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Abstract

A series of selected essential hydrophobic amino acid&line, L-Leucine and L
Isoleucine were studied to prepare novelcogstalline forms for comparison with
their pure formsThe crystals of these amino acid complewese characterised by
various techniques including spectroscopy, thermal ancyXdiffraction. The
analysis has confirmed the formation of three newcrystals of LLeucinelL-
Isoleucine (compound 1), -Waline-L-Leucine (compound 2) and-Valine-L-
Isoleucine (compound 3), the first-coystalsof naturally occurring hydrophobic

amino acids with theasne chirality.

The second experimentahapter describes the use afContinuous Stirred Tank
Crystalliser (CSTCYor bulk preparation oh multtcomponent systemia an anti
solventcrystallisation process he results indicate that the process conditions used
to fabricate cecrystals of amino acidswith antisolvent crystallisation are

reproducible with regard to the fingtoductproperties, purity and yield.

In the last themea hostguest complexs shovn wherein he c(RGDfV), a cyclic
pentapeptide [c(ArgGlyAspiPheVal], forms aninclusion complexwi t R b
cyclodextrin.In addition, the batch to batch variation between two batches of the
pentapeptide procured from the same source is highlightezic(RGD1fV) andthe
inclusion complexwere characterised by differential scanning calorimdoyrier
transform infrared spectroscapgircular dichroismpowder Xray diffraction and
nuclear magnetic resonance spectrosc8aged on'H nuclear magnetic resonance
(NMR) experimentsthe possible mode of interactioof betacyclodextrirwith the
c(RGDf1V) is proposedDifferent methods to crystallise c(RGDfWatch (B1) and

its selfassembly to form hydrogel is also presented
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Introduction




Introduction

1.1. Supramolecular Chemistry

Two American researchers Dr. Donald J. Cr&n Charles J. Pedersamd a
French scientist Dr. Jedvlarie Lehn establisheda field that exploits the
fundamental role ofthe three dimensional shapes of molecules to their
chemical and biological function¥hey were awarded Nobel prizeandhave

laid the foundations of one of thaébrant and growing area of researchfor

which Lehnhad suggestedhetermiisupramoleculachemistry (Lehn, 1978
Supramolecular chemistrgr ic hemi stry beyo®tekd andie mol
Atwood, 200p emphasize the chemical systemat are developedirom the
asembly of two or more chemicat¢ntitiesheld togetheiby the weaker and
reversible non-covalent interactionsSome of the nowovalent interaction
types or bonding with their strength is summarisediable1.1 (Hoeben et al,
2005. The application of the important conceptssupramoleculametworks

like selfassemblyhostguestmolecular recognition, mechanicaliyterlocked
molecular structures and dynamic covalent chemistry have made this field
fascinating anda constantlyexpanding area ofesearch (Oshovsky et al.,
2007).

Further, understanding navalent interactionsE| Kerdawy, et al., 2012
which are vital in demonstrating many biological phenomena that depend on
these intermolecular forces for structural organisation and specific function

havegenerally laid the foundation for supramolecular research.
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Table 1.1Non-covalentintermolecular forcewith theirbonding strength

InteractionType Energy (kJ/mal
Hydrogen bonding 10- 65
Dipole - Dipole 0-50
Hydrophobic effect 4-8
pi-pi interactions 0-50
van der Waals forces <5

A well-selectedand thoughtfulcombination of supramoleculapeciesoften
transformsa single component system with new and fascinating properties and
performance when compared with the pamamponerg. For exampla 1:1
co-crystal (for definition of co-crystal see section 13}.of indomethacin and
saccharin has shown improved invitro dissolution behaviour and
bioavailability profile of the active pharmaceutical ingredient (API),
indomethacin, in dogs (Jung et al., 2010. Similarly, cocrystals of
paracetamoWith oxalic acid, naphthalengheophyllineand phenazin€arki,

et al., 2009 have bettemechanical properties comparedpure paracetamol
(Figure 1.1) thusoffering a route to prepare new compressible ®iwh
crystalline solids

The chapter will briefly describe only those concepts related to supramolecular

chemistry which are addressed in the experimental chapters of the thesis.
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LRSS —r)
«'\‘\- A

paracetamol
cocrystal

difficult tableting easy tableting

Figure 1.1Co-crystal formation showing improved mechanical

properties of paracetam(Xarki etal., 2009.

1.2. Molecular self-assembly

Molecular sefassemblyis the heart coreoncept irnthe area of supramolecular
chemistry (Lehn, 1988 It is a selftriggered phenomenoguided through
noncovalent interactioby which moleculesdopt a definedrrangementThe
molecular seHassemblyprocess can also ladtered orinduced in materials by
provision of suitable thermodynamic and environmental ca(idhotel, et

al., 2013.

Generally the molecular sedissembly is classified in two categories. These are
intermolecular self-assembly(Figurel.2a) anthtramolecular selfassembly
(Figure 1.2b). Molecular sedssembly is the basis of crystal engineering

(which will be discussedh section1.32) and also permits the formation of
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superstructures such ascelles, membranesyesicles andiquid crystals

(Ariga, et al.,2008 Rosen, 2004

[}

Self
assembly

1’

1

(@) (b)

Figure 1.2a). Cocrystal 1:1 stavudine fhethyl2-pyrrolidinone Yiterbo,
2000 b). The specific assembly of alternating &d L-amino
acid cyclic peptideesulting in nanotubg&azit, 2007.

1.3.  Crystalline solids

The properties such as physichemical, mechanical, pharmaceutical and
therapeuticetc, are often affected bthe solid stateof a compoundSinghal,
2004. Understanding crystal structure of the compound iatefmolecular
forces especially the nostovalent bonding,give knowledge about the
behaviour and the way of their interaction with similar and otherstygbe
molecules. The crystal structures are importartt a direct method to unveil
the information regarding chemical identity, molecular assembly and
intermolecular interactionsMcKellar, 2013. The three dimensional crystal
structureprovides a wealth 6 information in determining a suitable solid state

form essential for an active pharmaceutical ingredient during thelipreal
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drug developmen{Cairns, 2009, structure based drug designlg, et al,
2013 andbulk properties of the materialggadhyg, et al, 2013.
The solid state commonly exists in two forms which are generally recognised

as amorphous substances and crystalline substances (Figure 1.3).

AMORPHOUS

SOLID —» CRYSTALLINE —> SINGLE COMPONENT

¢

MULTIPLE COMPONENT

HYDRATES

SALTS | — = POLYMORPHS
SOLVATES
CO-CRYSTALS

Figure 1.3Solid form classification $ekhon, 2009

The anorphous state dd solid isregarded as a disordered material or a-non
crystalline solid form which lack systematic long order arrangement of atoms
and molecules in its structurgdllen, 1998).Amorphous substances generally
have high solubility, dissolution rate and bioavailabibity compared to their
crystalline counterparts making them ideal for pharmaceutical podudtt
stabilising these products during various manufacturing processes and storage

over a period of time can be quite difficuitlénzo et al., 2010

Crystalline forms are classified into ormmmponent phase and multi

component phases (Figuredlllike solvateand hydrate Khankari & Grant,
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1995, salt Stahl and Wermuth2002), eutecticsGherukuvada and Nangia
2014 and cecrystal forms Desiraju 2013; Stee@®013; Aitipamula et al.,
2012 Stahly 2007, where the rearrangement of the crystal packing is largely
due to hydrogen bonding and other weatermolecular forces. The covalent
bonding between atoms and molecules is not alteu¢there is a probability

to have polymorphs ofingle component othe multtcomponent phases

(Aitipamula et al., 2014

salt solvate or hydrate cocrystal polymorph

= API WA = counter- - = water/ am. = neutral
ion solvent guest

Figure 1.4 Common soligstatesingle and multcomponent forms.
(Schultheiss and Newman, 2009

1.3.1. Polymorphism

Pharmaceutical manufacturers and researchers aretdkéenelop and design

new pharmaceutical materials in order to overcome many challenges like drug
solubility, stability and other pharmaceutical properties. It has been established
that many substancesxhibit a propertyto adopt more than one crystalline
structure with thesamechemicalcomposition. This property of treaibstances

termed polymorphisn(Brittain, 2008§. Scientists are now resiing thewords
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of wisdomwhich were shared by W.C. Mcrone in the early sixties regarding

the importance of the phenomenon of polymorphism in research and agree with
his statement AThe numbers of crystal
known of a compound are proportional to the time aesburces dedicated to
the i nvest i (gsaited mBernstein, 2008 e mo

Over the last three decades there has been an increasing awareness of the
importance of polymorphism such that there has been an increasing number of
reviews and monographswering various topics of polymorphism, particularly

in the area of pharmaceutical& o d r éSpang & al., 2004; Gavezzotti,

2007; Nangia, 2008Brittan, 2010; Sarma et. al., 2031Aitipamula et al,

2014. The phenomenon also has a substantial impact on the economic and
intellectual property issues relating to pharmaceutical prodiiceésK, 2007.

For many reasons, further investigatioh polymorphism is still requiredo
understand this phenomenon anenteto control the crystalation of a

specific desired formRoy & Matzger, 2000

Polymorphism in materialdhas always motivated various industries like
pharmaceutical, agrochemical, pigments, dyes energetic materialsand
nutraceuticals etc to identify an optimal physical fornwith desirable
properties.The termactive pharmaceutical ingredient (AR$)mostly used by
pharmaceutical manufacturers to represemharmacologically activedrug
substancgGardner, et al.,2004;Fabbiani 2010 and the physicochemical
studies of such substances crucial andof considerable interest for the

community for many decadedo overcome the issues related with drug
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stability, manufacturing, regulation, marketiagd dealing with the issues of
patent preection.@yrn, et al.,19%; Hilfiker, 2006 Steed2013.

Polymorphs de to dissimilarity in their ionic or molecular assembly may
experience different intermolecular forces and the crystal structures themselves
will have different crystal energieéSurov et al. 2014. These structural
differences or packing of molecules in cryssatan causeraalterationin the
physim- chemical properties of the materaldcan be directly related to drug
substance and dosage form design including processing and stanofa
leading toa significant impact on product quality / performance like stability,
dissolution, and bioavailabilit{Gonalez et al., 2014. Conversion of a
desirable polymorphic form into an undesirable polymorphic form may cause
anunnecessary delay in the product development, production suspension
may end upn a situation leading t@a product recallRitonavir, an antivral
compoundused for the treatmentf dcquired Immunodeficiencysyndrome
(AIDS), failed its dissolution st becausea more thermodynamically stable
polymorph was identified that had lawer solubility. This new polymorph
dominated the bulkproductas well as in the formulation causing serious
problems in manufacturing as well as its availability in the niaflBauer, et

al., 2001) In this case, Norv® was recalled until a more stable formulation

using the new polymorph was developed.

Most pharmaceutical manufacturers formulate and market their products in
solid state and cannot overlook the phenomenon of polymorphism and
therefore, during the drug development phase, have started screening the drug

substance more rigorously to avoid amywanted appearance of a polymorphic
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form throughout itsshelf life. The early level investigation regarding physical
and chemical properties can bypass manufacturing problems and help in the
advancement to new strategies to develop a ifineg substace. Many new
polymorphs have been discovered for those drugs whielconsideredas
having one solid form making it a rule of thumb to screen the possible

polymorphs of an active pharmaceutical ingredient before dosage form design.

1.3.2. Crystal engineering

For a successful release of a drug to the market place, it is imperative to
develop strategies to prepare a stable physical form with the desired physical,
chemical and therapeutic properties. Scientists in industry and in the field of
polymorphism desireto achieve this control over crystallisation by
investigating various strategies gmahciples of polymorph screenir{8yrn, et

al., 1995 before the release of the drug to the marltarmaceutical
scientists are trying to find a solution to this psyhland are exploringystal
engineeringas a tool to design and construct the drug substance with a
predefined structure and physichemical propertieCrystal engineering may

be defined asit he wunderstanding of intetrmolec
of crystal packing andtilization of such understanding in the design of new
solids with desired physical amdh e mi c al (Desicaju,e1P89.iTles 0
knowledge of supramolecularchemistry and how it applies to crystal
architecture is one of the gatewagslesign and optimise a crystal form of the

active pharmaceutical substar{Besiraju, 2013.

10
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Pharmaceutical scientists are looking at this phenomenon of -crystal
engineering as an opporityn to develop new drug forms comprising of
interesting and novel properties.

The Biopharmaceutical Classification System (BCS) class Il drugs when
administered orally exhiblbw agueous solubilitandunsteadybioavailability
resulting in poor safetgndefficacy profiles. Differentstrategieshave been in

use for improving the pharmaceutical properties drugs with low aqueous
solubility like salt formation, hydrates, solublisation and micellisation
(Blagden et al., 2007. Crystal engineeringn recent timegprovided various
routes forthe improvement in physical and chemical properte#sdrugs
belonging to this BCS class Il

Crystal engineerings aninterplay of hydrogen bond amather noncovalent
intermolecular interactions thold togethertwo or more entities to form a
desirable structure and propert{@oesky and Andruh, 200Besiraju, 2010)
Crystal engineering is a multidisciplinary adventure taking organic chemistry
and material science in particular on board and providing solutiotosie the
propertiesof the crystal. The basis of crystal engineering lies in molecular
engineering Klippel, 1962 andlater been given a new way of approaching the
concept and that is suprafacular synthongDesiraju, 199%. This is a unique
relationship in between two molecules based upon their intermolecular forces
which is tailored to combine the two moleculesarsomewhat controlled
manner Lehn, 1983 Various studies in pharmaceutical and material sciences

in particulr have reported crystal engineering as a successful methodology of

11
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preparing cecrystak with enhanced and tailored properti@hakuria, et al,

2013 Millar, et al., 2012 Yan et al 20111

1.3.3. Co-crystal

According to FDA guidance notes 20i#hich classify pharmaceutical €o
crystals inregulatoryperspective agCo-crystals are solids that are crystalline
materials composed of two or more molecules in the same crystaldatticeT h i s
is a broad definition anuh the literaturemany termsuch @ hydrates, solvates,
salts,molecular complexes or adducts, inclusion complex @toich are used

to represent more or less same category of chemical combinaticcaarise
grouped in a family of mukcomponent systes{Morissette et al, 2004).

