicle fusion is common as a testitwo vesicles being in contact.
Since the membrane is a liquid-like assembly, ssnaksicles can penetrate in and out
of larger vesicles without destroying their struets However, small unilamellar
vesicles are more stable than large unilamellar ranttilamellar vesicles. The high
curvature of the bilayer requires more energy inptd the system to form these small
unilamellar vesicles [121]. Thus, sonication angovous agitation can fulfill this need.
Unfortunately, small unilamellar vesicles can onlgintain their stability for periods of
days or weeks. This stability can be attributedtiie existence of inter-vesicular

repulsive interactions, which prevent coalescemagfalation of the vesicles [6,8].
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1.5.4 Application of Vesicles

All vesicle structures (MLVs, LUVs and SUVs) havemmy interesting physical
and chemical properties such as osmotic activiggmeability of their membranes to
different solutes, solubilizing power and interantiwith hydrophilic and hydrophobic
solutes or aggregation behaviour that can dependroperature, chemical composition
and surface characteristics of the membrane [6483y provide a number of important
advantages over other dispersed systems includgigencapsulation of water-soluble
drugs, lipid economy, and reproducible drug relesses. For example, vesicle
preparation can replace some commercial productitong toxic solubilizing agents,
thus providing useful alternative dosage formsiftravenous administration [10-11].
Pharmaceutical researchers use the tools of biagghiys evaluating liposomal dosage
forms. Such combination of multidisciplinary actigs is reflected in the increasing
number of review articles and monographs incorpagatboth the physics and

therapeutic applications of liposomes [12].
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1.6 REVIEW ON NANO-EMULSIONS

1.6.1 Formation of Nano-emulsions

Nano-emulsion is a dispersion of two immiscibleulag, usually water and oil,
which are generally stabilized by a surfactanthds droplet radius in the nanometer
scale ranging from 20-200 nm. Nano-emulsion is aemetimes referred to as
miniemulsion, ultrafine emulsion and submicron esian [122]. Due to the small
droplet size, nano-emulsion is stable against sedtiation or creaming and visually it
appears transparent or translucent bluish [122¢ ffansparent or translucent bluish
property of nano-emulsion is due to Tyndall effecfTyndall scattering. Tyndall effect
is light scattering by particles in a colloid susgien, where the intensity of the
scattered light depends on the fourth power offtbguency. As a result, blue light is
scattered much more strongly than red. At the stame, the longer wavelength light
tends to be transmitted, while the shorter waveletight is reflected via scattering.
This effect is seen when light-scattering partitedaatter is dispersed in an otherwise
light-transmitting medium, when the cross-sectiéram individual particulate is in the
range of roughly between 40 and 900 nanometers,soenewhat below or near the
wavelength of visible light (400-750 nanometers).

Nano-emulsions can be dispersed in several wayshendhost common being
oil-in-water (o/w) and water-in-oil (w/0) nano-emsidns Figures 1.14 and 1.19
[39,122]. The type of nano-emulsion dispersion ighly dependent on the nature of
surfactant used in the system and nano-emulsigmaprgon. According to Bancroft's
postulate, the phase in which the surfactant istraokible is the continuous phase
[14,17,39,122], meaning hydrophobic surfactantd vafm w/o emulsions whereas

hydrophilic surfactants will form o/w emulsions.

37



Chapter 1 Introduction and Literature Review

etie
e 8 0\
(F s

Oil-in-water Oil nano-droplet
nano-emulsion surrounded by surfactant
molecules

Figure 1.14:A schematic diagram of oil-in-water (O/W) nano-egioi.
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Water-in-oil Water nano-droplet
nano-emulsion surrounded by surfactant
molecules

Figure 1.15:A schematic diagram afater-in-oil (W/O) nano-emulsion.

Unlike microemulsions, which are thermodynamicalfable and form
spontaneously, nano-emulsions being thermodynalyigcaktable require energy input
for their preparation (kinetically stable). Nanodsion preparation is usually via two
main methodologies — the high-energy input metho@sg. high pressure
homogenization, high shear stirring and ultrasogeterator) and the low-energy
emulsification methods (e.g. phase inversion teatpee (PIT) method introduced by
Shinoda et al. [123-124]F{gure 1.16§ and the phase inversion composition (PIC)

method [122,125]Kigure 1.17).
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Figure 1.17:Nano-emulsion formation by PIC emulsification noath

In this research, nano-emulsions were prepared higy RIC method. The
preparation method involved keeping the temperawoastant, but changing the
composition during emulsification (e.g. by addingter to an oil-surfactant mixture to
obtain an o/w nano-emulsion). After the phase isieer, low polydispersity droplets of

oil-in-water or water-in-oil were formed.
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1.6.2 Nano-emulsion Stability — Destabilization Mechanism

The main trigger for nano-emulsion breakdown iswasd ripening, where
molecular diffusion of the disperse phase from sh®all droplets to the bigger ones
takes place as a consequence of the differenceaplate pressure (i.e. different
solubility) of droplets of different sizes. One wé&y increase the stability of nano-
emulsions against Ostwald ripening is by reducireggolydispersity to a minimum and
by using oils with very low solubility in the contious phase [122,126-127]. The long-
term stability of nano-emulsions against flocculatior coalescence makes them
unique.

Emulsion stability is referred to as the ability afi emulsion to resist change
with time. Since the emulsion is thermodynamicallystable, they are expected to
undergo destabilization after a period of time iegdo a total phase separation. For
this reason, an emulsifier is used to increasestability of the emulsion system. The
instability of emulsion discussed is referred to pisysical instability such as
creaming/sedimentation, flocculation, coalescerare] Ostwald ripening [4,6,14,17-

18,39,42,122].

There are four nano-emulsion breakdown/destabitimgirocessesgure 1.18:

a) Creaming/Sedimentation of emulsion droplets happens due to the density
difference between the two phases which are forhnggavitational separation.
For example, in the creaming process the oil dtof@év emulsion) moves

upward to the surface due to its lower density camag to that of water.
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b)

d)

Ostwald ripening is a diffusive transfer of disperse phase fromlEmdroplets
to larger ones under the influence of Laplace pesglifference. Ostwald
ripening destabilization occurs especially in aydapersed emulsion facilitated
by the presence of micelles in the continuous phBise micelles solubilize the
oil molecules and transport them from one dropedriother. In other words, the
micelles enhance Ostwald ripening by increasingstblability of oil in water,
allowing the oil molecules to diffuse from the shdtbplets to the larger ones.
Flocculation is an aggregation process of two or more dropletsfarm
flocs/clumps together. Flocculation only happertera& collision of droplets.
After a collision, particles may either move awagni one another or form a
permanent aggregate. This is highly dependent entyipe of interaction
(attractive and repulsive) between the droplets.elVkhe attractive force is
dominant, collision of droplets will lead to floorimation. The flocculation is a
reversible process, since the droplets will re-elisp when subjected to gentle
agitation. This flocculation process enhances ttavitational separation rate
and is a significant destabilization process iutdilemulsion. It decreases the
shelf life of the emulsion.

Coalescence is another emulsion destabilization mechanism. €uance is a
process where two or more droplets merge to fosimgle larger droplet which
is the most thermodynamically stable condition.sTpirocess can only happen
when the droplets are close together and the adietf membrane between the
droplets is disrupted. In general, the forces gchiatween the droplets and the
resistance of droplets against membrane ruptur¢harenajor factors affecting
the coalescence process and are important for eentmated emulsion. The

stiffness of the interfacial layer is the key tee troplet coalescence, which
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creates an energy barrier that has to be overcafoeebthe thermodynamically
stable state is reached. Therefore, it is necessangroduce a strong interfacial
layer to an emulsion in order to enhance the emmilstability. Coalescence
often happens when the droplets are close to onthemn At this point, the
attractive force is greater than the repulsive doand causes failure of the
interfacial layer to protect the droplets. Consexlye the droplets will merge
and the energy of the droplet will fall into a despnimum, which is an

irreversible process.

a) Creaming/Sedimentation
b) Ostwald Ripenin - 0 0.
) pening ‘aSe
0o
c¢) Flocculation
Oo
d) Coalescence o~ @O
® 0089

Figure 1.18: A schematic diagram of nano-emulsion breakdownétbdszation
mechanisms.
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1.6.3 Nano-emulsion for Drug Delivery System

Another interesting group of drug delivery systemmano-emulsion. It is part of
a broad class of multiphase colloidal dispersiodkhough some lyotropic liquid
crystalline phases such as micellar, mesophasesnandemulsions may appear to be
similar to nano-emulsions in composition and narales structure, such matrices are
actually quite different.

Nano-emulsions act as efficient carriers for drdgsilitating administration by
various routes such as parenteral, oral, oculdmguary and transdermal delivery.
It has been reported in numerous publications tlato-emulsion effectiveness is
directly related to the droplet size [128-134], whother reports have shown no such
correlation [135]. Nevertheless, the high intefharea in nano-emulsions may allow a
higher solubilization of drugs with amphiphilic perties, which in turn may favour
their absorption in skin and the gastrointestimattt The modelling of drug release
from delivery systems is important for understagdime transport mechanisms.

Basically, the main mathematical expressions usedetcribe the kinetics of
drug release and the discernment of the releasbanistns are Fick’s law, zero order
[136-137], first order [138-139], Higuchi law [140+1], Weibull [142-145] and the
Korsmeyer-Peppas models [146-149]. On the mechanfsdrug release from nano-
emulsions however, there is a lack of informationhow the experimental results fit
these mathematical models. For a better understgnaoli drug release from nano-
emulsions, experimentally released profiles carcdrapared with those calculated by

applying different mathematical expressions.
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1.6.4 Proposed Nano-emulsion System

In this research, the reference O/W nano-emulsystem selected to study the
effect of the two branched-chain glycolipids sutéats in oil droplet size, long term
stability and release properties of a model drugdger/Cremoph&t EL/medium chain
triglyceride (MCT) oil system. There are severasens for the selection of oil phase
and nonionic surfactants. Firstly, the oil phasa imedium-chain triglycerides (MCT)
oil, consisting of 6 to 12 carbons fatty acid estef glycerol. This oil is suitable for
pharmaceutical applications. One benefit of thasothat it helps in burning off excess
calories and weight loss in human bodies. Secoritly,main nonionic surfactant is
Cremophof EL which is obtained by reacting castor oil withydene oxide in a molar
ratio of 1:35 and its hydrophilic-lipophilic balamdies between 12 and 14. Likewise,
branched-chain  glycolipids  (2-hexylde¢gflta)-D-glucoside  (2-HDG)  and
2-hexyldecylf(/ a)-D-maltoside (2-HDM)) are also nonionic surfactarasting as the
second surfactant in the nano-emulsion formulat®oth of them are biocompatible,
easily biodegradable, non-toxic in nature and bietfor cosmetic and pharmaceutical
applications.

Sadurni et al. [150] reported nano-emulsion fororath the water/Cremophdr
EL/MCT oil system at water content above 50% withsarfactant ratios between
10/90 and 60/40. These nano-emulsions, whose drsigke is highly dependent on oil-
to-surfactant ratio, showed high kinetic stabilitfhe incorporation of a small
concentration of the novel glycolipids in nano-esms of the reference system is
expected to have an influence in their properfié®refore, this study will contribute to
the basic knowledge of nano-emulsions and may ddovexpansion on the application

field of these novel surfactants.
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1.7 RESEARCH OUTLINE

1.7.1 Objectives of the Research

The objectives of this research are to

» synthesis various types of branched-chain glycddipas a main surfactant in
formulation;

« determine the physico-chemical properties of bradethain glycolipids;

* study the behaviour of different types of branchbldin glycolipids in binary
colloidal dispersions in the formation of hexosoraed vesicles;

« formulate and investigate the stability of ternavgter/non-ionic surfactant/oil
systems (nano-emulsions) from branched-chain glyicis, and

e evaluate the efficiency of incorporation and reée@soperties of drugs from

nano-emulsion systems (drug delivery study).

1.7.2 Organization of Research

Chapter 1 is thelntroduction and Literature Review. It gives an introduction to the
proposed research, literature review of surfactdigsid crystals, hexosomes, vesicles
and nano-emulsions and the research outline (@gsctand organization of the
research).

Chapter 2 describes theSynthesis of Branched-Chain Glycolipids. This chapter
explains the synthesis techniques applied in tegearch. The synthesis procedure
comprises three stages: the peracetylation (protgctglycosidation (alkylation) and

deacetylation (deprotection) procedures. In thigkwdwo synthetic branched-chain
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glycolipids will be synthesized namely 2-hexylde@la)-D-glucoside (2-HDG) and
2-hexyldecylf(/ a)-D-maltoside (2-HDM), which are technical gradg-dpominant
anomeric mixtures) as shown previouslyrigure 1.1

Chapter 3 describes thePhysico-chemical Characterization of Branched-Chain
Glycolipids. A set of fundamental investigations will be coathal for their emulsifying
strength including the measurements of their thenpnaperties (decomposition and
melting temperatures) and morphology (thermotramd lyotropic properties in dry
and hydrated states).

Chapter 4 describes th8inary Phase Behaviour of Branched-Chain Glycolipids/Water
System towar ds Formation of Hexosomes and Vesicles. This chapter explains the critical
aggregation concentration (CAC), binary phase biebawf 2-HDG and 2-HDM in
aqueous medium and the preparation of hexosomesvesidles. The stability of
hexosomes and vesicles will be tested upon thagtotime. The effect of addition of
anionic surfactant to the glycolipids vesicles aislb be investigated.

Chapter 5 describes thénfluence of Branched-Chain Glycolipids on Ternary Nano-
emulsion as Drug Delivery Systems. The present work investigates the effect of two
branched-chain glycolipids in oil droplet size, doierm stability and release properties
of a model drug from the O/W reference nano-emunlsigstem of water/Cremoplffor
EL/medium chain triglyceride (MCT) oil. The effecf these glycolipids on the
reference O/W nano-emulsion will be studied by ipHyt replacing Cremoph8r EL
with the glycolipids.

Chapter 6 presentonclusions. This chapter summarises all findings, including som
motivation for conducting future work involving vaus types of branched-chain

glycolipids.
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21 INTRODUCTION

Natural and synthetic glycolipids bio-surfactant® anonionic, amphiphiles,
claimed to be non-toxic and biodegradable [50]. Mdghe natural glycolipids such as
monogalactosyl diacylglycerol (MGDG) and digalagiogliacylglycerol (DGDG)
(Figure 2.1) have branched alkyl group that may consist ofaup4 numbers of carbon
[51,53]. The branched structures contribute toaihi&iness of hydrophobic region and a

cunning drive force in arranging the molecules witihe cell membrane.

OH
0 O,
/U\/ "
OH R HO
0 OH )
Q o]
HO O\/[ JK/R
0]
HO S o
OH R’
HO o o
HO
o " \"/\R.
(o]

() (b)

Figure 2.1. Chemical structures of (a) monogalactosyl diacyghpl (MGDG) and
(b) digalactosyl diacylglycerol (DGDG).

Extracting pure natural branched-chain glycolipidsstill impracticable for
industrial scale. There were also attempts of ®gifing of the inspiring structures,
however, total syntheses are rarely achievableer@ditively, syntheses of mimic
structures have taken place to fulfil the demandiwiilar branched-chain glycolipids.
Due to the costly production of pure natural glygidls and complexity of synthesizing
them, different strategies of synthetic substitatiesalways been involved [48-49].

It has been very well known acid catalyzed glycasgh between acetal group
of a sugar and an alcohol to produce simple glpatdi Similarly, synthetic glycosides
have been produced from Lewis acid glycosylatiamvben sugar and Guerbet alcohols

to produce branched alkyl chain glycolipids [49]heT procedure was used in the
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preparation of two technical grade branched-chdytaodjpids dedicatedto their
physico-chemical characterizations, binary andaermphases investigation. Both have
the same hydrophobic chain length but differentrogtilic head groups and polarities
namely 2-hexyldecyB(/a)-D-glucoside (2-HDG) and 2-hexyldecgl/a)-D-maltoside
(2-HDM) as shown inFigure 2.2. They were produced by avoiding the column

chromatography step to giedominant (~90%) anomeric mixtures.

S e o

Figure 2.2: Chemical structures of (a) 2-hexylde@yl-a)-D-glucoside (2-HDG) and
(b) 2-hexyldecylB(/ a)-D-maltoside (2-HDM).

The syntheses part is comprised of three majgestancluding peracetylation
(protection), glycosidation (alkylation) and deata&tion (deprotection). The synthesis
of 2-HDG was only involving two stages; glycosytatiand deacetylation procedures
becausg3-D-glucose pentaacetate is commercially availableratadively cheaper than
preparation of peracetylated glucose. However simghesis of 2-HDM was involving
all three major stages because peracetylated realosamore expensive than the
commercial precursor.

In the following part, the chemicals and materialmthesis procedures and the
instruments used will be described. All collecteatadand spectra from the synthesis

works will be further analyzed.
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22 MATERIALS

p-D-glucose pentaacetate (98%) amdmaltose monohydrate (90%) were
purchased from Sigma-Aldrich. 2-hexyl-1-decanok tBuerbet alcohol (97%) was
purchased from Aldrich. The solvents used in tlesearch were dichloromethane
(99.99%), ethyl acetate (99.97%), acetonitrile $9%) and hexane (98.11%) were
purchased from Fisher Scientific while methanol.8896) and 1-butanol (99.5%) were
purchased from J. Kollin Chemicals and Merck respely. Boron trifluoride diethyl
etherate (100%) and sodium methoxide (100%) werehased from Aldrich and Acros
Organics respectively. Sodium acetate anhydrou%o)98as purchased from R & M
Chemicals. Acetic anhydride (98.5%) and sodium bgdn carbonate (99.7-100%)
were purchased from Merck. Magnesium sulphate awlngd(99%) was purchased
from Acros Organics. Hydrochloric acid (with fuming36%) was purchased form
Fisher Scientific. All chemicals were used as ree@i De-ionized water from Elga
Labwater-migromeg purified water system was usdtiénextraction step.

Chloroform-d (99.8 atom %D) and methanol-d4 (99.80&)e purchased from
Aldrich and Merck respectively for NMR analysis.

Thin layer chromatography (TLC) was performed ditaigel (Merck Ghss)
coated on aluminium plates. Sulphuric acid (95-97&t)d ethanol (95%) were

purchased from Riedel-de Haén and J. Kollin Chelsiespectively.
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2.3

SYNTHESISMETHODS

2-HDG and 2-HDM have been prepared from glycosisatietween Guerbet

alcohol and their respective protected sugars ewrstin Schemes 2.1 and2.2. 2-HDG

was prepared by introducing Guerbet alcohol toguted sugar in the presence of boron

trifluoride diethyl etherate. The reaction was céetgd after 4 hours to produce

p-dominant peracetylated glycolipids. The intermeglijproduct was further treated in

basic condition by dissolving in methanol and sadimnethoxide for another 4 hours.

The product was purified by solvent extraction et 2-HDM was produced in the

similar way but it began with protection procedofemaltose by adding-maltose to

the solution of acetic anhydride and sodium acq#tiE

OAc
AcO O,
o’ S-D-glucose pentaacetate +¢85,0
OAc OAc
(i) CH.Cl,

(i) BFs.ELO, -4 1

Ac

AcO O,
AcO
OAc O

1
s 2-hexyldecylf(/a)-D-glucose tetraaecetate

(i) CH:OH
(i) CH:ONa, 2-4 h

f%m

2-hexyldecylB(/a)-D-glucoside / glucopyranoside

Scheme 2.1. 2-hexyldecylf(/a)-D-glucoside (2-HDG) was produced from
glycosidation between Guerbet alcohol and protesteghrs. The acetyl groups were
cleared away by deacetylation under basic condition
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OH
HO O,
HO OH
OH
o O D-maltost
HO OH
OH
(i) CHsCOONa
(i) (CHsCO)0
(iiiy 120°C, 1-2 h
OAc
AcO Q
AcO OAc
OAc
0 Q B-D-maltose octaacetate +,883,0
AcO OAc
OAc
)
(i) CHCl,
(ii) BF3.EL,O, z-4 |
OAcC
AcO O
AcO OAcC
OAc
(0] (@]
AcO o
OAc
(4) 2-hexyldecyl(/a)-D-maltose heptaecetate
(i) CHsOH
(i) CHsONa, 2-4 h
OH
HO
HO OH
OHg o
HO
oH ©
(5) 2-hexyldecylf(/a)-D-maltoside / maltopyranoside

Scheme 2.2: 2-hexyldecylg(/a)-D-maltoside (2-HDM) was produced from
glycosidation between Guerbet alcohol and protesteghrs. The acetyl groups were
cleared away by deacetylation under basic condition
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2.3.1 Peracetylation: Synthesis of #(/a)-D-maltose octaacetate (3)

Activated acetyl was prepared by adding 10.0 g (©2@bl) sodium acetate into
100 mL acetic anhydride. The solution was stirrad aeated until reflux at 120 °C.
21.0 g (60 mmolp-maltose monohydrate was slowly added in smalltivacnto the
hot suspension while stirring until the mixturented into a clear solution. The mixture
was further heated at 120 °C up to 2 h while sigyri

After the reaction completed, the crude mixture \pasred into a mixture of
ice-water and stirred continuously to form sticklyite solid. The solid was then filtered

and recrystallized from ethanol to give around 8@étd.

2.3.2 Glycosidation: Synthesis of 2-hexyldecyl-f(/a)-D-glucose tetr aaecetate (1)

3.9 g (10 mmol)p-D-glucose pentaacetate and 2.9 g (12 mmol) 2-hexyl-1
decanol were dissolved in 100 mL of dichloromethahde stirring in closed vessel at
room temperature. 1.7 g (12 mmol) boron trifluordiethyl etherate was injected into
the solution while stirring. The mixture was stdrep to 4 h. The reaction mixture was
then quenched with saturated sodium hydrogen catbaolution. The aqueous phase
was extracted 3 times with 20 mL dichloromethankee Brganic phase was washed
twice with 20 mL de-ionized water. The organic layeas dried over magnesium
sulphate anhydrous, filtered and evaporated undeuuwm. The crude product was
further purified using acetonitrile-hexane separatior 8 times. Acetonitrile layer was
collected and the excess solvent was evaporatet afbtain the desired product. The

unreacted alcohol was collected from the hexanerlay
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The reactions and the purity of the compound weoaitared using thin layer
chromatography (TLC) with a mixture of 2:1 hexame &thyl acetate for eluent. The
product was further dried in vacuum oven at 50 8C24 h. The product was analyzed

by *H-NMR for purity and anomeric composition deterntioa.

2.3.3 Glycosidation: Synthesis of 2-hexyldecyl-f(/a)-D-maltose heptaecetate (4)

Synthesis of 2-hexyldecylf/a)-D-maltose heptaecetate follows the similar
procedure as synthesis of compounidcluding the weight of the reagents excgu-

maltose heptaecetate (6.8 g, 10 mmol).

2.3.4 Deacetylation: Synthesis of 2-hexyldecyl-g(/a)-D-glucoside (2)

The product from the glycosidation stage (2-hexgyiig(/a)-D-glucose
tetraaecetate) was dissolved in methanol, in wHighof product requires 30 mL
methanol. A catalytic amount of sodium methoxidesvealded to maintain a basic
medium. The mixture was stirred up to 4 h. Thetieaavas monitored using TLC with
1:10 mixture ratio of methanol and dichloromethdoe eluent. Excess solvent was
evaporated under vacuum.

The crude product was purified by solvent extractising 1-butanol : water.
A small amount of diluted hydrochloric acid was eddirop by drop to neutralize the
excess sodium methoxide. The pH of solution waglde: using litmus paper. The
organic layer was separated and evaporated offriagdeum to obtain a gold yellowish
syrup product. The product was dried in vacuum ate®b0 °C for 24 h. The purity and

the structure were determined #+NMR and FTIR.
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2.3.5 Deacetylation: Synthesis of 2-hexyldecyl-g(/a)-D-maltoside (5)

Synthesis of 2-hexyldecylf/a)-D-maltoside follows the similar procedure as
synthesis of compound. The organic layer was separated and evaporatednder

vacuum to obtain a white solid product.

24  INSTRUMENTATIONS

2.4.1 Nuclear Magnetic Resonance Spectr ophotometer

Purity and anomeric composition of the productsenmenther determined by
Proton Nuclear Magnetic Resonanckl-NMR) Spectroscopy on a JEOL LAMBDA
400 MHz spectrophotometer. In the sample prepara#0-25 mg of the compound was
dissolved in 1 mL of deuterated solvent. ChlorofaitCDCk) was used for dissolving
peracetylated compound, whereas methanol-d4;QCH was used for dissolving the

final compound. ThéH-NMR scanning was conducted in 32 times.

2.4.2 Fourier Transform Infrared Spectrophotometer

Fourier Transformnfrared (FTIR) spectra were determined from Peikimer
FTIR Spectrophotometer (spectrum 2000)the sample preparation, the solid product
was grained in potassium bromide with ratio 1:1@4)vand molded as a thin pallet.
The sticky product was directly measured, in whlad sample was placed between two

sodium chloride glasses.
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25 RESULTSAND DISCUSSIONS
251 'H-NMR Data of 2-hexyldecyl-B(/a)-D-glucose tetraaecetate and

2-hexyldecyl-g(/a)-D-maltose heptaecetate

The*H-NMR results show purities and anomeric compositiof 2-hexyldecyl-

S(la)-D-glucose tetraaecetate and 2-hexyldgtd)-D-maltose heptaecetate.

(@) 2-hexyldecyl-g(/a)-D-glucose tetr aaecetate

OAC
AcO 0
AcO
OAc O

R = 0.60 (2:1 of hexane:ethyl acetat&ii-NMR (400 MHz, CDC}) & (ppm):

5.17 (dd, 1H, H-3), 5.06 (dd, 1H, H-4), 4.96 (dt, H-2), 4.41 (d, 1H, H-1),
4.23 (dd, 1H, H-6a), 4.11 (dd, 1H, H-6b), 3.77 (rhk-H-za), 3.64 (ddd, 1H,
H-5), 3.26 (dd, 1H, Hxb), 2.09, 2.00, 1.99, 1.9each: s, 3H, H-4AcO), 1.64

(mc 1H, HACH) 1.23-1.21 (m, 24H, H-12G# 0.86-0.83 (m, 6H, H-2C4.

(b) 2-hexyldecyl-g(/a)-D-maltose heptaecetate

R = 0.66 (2:1 of hexane:ethyl acetat&ii-NMR (400 MHz, CDC}) & (ppm):
5.38 (d, 1H, H-1"), 5.33 (dd, 1H, H-3), 5.22 (dtH, H-3), 5.02 (dd, 1H, H-4"),

4.83 (dd,1H, H-2’), 4.81 (dd, 1H, H-2), 4.45 (d, 1H1), 4.43 (dd, 1H, H-6a),
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252

4.21 (dd, 1H, H-6a’), 4.20 (dd, 1H, H-6b), 3.99 (dH, H-6b"), 3.97 (dd, 1H,
H-4), 3.94 (ddd, 1H, H-5"), 3.74 (mc, 1H, &&), 3.63 (ddd, 1H, H-5), 3.26 (mc,
1H, H-ab), 2.12, 2.10, 1.99, 1.97 (each s, 3H, H-4AcO9p s, 9H, H-3AcO),

1.65 (mc, 1H, H8-CH), 1.25-1.20 (m, 24H, -CH| 0.84 (t, 6H, H-CH)).

'H.NMR and FTIR Data of 2-hexyldecyl-B(/a)-D-glucoside and

2-hexyldecyl-g(/a)-D-maltoside

The 'H-NMR results of 2-hexyldecy¥{/a)-D-glucoside (2-HDG) and

2-hexyldecylf(/a)-D-maltoside (2-HDM) show both products greominant.

The FTIR results of 2-HDG and 2-HDM show the dissgmance of signal at

1735 - 1750 cil indicate the absence of acetate group (C=0). Tthesfinal products

are completely deprotected into hydroxyl groups.

(@) 2-hexyldecyl-g(/a)-D-glucoside (2-HDG)

OH
HO&&M
HO
oH ©

R = 0.56 (1:10 of methanol:dichloromethan&t-NMR (400 MHz, CQOD)
o (ppm): 4.20 (d, 1H, H-1), 3.81 (dd, 1Hg#), 3.68 (dd, 1H, H-6a), 3.54
(dd, 1H, H-6b), 3.44-3.25 (m, 4H, H-3, H-4, H-5,dd), 3.17 (dd, 1H, H-2),
1.60 (mc, 1H, Hg), 1.40-1.20 (m, 24H, H-12GH 0.91-0.88 (m, 6H, H-2CH);
FTIR ¥ (cm?): 3390.5 (O-H stretch), 2922.3, 2855.6 (C-H stigtcl078.0

(O-C-O stretch).
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(b)  2-hexyldecyl-g(/a)-D-maltoside (2-HDM)

OH

HO
o OH
OHY, o
HO
oH ©

R = 0.60 (1:10 of methanol:dichloromethan&t-NMR (400 MHz, CROD)
5 (ppm): 5.15 (d, 1H, H-1), 4.22 (d,1H, H-1), 3.820 (m, 12H, H-3, H-3,
H-4, H-4', H-5, H-5', H-6a, H-6a’, H-6b, H-6b’, Ka, Hwub), 3.55 (dd, 1H,
H-2'), 3.44 (dd, 1H, H-2), 1.40 (mc, 1BCH), 1.38-1.29 (m, 8H, H-4CH|
0.91-0.88 (t, 6H, H-2CH); FTIR v (cm?): 3449.2 (O-H stretch), 2927.7,

2861.0 (C-H stretch), 1035.4 (O-C-O stretch).

Analyses of NMR spectra show the product qualityl aiso indicate the
anomeric ratio of the mixture. This can be obtaibhgatomparing the integration of the
a-anomer ang-anomer peaks in the technical grade sampleApgendix 1).

In the synthesis, excess alcohol was used and rb@oved by extraction
method. However, improper extraction will not coetply remove the alcohol thus
leading to remain in the product. Unreacted alcabohot easily detected in NMR
spectrum since the signals of alcohol overlap witlgar signals. Therefore, the ratio
between sugar and lipid chain will be used to estiinthe presence of the alcohol and

the quality of the products.
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25.3 Percentageof Yield of 2-HDG and 2-HDM

Percentage of yield of the final glucosides andtosades were calculated for
each synthesis batchables 2.1 and2.2 show the percentage of yield of products in the
final step of the 2-hexyldecyif/a)-D-glucosides (2-HDG) and 2-hexylde(tx)-D-

maltosides (2-HDM) respectively.