There is some difference of opinion related to the arguments of using the term
co-crystal or moleculacomplex Dunitz, 2003; Desiraju, 20Q3for a multr
component class of crystalline substances which is formed in between an active
drug substance, whoseoperties arguned or modifiedo a desired level by
making a complex, with the screened guest molecule generally bgoaient
intermolecular forces

A generally adopted definition of eor yst al s 1 s AA cocrys:
component crystal in whircall components are solid under ambient conditions
when i n t he$han apduZzaveorotkop 20p80wever, BondA.D.,

has highlighted various examples from the literature that deviate from the
general definition of c@rystal in one way or other but regarded asigstals

by the authors. Based on his arguments he emphasised on that, the-term co

crystal is fading as adivless and a constant scientific explanation to such

12
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multi-component systems and suggested that the term should be used only as

an alternative eexmpeoenseindn mfod reBoma,b mu | tcir

2007.

Example 1

cocrystal hydrate/solvate

Example 2

@ o —
el - < 0505
+ "l!={L “I'IIV 4
w© —> “' + ¥V D> ANWAANYEY
counterion /RSN *'\ water/ AN W
A salt cocrystal : salt cocrystal hydrate/solvate
coformer

Example 3

4"?!\
\-\V/ . \-VV
(o

Y ww
salt hydrate/solvate

Figure 1.5 Examples of potentiainulti-component systemgSchultheiss and
Newman, 2009

Schematic diagrams difireemulti-component systems are presented in Figure

1.5. Literature still lacks a formal and universally accepted definition of co
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crystals despite lieg popular over the last fewegrs. Many reviews and
debatesAitipamula et al., 2012)vere initiated on its nomenclature and many
researchers have postulated their version afrgstal.

Beside all controversyve are interested in the formation of ewystalsor
multicomponent systemdhe main reason fgreparingco-crystalsor multi-
component systems or molecular compteis that these systenmay change

or alter physicechemical orpharmaceutical properties such as crystal form,
solubility, and stability etc. of @harmacologicayl active ingredient without
interfering in its pharmacological activit{zor example various ecrystals of
active  pharmaceutical ingredients like itraconazole, norfloxacin,
carbamazepine, meloxicam etc., have shown modification in dissolution profile
when compared with their native stat&€hiakurig et al 2013. In many other
studies, o-crystal formation strategy illustrated the opportunity to give
solution to issues related witlinysicochemical propertigacluding solubility,

stability and bioavailability Qiao, et al 201).

Figure 1.6 Co-crystal formationto changethe optical properties of Stilbene

type organic materia{Yan, et al., 201)1

14
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Co-crystallisationhas also been exploited material science to design or tune
the propertie®f organic materials in solid state form for example in one case a
supramolecular ceorystal methodvas successfully used modify the optical
properties of Stilbenderivatives (Figure 1.6Wwhich are very attractiverganic
materials due to their optical and electrical prope(tfes) et al, 2011).

In another casehe crystal engineering approaphesents auccessful method

to prepareenergetic cecrystals of CL20 (Millar, et al., 2012. The cocrystals
highlighted thepotential to fine tune the properties at the molecular level

resultingin significant alteration in explosiyeerformance o€L-20.

1.34. Supramolecular synthonsand co-crystal design

Supramolecular sgemsthrough seHassembly from their entities into well
organisedifunctionalsupramoleculaarchitecturé (Lehn,1995 provide a new
route to construct novel materialdgngia, 2010.

Supramolecular systems are the aggregates of molecules which are i contac
with each other by noncovalerionding like hydrogen bonds etcand
knowledgeof these intermolecular forcesvhich directmolecular arrangement,
geometry and conformatiomwithin the crystalis pivotal in cocrystal design,
control and their applications. Theupranolecular assembly can also be
influenced by the size, shapdAnderson, 2011) and properties of the
components in a eorystal. The fundamental properties of specific
intermolecular interactionsan be used tdesignthe threedimensional ordered
crystal structure A strategyto design a carystal is with the use of a

supramolecular synthoriDesiraju, 1995 Merz. and Vasylyeva2010, a

15

——
| —



Introduction

rational and objectiveliaison betweersupramolecular chemistrgnd organic

synthesis Supramolecular synthorare of the followingtwo types(Walsh, et

al, 2003;

1). Supramolecular homosynthonghich involve similarsel-complementary

functional groupsnd

2). Supramoleculaiheterosynthonsvhich areformed in between different but

complementary functional groups

0O=H--- 9\ N—H- t?\
p— =
Q----H-0 *==*H=N
\
acid dimer synthon amide dimer synthon
33% 359
Homosynthon
T 4 O—H--Q
— \

()orranans H Q----H—N
acid-pyridine synthon acid-amide synthon
91% 47%
Heterosynthon

Figure 1.7 Examples showing likelihoodf few supramolecular homosynthons
and heterosynthons in the C$Dherukuvada and Nangia 2014

Supramolecular homosynthons include the carboxylic acid and amide dimers

whereas supramolecular heterosynthons include aadide pyridinehydroxyl

16
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and pyridineacid etc. Examples of a supramolecular homosyrsthemd
heterosynthosare presented in Figufe?.

One can take advantagef the Cambridge Structural Databagéroom and
Allen, 2014, a searchable repositorgf organic and inorganic crystal
structuresto identify discrete and discontinuous structuualits in adesired
supermolecule that can bprepared from well-selected supramolecular
synthonsvia co-crystallisation (Wang et al., 2014. It is established based on
CSD datathat certainsupramolecular synthons also calladtifs (Figure 1.7)
are more favourablithin crystal structures compared to other lgsguent
patternsof interaction(Cherukuvada and Nangia014).

The majority of patterns of interaction between moleculesed in crystal
engineering areconstructedvia non-covalent interactionslike hydrogen
bonding Thebrief accounbf hydrogen bonding patterns has beatensively
simplified by the using grapset analysis to hydrogen bondifighe analysisis
based orooking at the networking between molecules throbgtirogenbond
motifs as very few parameters amequired toexplain the patterns of these
hydrogenbond motifsinvolved in networkingEtter et al.,1990.

A graphset descriptor is written &.1.1(Bernstein, et al., 1995

Gad(n) Eq. 1.1

Where,

G =the type of pattern, a=the number of hydrogen bond acceptors,
d = the number of donorsn = the number of atoms in the pattern.

17
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There are foudifferent types of patterndesignatoi G n a me | AZq patt
which represeist an infinite chain,pattern iSo used foran intramolecular
hydrogen bondingfiRo representan intermolecular ringoattern and lastly

p at tD&marratedin interaction between two or more discrtéties

—H N§ \T
o O
H-._‘N
1 S(6) 2 C(6)
| o
N\ H P e o
T OO
4 AN /N *H—0 0—H
—0 0 _N/
]
~ W,
3 D%(4) 4 R7)

Figure 1.8Hydrogen bonding pattern with the grapét assignments.

Figure 1.8 presesteach type of hydrogen bonding descripbyr an example
(Wood, 2008 wherein, the intramolecular hydrogen bond pattensistingof
six atoms as in 1 would be specified as S(6) and similarly, the chain in 2 would

be designated as C(6), for the six atammlving the chain link pattern. Ithe

18
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case, when there is only one donor and one acceptor in the motif generally, no
subscriptand superscript are specified. Theter D is designated to the
hydrogen bond pattern when two or more distinct entities are involved as donor
and acceptor as in 3 there is only one donor and two acseptdrgraph set
assignment would be given a$;[@). Lastly, the ring 4 as shown in tRegure

1.18. The pattergoversa total of seven atoms, consisting of two donors and

two acceptors and therefore specified 4§/

1.3.6. Co-crystal preparation

In recent time manyreviews have discussemb-crystal system@ general and

that are of pharmaceuticaiterestin particular (Brittain, 2012 Qiao, et al.,
2017). Various strategies have demonstrated successfulsrfmutenaking ce
crystals of API including lsw evaporation, ultrasound Aher, 2010,
sublimation solid stategrinding (Friscic and Jones, 20Q0®elori, et al., 2012,

and solvendrop grinding (Friscic, et al, 2009. A co-crystal of
sulfamethazine and theophylline in a 2:1 molar ratio can be prepared by slow
evaporation(lLu and Rohani2010. Solventdrop grinding techniques proved

to be successful ipreparing cecrystal ofmeloxicam withsuccinicand maleic
acids(Myz et al., 2009) Studies alsgeportedthata co-crystal prepared from
solvent evaporation method can be formed by apglglternative methods of
mechanochemistry which may reduce the cost of production significantly and
considered to be green addpendabléWeyna et. al., 2009)n recent years
novel methods such g$CF) supercriticalfluid (Padrela et al, 2@0), and

(HME) hot melt extrusion(Paradkar, et al., 201,0Boksa et al, 2014for co-

19
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crystal formation have beesxtensivelystudied Indomethacirsaccharin co
crystals were pparedusing supercritical fluidechniquesand demonstrated

the potential of producing micro and nano size partidfesl(ela et al, 2000

Hot melt extrusion method was found to be an effective, scalable and green
method to make corystals for CaffeineOxalic acid, Nicotinamidérans
cinnamic awa, Carbamazepin8accharin, and Theophyllir@itric acid
(Daurio et al., 201) The HME technique has shown great potential to prepare
pharmaceutical &crystal agglomerates of ibuprofen and nicotinamide in 1:1
ratio (Dhumal et al., 2010 The HME methoddemonstrated its utility as a
scalable and solvent free technique to preparerystals of pharmaceutical

importance Maniruzzamaret al,2012).

1.4, Molecular self-assembly and peptide based hydrogel

Over many yearsresearchers and scientists of various fields of physical,
chemical and biological sciences have shown keen interest in supramolecular
selfassembly. The disciplineot only serves asa model for understanding
molecular recognition andelfassembly butlso investigatedfor designing
extraordinary novel materia{akshmananet al., 2012 and bidechndogical

applicationgLoo, et al.,2012.

1.4.1. Hydrogels
Gelsaresolid or jellylike materials andhey have beereceivingconsiderable
attentionin recent yearsA large number of moleculegarticularly small

molecules uader suitable conditions have the tendency to selésemble in

20
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solution The selfassembly of these molecular gelatogsves a three
dimensional crosBnked network structure The network formed by the
gelating moleculefas the capability to tragnd immobilisea high content of

solventin the interstitial spacesesulting in a gelFigure 1.9)

Gel —

Self Assembly

NV

Cap —

Figure 1.9 Structure of the(RGDfV) a cyclic pentapeptidehich self

assemblgto form a hydrogel

A hydrogel is comprised of thre€imensional network structures of low
molecular weight (molecular gelators) orgarégompound which do not
dissolve in waterHowever, they swell and demonstrateamaing capacityto
immobilisea high load ofwaterin the network matrix through intermolecular
interactions between the network and waidre gel in whicha meshtype
networkis formed through long, thin and flexible fés are more efficient to
hold the solvent molecules as compadhort filves (Maity, 2008.

Hydrogel arecategorised in many ways hugually classified aa chemical gel
or a physical gel based on their cross linking natdigf(tnan, 2012 Chemical
gels arepermanent gelsn which the crosdinked network isheld due to

stronger and stable covalent bonddereas, the Ipgsical gel contains
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molecularnetworksthat are formed by weak intermoleculaforces including
hydrogen bonding or hydrophobic interactio®gng et al., 2008 Cross
linked networls based on nowovalent bondsare reversible, and can be
disruptedas a response to a stimsl(Figure 1.10) which may be a physical,

chemical or biochemical in naturBi(noes et al., 20}2

H,0,

Ascorbic
acld

Heat

Cool

Figure 1.10. Supramolecular hydrogel demonstratsogmer e ver si bl e
transitions triggered by various physical and chemical stimuli
(Sun et al., 2013

Physical stimuli may includéemperaturgMah and Ghosh 2033 UV light
(Zhao and Stoddart, 209@nd mechanical stresXig et al, 2013 etc. whereas,
chemical stimuli which can cause abrupt and significant changes in hydrogel
properties includ@H and chemical agen{&rogsgaard et al, 2013Sun et al.,
2013. Due to theirextraordinarycapability toentraphigh water content and

general lcompatibility, hydrogels are investigated invariety of applications

gel
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such asdrug delivery and biomedical applicationsPatel and Mequanint,

2011).

1.4.2. Peptidebasedhydrogels

An attractivepropertyof peptides and proteins is that they caalfassemble
(depending on the sequence of amino gdmisvater with specificitythrough
noncovalent interactionsThis fascinating property highlighted them as a
considerableclass of softmaterials Weak interactions particularly hydrogen
bonding, hydrophobic intactions, and electrostatic interactions are the forces
responsible for peptide sedssembly $mith et.al2008; Johnson et.al.2011).

This feature is the basis for rational design of pepgh@aged supramolecular
systems.

Like proteins, hydrogebonding can lead to the formation of ordered
structures in peptide hydrogelwhich can be exploded into a primary,
secondary, and tertiary structure to better understand the process of gel
formation (Figurel.11). The molecular level recognition of the aggregates
determines the primary structure whereas, morphology of the aggsegatas
Uhelices b-sheets and anfiarallelb-sheets represent the secondary structures.
The tertiary structure defines the crdgsing of individual aggregates thus
leading to macrostructures likegel formation. $killing K. J et al. 2014
Peptidebased hydrogels, in recent times have been explored extensively and
specifically focussed on various classes of small peptide and polypeptide

(Panda and Chauhan, 204
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Figure 1.11Schematic representation of gel formati&ki(ling, et al. 2011

Like hydrogels in general, manyeptide hydrogal are responsive tozarious
stimuli like pH (Adamset.al., 2009, temperaturgPerez et al., 20)4and salt
concentration MNlishra et al.,, 2013. Peptidebased hydrogels have
demonstrated diversity in their s@fsembling patterns leading to a range of
ordered structures for example fibres, tapes, tubes, sheets and spheres, Figure
1.12. The understanding of architectural motifs, agdir@gapattern, their
morphology and their response to different stimuli provided a base for
developing smart seHssembling peptides for various applications in
biomedicine including wound healing, as a drug delivery system, tissue
engineering and bimspred energyrelated technologiesDasgupta et al.
2013;Ulijn et al., 2010.