Table 2.1: Percentage of yield of 2-hexylde@(f:)-D-glucosides (2-HDG).

Batch Symbol Molecular Per centage of M olecular .
No. Formula Yield, % Weight, g mol
1 2-HDG G2H4406 54 404.58
2 2-HDG G2H4406 63 404.58
3 2-HDG G2H4406 76 404.58
4 2-HDG G2H4406 75 404.58
5 2-HDG G2H4406 65 404.58
6 2-HDG G2H4406 65 404.58

Table 2.2: Percentage of yield of 2-hexylde@(/)-D-maltosides (2-HDM).

Batch Symbol Molecular Per centage of Molecular
No. Formula Yield, % Weight, g mol™

1 2-HDM CogHs4011 74 566.73

2 2-HDM CogHs4011 74 566.73
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26  CONCLUSIONS

Two nature-like branched-chain glycolipids namelyheXyldecyl8(/a)-o-
glucoside (2-HDG) and 2-hexyldecfl/a)-D-maltoside (2-HDM) have been
successfully synthesized. Both compoundspademinant (~90%) anomeric mixtures,
which are technical grade that acceptable quality dur study and commercial

purposes.
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Chapter 3 Physico-chemical Characterizations

3.1 INTRODUCTION

This chapter will describe the physico-chemicalrahterizations of branched-
chain glycolipids in dried and hydrated forms. he tlast decades, glycolipids have
attracted much attention due to their self-assemigperties and potential as
bio-surfactants [47,151-152]. Glycolipids are cifisd as amphiphilic molecules
composed of both of hydrophilic group from the sugmiety and hydrophobic group
from the alkyl chains, which can self-assemble im#wious types of self-organized
structures. They are also knownamsphitropic because the compounds can form both
thermotropic and lyotropic mesophases (liquid @lisie phases). They can form
interesting phase behaviours such as the formaifodifferent thermotropic liquid
crystalline phases in dry/pure form and undergosphaansitions in lyotropic phases
when contact with solvents such as water [21,23389,153].

1,2-dialkyl/diacyl-glycerol-based glycolipids [7G4] and 1,3-glycosyl-
glycerol-based glycolipids [155-156] were prepabgdViannocket al and Minamikawa
et al. respectively, and these have been investigatedttieir phase behaviour
properties. In addition, branched-chain glycoligiasn glycosydation reaction between
Guerbet alcohol with chain length frony-C,4 and a series of sugar unit ranging from
glucose, galactose, maltose and lactose have beeparpd and reported by
Hashim et al. [48-49]. These glycolipids were stddifor their thermotropic and
lyotropic phases behaviour aiming to correlate thelecular structures and liquid
crystal properties. Similar to other amphiphilicfamropic molecules, these glycolipids
also tend to form self-aggregation structures hbyning at least one of the lyotropic
liquid crystalline phases such as simple lamellgy, (hexagonal (H) and cubic phases

(V) [29,48-49,59,153].

60



Chapter 3 Physico-chemical Characterizations

In this chapter, physico-chemical characterizattdnGuerbet branched-chain
glycolipids (2-hexyldecylB(/a)-D-glucoside and 2-hexyldecydd a)-D-maltoside) will
be further discussed. Both dried and hydrated foahshe glycolipids have been
investigated. The effect of different head grouptapties on their thermal properties,
thermotropic and lyotropic properties have beerestigated using thermogravimetric
analyzer (TGA), differential scanning calorimet®XSC), optical polarizing microscopy

(OPM) and small-angle X-ray scattering (SAXS).

3.2 MATERIALS

The prepared 2-hexyldecydd a)-D-glucoside (2-HDG) and 2-hexyldecgl/a)-
D-maltoside (2-HDM) were further used for charadation. De-ionized filtered water
(Milli-Q ®, Millipore) with the strength of an ionic condudty of 18.2 uS/cm was used

for all sample preparations.

3.3 METHODOLOGY

3.3.1 Samples Preparation for TGA

The glycolipids samples were dried over phosph@erstoxide under vacuum
for at least 24 h to minimize moisture content.Cbrig of 2-HDG and 2-HDM were
utilized in the measurement. The TGA measuremerg wanducted by increasing
temperature gradually by a factor of 10.0 °C arid ttas repeated a second time for

confirmation.
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3.3.2 Samples Preparation for DSC

The glycolipids samples were dried as above praeedoentioned in 3.3.1.
5-10 mg of each sample was measured in mediumyseessucible made of stainless
steel, tighten with a Viton o-ring. The DSC measweat for 2-HDG was conducted
from -10.0°C to 150.0 °C, while that for 2-HDM wasm -10.0°C to 200.0 °C based

on TGA results. The heating rate in this measuremwes fixed to 5.0 °C/min.

3.3.3 Thermotropic and Lyotropic Determination by Optical Polarizing

Microscope (OPM)

The OPM analysis was divided into two conditiotiermotropic and lyotropic.
The sample preparations are described as follows.

In the thermotropic determination, the sample was placed on a glade sind
gently covered with a cover slip as showrFigure 3.1 The sample was heated up to
70.0 °C and 180.0 °C for 2-HDG and 2-HDM respedyivéhe first stage of heating is
to eliminate any moisture trapped in the sample amdorm a thin film of the
glycolipids on the slide. The cover slip was gerghgssed during heating to produce
more uniform sample, in order to obtain betterueas. The sample was then cool down
to 25.0 °C before heated up again for the secané ty slow heating and cooling
repeatedly. The texture of the sample was obsamededr polarized light and the phase

was identified from the observed texture.
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4 ——

Hot-stage

(a) The sample was placed on a glass (b) The sample was covered with
slide a cover slip and placed on the
hot-stage

Figure 3.1: Sample preparation for thermotropic study.

Similar sample treatment was adopted for ly@ropic phase determination.

In addition, the sample was introduced to a sohsmh as water at the edge of the

cover slip. The water penetrates by capillary ferdeto the sample as shown

Figure 3.2 The method also known as contact penetrationawrénce experiment.

The solvated sample was studied under polarizéd &gd the phases were identified

from the observed textures. Different phases démdift concentrations were observed

by the appearance of different textures under aitey microscope.
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/ ——

Hot-stage

(a) The sample was placed on a glass (b) The sample was covered with
slide a cover slip and placed on the
hot-stage

[*)
i / / “ 7 /
Hot-stage Hot-stage

(c) Drop by drop of water was placed at (d) The the water penetrates by
the edge of the cover slip capillary forces into the sample

Figure 3.2: Contact penetration technique for lyotropic study.

3.3.4 Liquid Crystalline Pattern by Small- and Wide-Angle X-Rays Scattering

(SWAXS)

Each of the dried and hydrated 5.0 wt% glycolipass placed in a Hilgenberg
glass capillary of 80 mm length, 1 mm diameter &@l mm wall thickness. The
sample was centrifuged using a 5804 R Eppendorfriiege at 3500 rpm for 5 min to
ensure the sample was properly settled at the rhottbthe capillary for about 4 cm
height. Each sample was sealed by closing the tdapeocapillary under a sheet of

flame. The sample was measured by SWAXS at 25f0r30 min.

64



Chapter 3 Physico-chemical Characterizations

3.4 INSTRUMENTATIONS

3.4.1 Thermogravimetric Analyzer (TGA)

Thermogravimetric Analysis (TGA) is a techniquedtermine different sample
weight by changing the temperature of the sampless commonly employed to
determine the characteristics of materials sucthasabsorbed moisture or impurities
content in the material and also the decompositeanperatures. A Mettler Toledo
TGA/SDTA 85f/SF Thermogravimetric Analyzer has been used fis furpose.
It was conducted by increasing temperature bydhtof of 10.0 °C/min. Data treatment

was performed with STARSW 9.20 software.

3.4.2 Differential Scanning Calorimeter (DSC)

Differential Scanning Calorimetry (DSC) is a teaue in which the difference
in the amount of heat required to increase the éeatpre of a sample and that of the
reference is measured as a function of temperaBoth the sample and reference are
maintained at nearly the same temperature througieuexperiment. Generally, the
temperature program for a DSC analysis is desigueth that the temperature of the
sample holder increases linearly as a functioniroé.t The reference sample should
have a well-defined heat capacity over the range&wiperatures to be scanned. The
basic principle underlying this technique is thvalhen the sample undergoes a physical
transformation such as a phase transition, motessrheat will need to flow to it than
to the reference to maintain both at the same teatyore Figure 3.3. Whether less or
more heat must flow to the sample depends on whélfleeprocess is exothermic or

endothermic. On heating, the phase transition @bdgers endothermic such as from
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smectic A phase to isotropic phase. Heat is abdoapel therefore heat flow into the
sample is higher than that to the reference (eropigible). ThusAdH/dt is positive.
In an exothermic process such as crystallizatto® opposite condition is applies. Thus,

AdH/dt is negative.

Sample Referace

ST T

Sample Temperature Reference
resistance sensor resistance
heate heate

dt dt sample dt reference

Figure 3.3: A schematic diagram of a heat flux differentiadusiging calorimeter.

DSC reveals the presence of mesophases by detdutirmthalpy change that is
associated with a phase transition. The techniguigafly identifies the type of liquid
crystal phase, since it gives the level of enthalpgnge which is related to the degree
of molecular ordering when the phase transformaticours.

A Mettler Toledo DSC 821 Differential Scanning Calorimeter with nitrogen
atmosphere, calibrated with Indio and Zinc stanslavds utilized. The range for DSC
measurement is from -150.0 °C to 500.0 °C, wheteasheating/cooling rate is from
0.1 to 20.0 °C/min. The “peak temperature” was datkd the phase transition during

heating. Data treatment was performed with STAR/ 9.20 software.
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3.4.3 Optical Polarizing Microscope (OPM)

Identification of liquid crystal phases can be awkd by optical polarizing
microscope (OPM). For texture studies, the analizeriented at the right angle to the
polarizer, i.e. when no birefringent, the fieldvaéw is black. In liquid crystal phases
(mesophases), the birefringence can be detectbédsahe areas appear light and some
other areas appear dark. Each different liquidtatyshows different optical texture
such as schlieren, fan-shaped, focal conic, etk [Bs optical polarizing microscopy
is the most extensively used tool of measuremengl@rad in this study in order to
investigate the thermotropic and lyotropic properinf glycolipids.

The thermotropic and lyotropic studies were coneldiaising a Leica Reichert
Polyvar 2 optical polarizing microscope with digit&ony CCD-Iris camera.
Non-polarized and polarized light were applied todg thermotropic and lyotropic
behaviours of the novel glycolipids; 2-HDG and 2{MDA hot-stage of the type
T95-PE from Linkam was used to control the tempgeaturing heating and cooling
process. Images of the textures were captured orédsusing analysis Imager
software Leica IM500. An optical polarizing micrope is an essential piece of
equipment for the determination of liquid crystekture, particles and droplets size
distribution.

The preparation of sample for this technique hasbeentioned previously in
3.3.3. The glass slide with the sample was puthemticroscope stage just underneath
the objective lensHigure 3.4). The image of sample was observed and captuied us
either 4x, 10x, 20x, 50x or 100x magnification altjee lenses depending on the

quality of observed images.
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<+———— QObjective lens

Sample on a ~
glass slide |' ' '

Light source

Figure 3.4: Sample observation under optical polarizing micope.

3.4.4 Small- and Wide-Angle X-Ray Scattering (SWAXS)

The X-ray scattering technique is usually considexg the definitive technique
for the determination of phase structures, whefteréint liquid crystal phases give
different X-ray scattering patterns. X-ray measwpta at small- and wide-angle were
performed in a S3 MICRO instrument (Hecus X-rayt8yss, Graz, Austria) with point
focalization, equipped with a GENIX microfocus X¢raource and a FOX 2D point-
focusing element (both from Xenocs, Grenoble, Feandhe scattered intensity
(in Arbitrary Units, A.U.) was recorded using twogition-sensitive detectors (PSDs,
Hecus) as a function of the scattering angle ddfine6. The wavelength) was
0.154 nm and the measurements were performed a&Vv5and 1 mA. The SAXS
detector covers a range between 0.2° and 8.0°gwihd WAXS detector covers from

18° to 26°. The temperature controller was an A& RaPR Peltier device.

68



Chapter 3 Physico-chemical Characterizations

The liquid crystalline phases were characterizedheySAXS peak ratios when
plotting intensity (%) as a function of the scatigrvector ¢ = 4z/A sin (6/2)), which is
the difference between the incident beam opticsyémeector) and the scattered one to
an angled (Figure 3.5. The interlayer d-spacing of liquid crystallindhgses was

determined from the Bragg equation,

2dsing = n/ (3.2)

whered is the angle of incidenca,is an integer/ is the wavelength and the diffraction

angle is26.

X-ray Detector
source source
Incident beam Diffracted beam
optics optics
0
Sample 20
(a)

Incident X-ray Diffracted X-ray

\ 2dsin6 =i
\\ /
\/

\30

(b)

E

Figure 3.5: A schematic diagram of the (a) X-ray scattering sneament and
(b) Bragg'’s Law.
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3.5 RESULTS AND DISCUSSIONS

3.5.1 Thermogravimetric Analysis

Thermogravimetric plots of 2-HDG and 2-HDM have who distinctive
decomposition temperatures as showrigure 3.6 Both of 2-HDG and 2-HDM have
reduced ~1% mass at 100 °C indicate the lost ostm@ in the samples. The plot
started to deviate at 175 °C and 225 °C indicativg decomposition of 2-HDG and
2-HDM respectively. These probably because of highenber of sugar head group in

2-HDM possessed the higher molecular interactigdriggen bonding) than in 2-HDG.

~1% of trapped moisture

f_)%
100
—2-HDM
| ! — 2-HDG
95 - | !
1 1
1 1
1 1
1 1
7)) 90 7 : 1
@ 2-HDG started to 1 | 2-HDM startethto
E decompose at 1759C | decompose at °C
S 85 : 1
. |
! 1
1 1
80 - : !
1 1
| 1
! 1
75 : : X Y : :
25 75 125 175 225 275 325 375
T (°C)

Figure 3.6: TGA thermogram of 2-hexyldecy®/a)-D-glucoside (2-HDG) and
2-hexyldecylf(/ a)-D-maltoside (2-HDM).
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3.5.2 Differential Scanning Calorimetry

The glycolipids compounds studied melted from tingstal phase through a
liquid crystal phase into the isotropic liquid. D$&asurements have shown that the
phase transition of 2-HDG occurred around 57 Fiyyre 3.79 and the enthalpy
change of first order was calculated as -0.7 +J0gt (mean value obtained from three
measurements based on the second cycle). On teetlathd, 2-HDM exhibited a phase
transition around 180 °C and the enthalpy changse eedculated as -1.3 + 0.1 3.g
(Figure 3.7b). The clearing temperature of 2-HDM was highemtBaHDG due to an
additional glucose unit in the head group of maltessince the head group of the
former is formed of two glucose units via@l — 4 glycosidic linkage. Increasing the
number of sugar units in the head group resultsonbt in an increase in its size and

molecular weight but also its hydrogen bonding leetwthe head groups.

47— 1t cycle
; 3 2nd cycle
E \-—’—/’/’/\
24 |
1 -
qJ 0 ‘i T T T T “\
I -20 0 40 80 120 160
g[1] |
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— 1st cycle /\_'___\

2nd cycle |
; 2 //// w‘
E |

exotherme

Temperature, °C
(b)

Figure 3.7: DSC thermograms of (a) 2-HDG and (b) 2-HDM upontingaand cooling
(two cycles).

The cooling cycle of both compounds showed a slighticed in the transition
temperature compared to that observed during heafwhoreover, the transition
temperature for the second heating and coolingecgisdlo showed a slight smaller value
compared to that for the first heating and cootiggle as shown iffable 3.1 This can
be explained by some minor degradation occurrechvithe compounds were heated at
a higher temperature than the clearing point. Hanethe differences are negligible
and the reproducibility of DSC peaks upon seconatihg and cooling indicates the

compounds are stable towards thermal degradation.
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Table 3.1: The overall DSC results for 2-HDG and 2-HDM.

Clearing Clearing
Molecular Mole_cular Temperature / °C Temperature / °C
Sample Formula Vg]lerlngor;_tll (First Cycle) (Second cycle)
Heating Cooling Heating Cooling
2-HDG G2H4406 404.58 57.8 48.1 55.4 47.2
2-HDM  CygH54011 566.73 179.8 177.3 176.9 176.1

3.5.3 Thermotropic Behaviour of Branched-chain Glycolipids

In the thermotropic study, the behaviour of dry factant at different
temperatures can be observed under optical palgrimicroscopy (OPM). Anisotropic
phases such as the columnar (hexagonal) and thaismAglamellar) phases are visible
under polarized light with birefringence characiei Smectic A phase shows lower
birefringence characteristic compared to columin@sp. These phases can be identified
from its typical textures [49].

In the case of 2-HDG, a focal conic texture of tedumnar phase was clearly
observed as shown irigure 3.8 for heating andrigure 3.9 for cooling. The texture
upon cooling is more defined than the heating dodi It has been observed that a
clearer focal conic texture appears when the rateooling is slower because the
molecules have more time to rearrange themselvesn Ehe observation, the clearing
temperature of 2-HDG compound was found to be batwib and 60 °C. This can be
determined from the changed of columnar phasef(inigence characteristic) to dark

isotropic phase.
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(@) 25°C (b) 45 °C

Figure 3.8: Optical polarizing micrographs of phase transsiaf the 2-HDG upon
heating. The texture corresponds to those of anomdwn phase.

(@) 45°C (b) 25°C

Figure 3.9: Optical polarizing micrographs of phase transgiaf the 2-HDG upon
cooling. The focal conic texture corresponds todbl@mnar phase.

2-HDM shows a typical fan-shaped texture of smegétiphase as shown in
Figure 3.10for heating andrigure 3.11for cooling. From the observation, the clearing
temperature of 2-HDM compound was found to be betwE80 and 185 °C. This can
be determined from the changed of smectic A phbsef(ingence characteristic) to

dark isotropic phase.
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The clearing point of 2-HDG and 2-HDM obtained by confirmed the
clearing point determined by DSC. Both results emenparable to those measured

previously and within the error, as well as desatifor pures-glycosides [49,59].

(@ 25°C (b) 85 °C

Figure 3.10: Optical polarizing micrographs of phase transgiaf the 2-HDM upon
heating. The texture corresponds to those of atitn&®phase.

(@) 105°C (b) 65°C

Figure 3.11: Optical polarizing micrographs of phase transsiai the 2-HDM upon
cooling. The fan-shaped texture corresponds tcetbbs smectic A phase.
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3.5.4 Lyotropic Behaviour of Branched-chain Glycolipids

The investigation of lyotropic liquid crystal phasef the branched-chain
glycolipids was carried out using contact penetratexperiment. Water has been
chosen because it is compatible to the biologigsiesns. It is also a typical solvent to
make up a solution of polar amphiphiles. It is atier solvent, capable to form
H-bonding with the sugar groups and providing higihesive-energy density in these
regions, which stabilized the mesophases.

In the case of 2-HDG, an isotropic phase (L) cdwddobserved, followed by an
anisotropic phase. The optical polarized micrografp-HDG [Figure 3.12 shows two
phase transitions from high to low water gradiemmely isotropic phase (L)

inverted hexagonal phase(Hat 25.0 °C.

Figure 3.12:Optical polarized micrographs of the contact petgtn experiment for
2-HDG. (L = isotropic phase andH inverted hexagonal phase).

The optical polarized micrograph of 2-HDNFigure 3.13 shows three phase
transitions from high to low water gradient, namagtropic phase (L)-» lamellar
phase (k) — smectic A phase (SmA) at 25.0 °C. As can be ofesebn, when water
diffused into the solid, the formation of Maltes®ss structures could be observed
immediately (highlighted by a white circle). The kége-cross structures indicates the
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presence of a lamellar liquid crystalline phase amoreover vesicle formation is
probable. In fact, vesicle contained more thanlager and can be demonstrated by the
mass contrast difference in the micrograph wheeeirther volume is surrounded by at
least one bilayer and therefore appears like addeitross structure. The third phase is
the solid sample of anomeric mixture @f;-maltoside before contact with water and
can be assigned as a smectic A phase, as previobshrved in the pure anomer

S-maltoside compound [49].

Example of Maltese-cross
structures

o))
—
®
-
Q
=
jab}
=3
(1)
>
—

Figure 3.13: Optical polarized micrographs of the contact pextien experiment for
2-HDM. (L = isotropic phase, L= lamellar phase and SmA = smectic A phase).

3.5.5 SAXS Results of Dried Branched-chain Glycolipids

The X-ray scattering technique is considered apr@piate technique to
determine the phase structure, since differenidiguystal phases have different X-ray
patterns. Therefore, X-ray scattering confirmed themation of columnar phase of
2-HDG initially observed under optical polarizingiamscope. The three peaks
indicated by arrows irFigure 3.14 possess the typical reflections for a columnar

phase which is ¥3:V4 [15]. Using 2d¥3 (for columnar/hexagonal), a lattice spacing
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of 3.0 nm was calculated from the first order ppakitions. Theoretical calculation of
the surfactant length of a pure 2-hexyldegyb-glucoside gave an overall molecule

length of 3.5 nm [157].
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Figure 3.14:SAXS spectrum of dried 2-HDG at 25.0 °C.

2-HDM shows only a single sharp peak in the SAX8csrum Figure 3.15.

The sharp peak indicates a degree of ordering HDR4 and therefore cannot be
characterized as amorphous structure. Howeveralltkence of high order peaks in the
SAXS spectra can be attributed to disordered atkglins, which produce a relatively
less crystalline state, giving rise to the presefce liquid crystalline phase. It has been
reported that a smectic A phase formed from a Rueexyldecylf-D-maltoside
examined by synchrotron X-ray diffraction facilgi§l57]. A smectic A phase was also
formed by the similar maltosides possessing brafichains [155,158]. In this case,
the formation of a smectic A phase also can benasduor thes-dominant anomeric
maltoside. Table 3.2 summarizes the results from SAXS experiments foedd

glycosides at 25.0 °C.

78



Chapter 3 Physico-chemical Characterizations

1000000 ¢
100000 |
10000 |

1000 E

Intensity, u.a.

100 £

10||||I||||I||||I||||I||||I||||

Figure 3.15:SAXS spectrum of dried 2-HDM at 25.0 °C.

Table 3.2:d-spacing and lattice spacing (nm) of dried 2-HD@ da-HDM obtained by
SAXS experimentat 25.0 °C.

d-spacing (nm) Lattice spacing /
Sample (d = 2a/q) repeat distance, a (nm)
2- HDG 2.5 3.0
2-HDM 3.1 -

79



Chapter 3 Physico-chemical Characterizations

3.5.6 SAXS Results of Hydrated Branched-chain Glycolipids

The X-ray scattering was further conducted to gamfihe lyotropic results of
branched-chain glycolipidskFigure 3.16 shows the SAXS spectrum of the settled
hydrated 5.0 wt% 2-HDG at 25.0 °C. The three egtédit peaks show a typical pattern
of hexagonal phase. The lattice spacing is bigger the patterns are more intense
compared to the dried sample indicating that thdrditeed molecules swell further and
better organized in water. This can be due to tAeemmolecule strongly bonded to the
hydroxyl group in glucoside polar head through Hhdliag. Therefore, 2-HDG formed

a more ordered hexagonal phase with lattice spaxfidgd nm.
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Figure 3.16:SAXS spectrum of hydrated 5.0 wt% 2-HDG at 25.0 °C.
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Figure 3.17shows the SAXS spectrum of the settled hydratedv®0 2-HDM
at 25.0 °C. The three equidistant peaks can benadxsewhich indicates the typical
pattern of a lamellar phase. The settled hydratétD® formed a lamellar liquid
crystalline phase with lattice spacing of 4.3 nrhisThydrated molecules swell further
and better organized in water due to the water cutdestrongly bonded to the hydroxyl
group in maltoside polar head through H-bondingcakdingly, X-ray scattering of the
hydrated 5.0 wt%2-HDM at 25.0 °C confirmed the existence of thetigpic lamellar

phase in OPM measurememable 3.3summarizes the results from SAXS experiments

for the hydrated glycosides at 25.0 °C.
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Figure 3.17:SAXS spectrum of hydrated 5.0 wt% 2-HDM at 25.0 °C.

Table 3.3:d-spacing and lattice spacing (nm) of hydratedvd% 2-HDG and 2-HDM
obtained by SAXS experiments.

d-spacing (nm) Lattice spacing /
Sample (d =2r/q) repeat distance, a (nm)
2- HDG 3.8 4.4
2-HDM 4.3 4.3
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3.6 CONCLUSIONS

2-hexyldecylf(/ a)-D-glucoside (2-HDG) and 2-hexyldecgl/a)-D-maltoside
(2-HDM) are two new nature-like branched-chain glymds with interesting phase
behaviours. In a thermotropic studire more hydrophobic surfactant 2-HDG was
characterized by a columnar phase, whereas the ma@philic surfactant 2-HDM
exhibited a smectic A phase. In a lyotropic stuftgnQ high to low water gradient),
2-HDG showed two phase transitions, namely isotrppiase (L)- inverted hexagonal
phase (H), whereas 2-HDM showed three phase transitiomaghaisotropic phase (L)
- lamellar phase () -~ smectic A phase (SmA). X-ray scattering confirntieel OPM
results in which 2-HDG was characterized by hexajphase in the dried and hydrated

form, whereas 2-HDM exhibited a lamellar phaséhmtydrated form.
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41 INTRODUCTION

This chapter will describe the formation of hexossmand vesicles from the
binary phase of 2-hexyldecy{a)-D-glucoside (2-HDG) and 2-hexyldecga)-D-
maltoside (2-HDM) in aqueous medium. The colloigadperties and phase behaviours
of both glycolipids probably deviate from the purempounds because they were
prepared as a technical grade compounds gvdbminant (~90%) anomeric mixtures.
Even though they are mixture @f andp- anomers, both show as surfactant functions
[48]. It is important to understand the physico+oial properties of the branched-
chain glycolipids in aqueous medium which deterntime formation of self-assembly
structures such as hexosomes (inverted hexagaopid Icrystal dispersion) [87-88] and
vesicles [159-160].

From the previous physico-chemical characterizatiGhapter 3), the more
hydrophobic surfactant 2-HDG forms an inverted lgexel liquid crystalline phase,
and is expected to form hexagonal or spherical-athgarticles (hexosomes) in aqueous
medium. On the other hand, the more hydrophilidastant 2-HDM forms a lamellar
liquid crystalline phase, and is expected to foresieles in aqueous medium. Thus,
2-HDG and 2-HDM dispersions may be used as innegatrug carrier systems, where
hydrophilic or hydrophobic active compounds canrnm®rporated due to high amounts
of amphiphilic surfactants [87-88,159-161] in tlystem.

In this work, the solution of glycolipids and themxture with dioctyl sodium
sulfosuccinate (AOT) and sodium dodecyl sulfate $$vere prepared in aqueous
media in order to determine their critical aggregattoncentrations (CAC). The CAC
results show the presence of aggregate molecuwestfie appearance of the surfactant
solutions from clear (one-phase) to turbid (twog®)a solution at very low

concentrations and therefore further investigatiams binary phase behaviour of
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glycolipids/water systems were conducted. The pagpof this investigation is to
determine the one-phase and two-phase regions yablglids/water system as a
function of different concentrations and tempems$urOnce these regions are known,
samples with two-phase region have been furthediesduusing X-ray scattering
technique to determine their phases. The 2-HDG2ariDM dispersions were further
characterized using 3D-photon correlation specttemg3D-PCS) and cryogenic
transmission electron microscopy (Cryo-TEM) in artiedetermine their particles size,
stability and images. The effect of anionic sudats such as SDS and AOT towards

the glycolipids aggregation also has been explored.

42 MATERIALS

The prepared 2-hexyldecydd a)-D-glucoside (2-HDG) and 2-hexyldecgl/a)-
D-maltoside (2-HDM) were further used for charaaation. Anionic surfactants such
as dioctyl sodium sulfosuccinate/Aerosol OT (AO38%) and sodium dodecyl sulfate
(SDS) (98%) were purchased from Aldrich. De-ioniziitered water (Milli-G°,
Millipore) with the strength of an ionic conductiiof 18.2 uS/cm was used for all

sample preparations.
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43 METHODOLOGY
4.3.1 Samples Preparation for Critical Aggregation Concentration (CAC)

Deter mination

The critical aggregation concentrations (CAC) of otwbranched-chain
glycolipids (2-HDG and 2-HDM) were determined wghrface tension measurements.
A stock solution of 2-HDG and 2-HDM were preparedhwfinal concentrations of
0.10 mM and 0.20 mM respectively. A series of 2-HR@& 2-HDM solutions with
different concentrations were prepared by subsedlikrions from the stock solution.
Homogeneity of the samples was attained using adf#h REAX top model vortex
mixer. In this work, the effect of added componests studied to which the profile
showed a very large reduction in surface tensiorthat low concentration and it
remained constant at the critical concentratiore iffluence of anionic surfactants such
as SDS and AOT towards the glycolipids aggregatias also investigated. The mixing
ratio was fixed to 10:1 of glycolipid (nonionic $actant) to anionic surfactant. The

selection of this mixing ratio is due to the staypibf the system against precipitation.

4.3.2 Preparation of Glycolipids/Water System

A series of 2-HDG and 2-HDM samples with differea@ncentrations from
0.002 wt% to 0.050 wt% were prepared in water vathotal mass of 2.0 g. After
weighing each sample, it was then closed with garab avoid from evaporation or
contamination. All samples were then centrifugethgi$804 R Eppendorf Centrifuge
for about 5 min with the speed of 3000 rpm to eaghat all components were located
at the bottom of the tubes. Finally, the glass sulvere sealed hermetically with flame

to avoid the samples being evaporated or contagdndtiring the heating or cooling
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process. Subsequently, all samples were homogeriyestirring with a Heidolph
REAX top model vortex mixer for a few minutes tarfohomogeneous solution and
placed in the freezer for 24 h.

The binary phase behaviour determination was cdedua a Thermoscientific
water bath (DC 10) equipped with thermostat (EK @@)ting from 5.0 °C to 95.0 °C,
by monitoring the physical changes as a functioteofperature for every 5.0 °C. Any
physical changes such as the formation of one-p{tdear) or two-phase (turbid/phase
separation) was monitored and recorded. The sdlecidid samples were further

observed under cross polarizer filters to deterrttiediquid crystalline region.