Another significance of generating knowledge about peptide and protein self

assembly is to understand protein unfolding processes which can be a major

cause of degenerativediseas f or e x a mpritg,2009 z hei mer 6s
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sphere

fibre

Figure 1.12 Structuresobservedhrough supramolecular peptide saffisembly
(Zelzer andJlijn, 2010

1.5. Molecular recognition andcomplexation

The Amol ecul ageneralycegagded dsli @onldo amsd keyo p
presentedby Emil Fischer in 1894. Thescognitionpotential of the natural
oligosaccharidesand cyclic oligopeptide valinomycinvere known by the
1950swhereasPedersernn 1967 reportedhe artificial moleculecrown ether

showing the phenomenon aholecular recognitionCram later on exploited

this phenomenoand appliedo a wide range of molecular systems &aid the

foundation ofa new fieldwhich he called host guest chemistry, where the
complexes that are developed daarttermolecular forces other than covalent
bonds and the terms used for the compl
arbitrary (Ariga & Kunitake, 200k Cyclodextrins due to their insignificant

toxicity and ability to enhance bioavailability of many hydrophobic drugs for

example Doxorubicin, paclitaxel (anticancer agents), ibuprofen, indomethacin
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(antrinflammatory) make them suitable for their use in ddegvery systems

(Hu et al, 201

cholesterol

guest & { ferrocene
adamantane

azobenzene

Figure 1.13Hostgue st i ncl usi oCD (Hupetgh,l2B% es wi t F

Some common guest moleculegre presented in Figure 1.1&hich form
i nclusion c o moydodextrens p-C) i ibclude &damantane,

azobenzene, ferrocergholesteroletc.

Other popular host molecules includalixarenes(Nimse and Kim, 2013
pillararenes Xue et al, 201p curcubiturils Kim et al., 200Y, crown ethers
(Zheng et al, 201)2etc. Another rapidly growing class elupramolecular
materialsis metallic organic frameworks (MOF). These crystalline materials
involve the interactions c@n organic electron linker such as carboxylate or

amine and inorganic counterpart metal catifmrsexampleZinc. They carbe
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usedas hoss for differentguest moleculeastheir pore size and functionality
are tuneableMOFs havebeen investigated thoroughly differentapplications

includinggas storaganddrug deliverysystems.

1.5.1. Cyclodextrin-based supramolecular architectures

Cyclodextrins (CDs) are natural cyclic oligosaccharicesd commonly

cl as s i fTycleddxtrir{($CD)) -cyxlodextrin(b-CD) a n dcyctodextrin
(0-CD) which are prepared througimzymaticdegradation of starchAmong
these first generation cyclodextrisCD is composed of sixp-CD seven and
9-CDis composed oéight Dg | uc os e un iltdBnkabes Bdssadd b y
Jessup, 2000 CDs are water soluble organic compounds and are easily
available The main properties othesecyclodextrins ardisted in Table 1.2
CDs havethe ability to host different hydrophobic organic molecules (guest)
by making a complexThe principle underlying the complex formation is the
supramolecular nenovalentinteractionssuch as hydrogen bonding. The non
covalent interactions betweenwatersoluble cyclodextrins hosts and
hydrophobicguests allowvthe developmenbdf many supramolecular structures
Cyclodextrin shape appeatike a truncated conedue to theC; chair
conformation dthe glucose unit (Figure 1.14). Akecondary hydroxyl groups
[the O(2)H and O(3)H)] and the primary hydroxyl groupgO(6)-H] are
situated pposite to each other. The cavityéatively hydrophobidecause of
the presence dt-3 C-H groups, G5 C-H groups and glycosidic oxygen atoms

(Jones edl., 1989.
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Table 1.2Properties of), b ando

Introduction

Cy c | dMheirxQelrValla, 2004

Property U b )
Cyclodextrin| Cyclodextrin| Cyclodextrin

No. of glucopyranose units 6 7 8
Molecular weigh{g/mol) 972 1135 1297
Solubility in water25°C 14.5 1.85 23.2
Outer diameter (A) 14.6 15.4 17.5

Cavity diameter (A) 4.771 5.3 6.07 6.5 7.57 8.3
Height of torus (A) 7.9 7.9 7.9
Cavity volume (&) 174 262 427

Thecyclodextrinderivatives can also be prepared to modify the properties such

as solubility, reduction of toxicity etc., of the natucgtlodextrinby the

on H
o)
0.
o - OH
& o HO OH © o Ho
OH HO- o n

O 2
S (3HH  O2)H

pooons H-1 S
Hydrophobic Cavity Secondary Hydroxyl
OH " o /(;mup\
: O
O
HO H-2
HO OH .
-4
Q oH O

- Primary Hydroxyl
OH HO.

Group

C(6)H20H

Figure 1.14 Themolecular structure and shapd -cy@lodextrin
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displacementeaction at oxygen atom of the hydroxyl group at the primary and
secondary positionsKpan et al., 1998 The hostguest complex formation
between CDs and varioudrug moietieshave beenexploredin context of
supramoleculachemistryand theirbinding castants, enthalpy and entropy
analysishave beenvell studied Connors, 199).

Among t hese -CRispapdar becalds of itsbadvantages being
relatively cheap and easy availability. In addition, the hydrophobic pocket size
is appropriate for gariety of guest moleculeSémbasevam, et al., 2013

The extraordinary capability di-CD to entrap completely or partiallg wide
range oforganic moleculesuch as drugs, steroid¥anez, et al., 2007
pigments(Melo, et al., 2008 dyes(Al-Rawashdeh, et al., 20Land peptides
(Lula, et al., 2011yia inclusion complex formatiomay modify the properties
such asphysim-chemical,biochemical photochemicapropertiesetc, of the

guest molecules.
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Aims and Objectives

2.1. Aims

The collective aim of this thesis is tdevelop an understandingof multi-
componentsystemsbased on supramolecular chemistry particularly - self
assembly and molecular recognitiorhesemulti-componentsystemsare of
considerablemportancein many areas particularip pharmaceuticanhdustry.
The adition of a different entityor a componentn crystal structures can
radically altersthe propertieof a solid in asystematic way thereforeher
study is of geat interesto developbasicknowledgeof the factors thaaffect
the formation ofmulti-componentrystal structures undesarious conditions.
To address the thembethesisemphasizé on two multi-component systems.
One system isbased onthe co-crystallisationof naturallyoccurring amino
acidsto form cocrystals,while the otherexplain the inclusion phenomenon
involving a host §-cyclodextrin) and a gues{RGDfV) a cyclicpentapeptide.

A potential outcome from this research is to propose nowairystals of
hydrophobic homochirahaturally occurringamino acids Further,to present
continuous crystallisation, an emerging route to prepare solid forms, as a
robust, reproducible and viable thedto translatdaboratory scale research to

the large scale bulk preparation of these molecular complexes
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2.2 Objectives

In the following sections, the maiwbjectivesof this study are presentedn

chapteibasis.

2.2.1. Cocrystallisation of homochiral (L-L) amino acids

(ii)

(iif)

Preparation, characterisation and crystal structure determination of co
crystals of lLeucine and Hsdeucineto understand how zwitterions
are held together in the crystallistate and hownany conformations

of the side chains in the molecules are affeatembmparison with their
parent components

Preparation, characterisation and crystal structure determination of co
crystals of Ll-Leucine and LValine to understand how zwitterions are
held together in therystalline state and how many conformations of
the side chains in the molecules are affeadtedomparison with their
parent components

Preparation, characterisation and crystal structure determination of co
crystals of -Valine and L:Isdeucineto undestand how zwitterions are
held together in the crystallindate and how much conformations of
the side chains in the molecules are affeadtedomparison with their

parent components
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2.2.2 Bulk preparation ofhomochiral amino acids cocrystals.

(1) Continuous production of amino acid -coystals via rajp antr
solvent crystallisation.

(i) Bulk characterisation of the awrystals to ensure phase purity and its
comparison with the single crystals.

(i) Study of steady state operation through the particle size distribution
and process vyield.

(iv) Solubility studies of the bulk powder of -ooystals.

2.2.3.Hosti guest complexationo f -Cylzlodextrin with c(RGDfV)

(1) Preparation and characterisationmflusion complex ob-cyclodextrin
with c(RGDfV).

(i) 'H NMR study ofthe inclusion complexo understand the mechanism
of hostguest interactiorand to determine the stoichiometry of the
complex

(i) In a similar fashion, to develop a method ¢oystallisation of the pure
pentapeptide [c(RGDfV)] and of inclusion complex of the penta
peptide with Beta cyclodextrin towards determining thera)

structures of these solid state forms.
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Instrumentation

3.1 Introduction

This chapter provide a brief overview of the instrumental techniques used
throughout this thesis. The general theories behind the instruments and how
they work will be discussed. Major characterisation methods used in the thesis
include thermal analysis @C and TGA), which ceoelates the response of
substances to heat; vibrational spectroscopies (FTIR, Raman) to identify local
structural information, e.g. functional groups Hollas, 199¢; Circular
dichroism spectroscopy (CD) to observe the conformatiart@nges in
biomoleculesKiedler. et. al., 2018 Nuclear magnetic resonance spectroscopy
(NMR) to elucidate the structure of molecules and can be used on analytical
applications I(6pezCebral. et al.201% Atomic force microscopy (AFM) for
surface topogehy (Seo and Jhe, 2098Scanning electron microscopy (SEM)
that provides a thredimensional profile of a material and aids in its
characterisationL{u. 2010; and last but not least diffraction techniques such
as single crystal Xay diffraction (SXD) ad powder Xray diffraction
(PXRD) that give longer range order informatieng. molecular packing

arrangements3iacovazzo, et. al.2002

The specificdetails of the instrumental parameters used in the experiments will

be addressed in ttepecificchapters.
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3.2. Analytical techniques

The crystalline product obtained, using the crystallisation methods previously
described, were analysed in several ways including thermal analysis, DSC,

TGA and spectroscopic methods as outlined below.

3.2.1. Thermal analysis

Thermoanalytical techniques comprises all those that determined the physical
and energetic properties of a material as a function of an applied temperature
(Brittain, 1995. Differential scanning calorimetry (DSC) and thermal
gravitatonal analysis (TGA) are two of the most common thermal analysis
techniques used in pharmaceutical research, due to simplicity in use and broad
range of applications. Thermal analysis methods provide detailed information
on thermodynamic properties aboutwnentities in the early stages of drug

discovery and developmer€lgs, et al., 1999

3.2.1.1 Differential scanning calorimetry (DSC).

Differential scanning calorimetry gives detailed information on the relationship
between temperature and physical prape like specific heat capacity, glass
transition, heat of fusion, melting point e(Ryramides, 1996and can provide
information on significant changes in phase suchcastallisation and

polymorphic transitiongZhang. et al., 2003

The underlying principle of DSC technique is to measure the difference
between the heat flow that occurs between referenceaasdmple that

undergoes some physical change when heat is absorbed or released.
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Figure 3.1 Differential Scanning CalorimetdDSC) lab source.

Oven
Sample crucible Reference crucible Inlet:
sample gas
0
)
Reference
- temperature
Cooling
Purge gas
Thermocouples _|
Inlet: o © Inlet:
purge gas Temperature difference cooling gas

Figure 3.2 Schematic diagram of differential scanning calorimeftikdgrdy,
2013.

To perform a basic DSC experiment on a samplénig of material is placed
in an Aluminium sample pan. An identical pan which does not contain any

sample is used as a reference. The sample and reference pans are placed in a
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furnace on heating stage linkadth measurement thermocouplas shown in
Figure 32. Depending upon the experiment requirements, controlled
environment over the sample is achieved by an inert gas like nitrogen or a
reactive gas such as oxygen which flows over the sample and passed out
through an exhaust. The difference in the externally applied energy, required to
equate the temperature of the sample with that of the reference, would be the
amount of additional heat absorbed during an endothermic process (melting) or

released during aexothermic event (crystallisation) by the sample.

Crystallisation
Tc
A
."_g Tg
- Glass Transition
5
= Tm
Melting

Temperature

Figure 3.3 Scheme showing the glass transit{@g), melting point
(Tm) and cystallisation (Tc)

Any changes in material as a function of temperature (FiguBe can be
visualised from the thermogram or DSC curve as endotherms, exotherms and

glass transitionsThe DSC technique is extensively employed viaxrious
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applicationssuch aschemical analysis, drug analysis, polymers, food science

etc.

3.2.1.2 Thermogravimetric analysis (TGA)

Thermal gravimetric analysis is primarily used for the characterisation of
materials that show a weight gain (oxidation / absorption) or decrease in weight
due to loss of moisture or volatile constituents and may be secal
decomposition of the sampl8chematic diagram of furnace set up used in TG

instrument is shown iRigure 34.

In a routine TGA experiment the sample is added to a platinum pan or any
other suitable inert pan which then accurately weighed. The guartihe
sample for experiment generally varies but may go upto 20mg depending upon
the nature of the sample. The pan is then introduced into a furnace and heated
until decomposition or loss of one of the constituent of the sample during the
experimentalrun. A calibrated, highly sensitive and precise scale is used to
measure any change in mass of a sample. A suitable gas for the prescribed
experiment is passed through the furnace cell to make sure that the atmosphere
is inert or reactive and to purge amglatile substance formed during the
experiment. The weight loss or weight gain is recorded throughout the
experiment and a trace of % weight against temperature is genelrated.
thermal decomposition the weight of the sample decreases and may form
gaseousproduct or a residue of char. The typical descending TG curve

indicates that a weight loss occurred over increasing temperature (Figure 3.
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The curve gives a wealth of information including sample composition,

thermal stability and kinetic parametergtoérmal decomposition.

Figure 34 A schematic representation of a TGA instrument. 1 Baffles, 2
Reactive gas capillary, 3 Gas outlet, 4 Furnace heater, 5 Furnace
temperature sensor, 6 Adjustment ring weights, 7 Protective and
purge gas connector, 8 Thermostated balance chamber

(www.mt.com/tahandbook®

12 5
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Figure 3.5 An example of typical TGA curve
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3.2.2. Spectrosco methods

Spectroscopy defines the interplay between electromagretiation and the
sample. The technique provides valuable information for the identification and
characterisation of substances. There are many spectroscopic techniques but all
shares the basic underlying principle of exposing the sample to a beam of an
electromagnetic radiation of a specific wavelength and response of the
molecules of the sample to these radiation provide information about the

structure and properties of the sample.

102 1 ok «qof o2 oW 1072
1 ! 1 | | | |
Radio Micro- Ultra- Gamma
waves wave Infrared I violet A-Rays Rays
Visible Light

4x107 7x107

Figure 3.6 Electromagnetic spectrum.