4.3.3 Preparation of Hexosomes

A 0.50 wt % solution of 2-HDG in water was heated’@.0 °C for 2 h. Each
sample was sonicated for 30 min in a P-Selectasdtind water bath and 15 min with
MS 72 probe of a Bandelin Sonoplus ultrasonic haenager (30%, 15 kJ), which
resulting a turbid dispersion. The hexosomes wegeefore in a large amount of excess
water and far from the water separation line. Ttigdy was focusing at 0.50 wt% in

which a big number of hexosomes particles couldbdserved under cryo-TEM.

4.3.4 Preparation of Vesicles

A 0.50 wt% solution of 2-HDM in water was heated78t0 °C for 2 h. Each
sample was sonicated for 30 min in a P-Selectasdtind water bath and 15 min with
the MS 72 probe of a Bandelin Sonoplus ultrasomimégenizer (30%, 15 kJ), which
resulting a turbid dispersion (vesicles formatidn)the case of glycolipid mixed with
anionic surfactants (AOT and SDS), 5 min of ultrasation was sufficient for
homogenizing the samples.
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44 INSTRUMENTATIONS

441 Tensiometer

A tensiometer balance from KRUSS (Germany) with kdi#siometer processor
has been used to determine the critical aggregabanentration (CAC) of 2-HDG and
2-HDM (nonionic surfactant) and mixtures of glygatls and anionic surfactants in
aqueous solution. CAC can be determined by eitheface tension or interfacial
tension measurement. In this work, CAC of all sasaplvere measured by air-water
surface tension measurement. The Wilhelmy platehatetvas used for this purpose
(Figure 4.1), which does not require correction factor, butessary calibration with
distilled-deionized water is required prior to m@&snent. The acceptable requirement

surface tension value for distilled-deionized wagdvetween 71-72 mN/m at 25.0 °C.

Figure4.1: A schematic diagram of Wilhelmy plate method ukedneasuring the
surface tension of the solution.
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4.4.2 3D-Photon Correlation Spectrometer (3D-PCYS)

A 3D-Photon Correlation Spectrometer from LS Instemts (Fribourg,
Switzerland) was used for dynamic light scatteribS) at an angle of 90° and static
light scattering (SLS) for angles between 20° a#d°1Figure 4.2). DLS measured the
particles radii and their polydispersity index, \wes SLS gave the overall size and
shape of the particles. Multiple scattering is sepped using 3D-cross correlation
technology (down to 5% of transmission for sub-mmceter sample thickness). The
instrument was equipped with a He-Ne laser (63208. Ariplicate readings of 200 s
were recorded for each sample. The particles (lmemes and vesicles) radii were
calculated by a manual exponential fitting of tiretfcumulant parameter. For a better
visualization, the Contin analysis was performedjite@ the size distribution and ALV
software from Dullware was utilized for better \adaation. The measurement
temperature was maintained at 25.0 °C by a dechhtie which matches the refractive

index of glass and therefore does not interferl Wié measurement.
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1
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detector

Correlator

Figure4.2: A schematic diagram of a conventional photonelation spectrometer.
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4.4.3 Nano-Zetasizer

Nano-Zetasizer from Malvern was used to study k& potential of the
glycolipids dispersions (hexosomes and vesicleschematic diagram of zeta potential
measurement is shown iRigure 4.3. Three measurements of 20 sub-runs were
performed for each sample by using a zeta-pote&&51060C cell. Reference
materials were liposomes with a refractive index1af0. The Smoluchowksi model

(4.1) and auto mode was applied to treat data.

(4.2)

whereg, is the dielectric constant of a vacuums the dielectric constant of the buffer

solution, is the viscosity of the buffer solution ands the electrophoretic mobility.

Combining
Reference M optics
beam >

Compensatio
optics

Beam splitter Scattering

beam

Incident beam Attenuator

Laser Detector

Digital signal
processor

Figure 4.3: A schematic diagram of the Nano-Zetasizer setup zZeta potential
measurement.
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4.4.4 Cryogenic Transmission Electron Microscopy (Cryo-TEM)

Cryo-TEM measurement was performed at the Microgcopervice,
Autonomous University of Barcelona to determine dlstual size and to obtain images
of hexosomes and vesicles. A JEOL JEM-2011 TrarsamisElectron Microscope
(Jeol LTD. Tokyo, Japan) was operating at voltageekeration of 200 kVFigure 4.4
shows the principle of a transmission electron ascope.

The sample holder used for cryo measurement wabléd at 60°. The images
were recorded with a slow scan digital camera ofa®&94 MSC 600HP or onto
negatives for high-resolution analysis. The resofufor this measurement is 0.14 —
0.19 nm while the magnification is 2000 — 3,000Q00he FASTEM control system
with R-X EDS INCA micro-analyzer was utilized fdri$ purpose.

For samples preparation, 5.0 pL of dispersion wagpoded onto a
QUANTIFOIL®R 1.2/1.3grid and the excess was eliminated with Whatman péier.
The vitrification was done with a Cryo PreparatiGhamber (CPC) from Leica by
immersing the grid in liquid ethane. Then, the &ozgrids were stored in liquid

nitrogen and transferred into a Cryo-holder thas Wwept at -180.0 °C.
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Figure 4.4: A schematic diagram of a transmission electron oswope (TEM). The

electron beam is highlighted in yellow while electroptical lenses are depicted in

grey.
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45 RESULTSAND DISCUSSIONS

4.5.1 Critical Aggregation Concentration (CAC)

The surface tensions of the surfactant solutior wifferent log concentration
have been determined and the profiles are giverigares 4.5a and4.5b. From the
profiles, the surface tensions of the solutionsreise with increasing concentrations
but the slopes of the profiles change drasticatlyp.807 mM and 0.0085 mM for
2-HDG and 2-HDM respectivelyT@ble 4.1). It is evident that these glycolipids
molecules prefer to accumulate at the surface rréltla® to stay solubilized in the bulk
solution. This implies that they are highly surfaative materials. These also suggest
that lower hydrophilic surfactant (2-HDG) is easieraggregate than 2-HDM (higher
hydrophilic group). CAC of 2-HDM is higher becausieit has more polar head group
(bigger head group size) [6].

The effect of SDS and AOT on 2-HDG and 2-HDM hasodbeen investigated
using similar method. A ratio of 10:1 in weight pent of glycolipids to SDS or AOT
was chosen due to the stability of the system agairecipitation. The profiles of the
surface tension of 2-HDG and 2-HDM solutions in gresence of SDS or AOT show
similar trends Figures 4.5a and 4.5b). Although the difference is not significant, the
addition of anionic surfactant slightly increasté solubility of 2-HDG and 2-HDM in
water and thus, the CAC of 2-HDG and 2-HDM increlse higher concentrations.
These indicate that the anionic surfactants haveerbmteraction with the polar head
group of glycolipids (nonionic surfactants) througim dipole interactions (hydrogen
bonding) [4,7,14], resulting them better solubilizen agueous media. However, the
CAC of 2-HDM/anionic mixtures are still higher th#mose of 2-HDG/anionic mixtures

as shown imable 4.1.
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Figure 4.5: Surface tension profiles of (a) 2-HDG and (b) 2-HEMne and mixed
with SDS or AOT as a function of log concentratair25.0 °C.
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Table4.1: The CAC values of 2-HDG and 2-HDM alone and mixethw®DS or AOT
in aqueous solution at 25.0 °C. The 2-HDG or 2-HBBIS or AOT ratio was fixed to
10:1.

Surfactant solution CAC, mM
2-HDG 0.007
2-HDG/SDS 0.008
2-HDG/AOT 0.009
2-HDM 0.0085

2-HDM/SDS 0.0095
2-HDM/AOT 0.010

4.5.2 Binary Phase Behaviour of 2-HDG/Water and 2-HDM/Water Systems

The binary phase behaviour of 2-HDG and 2-HDM frén®02 wt% to
0.050 wt% in water were studied at various tempeest From the pseudo-binary phase
diagram of 2-HDG/water systerfigure 4.6a), a one-phase region (isotropic solution,
L) was observed from 0.002 wt% up to 0.006 wt%, e a one-phase region of
2-HDM/water system Kigure 4.6b) is only observed up to 0.002 wt% at 25.0 °C.
Two-phase region has been observed at a highereotation than 0.006 wt% and
0.002 wt% of 2-HDG and 2-HDM respectively. An irgsting observation in the
2-HDG and 2-HDM phase diagrams is the solubilitysaffactant in water increased
with temperature at lower concentration. As caisden inFigure 4.6a, the solubility of
0.008 wt% of 2-HDG increased at 45.0 °C, while 0.0t% at 70.0 °C (one-phase
region). On the other hand, the solubility of 0.080®%6 of 2-HDM is increased at
75.0 °C, while that for 0.006 wt% is at 80.0 °C ahdt for 0.008 wt% is at 90.0 °C

(one-phase region), as showrHigur e 4.6b.
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Figure 4.6: Pseudo-binary phase diagram of (a) 2-HDG/water (@d®-HDM/water
systems as a function of temperature. One-phasenr@dj isotropic phase (grey) and
two-phase region of (a) an inverted hexagonal diqurystalline phase and (b) lamellar
liquid crystalline phase dispersed in water (white)
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The occurrence of phase separation (two-phase®earistence) is probably
because of the attractive Van der Waals force letvwbe aggregates increases with
increasing aggregates sizes and the minimum agegsegderaction curve exceeded the
thermal motion [4,7,14]. Furthermore, the lamefibase of 2-HDM is difficult to swell.
This fact implies that there is no or little undigas in the lamellar structure (2-HDM)
compared to hexagonal (2-HDG), which can give tisea long-range stabilizing
repulsive effect. The solubility of maltoside aldiffers from the glucoside. This is due
to its molecular structure, molecular weight andapty, which is much higher
compared to glucoside.

According to the previous optical polarizing miazopy and small-angle X-ray
scattering results (Chapter 3), it can be shown ithdahe two-phase region, 2-HDG
forms colloidal dispersions of inverted hexagomgid crystalline phase in the agqueous
solution. These dispersions, denominated hexosanegsnown to form in region of the
phase diagram, where an inverted hexagonal phagec@iéxists in equilibrium with an
aqueous solution, made of excess water [80,88hduld be noted that the formation of
hexosomes has been described in water/glycerol obeaie/tricaprilin systems [65]
although the presence of a stabilizer such as Rilufel27 was found to improve their
stability [88]. On the other hand, the two-phasgiae of 2-HDM can be attributed to
the lamellar liquid crystalline () dispersion in water, which led to the formatidn o

vesicles [162-164].
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453 Hexosomes Formation from 2-HDG

Dispersion of 2-HDG in water results to the forroati of hexosomes
(Figure 4.7) from an inverted hexagonal liquid crystalline phaThe presence of an
inverted hexagonal phase is due to the surfactastsgsses rather hydrophobic
characteristic. The large hydrophobic part in the/labranched-chain and the single
glucose unit in the hydrophilic part tip the hydndje-lipophilic balance to favour the
formation of an inverted hexagonal phase. Indelkd, durfactant packing parameter
(P = viayl) [33] of 2-HDG is 1.45. A necessary condition the formation of inverted
structures is wheR > 1 [4], thus the value of 1.45 obtained for tha&cgside derivative

confirmed the formation of an inverted hexagonalgeh

Figure4.7: An example of 2-HDG hexosomes sample.

The actual size, inner structure and morphology tleé well-organized
hexosomes in water have been further charactebyentyo-TEM, whereas the particle
shape, size distribution and stability of hexosomvese investigated by SLS and DLS

techniques.
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Static Light Scattering (SLS)

The static light scattering was conducted for 2&@1hexosomes sample.

Different angles were measured to determine theatiygarticles size in the hexosomes

system as shown ifable 4.2. The purpose of this measurement is to have aralbve

idea of the expected particle size and shape obdmres, before cryo-TEM being

conducted as a confirmation of hexosomes formafibws,Figure 4.8 shows the most

rationalized hexosomes particle’s shape is thatsghere.

Table 4.2: Static light scattering measurement at differemfies
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50° 390
90° 123
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Figure 4.8: Static light scattering of 2-HDG hexosomes and M&L{multi-angle laser
light scattering) measurements.

Dynamic Light Scattering (DLS)

Dynamic light scattering measurement has been abedufor 2-HDG
hexosomes sample with concentration of 0.50 wt% Jdlection of this concentration
is due to the high amount of amphiphilic glycoligith aqueous medium; thus, it could
form more hexosomes patrticles in the sample. DLasmement of the dispersions
gives the hydrodynamic radius of hexosomes to beutaliO0 nm [Figure 4.9).
Figure 4.10 shows the electron micrograph of hexosomes meddoyecryo-TEM,
which are visualized as hexagonal or spherical-athggarticles of about 50-100 nm in

diameter.
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Figure 4.9: Radius distribution of hexosome dispersion withOOv% of 2-HDG in
water obtained by a Contin data analysis of dyndigint scattering results.

Figure 4.10: Cryo-TEM micrograph of hexosomes dispersion wis00wt% of 2-HDG
in water. Hexosomes are visible as dark grey hexagwr spherical-shaped particles.

As expected, the hexosome particle size measure@ripg-TEM is smaller
compared to the particle size measured by photorelation spectroscopy. This is
reasonable, since particle sizes obtained fromt kghttering are hydrodynamic radii,
I.e. the actual particle radius plus strongly bowater, which moves with the object

through the bulk phase. As a consequence, the tlydamic radius measured by
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light scattering is usually bigger than that obsenby electron microscopy, which
shows the actual radius. Moreover, it cannot béuebed that the freezing of the sample,
even rapidly performed, shrank the particles, whichuld also lead to smaller particle
sizes. In addition, the relatively high polydisprsndex obtained by light scattering
measurements (0.3) could indicate the existentéggfer particles or aggregates, which
will increase the mean radius of the DLS measurésnen

The 2-HDG/water dispersions were not stable, aagd#rticle settled down after
several days. There are several reasons for thaligpersion stability. Firstly, a weak
electrostatic stabilization could be assumed, eliengh the zeta potential of hexosome
dispersion with 0.50 wt%ef 2-HDG in water was measured to -33.5 mV, whish i
usually sufficient for an electrostatic stabiliveti Secondly, the relatively high
polydispersity Figure 4.10) influenced significantly the dispersion stabilitiyinally,
the inability of the glycolipid (2-HDG) to form lagtlar bilayers is also a factor to the
low dispersion stability. Usually, hexosomes aretipi@s of an inverted hexagonal
liquid crystalline structure, stabilized by a layar surfactant on the water-hexosome
interface. Hexosomes based on the hydrophobic arfa 2-HDG might not be
sufficiently stabilized, since the hydrophilic-liphilic balance of the surfactant does not
allow the formation of a stable double layer. Sanitases in the literatures described

the stabilization of hexosomes with Pluronics FZ8].
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454 Vesicles Formation from 2-HDM

Lamellar liquid crystalline phases form under highergy input leads to the
formation of multilamellar vesicles in watefigure 4.11), where the energy input can
be in the form of applied shear [165] or ultrasatimn [162]. This work presents
lamellar dispersions obtained by ultrasonicatiochteéque. Dynamic light scattering
measurements at 25.0 °C showed a main populatid”@tm in the hydrodynamic
radius and a wide size distribution for 2-HDM vésscsample with concentration of
0.50 wt%. The preliminary result shows that thepdigpl energy input significantly
influenced the size of vesicles. Higher energy inigd to the formation of smaller
vesicles, which might be of the unilamellar typehnu$, changing the multilamellar

structure to unilamellar.

Figure4.11: An example of 2-HDM vesicles sample.