The spectroscopic techniquesilise different ranges of the electromagnetic
spectrum Figure 36) and therefore, selection of the technique depends on the
process and material of interefdr example ultraviolet (UV) spectromejr
analyss electronic transitionsvhilst, Infra-red (IR) uses lower energy light to

probe vibrations and even secondary structures of materials.
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3.2.2.1. Fouriertransform infrared spectroscopy (FTIR)

FTIR is a convenient, nedestructive technique and is used for both qualitative
analysis, likeidentification of molecules in the sample, and quantitative
analysis such as concentration of the individual component in the sample
(Smith, 2011 Academic, quality control / quality assurance and forensic
laboratories are frequently eighe technique asn integral part for the

identification and characterisation of the substances.

Infrared absorption pattern is unique for every substance ass botidn a
compound has a different frequency of vibration. The infrared spectrum is
divided into various regns consisting of NedR region which ranges
between 14,00@,000 cnt, Mid-IR region which ranges between 4,0000
cmi'and FaflR ranges between 40Dcni'. Mid-IR region is the most widely

used region for IR instrumentatio8rgith, B., 2011

o— o+ 5 65— o+ 65— 5 o+ O—
-0 00— 0. =0
(b) (a) (b)

Figure 3.7 (a) No permenant dipole moment due to symmetric stretching
(b) temporary dipole moments due to assymmetric stretching.

In order for a molecule to be IR active there must be a change in electric dipole
moment of the molecule. For example, the asymmetric stretchiggré37b)

of carbon di oxide generate a net charge in dipole moment and will produce a
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peak in IR spectra whereas in symmetric stretchiiigufe 37a) both oxygen
atoms are moving away fm carbon and the net dipole moment cancel out

each other and no peaks will appear.

Figure 3.8 FTIR spectrophotometer (Lab source)

FTIR measures the intensity of an absorbed infrared radiation at a particular
wavelength when molecule of a substanoglergoes a net change in dipole
moment resulted from its vibrational or rotational motidtorfg, and YU,
2007). Each peak observed in a spectrum correlates to the molecular structure
as specific bonds have a specific vibrational infrared region thusderovi
qualitative or quantitative information about the mateRallR mainly consists

of an IR source, the interferometer, a laser, and a detector. Figulte2rates

the basic components located within the instrumentation.
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IR Source  Mirror =
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(¢ 5] S
. =3
o
Y
Mirror
\S Z,
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Figure 3.9 Lay out of burier transform infrared spectrometer
(http://mmrc.caltech.edu/FTIR/FTIRintro.pdf

3.2.2.2. Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopy which is very sensitive to
molecular geometry. The technique relies on inelastic scatterimigh was
discovered in 1928 by Chandrasekhara Venkata Raman. The analysis requires
a very small sample with little or no sample preparation. Raman spectroscopy
has a wide range of application for example, monitoring polymorphism and

crystallisation $Himorea, et. al. 2014 Other applications include
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pharmaceutical analysisvénkeirsbilck, et. al., 2002and drug interaction

studies Mehrotra, et. al., 20183

Figure 3.10 Raman spectrophotometer (Lab source)

Raman scatteringr inelastic scatteringpccurs when a monochromatic light
irradiates a sample and causes the excitation of its molecule from lower energy
state to a virtual higher energy stdtdlowed by relaxation. Most of the
scattered light comprises of the same incident frequency and ceéerreastic

or Rayleigh scattering however, when the excited molecule relaxes to a higher
vibrational level than the initial level, the scattered photon will be shifted to a

lower frequency and the phenomenon is known as Stokes scattering.
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Conversely, whe the excited molecules relax to a lower vibrational level than
the initial level, the emitted photons will be shifted to a higher frequency and is

called AntiStokes phenomenon (Figusell).

Virtual
states

_____ e e R e B e e

n Vibrational
states

A y

m
Stokes Rayleigh anti-Stokes

Figure 3.11. A representation of the transitions involvedRiaman
spectroscopySmith & Dent2005.

The observation of vibrational modes in the Raman spectrum is determined by
the change in molecular polarisability associated with the vibration when a
beam of intense radiation passes through a sample. dldmge in
polarisability results in information regarding the molecular structures of
sample. An advantage of Raman spectroscopy is that proteins in aqueous
solution can be investigated in addition to their solid state because water is a
weak Raman scatteRaman spectrophotometer consists of a laser beam that

has avavelength thavaries from 786mto 532nm. A photaletector, such as
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a charged couple device (CCD), records the intensity of Raman scattering in

arbitraryunits by wavelength.

Fluorescence, aher type of inelastic scattering, which normally overlaps

with Raman spectra may be troublesome because Raman spectral landscape
may be masked by even trace quantiti
fluorescence background interference should be astcddemuch as possible

during the detection of Raman spectra. Various strategies have been used to
overcome or to reduce puor-Hesahiegnlone i nt e

sample temperature, drop coating deposition Raaang et al., 2004

Raman spet r oscopy i s extremely useful
characterisation of new polymorpHsatkin, et al 2014 and monitoring phase
transitions as the technique is extremely sensitive to any change in the
molecular geometry and variations in the intermolac and intramolecular

interactions.

3.2.2.3 Nuclear magnetic resonancspectroscopy(NMR)

NMR spectroscopy has been an important analytical tool for investigating
compounds for many years. It is an excellent alternative-tayXdiffraction

for compounds that are difficult to crystallise and provide quality information
to elucidate the structure of molecules. Nowadays NMR is not limited to small
biomolecules; current research includes the study of larger compounds and bio
macromolecules, such psoteins even in a living environmer8dkakibara, et.

al. 2009. In addition to structural information about natural compounds, NMR
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drug research generally includes characterisation of a range of its physical and
chemical properties, dynamics and intei@ats of biemacromolecules. The
rapid development of NMR techniques has offered many new opportunities for

more effective researchdpezCebral, et al., 201%

NMR experiment relies on intrinsic spin properties of nuclei. The experiment is
carried out inthree steps which involve exposure of the sample to a constant
and static magnetic field at the first place then its nucli are excited with a radio
frequency pulse and finally the frequency of the emitted signals are measured.
The precession of the spirsrecorded during the free induction decay of the
NMR experiment and converted into a frequency spectrum after Fourier
transformation. The NMR active nuclei of atoms (the nucleus have an overall
spin) in the sample have specifiesonance frequencies whercited by the

radio frequency pulse. The values of these frequencies are greatly affected by
the typical nucleus and its neighbourhood atomic environment. In the strong
magnetic field atomic nuclei of the sample align according to their spin and
their ekctrons start circulating around the nucleus due to their interaction with
magnetic field. The spinning of electrons creates its own magnetic field against
to the applied magnetic field. The phenomenon is called shielding effect and
the difference betweahe two fields at the nucleus is called nuclear shielding.
The change in the applied magnetic field due to shielding is small and usually
measured in parts per million (ppm). Several parameters can be read from the
spectra which provide information abobetstructure of the molecule such as

chemical shift which represents nature of the nucleus and describe its local
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neighbourhood due to the effect of the electron configuration. Hence, all nuclei
exhibit different chemical shifts which helps in their id&ation in the NMR
spectrum. Another important parameter which provides angle information is
the scalar -toupling because it can calculate it for nuclei separated by up to
three bonds and in such case the parameter is ¢altlipling. The parameter
indicates specifically intramolecular indirect magnetic interaction of two

nuclear spins generated through the bonds between two nuclei.

In the structural analysis of organic molecules normilyand*® C NMR for

the compound are obtained along with othBfR experiments outlined below.
32.2.3.1. '"H NMR

'H NMR experiment is primarily used for structural identification. In tHe

NMR of a molecule, each type of proton can be deduced from a characteristic
shift and its integration. The multiplicity arektent of coupling constant of the
protons provides an indication of the neighbourhood and their spatial

positioning Williams and Fleming, 2008
3.2.2.32. C NMR

3C NMR describes the chemical shifts of the carbon. The natural isotope of
carbon t?C) has no nuclear spin hence, to observe carbon chemical¥Bifss

used to determine the number of carbons and their type.
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3.2.2.33. Heteronuclear multiple guantum coherence (HMQC)

HMQC is a 2D'H-*C experiment. In a HMQC spectrum, thid and *°C
spectrum is plotted along theaxis and yaxis, respectively. Crogseaks show
protons and carbons that are directly linked to each otWaltigms and

Fleming, 2008
3.2.2.34. Nuclear Overhauser effect spectroscopy (NOESY)

D NOE experiment is useftibr determination of the relative stereochemistry

of a specified protonWilliams and Fleming, 2008The basics of the Nuclear
Overhauser effect spectroscopy is that a magnetic nucleus can interact with
another magnetic nucleus through space. Thus, wherobthe protons at its
resonance frequency is irradiated can cause an increase in the intensity of the
other proton signal(s) provided that the distance between the two protons is not

more than 24 A.
3.2.2.35. Correlation spectroscopy (COSY)

Cosy experiment is important to demonstrate’H connectivity. The proton
shifts are plotted on both axes with the contour plot along the diagonal of the
square. Cross peaks also called sgim coupled protons are arranged along
the diagonal symmetridgl Various observations can be made in a cosy
spectrum for example the correlations due to gemindl §&d vicinal (3)

couplings Williams and Fleming, 2008
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3.2.24..Circular Dichroism (CD) Spectroscopy

Circular dichroism spectroscopy isvaluable, nordestructive and frequently

used method for the estimation of structural properties of complex biological
systems such as peptides and proteins and to follow the structural changes. The
technique is also valued in measuring folding kinetitgrmal stability,
binding kinetics and effect of different agents which effect structure properties

of peptides and proteingigedler. et. al., 2018

Plane polarised light is made up of two circularly polarised components which
are equal in magnitude brgtating in opposite direction and referred as left (L)
and right (R) handed circularly polarized lighiD refers to the measurement
of the difference in absorption of these two components by an optically active

chiral chromophoreKelly and Price. 199y

Figure 3.12 (a) The (L) and (R) circularly polarised componantél) showing
the equal magnitudeand result into plane polarised radiation
when combinewhereas, in(ll) the components areot same in
amplitude and when combine generédashed lineklliptically

polarisedradiation
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The circularly polarised components, when passed through the sample, will

generate either original plane due to equal absorption of the polarised light or

create elliptical polarisation for the reason that the L antbiRponents are

absorbed to different magnitudes Figure23Kelly. et al., 200h
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Figure 3.13 Far UV CD spectrahowingdifferenttypes of secondary

structuresKelly. et al, 2009.

Different types of secondary struogs in peptide or protein, such @selices,

b-sheets,b-turns and random coil, induce characteristic bands in the far

ultraviolet region(Figure 3.B). It is reported
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positive band at 190 nm and two negative bands one at ¢ransitions) 208
nm and the other at is positioned at about (the amide)220 nm Dafforn,
et. al.2004). Other structural elements provide specific shapes and magnitudes

in the CD spectrum at their specific regions.

The units for the CD spectraeain millidegrees this can be converted to mean
residual ellipticity (MRME), the units of which are degrees’ dmol™, using

the equation bels.

9 _ MRW.6
MRW ™ 10.1.c 3.1

Where

d = measureetllipticity (millidegree$, c = protein concentratiotmg/ml),

| = path length(cm), and MRW= protein mean residue weight.

MRW for the peptiddondis calculated fronthe following formula;
MRW=M/(N-1) 3.2

Where

M is the molecular mass of the peptide chain and N is the number of amino acids.

Number of peptide bonds isN
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3.2.3. Microscopic methods

Various microscopic techniquelselow have been used to determine the

morphology of he materials prepared during the studies discussed in the thesis.

3.2.3.1.Polarisedlight microscopy

Most crystals are birefringent (difference between high and low refractive
index which occurs when a refracted ray experience a retardation in speed of
light) therefore, plane polarised light microscopy is of significant advantage as
compared to bright fld microscopy for the observations of crystal growth or
selection of aguality crystal for single crystal Xay diffraction studies. There

are few exceptions which impose little limitation to use this phenomenon as a
test for crystallinity for instance, ystalline materials representing high
symmetry systems may not display birefringence becatisavingonly one
vibration direction and refractive index for example cubic crystals. Similarly,
organic fibresor liquid crystals show this property of birefgence although

they are not fall into the definition of classic crystals.

The construction of the microscope is such that polarising filters are fixed
above and below the sample stage. The incident light is constrained by the first
polariser to vibrate irone plane only, and the polariser above the sample is
rotated to a 90 degree angle forming a position in which the polarisers are
crossed. This geometry allows only the light that is rotated by the sample and is
transmitted to the eyepiece. The field okewi will appear dark when an

amorphous materials are looked through cpodarisers, whereas,
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polycrystalline materials or crystals will cause the refraction of light and will

be easily viewed.

3.2.3.2.Scanningelectron microscopy (SEM)

SEM is a nordestructivetool to developthreedimensional images at higher
level of magnification using a hignergy beam of electrons_gwes,
1987.The SEM is used in many different areas of research and industry like
pharmacy, biology, agriculture, cdactors and electronicKigesow et. al.
2003; Leamy, 198Zor a variety of applications SEM permits identification

and analysis of solid bulk specimen, allowing for the surface topography,

morphology and electrical conductivity etc.

Electron Gun

T

‘ “ Magnetic
A

ToTV
scanner

Scanning
Coils

Electron ) |;|'.||;p
Detector '
-_—r Secondary
\ Electron
Detector
Stage Specimen

Figure 3.14 Scanningelectron Microscope Components
(http://www.purdue.edu/rem/rs/sem.htm.
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Figure 3.4 shows the main construction components of SEM which includes,

el ectron source produced from the cath
a tungsten wire or a tdhanum hexaboride rod e, 1993 dectron lenses

comprise of condenser and objective lenses sample stage, detector

scintillator/photomultiplier, specimen current detectors, and data output device.