In order to visualize the vesicles, lamellar dispar with 0.50 wt%of 2-HDM
in water was investigated by Cryo-TEMigure 4.12 shows the electron micrograph of
multilamellar vesicles (MLVS) in the range of 50610m in radius, which was smaller
than the hydrodynamic radius measured by dynangiat Iscattering. However, the
micrograph shows high polydispersity. The vesicége composed of multilayers,
which are common for the concentrated solutionshsas phospholipids [162,166].
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The number of layers can be estimated as 3-10pssreed by Cryo-TEM, and the
interlayer distance can be estimated around 3.5a#Q which corresponds to the

d-spacing measured by SAXS on the hydrated sotidcant.

Figure 4.12: Cryo-TEM micrograph of 0.50 wt% of 2-HDM dispersiavultilamellar
vesicles (MLVs) with polydisperse nature can beepbsd.

The stability of the vesicles was very low and ataiprecipitate was observed
after several days. This can be explained by thl polydispersity, which promotes
vesicles fusion, the multilamellar structure or ttenperature dependence of the
spontaneous curvature, df the surfactaritt67]. Multilamellar vesicles are obtained by
high energy input and they are therefore not inrntteelynamic equilibriun{162].

In addition, low electrostatic repulsion was observby electrophoretic mobility
measurements. The zeta-potential of -19.3 mV is Il to stabilize the vesicle

formation.
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455 Effect of Adding Anionic Surfactant to 2-HDM Vesicles

In order to enhance the stability of 2-HDM vesic¢lgseliminary studies on
2-HDM/anionic surfactant mixtures were performegoTlstandard anionic surfactants
(ASs) have been chosen for this purpose, namelpsderOT (AOT) and sodium
dodecyl sulfate (SDS).

For the preliminary test on the influence of antorsurfactants on the
aggregation behaviour of 2-HDM in water, a ratiol6f1 (wt%) of 2-HDM to anionic
surfactant was chosen. 1.0 wt% dispersions of 2-HRDT has been prepared and
appeared as more translucent compared to the porneémg 2-HDM dispersion.
However, dynamic light scattering measurementbigre 4.13) of the
2-HDM/AOT mixture shows a broad polydispersity, lwiat least two populations.
Indeed, the Cryo-TEM micrographFigure 4.14) shows two types of unilamellar
vesicles with different range of sizes which aralmnilamellar vesicles (SUVs) with
size between 20-100 nm and large unilamellar vesi¢LUVs) with size between

100-200 nm.

gamma*weight %
N
o
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Figure 4.13: Radius distribution of 1.0 wt% of 2-HDM/AOT dispes in water.
Two main populations were observed at 80 and 25 nm.
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Figure 4.14: Cryo-TEM micrographs of 1.0 wt% of 2-HDM/AOT disgéns.
Spherical unilamellar vesicles were observed, mthg that AOT induced the
formation of small and large unilamellar vesicles.

On the other hand, addition of SDS to the 2-HDMpdrision led also to a
translucent dispersion with a main hydrodynamicus@f 40 nm, which was measured
by dynamic light scattering=(gure 4.15). The radius distribution was still broad, but no
other population significantly detected by DLS. GHJEM micrographs indicated that
only small unilamellar vesicles (SUVs) were form&iigure 4.16), with size between
30-80 nm which corresponds to the hydrodynamicusdneasured by dynamic light
scattering. Thus, the stability of 2-HDM/SDS dispens was increased for more than

one week.
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Figure 4.15: Radius distribution of 1.0 wt% of 2-HDM/SDS dispen in water.
Main population was observed at 40 nm.
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Figure 4.16: Cryo-TEM micrographs of 1.0 wit% of 2-HDM/SDS dispens.
SDS induced the formation of small unilamellar ek=s.

The difference between the addition of AOT and $m&ht be explained by the
different numbers of alkyl chains of the surfactar8DS is a monoalkylated surfactant,
while AOT possesses two alkyl chains in the hydodypd part. In the aggregation
process, the presence of two alkyl chains may wistnore significantly the
organization of the 2-HDM surfactant, which ledtb@ formation of two populations
with different radii. On the other hand, the mohkgidted SDS might be more adapted
for the issue, allowing the formation of small anilellar vesicles of a single size
distribution [112,116]. However, further investigat on 2-HDM/AS mixtures will be
conducted in the future in order to optimize thetems’ stabilities in view of their

application for drug delivery.
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46 CONCLUSIONS

In glycolipids/water dispersion, the more hydropieaturfactant 2-HDG formed
an inverted hexagonal liquid crystalline dispersialied hexosomes, whereas the more
hydrophilic surfactant 2-HDM with more balanced hyghilic-lipophilic properties
formed lamellar liquid crystalline dispersion, whicled to the formation of
multilamellar vesicles (MLVs). Additions of AOT ar@DS to the 2-HDM dispersion
induced the formation of unilamellar vesicle witighner stability. This justifies further
research on the possible incorporation and reledskug could be conducted in the

future.
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Chapter 5 Ternary Nano-emulsion as Drug Delivery Systems

5.1 INTRODUCTION

This chapter will describe the influence of brardicbain glycolipids on ternary
nano-emulsion for drug delivery system. From therditure survey, the application of
glycolipids as biosurfactants has received tremaesdutention in the recent years for
examples [168-181], due to their unique propersigsh as nonionic, mild production
conditions, lower toxicity, higher biodegradabilitgnvironmental compatibility and
self-assembly properties. Furthermore, nano-emmasprepared using glycolipids have
also been reported extensively, for examples [11&1182-185]. Thus, studies on any
novel synthetic glycolipids especially those whasie closely related structurally to the
natural ones are justified.

Among the synthetic glycolipids, branched-chaincglipids provide a versatile
alternative for natural ones, since apart from aigthain hydrophobicity factor, their
double chain structure provide a suitable modet thanic the natural glycolipids.
In this study, the influence of branched-chain glygds (2-hexyldecyl8(/a)-D-
glucoside and 2-hexyldecy8{ a)-D-maltoside) on the reference O/W nano-emulsion
system of water/CremopHbEL/medium chain triglyceride oil [150] was invegited
with the inclusion of an active ingredient (a druggorporation of small concentrations
of the novel glycolipids in nano-emulsions of tlederence system is expected to have
an influence in their properties. Therefore, thiadg will contribute to the basic
knowledge on nano-emulsions and may allow for egjmanon the application field of

these novel surfactants.
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Accordingly, all nano-emulsions are further chasaged using 3D-photon
correlation spectrometer (3D-PCS), stability anatyand cryogenic transmission
electron microscopy (Cryo-TEM) in order to determiheir droplets size, stability and
images. Finally, the released drug concentratioo® fnano-emulsions and oil solution

are analyzed by high-pressure liquid chromatogrdptRLC).

5.2 MATERIALS

De-ionized filtered water (Milli-&, Millipore) with the strength of an ionic
conductivity of 18.2 puS/cm was used for all sampteparations. CremopHorEL
(Crem EL) was obtained from BASF, Germany. Mediumio triglyceride (MCT) oil
with density of 0.946 g/mL was purchased from Fagréberica, S.A.U.
(RS)-2-(3-benzoylphenyl)propanoic acid (Ketoprofé@®.9 %) was purchased from
Sigma. Potassium dihydrogen phospha&9(5 %), ortho-phosphoric acid (85.0 %) and
methanol with density of 0.79 kg/L were purchasedmf Merck, while sodium
phosphate dibasic anhydrou99.0 %) was obtained from Fluka. Dialysis bags used
the release experiments were made of regeneratédose tubular membrane —
Cellu-Sep with molecular weight cut-off of 12,000-14,d08. All purchased chemicals
were of chemical grade and used as received. Thpaprd 2-hexyldecyi/aq)-D-
glucoside (2-HDG) and 2-hexyldecfl/ a)-D-maltoside (2-HDM) were further used in

the nano-emulsion formulation as prepared by [150].
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53 METHODOLOGY

5.3.1 Preparation of Nano-emulsions

All nano-emulsion samples were prepared by low gnemulsification method
(phase inversion composition) consisting of stepvaddition of water to mixtures of
the other two components (oil and surfactant) whkiiered by means of a Heidolph
REAX top model vortex mixer [122,125Figure 5.1). The standard nano-emulsions
with 90 wt% of water and different oil-surfactaril{Cremophof EL) ratios were
prepared ranging from 60/40, 50/50 to 40/60, wreitb@ surfactants mixtures were
Cremophof EL/2-HDG and Cremoph8rEL/2-HDM with ratios of 95/5, 90/10, 85/15,
80/20, 70/30, 60/40 and 50/50. Preparation of sasnplere performed at 25.0 °C and
70.0 °C and the resulting nano-emulsions were &e@6.0 °C and 37.0 °C for 1 month

for stability study.

Stepwise
addition of
water
O Nano-emulsion
o
0il Stirring ¢
+
——- —- 0 0o
Surfactant Y LI e
-7 o o0
] o g
O E &
=] o (]

Hano-droplet

Fartex mixing at constant temperature

Figure 5.1: Low-energy emulsification method: Phase Inverst@mposition (PIC).
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5.3.2 Incorporation of Drug into Nano-emulsions

Ketoprofen (2-(3-benzoylphenyl)-propionic acid) kvitmolecular weight of
254.281 g mot (Figure 5.2) is a non-steroidal anti-inflammatory drug (NSAI®)th
analgesic and antipyretic effects, was chosen ffog dielivery study. It has a pKa of
5.94 in methanol:water (3:1) and in n-octanol:watrtition coefficient of 0.97 (buffer
pH 7.4). Ketoprofen is a white, odorless, non-hggopic, fine to granular powder and
melts at about 95 °C. It is freely soluble in etblarchloroform, acetone, ether and

soluble in benzene and strong alkali, but pradtigakoluble in water at 20.0 ° C.

Figure 5.2: Chemical structure of ketoprofen.

Ketoprofen (hydrophobic drug) was incorporated ioidsurfactant mixtures
prior to the addition of water to form the nano-ésian. Then the samples were
homogenized with a vortex mixer and then finallyken water bath at 25.0 °C. The
stability was examined by visual observation forestst 24 h after preparation. The
optimized percentage of drug, which can be encap=ililwas determined by the
stability of the drug in nano-emulsion against gpiation. The stable encapsulated

system was then carried out for drug release expeer.
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5.3.3 In-Vitro Drug Release Experiment

3.0 g of nano-emulsion containing ketoprofen wésdiin a dialysis bag and
immersed for 24 h in a receptor solution (130 mahsisting of a phosphate buffer
solution at pH 7.4 which is considered to be thegbthlood. A Mettler Toledo Seven
Easy model pH meter was used to determine the ghkedbuffer solution. The diffusion
cells consisted of three cylindrical thermo-jackietgass vessels connected to a water
bath set at 25.0 °C and closed to avoid loss @ptec solution by evaporation. The
receptor solution was stirred by means of OVAN €Mitt Heat D (MMH90E) multi-
places magnetic stirrer as showrFigure 5.3

The aliquot withdrawn was replaced with the samieme of receptor solution
in order to maintain its volume constant. The vatuof the receptor solution used,
ensured sink conditions throughout the diffusiopekments, i.e. the concentration of
the drug in the receptor solution was not highemti0% of its solubility in this
medium. Aliquots of receptor solution were withdravat time intervals for the

determination of released drug and analyzed by &at00 Series HPLC.

Thread ——%
) - 3 thermo-jacketed glass
Clip vessels connected to a

water bath set at 25.0°C

Dialvsis bag containing
Wano-emulsion + Drug

Phosphate buffer -

Magnetic stirrer

Triplicates

Figure 5.3:In-vitro drug release experiment (dialysis bag method).

112



Chapter 5 Ternary Nano-emulsion as Drug Delivery Systems

5.4 INSTRUMENTATIONS

5.4.1 3D-Photon Correlation Spectrometer (3D-PCS)

The oil droplet radius of nano-emulsion was detegdi by dynamic light
scattering (DLS) using a 3D-Photon Correlation $eceter from LS Instruments
(Fribourg, Switzerland). The 3D-cross correlatienhinology allows the suppression of
multiple scattering of turbid solutions. This instrent is equipped with a He-Ne laser
(632.8 nm). Triplicate readings of 200 s were rdedrat an angle of 90°. The radius
was obtained by a manual exponential fitting of fimst cumulant parameter. The
measurement temperatures (25.0 °C and 37.0 °C) mvanetained by a decaline bath,
which match the refractive index of glass and tloeee do not interfere with the

measurement.

5.4.2 Cryogenic Transmission Electron Microscopy (Cryo-THEV)

A JEOL JEM-1400 Cryogenic Transmission Electron fdscope (Jeol LTD.
Tokyo, Japan) with voltage acceleration of 80-200wWas used for nano-emulsions
imaging and droplet size determination. The imagese recorded with a slow scan
digital camera of Gatan 794 MSC 600HP or onto negaffor high-resolution analysis.
The resolution for this measurement is 0.14 — @9 while the magnification is 2000-
3,000,000x. The FASTEM control system with R-X EINCA micro-analyzer was
utilized for this purpose.

For samples preparation, 5.0 pL of the sample waposited on a
QUANTIFOIL®R 1.2/1.3grid and the excess was eliminated with Whatman péier.
The vitrification was done with a Cryo PreparatiGhamber (CPC) from Leica by
immersing the grid as fast as possible in liquithae. Then the frozen grids were stored

in liquid nitrogen and transferred into a Cryo-teithat was kept at -180 °C.
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5.4.3 Stability Analyzer

The stability of the nano-emulsion was studied gslight backscattering
technique. The light backscattering was performetth @ TURBISCAN MA 2000
(France) equipped with a 850 nm laser and two tmt®dor recording backscattered
light (135°), as well as transmission (0°) as showirigure 5.4 Backscattering was
recorded as a function of sample height for 24rhe detection head scanned the entire

length of samples of about 65 mm.

TN
N
Transmitted light
Incident beam A{/
- = —/Z = = P Clear zone
N \/
/ Turbid zone

/ Opaque zone
%‘/ Cell

Backscattered light

Figure 5.4: Turbiscan operating principle.
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5.4.4 High-Pressure Liquid Chromatography (HPLC)

The concentration of released ketoprofen was datednusing HPLC. The
chromatographic system consisted of a UV deteatbras 260 nm wavelength and
connected to a Waters 1500 Series HPLC pump eqlipgda a 5 mm x 15 cm x
0.46 cm Spherisorb ODS columRBigure 5.5. Ketoprofen analysis was carried out at
room temperature with a 6:4 of methanol:water (WMbile phase that was adjusted to
a pH of 1.5 withortho-phosphoric acid. 20.0L of sample was injected at a flux flow

rate of 1 mL/min. The retention time was 8 min.

Guard column and

Injection reverse phase column
loop
O Refractive
/ index detector
From d [
eluent
bottle O D

Pump \_f_, To waste
bottle

Figure 5.5: A schematic diagram of HPLC setup for drug releaggeriment.
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5.5 RESULTS AND DISCUSSIONS

5.5.1 Formation of Nano-emulsion

Three samples of nano-emulsion were prepared farelit ratios of water/non-
ionic surfactants/oil mixtures by phase inversiomposition (PIC) method and one of
these is the reference system of water/CremSpBRfMCT oil. The other two mixtures
contain this base reference system but with addd®@ and 2-HDM.