SEM uses a high energy beam of electrons which is exppb the sample
under vacuum. The voltage of the electron beam is manipulated to generate a
clear image with high resolution. The electron beam travels through the column
to the condenser lenses which reduce the diameter of the beam and the
scanning coilscontrol the focused electron beam over the sample. The coils
also play role in targeting the electron beam to thereefitthe objective lens
which furthershrinksthe diameter of the beam and direct the electrons to a
minimum spot size on the sampleafves, 198Y. The electron beam when
accelerate onto the focused atoms of the sample cause collisions which result
into an elastic or inelastic scattering. The scattering results in signals which are

used for imaging and quantitative information of the sampl

Figure 315 illustrates the typical signals used for imaging, which include
secondary electrons, backscattered electrons, auger electrons, and
photoelectronsHayat, 197%. The detector collects the radiation and converts

it into an electrical signalvhich is amplified to a significant magnitude that

will display an image of the samplege, 1993
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incident electron beam

back-scattered e's characteristic X-rays

Bremsstrahlung X-rays
secondary e's 9 y

visible light (cathodoluminescence)
Auger e's

heat

sample surface

diffracted e's

transmitted e's

Figure 3.15 Types ofbeamspecimerinteractionslenry, 2012

SEM technique requires electrically conductive samples. The sample is
mountedon a stubby means of a doublestick adhesive carbon tag8eane,
2004). The materials which are not conductive are coated with a conductive
materi al |l i ke carbon or gol d, wi t h
experimental and sample consideration should bentak to accounto select
the coating material and coating thickness so that it should not cause

interference with the imaging or analyditafyat, 197%.

3.2.3.3.Atomic force microscopy (AFM)

The concept of AFM was presented for the first time in 198@nig and
Quate, 1985 Atomic Force Microscopy is a surface biophysical probe which
has now having increased use in physical sciences and biological sciences for
topographical imaging and force measurementsst( et.al., 2010 The

techniques usefulto investigate &roadrange ofmaterialsi.e. plastic, metals,
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glasses, semiconductors, and soft biological material like cell wall and bacteria.
AFM provides a high resolution three dimensional image of the surface on a

nano scale, by measuring force$ween a probe and surface.

The probe is fixed on a flexible caetrer (a sharp tip). The cantileveome in
contactwith the surface ofhe sample in various modes. In a traditional AFM,
there are three operating modes used to get image and thosantaet mode

where the probe is in constant contact with the sample sukféeisénhorn, et

al., 1989, tapping-mode, the cantilever is oscillated through the sample
surface at its resonance frequency maintaining a constant oscillation amplitude
(Putman. et.al.1999 and non-contact mode the oscillating probe at its
resonant frequency does not contact the sample surface, but instead kept at a
distance within the longange van der Waals attractive forces of the probe

sample interaction during surface scagniouthi. et. al.199)

Controller Measure _
Computer ‘__//’_ amplitude Photodiode
| I

e g Light
source

Z-feedback

— Setpoint '

>

IScan voltages

Cantilever

scanner
Sample

Figure 3.16 Schematic representation of the AFM set lugs{, et.al. 201D
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A probe attached to a cantilever is scanned over the samnéeeto acquire a
topographical imag. The movement of the cantilever is controlikdough a
piezoelectric ceramic scannewhich work on an electronic feedback
mechanism. While the probe is scanning across the sample a laser beam is
bounced off the back of the cantilever onto a position sensitive photodiode
detector and small change iamtilever is measured through an atosgale
sensitivity optical lever system. The measured cantilever deflections are
processed by the system to generate an image of the surface topography

(Figure 316).

3.2.4. Laser diffraction for particle analysis

Laser diffraction technique is a reliable and commonly used method for
particle size analysis in many applied areas such as ceramics, food, cosmetics
and particularly in pharmaceutical industr$ygitski, 1991 Laser light
scattering techniqgue measure theensity of a scattered laser light beam when

it strikes on a sample. Various particulate related factors like optical properties,
shape and size affect the scattered light intensity at different directions
(Merkus, 2009 Particle size, shape and distriion has significant importance

in product development and quality control as it directly affects the bulk
properties, processability, dissolution and stability of the intermediates and end

product

The laser diffraction technique is based on the priacipat particles of a
given sample passing through a laser beam will diffract light at an angle

inversely proportional to particle siz®Zer, et .al., 2010 As seen in figure
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3.17, larger particles causes light scattering at narrow angles with high
intensity while light scattering at wider angles with low intensity are associated

with small particles.

Incident light

. Small angle scattering
K Y/

Incident hght
Large angle scattering
" - ™ >

Figure 3.17 Scattering of light from small and large particlBayle, 201p

The sample preparation requires the dispersion of sample in a gas or a liquid
and the intensity of the angular scattering ligh¢recorded angbarticle size

and distribution is calculated based on Mie theory of lig¥aghington, 1992

A laser diffracton instrument (Figure 38) comprises of a laser light source,
suitable detectors to determine the intensity at different angles of the remaining
light and the scattered light from various sized particles. Labitycomputer
softwareprocess the signals an interfeared calculatehe particle size anits

distribution.

76

——
| —



Instrumentation

particle

fielq  Fourier multi-element

beam lens detector

expander 7/
|
j ‘ j -’EJ obscuration
i detector

unscattered light

interface

computer

Figure 3.18 Typical lasediffraction particle size analgs (Ma,et al., 200D

Laser diffraction scattering technique can measure wide range of particle size
rangigfrom0.E m3, 000 e m and segegadtednd agglpneratede d

particles can be analysed within 0-8Q secondsKippax, P. 200Y.

3.2.5. Crystallography

Crystallography is defined as the ASc
among crystalst hei r structur e, and Webstej r for
1983. Investigating structural properties of crystalline matefglsacquiring
its three dimensional molecular structure throughra)X diffraction is the

subject of study in many research aredscbemistry, material sciences
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(Gorfman. 201% biological sciencesSmyth and Martin. 2000and many
others. The year 2014 is declared as the International Year of Crystallography
by United Nations to commemorate the hundred years of the discovery of X
ray crystallography since the pioneering work in crystallography commenced

by William Henry Bagg and William Lawrence Bragg in 1913.
3.2.5.1. Diffraction experiment for crystal structure analysis

X-rays are theslectromagneticadiations and are generated by bombardment
of electrons on a metal plate for example tungsten, molybdenum, copper etc.
and each metal gives a characteristic wavelengtgu(e 3.19). The X-ray
wavelength generated by molybdenum is 0.71073 A and that of copper is
1.54184 A are commonly used agay source depending upon their suitability

to be diffracted by atoms in tleeystal Clegg, 2008

Heated Filament

Electron Beam

Figure 3.19 Schematic diagram of the-pay production.
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The X-rays are of comparable wavelength to interatomic distances observed in
crystalline materials and form the basis to study crystalline solids-kbgy X
diffraction techniques. Whean intense beam of monochromatigays strikes

a crystalline sample (powder or single crystal), the beam is scattered in
particular angles with different intensities. This phenomenon is known as
diffraction. The scattered -¥ays can be worded with a detector as a spot
giving a unique diffraction pattef(frigure 3.20). The regular array of spots and
their corresponding intensities generate information on the unit cell parameters,
the coordinates of the atoms in the asymmetric unit andphee group. The
characteristic diffraction pattern is then used to explain structural information
about the atomic arrangement and molecular features to understand observed

physicechemical properties.

Single crystal

X-ray Collimator to
generator focus beam

Diffraction
Pattern

Figure 3.20 Schematic representation anX-ray beam entering a crystal.dh

diffracted Xrays produce a diffraction pattern.
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3.2.5.2. Crystal

A crystalline solid is composed of atoms, molecules or ions stacked in a
systematic way giving rise to repeating thdiemensionallong range order
structuresThe crystal structurare generallyescribedby the contents of the
unit cell and the repeating pattern of it in all three dimensions. The repeating
pattern isrepresentethy symmetry and to explain the symmetry crystaldatti
is obtained by taking all equivalent points in the structure exhibiting a regular

pattern of identical points which are related to each other by translational

]
ﬁaVb'y

symmetry.

N

Y

Figure 3.21 A unit cell

In other words the lattice may be definedaas array of points in space in
which each point is identical in surrounding and orientation. In ideal crystal

the repeating unit of a crystal lattice is known as unit éellnit cell can be
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explainedby three lattice vectors, b, cor with constant aal lengthsa, band

c inangstroms (Apgndi nt er axi al ¢@owd3eds U, b and

The general recommendations is to select a unit cell with shortest possible
three sides of equal length and their interaxial angles ne@@tdowever,
internal synmetry in the unit cell restrict the number of unit cell choices. These
restrictions in choosing a unit cell geometry categorise the crystal structures

into seven different types known as crystal systems showalile 31.

Table 31 Crystal systemand unit cell restrictions

Crystal system | Axial Lengths Axial Angles Cell Type
Triclinic al bl c Ui bi o P
Monoclinic al bl c U=2=90°,b > 90° P,C
Orthorhombic al bic U=b=929=90° P,C I, F
Trigonal a=b=c U=b=of 90U P,I
Tetragonal a=blc U=b=929=90° P
Hexagonal a=bl c U=b=90°= 120° P
Cubic a=b=c U=b=2=90° P,ILF

In each crystal system the lattice point within the unit cell may be arranged in
different ways. Thecombination of unit cellcentring and crystal system
definesthe 14 lattice types alsmlled theBravais latticesTable 31). Unit cell
where thelattice pointsare presentat the corners is called primitive (P) but
when the lattice points are on corners as well age@oh ogposite pair of
faces A, B, C) or on all faces (F) they are called face centred . Lastly, body

centred (I) are assigned to those in which the lattice points are on the corners
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and in the centre of the unit cell body. In the crystalline solid, the individua
molecules within the asymmetric unit atescribed by one of the 230 unique
space group<dlegg, W. 2006 These space groups are based on the symmetry
elements like inversion centres, rotation axes, mirror planes and together with
internal translationssuch as screw axes and glide planes making 230

possibilities of grouping these symmetry elements within the lattices
3.2.5.3.The Braggequation

The diffraction of Xrays by a crystal lattice arises from the constructive
interference of Xrays scatteringand recombination.For a constructive
interference it is necessary that the path differences of ttagys<diffracted by

a lattice plane and subsequent lattice plane(s) below must be a whole number
of wavelengths.The angle in which this interference i®nstructive is

correlateby Braggbés RBaw equation (3.

ne= 2d sind Eq. 33

where
a-is the incident beam andl (°) is the scattering angle of the diffracted beam. With known
value of wavelengtte- amedsured scattering angie the interplanar distancd can be

calculated, as shown in Figure 8.2
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Incident Beam Diffracted Beam
B8
B8
.= "
0°28 .
A

Figure 3.22 Schematigepresentation of Bragg Equation.

3.2.54. Crystal structure determination

3.2.5.41. Growing crystals

Growing single crystals is the first step iAr&y crystal structure determination

followed by data collection leading to structure solution.

Solvent layering Seeding

Figure 3.23 Scheme of crystal growing techniques.
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Growing diffraction quality crystals is a science of patieas@ often met with
challenges like crystal stacking or twinning etc. The preparation of quality
crystals depends on many factors like concentration, solubility, temperature,
and last but not the least luckhere are several methofiSgure 3.26)roved
effective in crystal growing, including, vapour diffusion, evaporation, solvent

layering, and seeding.

3.2.5.42. Data collection

An X-ray diffractometer is used to collect crystal data. A schenatstration

of a typical diffractometer can be seerfFigure 324.

Cooling gas

Video camera
Beam stop

Detector

X-ray e |
generator Crystal

Tl Goniometer head

Figure 3.24 Schematic of an Xay diffractometer.ooijman, H. 200%

It is essential to focus-Xay beam through a crystal fixed on a goniometer head

and to make sure that a beam stop is positioned in between the crystal and the
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detector in order to prevent naliffracted X-rays directly hitting the detector.
The detectorecords the position and intensity of the diffracteda) beams. A
video camera is used to aid in centring of the crystal and lastly a cryostream is
placed on top of the crystal to control the temperature to lower the thermal

vibrations and stabilize aiessitive crystals.

After the crystal is centred, the shutter is opened awdyXbeam hits the
crystal, the crystal scatter the diffracted radiations into a characteristic pattern
based on Br agg¥®.9heHiffracted Xraymare (re€ayded3on a
charge coupled device (CCD) area detector in the form of spots of different
sizes and intensities referred as reflections. In case of an amorphous or
polycrystalline material dark rings will be produced instead of sgotgire

3.25).

(a) (b)

Figure 3.25 Images of (a) single crystal and (b) an amorphous material.

A crystal can give gooddata if the experimental parameters are programmed

properly for instance, exposure time etc., as many factors are important to get a
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quality data of the reflections. Alll crystal data is recorded as the crystal is
rotated in a preletermined manner through various orientations around three
rotational angles; Omega, Kappa, and Phi.

With few initial frames unit cell and crystal system can be determined followed
by a full data set. If the data is poor or if the cell parameters are of known

starting material thethe experiment is terminated.

Thousands of reflections are recorded from a crystal giving information about
its intensity (), standard uncertainty ( (I)) and its orientation matrix which

relates the diffractometer axis to the unit cell axes. The measured intensities of
each reflectiorare converted to an observed structural amplitudg H#nhdare
assigned a structure factérwhich represent the ampldle and phase (Clegg,

1998):

F (hkl) = |F (hKI)| - exp[ £hkI)] Eq. 34
Once the diffraction data has been measured, the data redpctoass
generates unique, corrected, and scaled data set. Data reduction produces a
list of hkl indices with their intensityfFh,k,] and k. Usingthisligt F

the crystal structure can be solved by generating electron density map, from the
reverse Fourier transform of the diffraction pattern. Here, the electron density
(1) is visualisedrom the recombination of diffracted beams. For each position

xyzfrom each reflectiomkl in a unit cell of volume, V (Clegg, 1998);

} (Xy2= 1B | F (hKkl)| - expi £hKl)] - exp[2" i(hx+ky+Iz)] Eg. 35
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The limitation in diffraction pattern ithat relative phases cannot be directly
measured and without it equation53. s unusabl e. Thi s i s
problend Clégg, 200%. To overcomethis issue various methods can be used

but two of them are commonly employed and those are Patterson synthesis and
Direct methodsi Pat t er son met hodo is generally
structures of molecules which contain heavy atoms. In thidhadeinitial

model is built by determining the correct positions of the heavy atoms and then
further refined by identifying all other atomic positions calculated through
electron density map to solve the struct@eDi r e c t met hods o6 i s
which iscommonly used and popular. The methegerformedby selecting

the most intense reflections and working out the probable relationships
between their phases and then utilising a-arakerror approach to find the

best combination.

3.2.5.43. Refining the structure

Refining the crystal structure means to apply several numerical parameters for
the atomic position, vibrational motion and other typical structural properties
like bond angles and distances that gives the best fit to the observed data to
build a more complete model of the crystal. The residual factor;factr, is

a parameter used to measure the fit of the model to the observed diffraction
data and reported as a percent. The low&ad®r generally attributed to a best

fit model. The Rfactar is calculated(Eg. 36) by the summation of the

observed structure factors (Fo) minus the calculated structure factors (Fc),
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divided by the summation of the observed structure factors Fo).

. B
% S8 S
BS ¢

Eq.36

When the structural model is refined to a satisfactory stage then a
crystallographic information file (cif) is created for scientific communication.
This is a simple text file that contains details of the parameters applied in the
X-ray diffraction data déection along with complete information about the

distinct atom model.
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Co-crystallisation of homochiral amino acids

4.1. Introduction

Amino acids are the nitrogen containing organic compounds and have a
common atomic arrangement thenstitute themino acid backbone. The
groups that make up the ariacid backbone are amino groagphacarbon

and carboxylic acid group Other than amino group andcarboxylic acid
group anR group or side chaiand hydrogen atom are also bondedhe t

alpha carbonHigure 4.1).

H

]ﬁNLuC — COO } B ackbone atoms

R

Figure 4.1 General chemical structure of a single amino acid

Ami no acids are also called Abuil din
formation they ardneld together byan amide bond also calledpaptide bond.

The bondinks the amino group of one amino aeidth the carboxyl group of
thesecondamino acidwhich resultsn a linear chain having an amino groaip

oneend and a carboxyl growgi the otheend figure 4.2).1t is the R group or

the side chain which differéiates the twenty amino acids found in proteins.

The side chains not only classify the amino acids such as hydrophobic,

hydrophilic, polar, acidic or basic but also have a range of phgsiemical
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properties that affect the behaviour of the protein mddscdue to inter or

intra molecular interactions of amino acid resididslgon& Cox, 2000

H H

_ + -
H3N+—qc —_coo + H;N— C — C0O

N

H;O0
H H H
., | | _
HaN ac — C—N—QC —CO0O
y
LT
Peptide Bond

Figure 4.2 Schematic representation of a peptide bond formation

Amino acids present in the biological systems are chiral in nature with the
exception ofGlycine which is achiral because its side chain composéwo
hydrogen atorm Another interesting fact is that all these amino acids are in the
L enantiomeric form. The D / L assignment to amino acids is due to the
position at which the amino group isrded with the alpha carbon. Based on a
Fischer projection Mloreno, 201} in an L-amino acid, the carboxylic acid
group is positioned at the top and the R gratghe bottom of the alpha carbon
whereas, the amino group is on the left side of the cafégarg 4.3). Ina b
amino acid the only difference is that the amino group is placed on the right

side of the alpha carbon.
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COO COO

H3N+ aC —H H -—aC —-+NH3
CH(CHs); CH(CHs),
(a) (b)

Figure 4.3The Fischer projection of a)-Valine b). BValine.

The polymerisation of amino acid build up the structural ancctiomal
properties of a protein and are directed by the sequence in which amino acid
residues interact within the protein (primary structure) and fold into its three
dimensional form (tertiary structure). From primary to tertiary structure there is
an intemediate form known as secondary structures which dictate the pattern
of aggregation or folding of proteins. The most common secondary structures

are the alpha helix and beta pleated sheet.

Amino acids are involved in forming enzymdsu, 2009 and otherbody
tissue that are necessary in a wide variety of chenaocal biochemical
reactionsvital in performing life processe@Vagenmakers, 1998, Zhu, et al.,

2011).

Valine, leucine, and isoleucine are formed with aliphatic side chains and are
known ashydrophobic amino acids. €seamino acidsarealso referred to as

branched chain amino acids (BCAAs) for the reason, that in their side chain,
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three carbon atoms in valine and four carbon atoms in leucine and isoleucine

are attached with the skeletal cambatom in a nonlinear fashion (Figure 4.4).

(a) (b) (©)

Figure 4.4 Structural form of (a) £Valine (b) LLeucine (c) klsoleucine.

BCAAs are essential in protein synthesis dmgportant in regulatingthe
protein synthesis (Karlsson et.al.,, 2004 Blomstrand et. al., 2006
Hydrophobic amino acidsreate hydrophobic pockets in wateluble proteins
and greatly influence protein folding procesas they havdess chance to
interact with the aqueous environméhternandez et al. 2009. BCCAs also
play important role in the stability of proteirend phospholipid bilayers

(Tamm, 200p

In literature, the crystal structures of branched chain hydrophobic amino acids
are reported as pure enantiomeror{i & litaka, 1970; Harding and
Howiesont, 1976; Torii and litaka, 19y dr racematesMallikarjunan & Rao,

1969; Blasio et. al., 1975; Benedett et. al., 1978l these reported crystal
structures have heatb-t ai | s e qu e nc e samingrowpwndalh al |

the carboxylate groups of the molecules are in close proximity to establish

100

——
| —



Co-crystallisation of homochiral amino acids

hydrogen bonding arrangement similar to that of a polypeptide. Many studies
have reported aggregation pattern of crystalline amino acids complexes and
their correlation wth polypeptide to understand biologically relevant and

important interactionsSaraswathi& Vijayan, 200].

These biologically active molecules have high potential for creatirayystals

as the amine and carboxylic acid functional groups arekmelvn and used in

the formation of cecrystals Tilborg et al., 2013 Co-crystallisation methods
have been used to prepare complexes of two different hydrophobic amino acids
but these studies have been limited to the crystallisation of D and L
enantiomersn most of the studies reportéxdit it is not a rule of thumb that
enantiopure cerystals are formed only when alDcombination is present as

in literature a cecrystal of R,Rcyclohexanediol and R;Rrtaric acid is
described Thorey et.al., 2010 The crystal structures of compleginvolving
Valine and Leucine Qalhus & Gorbitz, 1999 and Isoleucine series with
Valine and LeucineOalhus & Gorbitz, 199P were presented but all these
complexes were eorystallised involving amino acids with oppositeirality.
Co-crystals of naturally occurringamino acids with the same handedness i.e.
L-, L- or D-, D-, have not been reported despite factthat many peptide
show homochirality and their formation is preferred over therbetiral
peptide Zhou etal., 20(®). The 1:1 cacrystalsof a complexbetween NBoc-
L-Pro-L-Val-OCH3 and NBoc-LPro-C°L methylatedL-Val-OCH3is reported
and suppod the formation of cecrystals between peptides of the same

chirality (Trikha et al., 199 The complex formation of homochiral molecules
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is also supported based on study repadoieBurchell et al., 2008wherein they
reported aco-crystal of a dipeptideL-alanytL-valine and amino acid L-

alanine

Aggregation behaviour of branched chain amatids in crystalline state can

be categorised into three main classes that is I, Il an®#lh(is and Gorbitz,
1999. These classes are based on their unique hydrogen bonding pattern for
example in class I, the @nd L amino acid complexes are interrelated by
crystallographic or pseudglide planes whereagyrystallographic or pseudo

inversionis observedn class lIbetween thenolecules

The crystal structures of amino acids and their complexes have been studied
unde various conditionsittrich et al., 2012;Funnell et al., 2013Abagaroa

et al.,, 2013;Minkov et al., 201P and provideduseful information about
molecular interaction andtheir properties. The basic understanding of
intermolecular interactions of thessompounds may be used to inform
scientists who are interested in using these materials in various applications,
such as chiral separations, stability and storage of drugs. The focus of the
present work is to investigate the formation of amino acidrgstals of I-
Valine, L-LeucineandL-Isoleucine and to determine the sedi@te structure

of these novel forms.
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4.2. Experimental
4.2.1. Materials

All the starting materials were of reagent grade and were purchased
commercially from SigmigAldrich. Deionised water from a MilliQ water
purification unit was used for crystafiition experiment. All reagents were
used as received without further purification however, the powdeayX
diffraction pattern (PXRD), Differential scanning calorimetry (DSC) and
Thermalgravimetry analysis (TGA) thermograms and FTIR and Raman
spectrum of the reagents were recorded for comparison with the complexes of

the amino acids. The reagents used in the study are listed in Table 4.1.

Table 4.1 Key compounds studied in thisovk, including melting point and

molecular weight.

Compound | Molecular weight Melting point
(g mol™) °C)
L-Valine 117.15 295- 300
L-Leucine 131.17 > 300
L-Isoleucine 131.17 288

Table 4.2Complexes of.-L- Amino acids.

Complex Amino acids
Compound 1 Leucine- Isoleucine
Compound 2 Valine - Leucine
Compound 3 Valine - Isoleucine
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4.2.2. Methods

Polycrystalline powders and single crystals of amino acids complexes listed in
Table 4.2 were prepared by solid stgt@nding and solution crystallisation

methods respectively.

4.2.2.1. Mechanical grinding

The equimolar amount [(104.35ng:104.39mg), (©0.10ng:100.35ng) and
(89.99ng:100mg)] of L-Leucine and HsolLeucine (1), EValine and L
Leucine (2) LValine and LIsoleucine (3)respectively,were ball milled
(Retsch Mixer Mill model MM400) for 30 minutes at the rate of 20 Hz. The
communised powder samples were analysed using variousdqeebrfor ce

crystal formation described later in the chapter.

4.2.2.2.Crystal growth of amino acids complexes byslow evaporation

Aqueous solutions of the amino acid complexes (1, 2 and 3) were prepared by
weighing equimolar amount§50.15mg:50.10ng), (45.351g:50.80ng) and
(45.40mg:50.85nQ)] of the selected amino acids of compound 1, 2 and 3 in a
10 ml vial respectively Then 5ml of purified water was added to the
respective vials. The solutions were then magnetically stirred for few minutes
to dissole the contents of the vials. The solutions were filtered through
0.22um filter paper to avoid any undissolved partad¢ the constituents of the
complexes which may act as a seed to affect the crystallisation of the amino

acids complexes. After filtratrothe vials were capped aadew holes were
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punched into the caps in order to induce slow evaporation. The vials were left

undisturbedor two weeksto crystallise at room temperature.
4.2.2 3. Crystal growth of amino acids complexes byolvent diffusion

For cocrystallisation by solvent diffusion method same procedure was
followed as mentioned in slow evaporation method except that after filtration
the vials without caps were placed in a jar containing a solvent which is
miscible with he water but function as an asblvent for the reacting
substances and their complex&éhe complexes crystallised aftéree weeks

and further left over for another week to get proper size single crystals.

The crystals were generally of good quality the crystals extinguished and

brightened satisfactorily when rotated in plgowdarized light.
4.2.3. Characterisation of amino acids complexes.
4.2.3.1. Differential scanning calorimetry (DSC).

DSC measurement was carried out using a Mettler Toledo Model DSC 822

with auto sampler and liquid nitrogen cooling system. The sample powder sizes
inbetween2 6mg wer e weighed into a 40 ¢l al
hermetically sealed with a pinteoin the lid and heated under nitrogen purge.

The temperature range was 40 °C to 340 °C at a heating rate of 10%C min

The temperature and heat flow of the DSC instrument was calibrated with
indium and zinc. Mettler Toledo STARe software was used to/sedhe data

and he thermogram obtained were compared with the one obtained with the

pure components of the -opystals.

105

——
| —



Co-crystallisation of homochiral amino acids

4.2.3.2. Thermogravimetric analysis (TGA)

To measures the change in mass of a sample on heating were determined by
TGA (Mettler ToledoModel TGA / SDTA 851). Samples were prepared by
carefully weighing between 10 and 15 m
and were heated over the temperature range 4 &% 340°C at a constant

heating rate of 10°C mih
4.2.3.3. Fourier transform infrared spectroscopy (FTIR).

Fourier Transform Infrared (FIR) spectra were collected using Smart iTR
Nicolet iS10 spectrophotometefThermo Scientific). The spectra were
recorded in the range of 4000 to 400tat an instrument spectral resolution of
4cm* (20 scans per spectrum). The spectra were visualised and analysed with
OMNIC™ software (version 8.1) (Thermo Scientificfhe spectra were

compared with the pure compounds to confirm thergstal formation.
4.2.3.4. Ramanspectroscopy

Ramanstudies were under taken on the ball milled samples and single crystals

of the amino acids complexes (1, 2 and 3) and were compared with their parent
components. Raman spectra were collected using DXR Raman instrument
(ThermoScientific, Madison, USA) wita DXR 532nm laser with maximum

laser power of 10mW. Raman spectra in the shift region <480 cml1 was

collected at a spectral resolution of 5-&nm(1-10 second exposure) using

10/ 20x objective with 50em aperture tc

were analysed with OMNI® software (version 8.2) (Thermo Scientific).
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4.2.35. Powder X-ray diffraction (PXRD)

Polycrystalline samples prepared through ball mill were analysed by XRPD for

fingerprinting. Approximate 260 mg of samples were mounted o® ®ell

pl ate supported on a polyimide (Kapto

collected on a Bruker AXS D8Advance transmission diffractometefhe

diffractometer wase qui pped wi th d/ d geometry,

radiati on ( Cu K UJantec &D-position5séngittveés detecjor,
(PSD) and an automated mepibsitionx-y sample stage. Data wesbtainedn
therange 8 5A 2d with a 0. 015-A codndtims.tTlep
identification of the cecrystals formation was performed bgngparing the

powder diffraction patterns with those of the pure materials.
4.2.36. Singlecrystal X-ray diffraction (SXD)

X-ray diffraction intensities for compouridvere collected at 119 at Diamond
Light Source Project MT7150 whereascompound 2 and By the National

Crystallography serviceQples& Gale, 2012. X-ray diffraction intensities for

a

Si z

2 were collected with M&KU r adi ati on on a Bruker K

diffractometer equipped with an Oxford Cryosystems Cryostieam

variade-temperature device operating-460 °C Cosier and Glazer, 1986

Absorption corrections were carried out using the multiscan procedure

SADABS(Sheldrick, 2004 based on the procedure described Bigssing,

1995. The structures were solved by direatthods $IR92, Altomare A et.

al, 1993 and refined by fullmatrix leastsquares againg (1 > 3 () usi

data CRYSTALS, Betteridge P. W et. al, 20@ue to the wavelength of the
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source (0.71073 A) the chirality of the amino acids was assumedadiated
by the manufacturer however the molecules were consistent with each other in

the model i.e. both molecules were in thenantiomer.
4.2.36.1 Crystal structure refinements

The basic amino acid backbone (@2N) and the first carbon of the chain was
easily observed and used as the basic starting model for the refinements. From
the difference map extra peaks were observed that were of the correct geometry
to be assigned to ke components of a specific amino acid. Once the two
molecules were identified further difference maps were used to find subsequent
atoms that could only be assigned to a second component. These different
components were assigned part numbers. The batdndes of the carbon
sidechains (for compounds 1 and 2) were restrained to be similar to those
found in the Cambridge Structural Database. Thermal similarity and vibrational
restraints were also applied. The parts were given values of 50% occupancy
and dlowed to refine.Compoundl and2 gave occupancy values that differed
slightly and the values quoted in ttieesisare average values with a standard
deviation. Compound 3 was more straight forward with the refinement
remaining at 50% for one of the malées in the asymmetric unit. In this case
once the occupancy was established the parts were not competitively refined.
All hydrogen atoms attached to carbon atoms were geometrically placed and
those participating in hydrogen bonding i.e. hydroxyl hydrogesre found in

the difference map. All nehl atoms were modelled with anisotropic

displacement parameters.
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4.3. Results and Discussion

4.3.1. Differential scanning calorimetry (DSC)

The DSCthermograms were shown kigure 4.5 a, b and for the compound
1, 2 and 3 respectivelyThe melting point, onset and endset values of the
samplesof the cocrystal complexeslong with the pure reacting components

werepresentedn Table4.3.