Nano-emulsion suitable for pharmaceutical applacatior oil soluble drug
(lidocaine) was previously studied by Sadurni ef230]. Sadurni et al. reported nano-
emulsion formation in the water/CremopRdEL/MCT oil system at water contents
above 50% with an oil-surfactant (O/S) ratios betmvé&0/90 and 60/40. Although they
have studied extensively this ternary system andured its phase diagram, the present
work confined the study to the region of phase iiag which contain the nano-
emulsion phase at a fixed high water content ofw@%. In order to arrive at the
optimum formulation, the oil/surfactant ratio waaried and three formulations were
prepared using O/S ratios of 60/40, 50/50 and 40ré@ nonionic surfactant used for
these three compositions was CremofihBt.. The nano-emulsion was prepared by
stepwise addition of water and continuously stgriny means of a vortex mixer to
previously homogenized oil/surfactant mixtures. &yproximately 50 wt% of water
added to all the three oil/surfactant mixtures 460/50/50 and 40/60), transparent-
bluish liquid dispersions appeared, indicating pinesence of nano-emulsions at high
water content region as shown in the phase diagfigure 5.6. However, upon
further addition of water, the nano-emulsions w40 and 50/50 of oil/surfactant

ratio appeared more opaque/milky, while that ol680appeared as translucent-bluish,
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indicating the presence of nano-emulsion with senadlroplets size. A more opaque
aspect usually indicates bigger oil droplet size anresulting lower stability. Light

scattering measurements with 60/40 and 50/50 d$uwrfhctant ratio could not be
performed due to the high opacity of the samplésisT oil/surfactant ratio of 40/60 was

selected for further studies.

Cremophot® EL
ot
Cremophor® EL f Glycolipids

Water
MCT Oil

Figure 5.6: Pseudo-ternary phase diagram of water/Crem EL/MiCat 25.0 °C.
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The effect of Crem EL/glycolipid weight ratio (fro®6/5 to 70/30) on nano-
emulsions with a 40/60 of oil/surfactant ratio wasgestigated as shown ifable 5.1.
Similarly, the nano-emulsion formations were idkati and their appearances were
recorded. Consequently, nano-emulsions (from testucent-bluish appearance) were
found in the region of oil/surfactant ratio of 40/@nd Crem EL/Gly ratios of 95/5,
90/10, 85/15, 80/20 and 70/30. Following this ides#tion, their droplet size and

stability were further investigated by 3D-PCS, 8igbAnalyzer and Cryo-TEM.

Table 5.1: Summary of different mixing ratios between wateel@ EL/Gly/MCT oil at
25.0 °C. The branched-chain glycolipids used weHbZ and 2-HDM.

W / (O/S) Ratio O/S Ratio Crem EL/Gly Ratio  PhysicdAppearance

90/10 60/40 95/5 Opaque/Milky
90/10 60/40 90/10 Opaque/Milky
90/10 50/50 95/5 Opaque/Milky
90/10 50/50 90/10 Opaque/Milky
90/10 40/60 95/5 Translucent-bluish
90/10 40/60 90/10 Translucent-bluish
90/10 40/60 85/15 Translucent-bluish
90/10 40/60 80/20 Translucent-bluish
90/10 40/60 70/30 Translucent-bluish
90/10 40/60 60/40 Opaque/Milky
90/10 40/60 50/50 Opaque/Milky
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Based on the preliminary observations, further stigations to determine their
droplets sizes and stabilities were conducted Hosé¢ nano-emulsions containing O/S
ratio of 40/60, and Crem EL/Gly of 95/5, 90/10, B&/80/20 and 70/30. The droplets
size distribution of the nano-emulsions was deteetii by 3D-photon correlation
spectroscopy. From dynamic light scattering (DLSgasurement, the droplets size
distribution of MCT Oil/Crem EL (O/S) with ratio 40 was around 110 nm. It was
significantly influenced by 2-HDG, showing an inase in size at low 2-HDG
concentration. However, increasing 2-HDG conceiutnatdecreased the size, where the
smallest size observed at a Crem EL/2-HDG rati®®fl5 which is around 70 nm
(Figure 5.7). Finally, a further increase in 2-HDG (20 and \8®%6) in the surfactant
mixture, the size was increased again. It has tonbationed that Crem EL/2-HDG
nano-emulsions with a ratio of higher than 80/20en®t stable and destabilization was
observed shortly after the preparation.

When using 2-HDM instead of 2-HDG, as the seconthstant, the emulsions
appeared more turbid and its presence did notanfla significantly the physical
appearance and the droplets size of nano-emulsro@rem EL/2-HDM up to the 80/20
ratio. The nano-emulsion droplets size obtainethffS ratio of 40/60 and Crem EL/
2-HDM of 85/15 was around 110 nrRigure 5.8). At the ratio of 70/30 for Crem EL/
2-HDM, the droplets size of the nano-emulsionseased rapidly after the preparation
which can be attributed to their low stability dicethe formation of bigger droplets

size.
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Figure 5.7: Comparison of nano-emulsion droplets radii betweeter/Crem EL/
2-HDG/MCT oil to the reference system of water/CrEldMCT oil as a function of
Crem EL/2-HDG ratios at 25.0 °C. Water content viraed at 90 wt%, whereas the
oil/surfactant ratio was selected at 40/60.
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Figure 5.8: Comparison of nano-emulsion droplets radii betweeter/Crem EL/
2-HDM/MCT oil to the reference system of water/Cr&/MCT oil as a function of
Crem EL/2-HDM ratios at 25.0 °C. Water content liaed at 90 wt%, whereas the
oil/surfactant ratio was selected at 40/60.
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5.5.2 Nano-emulsion Stability — Dynamic Light Scattering

Nano-emulsions with 85/15 ratio of Crem EL/Glycddig2-HDG/2-HDM) were
chosen for further stability tests, based on thevabresults. Since a significant
reduction of oil droplet radius could be observemif Crem EL/2-HDG nano-emulsion
system, an increase in stability was expected. mestigate the influence of the
branched-chain glycolipids on the nano-emulsiontesys the effect of temperature
during preparation and storage of the nano-emudsizas also tested.

The optimum nano-emulsions in term of lowest drbgiee, with a 85/15 of
Crem EL/Glycolipid ratio were therefore prepare®ai0 °C and 70.0 °C. The storage
temperature was fixed at room temperature (25.0 @) also at body temperature
(37.0 °C) to study the suitability for pharmaceati@pplications. 12 samples were
prepared and their details (surfactants composiopreparation and storage
temperatures) are listed fable 5.2 Further, the nano-emulsions droplets radii were

determined by 3D-PCS (DLS) at 25.0 °C and 37.0 °C.
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Table 5.2: Lists of nano-emulsion compositions as well ashdir preparation and
storage temperatures. Water content was fixed tovt99, whereas the oil/surfactant
ratio was 40/60 and the Crem EL/Glycolipid ratiosvelected to be 85/15.

NanO-emU|S|0n Tpreparation, OC Tstorage OC % Crem EL % 2'HDG % 2'HDM

1A 25 25 100

1B 25 37 100

1C 70 25 100

1D 70 37 100

2A 25 25 85 15

2B 25 37 85 15

2C 70 25 85 15

2D 70 37 85 15

3A 25 25 85 15
3B 25 37 85 15
3C 70 25 85 15
3D 70 37 85 15

The nano-emulsion systems were inspected visuallyveere found to possess
translucent-bluish appearancésigure 5.9 shows 1A-1D, 2A-2D and 3A-3D
nano-emulsions at 1 day (24 hours), 1 week and atimof storage in water bath at
25.0 °C and 37.0 °C. As can be seen,2Ae2D nano-emulsions, which are based on
Crem EL/2-HDG, are more translucent-bluish thars¢hof nano-emulsions based on
Crem EL only and Crem EL/2-HDM. The more translucentiftu aspect usually
indicates a smaller droplets size. The nano-emmdi@came more turbid after 1 month
storage time, which indicates an increase in dtsptéze. The higher the storage

temperature (37.0 °C), the more turbid the samplsame and therefore it is not
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suitable for the Crem EL/2-HDG nano-emulsion. Hoare\nano-emulsions based on
Crem EL only and Crem EL/2-HDM were less affectedheir physical aspects up to
1 month storage at 25.0 °C. They also became radoaltat higher storage temperature

(37.0 °C) similar to those of Crem EL/2-HDG nanoudsion.

Storage Time Storage Temperature

1 day
1 week
1A12a]3A1 1] 2G 3¢
5 LY 3 = i ik 3
Lol e L
D
1 month

d C d
b . 3
m-i-.

Figure 5.9: Nano-emulsions physical appearance of Crem EL @iAy1D), 85/15 of
Crem EL/2-HDG (2A-2D) and 85/15 of Crem EL/2-HDMA3D) at 1 day, 1 week
and 1 month of storage time in water bath at 2&@&nAd 37.0 °C. Refer to Table 5.2
for the nano-emulsion compositions.
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Subsequently, the nano-emulsions were studied atargly by dynamic light
scattering (DLS) to determine their oil dropletslireas a function of times and to

confirm the visual observationBigure 5.10.
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Figure 5.10: Nano-emulsion droplet radius (nm) of (a) Crem EUyo(ilA-1D),
(b) 85/15 of Crem EL/2-HDG (2A-2D) and (c) 85/15@fem EL/2-HDM (3A-3D) as a
function of storage time and temperatures of 25X ghd 37.0 °C. Preparation
temperatures are 25.0 °C (A, B) and 70.0 °C (C,R®fer to Table 5.2 for the nano-
emulsion compositions.

Figure 5.10shows the oil droplet radius of (a) Crem EL, (@ EL/2-HDG
and (c) Crem EL/2-HDM nano-emulsions as a functbtime for the two preparation
temperatures (A, B: 25.0 °C and C, D: 70.0 °C) #mel two storage temperatures
(25.0 °C and 37.0 °C). The nano-emulsions of tHereace systemHgure 5.103,
without glycolipid surfactant, were not significgninfluenced either by the preparation
or the storage temperature. After 14 days, a simedéased of droplet radius could be
observed in all nano-emulsions, being the mostestifat was prepared at 25.0 °C and

stored at 25.0 °C (1A).

125



Chapter 5 Ternary Nano-emulsion as Drug Delivery Systems

Compared to the other nano-emulsion systems, Cig@+HDG (Figure 5.10b
exhibited the smallest initial droplet radius. Mover, we observed a significant
temperature effect on the prepared nano-emulsidi@io-emulsions prepared at
70.0 °C (2C-2D) possessed an initial oil dropletiwa of about 15 nm, whereas those
prepared at 25.0 °C (2A-2B) were twice bigger (35r8n). The storage temperature
had also influenced on the stability of Crem EL/R® nano-emulsions. The size of
nano-emulsions stored at 25.0 °C (2A and 2C) didchange within the experimental
observation period of 4 weeks, while the nano-emontsstored at 37.0 °C (2B and 2D),
showed a rapid increase in size. This might beusscaf 2-HDG is more lipophilic and
does not stabilize the nano-emulsions at higherpésatures. Another possible
explanation is due to the destabilizing effect loé surfactant layer at the water-oil
interface at higher temperature. The thinner thdastant layer, the easier the oll
droplets can change the radius by Ostwald’s riperon coalescence mechanisms.
However, due to small droplets size, the nano-eiondsare stable against creaming or
sedimentation [14,18,122].

On the other hand, the droplet size and stabilityCeem EL/2-HDM nano-
emulsions Figure 5.109 are less dependent on preparation and storageetatures,
and these slightly increased within 4 weeks. Titrem EL/2-HDM nano-emulsions
are stable upon storage time. This might be dubdanolecular properties of 2-HDM
which is more polar (hydrophilic), and make the es@@mulsions more stable in any
conditions in 90 wt% of agueous medium. Nevertlgldse nano-emulsions prepared at
70.0 °C (3C-3D) gave slightly bigger droplet radihsin those prepared at 25.0 °C

(3A-3B) and a slight increase in size after 28 dags observed.
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5.5.3 Nano-emulsion Stability — Light Backscattering

The stabilities of the three nano-emulsions prepared stored at 25.0 °C were
also investigated by light backscattering measurgsn€lurbiscan analysis). In all the
three nano-emulsion samples, Crem EL only (1A), nCrEL/2-HDG (2A) and
Crem EL/2-HDM (3A), the backscattering signal diet nchange during 24 h.
Figure 5.11shows the backscattering measurement (in backsicagtintensity, %) of
(@) Crem EL nano-emulsion, (b) Crem EL/2-HDG nanuiksion and (c) Crem EL/
2-HDM nano-emulsion as a function of sample heighie fact that no changes could
be observed implies that the droplets radius angletrs number did not change during
24 h. Moreover, since changes of the backscatiegktdintensity can be detected also
for particle migration (creaming or sedimentatiomjch is not yet visible for the naked
eye, the complete overlap of the backscatteringyesurin Figure 5.10 over 24 h
indicates a long term stability.
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Figure 5.11: Back Scattering (%) of (a) Water/Crem EL/MCT ¢d) Water/Crem EL/
2-HDG/MCT oil and (c) Water/Crem EL/2-HDM/MCT oil amo-emulsions as a
function of sample height (mm) at 25.0 °C. Data gixeen for different period of time
up to 24 h. Water content was fixed at 90 wt%, whsroil/surfactant ratio was 40/60
and Crem EL/Glycolipid ratio was 85/15.
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For better visualization, the backscattering akadf sample height of 2000 mm
was plotted as a function of timEigure 5.12. The backscattering remained constant
over the whole measurement period for all nano-simmlsystems. The differences in
backscattering intensity can be explained by théerginces in oil droplet size.
Principally, backscattering uses multiple scattgrinherefore, the more particles are in
the sample, the higher the backscattering intensitg composition of the three nano-
emulsions tested by light backscattering was idah&xcept for the surfactant, and as
mentioned above, the oil droplet size of Crem BHRS& nano-emulsion is much
smaller than the other two. Consequently, for #maes oil volume fraction, the number
of oil droplets must be higher for Crem EL/2-HDGinaemulsion and indicated by the
higher backscattering intensity. Therefore, thekbeattering intensity irfrigure 5.12
confirms the results obtained by DLS. Indeed, ther@o changed in the physical

appearance of all nano-emulsions samples after 2#iehsurements as shown in

Figure 5.13
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Figure 5.12: Backscattering (%) at a fixed sample height (1060 of Crem EL (1A),
Crem EL/2-HDG (2A) and Crem EL/2-HDM (3A) nano-emiohs as a function of
measurement time.
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Figure 5.13: Nano-emulsion samples of (a) Water/Crem EL/MCT ¢il) Water/
Crem EL/2-HDG/MCT oil and (c) Water/Crem EL/2-HDM@T oil after 24 h
measurements. Water content was fixed to 90 wt%ereds oil/surfactant ratio was
40/60 and Crem EL/Glycolipid ratio was 85/15.