Table 4.3 Onset, endset and melting point valdes L-Valine, L-Leucine,
L-Isoleucine and their complexes (Compound 1, 2 and 3).

Compound Nam¢ Onset Value | Endset Value Melting point

°C °C °C

L-Valine 250.91 301.98 294.86

L-Leucine 274.19 308.89 303.02

L-Isoleucine 253.86 295.00 286.76
Compound 1 263.77 307.78 301

Compound 2 278.78 312.94 304.99

Compound 3 263.79 297.90 291.79

The values of the amino acid complexes were compared to their respective
parent components i.e.-Valine, L-Leucine and Hsoleucine and found

different thus indicate the formation of-coystal.
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Figure 4.5a DSCthermogranfor compound 1
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Figure 4.5 DSCthermogranfor compound?.

110

——
| —



Co-crystallisation of homochiral amino acids
80 - Isoleucine Valine Compound 3
60 -
40
£ 20 1
0
20
-40 . T T T T T T T
0 a0 100 150 200 250 300 350
[°C]

Figure 4.5c DSCthermogram focompound 3.
4.3.2.Thermogravimetric analysis (TGA)

TGA curves of the amino acid complexes are presentétyure 4.6a, b and ¢
for the compound 1, 2 and 3 respectively.

Compound 1
10 -

=3

£

A
0 T T T T T T T T T T !
0 50 100 150 200 250 300 350
[°C]

Figure 4.6a TGA curvefor compound 1
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Figure 4.6ba TGA curve forcompound2.
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Figure 4.6c TGA curvefor compound 3
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The powdersamplesof all the amino acid complexes observed a typucesd
stageTGA curve and show no residues of any of the reacting components thus
indicating complex formation. The TGA curves showed an insignificant mass
loss which may be due to moisture but significant mass loss was observed for

all the compounds just before th#iermal decomposition.
4.3.3. Fourier transform infrared spectroscopy (FTIR).

The FTIR spectroscopy was carried out on ball milled samples of compound 1,
2 and 3 to analyse the samples as a prospective new materialsethéectra

of amino acids haveypical broad NH stretching band between 33800cn*

and low frequency 1580650cm® NH bending bands. Asymmetric and
symmetric CO stretching bands were observed at lower wavenumbers at 1000
1260cm' and 17601670cni respectively and generally overlayittv NH
bending bands. The IR spectrum of the compoundcampound?2 and
compound3 were comparable to the reacting constituents of the respective
complexes and superimpose a large number of closely related bands in spectral
range. It seemed very problentato recogrie and to assign the characteristic
bands of the amino acids complexes when compared with Valihe, L-
leucine and Lsoleucine spectra. There were some deviatabservedn the

peak intensities and shifts mainly in the characteristic wawder regionsn

the range froni700i 1700 cnt presented irFigure 47, 48 and4.9 for the
compound 1, 2 and 3 respectively. Itifficult to figure out convincingly that

the compound 1, 2 and 3 were@ystals as it may be an additive effect of the

physical mixture of the two reacting components of the complex.
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Figure 4.7 FTIR Spectra of LLeucine, L:Isoleucine and Compound 1 in the

characteristic wavenumber region of 7ZaB0Ocm'
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Figure 48 FTIR Spectra of LLeucine, L-Valine and Compound i the
characteristic wavenumber region of ZaB0Ocm'

114

——
| —



Co-crystallisation of homochiral amino acids

100 L-valine - \\
80!

Wy

60"

100 fL-IsoIeucme
80:
60-

40!

60-

%Transmittance %Transmittance %Transmittance

40-

1800 1600

W

1400

\

//\h AWV TV \( Y

POV IV f v

100 Compoura’3 A

1200
Wavenumbers (cm-1)

1000 800

Figure 49 FTIR Spectra of EValine, L-Isoleucine and Compoundir3the

characteristic wavenumber region of ZaB0Ocm!

4.3.4. Raman spectroscopy

Raman shift

al so

c a | toetans thdmajoritii 6fthe ger pr

Raman bands used to identify a specific material. Each amino acid spectrum is

unique although very complex. In order to get evidence that powders of amino

acid complexes prepared by ball mill were-argstak, raman spectrumfo

single crystal of the compound 1, 2 and 3 (Figuré}.drown bythe slow

evaporation method and characterised through single crystay Hiffraction,

were collected.

The Raman spectraf the pure amino acid, ball milled powder samples and

their sinde crystals in the 60A.800cm® spectral region is presentedRigure

4.11, 4.12 and 4.8 for compound 1, 2 and 3 respectively. This is a complex
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but characteristic region, where many bands related with a specific material are

observed.

(@) (b)

(€)

Figure 4.10 Single crystal®f compounds) 1, b) 2 and c¢).3

With regards to amino acids most of the bands in the region 1L3A®Y5cm* are
related with deformations of CH whereas spectral region betweercrh3&thd
1420cm® and 1456m'* and 1500cm’ are assigned to symmetric and asymmetric
bending of CH. The bands observed at 150650cm* are assigned to stretching
vibrations ofCOO and usually overlap with bending vibration M3, It is
worthwhile to mention that amino acids undevdstigation were very similar and

closely related to each other in their crystal structure.
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Figure 4.13 Ramanspectra in the finger print region of-Waline, L-Leucine

andcompound3 (powder &single crystal)

The similarity of the most characteristic absorption bands clearly points to
similar coordination characteristics in all -coystals with respect to their
constituentssuggesting that theingle crystals of the amino acid complexes

contain both reacting cgmonents in the crystal structures.
4.3.5. Powder X-ray diffraction (PXRD)

Powder xray diffraction is a rapid and extensively used analytical technique
to identify and characterise the crystalline materials. PXRD pattetmalof
milled samples of amino acid compl&es referred as compound 1, 2 and 3

appeared to be thehysical mixtureof the contributing amino acidaiggesting
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that ball milling has not created etrystals.The diffractionpattern of all the
amino acid complexhas shown characteristic peak related with their
respective contributing parent componeitscompound 1Kigure 4.14) peaks
can be observedt 6 and 6.5 ( 2 @/hich are specific to 1Leucine and L
Isoleucinerespectively Smilarly peaksat 6 and 7.5( 2 dh)compound 2
(Figure 4.15)are attributed to iLeucine and LValine respectivelyand in
compound JFigure 4.16) peaks characteristic of-Isoleucine and {Valine
can be identified at 6.5 and 752 te3pectively thugonfirming the presence
of both components in theespective powder samplesand indicates the

presence of the starting materials

; —— Compound 1
304 ——L-Leucine
| —— L-Isoleucine
2.5 1 L
. A bll L;,4 A lLk,
2.0 1
=
@
c 1.5
<]
= | A
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0.5 1
0.0 4 "L PN A-MW_AM
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Figure 4.14 PXRD patternof L-Leucine L-Isodeucineand Compound 1
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Figure 4.15 PXRD patternof L-Leucine, L-Valine andCompound 2
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Figure 4.16 PXRD patternof L-Valine, L-Isoleucineand compound 3
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4.3.6. Singlecrystal X-ray diffraction (SXD)

The diffraction quality single crystals of compound 1, 2 and 3 were grown by
slow evaporation. The single crystal diffraction data werkectedandnovel

unit cell parameters were observed for the three compound<rystal data
were refined andrystal structure regalednew crystalline formsvhich are
presented in dble 44 for the compound 1, 2 anda&hd compared with their

respective constituents

4.3.6.1. Structural analysis of cecrystals

Though the reacting constituents are in stoichiometric ratiosthie
crystallisation stephowever, thgpercentage composition of each constituent in
the crystal is not stoichiometrishowing disorder in the cryt structures.
Many crystals of each compound were randomly chosen for structure
determination and analysis of their structures revealed that there is no
significant variation present in the proportion of the constituents witien
crystals of each compad suggesting corystals are orderly disordered. The
percentage composition in compouhds 59(2)% isoleucine; compourilis
61(3)% leucine and compourilis 75% valine. At ambient conditions the
compoundsl and 2 crystallise inP2; whilst compound3 crystallise inC2
monoclinic space symmetry group and all compounds comprises of two
molecules in the asymmetric unit. Asymmetric unit of amino acids complex are
presented in figure 47 for compound 1, figure 48 for compound 2 and

figure 419 for compound 3.
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Figure 4.17 Asymmetric unit of compound 1The disordered component
Isoleucine is colour coded yellow. General atom colours: Grey,

carbon; blue, nitrogen; red, oxygen; and brown, hydrogen.

Figure 4.18 Asymmetric unit of compound Z2The disordered component
Valine is colour coded green. General atom colours: Grey,
carbon; blue, nitrogen; red, oxygen; and brown, hydrogen.
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Figure 4.19Asymmetric unit of compound 3The disordered component
Isoleucine is colour coded yellow. General atom colours: Grey,
carbon; blue, nitrogen; red, oxygen; and brown, hydrogen.

The moleculapackingin all three amino acid complexésalso very closely

related and crystal structure of these compounds is seédrinto distinct
hydrophilic and hydrophobic layer§igure 4.2 (1), 4.2 (2) and 4.2 (3).

Like other hydrophobic amino acids, crystal structures can be described in
terms of heado-t ai | sequencesmmino whgichp taed C
carboxylate group of neighbouring molecules are engage in hydrogen bonding

while the side chains are involved in van der Waals interactionsaodlyvere

stacked linearly back to badkach layer in the Biayer arrangement comprises

two hydrogen atoms of the polarised iamgroup while the third hydrogen

atom of the amino group involve in establishing a hydrogen bond linking pairs

between the two layers.
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Table 4.4 Unit cell parameters fasompound 12 and 3 compared with their contributing constituertéaline, L-Leucine and L

Co-crystallisation of homochiral amino acids

Isoleucine
Compound 1| Compound 2| Compound 3| L-Valine® | L-Leucin@ | L-Isoleucine| L-Isoleucine
(LIL) (VL) (VIL) Form I Form1¢
Space group P2 P2 C2 P21 P2 P2 P222
a 9.633(5) A | 9.596(6) A | 26.142(6) A| 9.682(2)A | 9562(2)A | 9.6815)A | 13.896) A
b 5.281(3) A | 5.281(4) A |5.2621(12) A| 5.247(1)A | 5.301(1)A | 5.3013)A | 20.175 A
C 14.669(7) A | 14.486(13) A| 9.688(2) A | 11.930(2)A | 14519(3)A | 13.956)A | 5.359) A
alpha 90 90 90 90 90 90 90
beta 104.410(4) | 109.328(5) | 96.961(7) 9057 94.20(2) 96.16 90
gamma 90 90 90 90 90 90 90

a) Dalhus & Gorbitz, (1996)) Gorbitz & Dalhus, (1996)) Gorbitz & Dalhus, (1996)) Khawas, (1970).

124

——
| —



Co-crystallisation of homochiral amino acids

't%‘é “%-”%%?% fay o

Figure 4.20 The packing diagrams for compound 1. The central structure is the
co-crystal with the pure components at either sisieleucine to
the left and_eucine to the right

Figure 4.21 The packing diagrams for compound 2. The central structure is the
co-crystal with the pure components at either sitidine to the
left and Leucine to the right
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Figure 4.2 The packing diagrams for compound 3. The central structure is the
co-crystal with the pre components at either side.-lsacine to
the left and Valine to the right

4.3.6.2. Hydr ogen bonding andconformational analysis of cecrystals.
4.3.6.2.1Hydrogen bonding

Hydrogenbond parametersf the amino acid carystalsare given in Tabld.5
for the compounds 1, 2 and Bhe hydrogerbond patterns of these -coystals
areapparently very similar anclosely relatedo those observed previously for
L-Valine (Dalhus & Gorbitz, 199§ L-Leucine Gorbitz & Dalhus, 199band
L-Isoleucine Gorbitz & Dalhus, 1996 wherein thenitrogen atomin each
moleculeis linked by four oxygen atoms ahort distancesn the range of
2.759(6Q12.999(6A for compound 1, 2.748(18) i 3.001(13Q for
compound 2 and 2.765(11)3.025(10R for compound 3 The two amino

hydrogen atoms of each molecule will join the molecules to form a layer while
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the remaining amino hydrogen bonds are involved in linking thedeslayer to
form bilayer structures whichare separated fromeach other bythe

hydrophobic tail group (Figure 4.23).