5.5.4 Nano-emulsion Characterization

Cryo-TEM micrographs were used for visualization tbe nano-emulsions
prepared and stored at 25.0 ¥gure 5.14 shows the electron micrographs and the
corresponding size distribution obtained by stat$tanalysis of the nano-emulsions
with Crem EL only (1A), Crem EL/2-HDG (2A) and CreBEL/2-HDM (3A). The
mixed Crem EL/glycolipid ratio was 85/15. A morenmageneous character of the
Crem EL/2-HDG (2A) nano-emulsion in comparison witte Crem EL (1A) and
Crem EL/2-HDM (3A) nano-emulsions is observed. Tikiseflected by a narrower size
distribution. In addition, the number of dropletsthe Crem EL/2-HDG nano-emulsion
seems to be higher than that in the Crem EL andn(#&/2-HDM nano-emulsions,

which is in agreement with the results obtainedidiyt backscattering measurements.
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The mean droplet radius of the nano-emulsion base@rem EL only is about
12-13 nm, while those of Crem EL/2-HDG and CremZHDM nano-emulsions are
about 8-9 nm and 13-14 nm respectively. This réflehe same tendency of droplet
radius obtained by light scattering. Crem EL/2-HD@no-emulsion possessed the
smallest oil droplets radii, whereas those of Ciemand Crem EL/2-HDM nano-
emulsions have nearly similar radii. Moreover, #iwee distribution of Crem EL nano-
emulsion is wider than Crem EL/2-HDM. This explaithe slightly lower long term
stability, since higher polydispersity (wide dibtition) enhances particles’
agglomeration and Ostwald ripening process [1868].eRpected, the mean oil droplets
radii obtained from Cryo-TEM are smalldfigure 5.14 compared to that obtained by
dynamic light scatteringHjgure 5.10. This is reasonable, since droplet sizes obtained
from PCS measurements are hydrodynamic radiithe.actual object radius plus a
strongly bound water shell, which moves with thgeobthrough the bulk phase. As a
consequence, the hydrodynamic radius measured HY@G®is usually bigger than the
actual radius observed by electron micrographs.elher, it cannot be excluded that
the freezing of the sample, even rapidly perforrffesin an aqueous diluted state to a
dried and highly concentrated state), shrank thedmiplets leading also to smaller

droplets radii.
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Figure 5.14: Nano-emulsiondroplets size images under cryo-TEM and the size
distributions of ternary (a) Water/Crem EL/MCT @) Water/Crem EL/2-HDG/MCT
oil and (c) Water/Crem EL/2-HDM/MCT oil at 25.0 °C.
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5.5.5 Drug Delivery Study

5.5.5.1Drug Incorporated-Nano-emulsion

The optimized percentage of drug incorporated wasrchined by the stability
of drug in the nano-emulsion against precipitatidime amount of drug to be
incorporated into nano-emulsion was chosen by ¢tpkimo account the maximum
solubility of drug in the dispersed phase and ttmomplishment of sink conditions in
the receptor solution during the release experimeAccordingly, the amount of
ketoprofen (KT) incorporated into the nano-emulsiomas 0.50 wt% in the final
composition. From observation, the drug was unstabthe nano-emulsion system and

precipitated after few hours, when the percentadrgher than this amount.

5.5.5.2In-Vitro Drug Release Study

The release of ketoprofen (KT) from the selectag@dghano-emulsions to the
receptor solution was determined as a functionirag tduring 24 h at 25.0 °C by
dialysis bag method. Although dialysis membraneghmiinfluence the release
behaviour of molecules [187-188], it is not likeédyoccur in this study, since the chosen
membrane molecular weight cut-off is much highe2,@D0-14,000 Da) than the
molecular weight of ketoprofen (254.28 g mpl Additionally, the pH of receptor

solution was selected at pH 7.4 considering thepblood.
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The release profiles of the ketoprofen from the iomadchain triglyceride oil

solution and those from three nano-emulsions avesshn Figure 5.15
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Figure 5.15: Release profile of ketoprofen from the MCT oil d@a and from the

three nano-emulsions: water/Crem EL/MCT oil, waleem EL/2-HDG/MCT oil and

water/Crem EL/2-HDM/MCT oil as a function of timé 25.0 °C. The nano-emulsion
composition was 90 wt% water content, whereas @5Grem EL/Glycolipid ratios of

40/60 and 85/15 respectively.

Three qualitative observations can be drawn froesetrelease profiles. Firstly,
at shorter times, the release profiles were apprately the same for all nano-
emulsions and MCT oil solution. Secondly, the re¢eaf ketoprofen is faster from the
nano-emulsions compared to from the MCT oil solutad longer times (from 3 h to
24 h). Thirdly, there is no significant differenicethe release of drug between the three
nano-emulsions. Hence, although these novel glgessinfluenced the oil droplets size

and enhanced the stability, they did not affectdthey release from the nano-emulsions.
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Table 5.3shows the amount of ketoprofen released after 4rh the systems
under studied. The release of ketoprofen was alh@8% by a fast mechanism from
these nano-emulsions. Compared to the MCT oil mwlutthe release is faster and
therefore is enhanced. As a consequence, theséman@emulsions can be considered
as promising drug delivery systems, for oral oridap administration of drugs

(anaesthetic or analgesic), where a fast respsmegjuired.

Table 5.3: Amount of ketoprofen (KT) released after 24 h.

System KT Released (%)
Water/Crem EL/MCT oll 98.4
Water/Crem EL/2-HDG/MCT oill 98.6
Water/Crem EL/2-HDM/MCT ol 94.5
MCT oil solution 93.3

In order to understand the release mechanism xiherienental results were first
compared with theoretical curves, using simulabased on Fick’'s second law. Neither
the ketoprofen oil solution nor the nano-emulsiamusated values matched the
experimental points, which indicate that the lipdiphdrug does not release according
to a pure Fickian diffusion but through a more ctermrug transport mechanism.

Besides Fick’s law, other mathematical functionsemgesed, such as zero order
[136-137] and first order [138-139] as well as Hibgus law [140-141], Weibull
[142-145] and Korsmeyer-Peppas models [146-14%nkxRation of the linearization of
the release curves with the above mentioned theogieealed that the best results were
obtained with the Weibull's distribution functionTgble 5.4. Determination

coefficients,R? are higher than 0.98 and could be obtained fahetle nano-emulsions.
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Table 5.4:Determination CoefficientsR¢) of Weibull Model.

System Replicate 1  Replicate 2 Replicate 3

MCT oil solution 0.99358 0.99724 0.99715
Water/Crem EL/MCT oil 0.98748 0.98472 0.98663
Water/Crem EL/2-HDG/MCT oil 0.98243 0.98510 0.98515
Water/Crem EL/2-HDM/MCT oil 0.98306 0.98290 0.98358

Weibull's distribution is based on an empirical rebdnot deduced from any
kinetic fundamental and is related with drug digsioh kinetic properties. This model
permits the characterization of the drug-releasegss through the shape paramgter
obtained from the fitting of the experimental raleaesults [142-145,188]. In this work
the values off were in the range of 0.75 — 1.01, which accordmnthis model indicates
a combined complex release mechanism, where otbeegses, in addition to diffusion,

are also important.

5.6 CONCLUSIONS

The effect of two new synthetic branched-chain glyids (2-HDG and
2-HDM) on nano-emulsions of Water/CremophdtL/Medium chain triglyceride oil
system was studied by replacing partially CremoPhBt with the glycolipids.
In summary, 2-HDG possesses a higher impact onlaetroadius, leading to smaller
droplets and higher stability at storage tempeeatfi?5.0 °C than the reference system.
On the other hand, 2-HDM slightly improved the prdpes of the reference nano-

emulsion in terms of droplet size and storage stability.
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The release pattern for ketoprofen from nano-emonssiof the reference
Water/Cremoph&t EL/Medium chain triglyceride oil system to a retmpsolution was
not influenced by the presence of 2-HDG and 2-HMéwever, ketoprofen release
was faster from all nano-emulsions compared taaadstrd medium chain triglyceride
solution. Fast release is desirable for drugs, whie used for analgesic and antipyretic
applications. Thus, these glycolipids stabilizednax@mulsions are interesting

candidates for potential pharmaceutical application
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6.1 CONCLUSIONS

The present PhD research describesPtiysico-chemical Characterization of
Branched-chain Glycolipids for Drug Delivery System, comprising four main
research categories. The first is Synthesis of &rad-chain Glycolipids, the second
Physico-chemical Characterization of Branched-cl@lycolipids, followed by Binary
Phase Behaviour of Branched-chain Glycolipids/W&gstem towards Formation of
Hexosomes and Vesicles, and finally, the Influeat®&ranched-chain Glycolipids on
Ternary Nano-emulsion as Drug Delivery Systems.

Natural and synthetic glycolipids have drawn mudterdion due to their
nonionic, non-toxic, biocompatible and biodegradaptoperties. Because of the high
cost of producing pure natural glycolipids, synihisubstitutes are always in demand.
Therefore, new nature-mimic branched-chain glycdéipwere synthesized, namely
2-hexyldecylg(/a)-D-glucoside  (2-HDG) and  2-hexyldec§lta)-D-maltoside
(2-HDM), whose structures are closely related s@epto-glycolipids. Both 2-HDG and
2-HDM have identical carbon numbers in the hydrdpbahains (@) but differ in
their head group polarity, thus differing also ydrophilic-lipophilic balance (HLB).

2-HDG and 2-HDM are two new nature-like branchediahglycolipids with
interesting and rich phase behaviours. In a thewpat study, the more hydrophobic
surfactant 2-HDG was characterized by a columnaaseh whereas the more
hydrophilic surfactant 2-HDM exhibited a smecticphase. In a lyotropic study (from
high to low water gradient), 2-HDG showed two phas@sitions, namely isotropic
phase (L) - inverted hexagonal phase (- whereas 2-HDM showed three phase
transitions, namely isotropic phase (L) lamellar phase () — smectic A phase

(SmA). X-ray scattering confirmed the OPM resuftsvhich 2-HDG was characterized
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by hexagonal phase in the dried and hydrated favimereas 2-HDM exhibited a
lamellar phase in the hydrated form.

In glycolipids/water dispersion, the more hydropicaurfactant 2-HDG formed
an inverted hexagonal liquid crystalline disperstatied hexosomes, whereas the more
hydrophilic surfactant 2-HDM with more balanced hyghilic-lipophilic properties
formed lamellar liquid crystalline dispersion whilgd to the formation of multilamellar
vesicles (MLVs). Additions of AOT and SDS to theHBM dispersion induced the
formation of unilamellar vesicles with higher siii

In continuation, ternary phase behaviour was ingattd. The behaviour of
2-HDG and 2-HDM in nano-emulsions of a ternary watenionic surfactant/oil system
was studied with the inclusion of an active ingeedi (ketoprofen). In this work,
nano-emulsions were prepared by low energy emedgifin method: phase inversion
composition (PIC). The preparation method involeejing the temperature constant,
but changing the composition during the emulsifaaprocess. The effect of these two
synthetic branched-chain glycolipids on the refeeenO/W nano-emulsion of
Water/Cremophdt EL/Medium chain triglyceride oil system was stubliey partially
replacing Cremoph8rEL with the glycolipids. As a result, the optimurano-emulsion
formulation with small droplet size and higher gigbis the system with oil/surfactant
and Cremophdr EL/Glycolipid ratios of 40/60 and 85/15 respechjvin 90 wt% of
water. 2-HDG possessed a higher impact on droptéts, leading to smaller droplets
and higher stability at storage temperature of 2&@han in the case of the reference
system. On the other hand, 2-HDM slightly improvbd properties of the reference

nano-emulsion in terms of droplet size and stotage stability.
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The release pattern for ketoprofen from nano-eronssiof the reference
Water/Cremoph&t EL/Medium chain triglyceride oil system to a retmpsolution was
not influenced by the presence of 2-HDG and 2-HDMé@wever, ketoprofen release
was faster from all nano-emulsions compared taaadstrd medium chain triglyceride
solution. Fast release is desirable for drugs, whie used for analgesic and antipyretic
applications. Thus, these glycolipids stabilizednai@mulsions are interesting
candidates for potential pharmaceutical application

In conclusion, both branched-chain glycolipids ooty provided alternative
nonionic surfactants with rich phase behaviour awersatile nano-structures
(hexosomes, vesicles and nano-emulsions), butcalslal be used as new drug carrier

systems in the future and are also suitable as-eandsion stabilizing agents.
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6.2 MOTIVATION FOR FUTURE WORK

Sugar-based surfactants have recently drawn muemtian owing to their
nonionic and bio-based surfactant properties [50] af these glycolipids are amongst
the most popularly used because they can be faumndture [51] or synthesized from
cheap natural resources (e.g. APG) [53].

This future research is designed to synthesis bedichain alkyl glycosides for
surfactant functions [49] whose structures closelynic many cell wall materials
(e.g. ceramides). They are also designed to cleraetthe physico-chemical properties
and binary and ternary phase behaviours for coamieaé and pharmaceutical
applications. We will focus on several glycosidegls as glucoside, galactoside,
maltoside and lactoside.

A set of fundamental investigations can be condldateorder to understand
their physico-chemical properties which are impairia the formulation of hexosomes
[87-88], cubosomes [87] nano-vesicles [159], namadsions [122,150] and emulsion
[4,189]. These include the measurements of theimtlal properties, structural patterns
and textures in thermotropic and lyotropic phasesical aggregation concentrations
(CAC), phase behaviours and their stability upooaragge time for drug delivery
applications.

This research will further explore the formationdastability of glycolipid
emulsion creams. The kinetic stability of the enmmssystems will be assessed by
measuring droplet size and rheological propertsea function of time. A unique feature
and innovation important in cosmeceutic formulasiofemulsion cream) is the
appearance of the final product. This is measudonly by the performance of the
active component, but also by the psychologicalactgrheological properties) of the

product on the consumer.
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Besides, we will also further investigate the fotimaand the stability of nano-
emulsions. In this research, nano-emulsions will ppepared by using low-energy
emulsification methods. Two techniques will be &gl firstly by changing the
compositions at a constant temperature (phasesiowvecomposition) and second by
changing temperatures at a constant compositioras@hinversion temperature)
[122,189]. The kinetic stability of the nano-ematsisystems will be assessed by
measuring droplet size as a function of time.

For these reasons, this proposed research willhegiste technical grade
branched-chain glycolipids and use them extensiwrelhe formulation together with
specialty materials for high-value applications rsugs drug delivery systems for
cosmeceutical and pharmaceutical applications [45[, where the surfactants are

biocompatible, biodegradable, nonionic and noneaxinature.
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FTIR Spectra
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Pascasiswazah (PPP), University of Malaya

Project number: PS242 / 2009A

AWARD

Name of Award : Travel Grant to Participate Nanoformulation 2011
Conference, Singapore
Awarding Institution: Integrating Nanomaterials in Formulations (Infoym)

urBpean Union FP7

Award . Certificate and money
ATTACHMENTS
Program : Researcher Exchange Programme

Host Institution : Instituto de Quimica Avanzada de Catalufia (IQAC)
Consejo Erpr de Investigaciones Cientificas (CSIC)

Host Country : Barcelona, Spain

Duration of Visit : 26 May — 9 June 2012

Sponsor/Financier: Integrating Nanomaterials in Formulations (InFarm)

European Unior/FP
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Program

Host I nstitution

Host Country
Duration of Visit

Sponsor/Financier:

Program

Host I nstitution

Host Country
Duration of Visit

Sponsor/Financier:

. Overseas Research Programme

. Instituto de Quimica Avanzada de Catalufia (IQAC)

Consejo Erpr de Investigaciones Cientificas (CSIC)

: Barcelona, Spain

: 29 January — 3 April 2011

Ministry of Higher Education Malaysia (MOHE)

: Researcher Exchange Programme

. Instituto de Quimica Avanzada de Catalufia (IQAC)

Consejo Erpr de Investigaciones Cientificas (CSIC)

: Barcelona, Spain

: 3 May — 15 September 2010

Integrating Nanomaterials in Formulations (InFarm)

European Unior/FP
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