Compound 3

Compound | Compound 2

Figure 4.23Hydrogen bonding patterns in Compound 1, 2 and 3.
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Table 4.5Hydrogenbonding geometry for compoung2 and 3

D3 H----A D3 H H----A DA | D& H---A
A A A 0
Compound 1
N11.H111.012 0.950 2.253 | 2.999(6) | 134.77(5)
N11.H111.022 0.950 2.168 2.974(6) 141.91(5)
N11.H112.012 0.950 1.864 | 2.763(6) | 156.89(5)
N11.H113.021 0.950 1.920 2.851(6) 165.95(5)
N12.H123.011 0.895 1.866 2.759(6) 175.26(5)
N12 .H122.011 0.929 1.966 | 2.808(6) | 149.84(5)
N12 .H121.022 0.906 1.962 | 2.854(6) | 168.06(5)
Compound 2
N11.H111.012 0.949 2.278 | 3.001(13)| 132.45(9)
N11.H111.022 0.949 2.131 | 2.967(13)| 146.20(9)
N11.H112.012 0.948 1.851 2.748(13)| 156.99(9)
N11.H113.021 0.948 1.926 | 2.859(13)| 167.77(9)
N12.H121.011 0.948 1.821 | 2.757(13)| 168.70(11)
N12.H122 .01l 0.948 1.935 2.812(13)| 152.97(10)
N12 .H123.022 0.948 1.972 | 2.876(13)| 158.84(9)
Compound 3
N11.H113.012 0.904 1.885 2.788(10) | 176.15(19)
N11.H112.012 0.904 1.885 | 2.788(10)| 176.15(19)
N11.H114.021 0.900 1.968 | 2.856(10)| 168.50(17)
N12.H121.011] 0.951 2.296 3.025(10) | 132.83(15)
N12 .H121 O21| 0.951 2.121 | 2.920(10)| 140.78(18)
N12 .H122.011 0.954 1.901 | 2.765(10)| 149.35(18)
N12 .H123.022 0.952 1.924 2.856(10) | 165.89(18)
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4.3.6.2.2.Conformational analysis

In recent timeconformationalproperties of amino acids argkptides is nb
restrictedto the backbone structurdsecause many modern techniques like
NMR and crystallographycan be used toinvestigaé the side chain
conformations whiclplay a significant part inbiological activity(Hanchen, et
al., 2013. There are two areas iwhich the conformation will play a
significant role i) the basic amino acid backbone and ii) the hydrophdbic ta

groups of each amino acid.

The analysis of the structures is complicated by the fact that the numbering
schemes from the literature and otnustures are different. In this section |
have tried to match the molecules with respect to their conformations rather
than their labelling. The conformatiorof the backboneskeleton incompound

1, 2 and 3are determined by thentermolecular fdrogenbond interactions
between the amino group and carboxylic grebpwsa bifurcated NH---O=C
hydrogen bondvhich further become stabléy a cisCOOH interaction The
torsion angles of the ecrystals of amino acids back bone are in good
agreement with theireacting components that isMaline, L-Leucine and L
Isoleucinecrystals (Table 4.6). Whilst compounds 1 and 2 have similar values
for their conformations, compound 3, at first glance, appears to have radically
different conformations but this is just eonsequence of matching the
conformations of the side chains. If the torsion angles are swapped for each
molecule the conformations are closely related to pwualine and L

Isoleucine.
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Table 4.6 Torsion angles of the moleculakeleton of amino acid ecrystals (1, 2, 3) and their parent component#aline, L-

Leucine and Lisoleucine

Atoms involved in torsion
Comfound Comgound Com:[gaound Valine® Leucin€ | Isoleuciné
Atom1 Atom?2 Atom3 Atom4
011 Cl1 Cc21 N11 -37.5(2) -35.5(4) -19.7(6) -42.8(1) -32.3(1) -41.4(2)
Molecule
1
021 Cl1 Cc21 N11 145.5(2) 146.5(3) 164.8(4) | 139.5(1) | 150.2(1) 141.5(2)
012 C12 Cc22 N12 -25.8(2) -25.13 -42.2(6) -17.5 -26.8(1) -19.0(2)
Molecule
2
022 C12 C22 N12 156.43 155.36 139.5(5) | 164.7(1) | 155.4(1) 164.1(2)

a) Dalhus & Gorbitz, (1996)) Gorbitz & Dalhus, (1996)) Gorbitz & Dalhus, (1996).
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In amino acids the side chain conformation is mainly defimethe dihedral

a n g | aeound theCU-Cb-bondandcan adopt differentonformations in the

solid-state.Figure 4.24 presemredominant configurationisighlighted with in

a boxthat were noticed about t@ EC Bbond in thetail groupsof the most

stable conformers of-Valine, L-Leucineand L-Isoleucine suctures in gas

phasgCocinero, et al., 2006

Configuration [ "a"

COOH
CH;
H
Valine
H NH:
CH;
COOH
H CH:CH;,
[soleucine
H WH:
CH,
COOH
- CHICH, )
Leucine
H NH:

H

Configuration I "b"

COOH

CH:CH;

COOH

CH(CHs):

Configuration I "¢"

COOH
CH
HiyC :
H NH
H
COOH
HyC H CHy
H WH:
H
COOH
(HyC)HC H

Figure 4.24 Newman projectiona r o u n d-C Bbora in @& side chains of

the most stable conformefwithin box) of valine, isoleucine and

leucine(Cocinero, et al., 2006
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43.6.2.2.1.Compound 1

The cocrystal comprises of two molecules in the asymmetric unit. Each
molecule has a disorder in its tail group causing a change in molecular
conformation when observed at rotation aro@dC bBbond with respect to
that observed in pure enantiomers ofLéucine and Lsoleucine crystal

structures.

Compound 1 Pure Enantiomer

Molecule 1 Molecule 2 Molecule 1 Molecule 2

L-Isoleucine . % { m

Figure 4.250bserved configurations for rotati@boutthe C UC Bbondin the
side chains of the conformersmablecules in the asymmetric unit
of compound 1, pure enantiometducine and Hsoleucine. The
yellow atoms represent the disordered isoleucine component in
the structure.

L-Leucine in compound 1 observed two conformations in the asymmetric unit

that is gauche™ and trans for molecule 1 and 2 respectively (Figure 4.25)
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whereas, in pure enantiomenystal structure of {Leucine Gorbitz & Dalhus,
1996 both molecules in the asymmetric unit exhibéins positionfor rotation

aroundthe C EC Bbond

Molecule 1 Molecule 2
GO0 COO
H H (CH:):HC i
Leucine
NH;
H NH; o
CH(CHs) -
o CoO0 .
HiC H H:CH,)C
Isoleucine
H NH3 H NH3
H
CH,CH;

Figure 4.26 Newman projections ohe observed configurations for rotation
aboutthe C EC Bbondin the side chains of the conformers of

molecules in the asymmetric unit of compound 1.

The Newman projection of the tail groups in compound 1 is presented in
Figure 4.26 which shows that the-Leucine tail moiety ingauche™
conformation in the compouridexhibit a stable conformation (1b) unlike with
the pure enantiomer in which both molecules present relatively less stable

conformation (1c) (Figure 4.24). Similarly, molecule of thdsbleucine, in
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which an ethyl and methyl group are bonded to thge®hibits a conformation

in which the tail group is observed in tirans andgauche™ position equating

to the most stable conformation (1a) . Molecule 2 is observed in the relatively
less stable conformatiori€) where the ethyl and methyl substituemi®
present in thgjauche™ andgauché” position, respectively (Figure 4.24). The
change in ELeucine conformation in molecule 1 may be due to the competing
tail group of L:Isoleucine exhibiting a less stable conformation compared to L
Leucine which pesents the most stable conformation. The numbering scheme
of the atoms present in the asymmetric unit is shown in Figure 4.27 along with
torsion anglestabulated in Table .Z for compound 1. Torsion angle of the
respective componentgveal theextent of conformational diversity afide
chains of the amino acids -ooystals and are compared with their respective

parentconstituent ircrystalstructure.

022 C63

u - c62

Figure 4.27 Numbering scheme of atoms in compound 1. The disordered L

Isoleucine moiety isoded in yellow colour.
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Table 4.7Torsion angles of-Leucine and_-Isoleucine in cerystal

(compound 1and in their parent crystal structure.

Atoms involvel in torsion

L-Leucineresidue in cecrystal
Atom1l | Atom2 | Atom3 | Atom4 | Compound| L-Leucine
Molecule| C11 | cC21 C31 | c41 -1771.6(2) 69.8(1)
: c21 | c31 C4l1 | cs54 -80.58 | 71.0(2)
C21 C31 C41 Co61 -178.18 | -166.9(1)
Molecule| C12 C22 C32 C42 65.3(4) 63.3(1)
i Cc22 C32 C42 C52 66.2(5) 64.6(1)
c22 | C32 C42 | C62 | -172.1(4) | -174.3(1)

L-Isoleucineresidue in cecrystal

Atoml | Atom2 | Atom3 | Atom4 | Compound L-

1 Isoleucine
Molecule| C11 | C21 C31 | C41 | -177.6(2) | -177.4(2)
' Ci1 | cz21 C31 | cs1 57.75 57.9(2)
c21 | c3a1 C41 | Cé1 | -178.2(3) | -176.3(2)
Molecule| C12 C22 C33 C43 -49.42 -43.0(2)
i C12 C22 C33 C53 77.31 82.5(2)
Cc22 C33 C53 C63 173.91 | 178.3(2)

——
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4.3.6.2.2.2.Compound 2

The asymmetric unit of compound 2 contains two molecules with disorder in
the side chain as shown in Figure 4.30. The conformations\a#lihe and L
Leucine side chain are shown in Figure 4.28 and torsion angles in comparison

with the pure enantiomers bfValine and L:leucine are tabulated in Table 4.8.

Compound 2 Pure Enantiomer

Molecule 1 Molecule 2 Molecule 1 Molecule 2

-2 Y2

Figure 4.280bserved configurations for rotati@boutthe C LC Bbondin the
side chains of the conformersmablecules in the asymmetric unit

of compound 2, pure enantiomerMaline and L:leucine.

The two methyl groupin the tail group bifurcated & bof L-Valine are at
gauche™ and trans position in molecule 1 and on Newman projection the

molecule represent (Ib) showing a relalyvstableconfigurationas compared
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to molecule two in which (Iconfiguration is observed due ¢uche™ and
gauche”) positions of the methyl grosgFigure 4.29). The molecular packing

of L-Valine side chain in compound 1 is very similar to its corresponding pure
enantiomerDalhus & Gorbitz, 1996 In case of ELeucine the both molecules

in the asymmetric unit showteans position of the taifotationaroundthe C U

C Bbond which is equivalent to the conformation in pure_éucine crystal
structuregDalhus & Gorbitz, 1995 Both molecules of iLeucine exhibit Ic

configurational state when compared with the gas phase structure-of L

Leucine.
Molecule 1 Molecule 2
COO COO
H:C H CH: CHs
Valine
H NH3 H NH3
CH; H
OO CO0
(CHs):HC H (CHs):HC H
Leucine
NH
H NH; H ’
H H

Figure 4.29The observed configurations for rotatiaboutthe C EC Bbondin
the side chains of the conformershadlecules in theasymmetric
unit of compound 2.
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Figure 4.30Numbering scheme of atoms in compound 2. The disordered

L-Valine moiety is coded in green colour

Table 4.8Torsion angles of-Valine andL-Leudne in cocrystals

(compound 2and in theiparentcrystal structure.

Atoms involvel in torsion

L-Valineresidue in cecrystal

Atoml | Atom2 | Atom3 | Atom4 | Compound L-Valine
2
Molecule| C11 C21 C31 C42 50.7(9) 58.6(1)

1

Cil | C21 | C31 | C52 | 179.1(7) | -178.5(1)

Molecule| C12 C22 C34 C44 75.25 83.6(1)

2
C12 C22 C34 C54 -49.60 -41.3(1)
L-Leucineresidue in cecrystal
Atoml | Atom2 | Atom3 | Atom4 | Compound L-
2 Leucine
Molecule| C21 C31 C41 C51 71.2(9) | 64.63(13)
1

C21 | C31 | c41 | C61 | -167.9(7) -
1742(12)

Molecule| C22 C33 C43 CS53 65.79 71.0@5)
2

C22 C33 C43 C63 -174.73

1668(14)
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4.3.6.2.2.3.Compound 3

Thepreferred orientation of the side chahL-Valine molecules in compound
3 is in close agreemenwith that observed for thepure L-Valine crystal
structure(Dalhus & Gorbitz, 1996and the conformational behaviour around
the C EC Bbondis in gauché” andtrans position in molecule 1 andauche™

and gauche” in molecule 2 of the asymmetric unit (Figure 4.31).

Compound 3 Pure Enantiomer

Molecule 1 Molecule 2 Molecule 1 Molecule 2

Figure 4310bser ved configur at i oGbbondimthe r ot at
side chains of the conformers of molecules in the asymmetric unit

of compound3, pure enantiomer -\aline and L:Isoleucine.

The conformations of Isoleucine residue which is disordered withine
molecule of the asymmetric unit in compound 3 and conformational preference

is in trans state which is equivalent to one of the molecules in the asymmetric
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unit of pure Isoleucine crystal structu®drbitz & Dalhus, 1996 There is no
significant deviation observed in the torsion angles between the structures of
Isoleucine in cecrystal and pure Isoleucine crystal structure.

In comparison with the gas phase structure -0fdline (Lesarri et al., 208@)

and L-Isoleucine(Lesarri et al., 2008) it is observed by plotting Newman
projection that EValine exhibis two conformational stasethat is Ib and Ic
which are relatively high energy conformers wheredsdleucine observed Ic
configuration (Figure 4.32). It is inter@sj to notice that the same
configuration is observed by these two aliphatic amino acids in their pure
enantiomeric solid state. The full description of the side chain torsion angles
are given in Table 4.€or comparisorand numbering scheme of the atoms in

the unit cell is given in Figure 4.33.

Molecule 1 Molecule 2
CO0 CO0 -
H CHs HiC ’
Valine
H NH; H NH;
CH; H
CO0
H:CHC CHs.
Isoleucine
H NH;
H

Figure 4.32The observed configurations for rotatiaboutthe C EC Bbondin
the side chains of the conformershadlecules in the asymmetric

unit of compound 3.
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022

Ceé1

Figure 4.33 Numbering scheme of atoms in compodd he disordered-L

Isoleucine moiety is coded in yellow colour.

Table 4.9Torsion angles of -Valine andL-Isoleucine in carystals

(compound 3and intheir parent crystal structure.

Atoms involvel in torsion

L-Valineresidue in cecrystal

Atoml | Atom2 | Atom3 | Atom4 | Compound L-Valine
Molecule| C11 Cc21 C31 C41 -41.31(6) -41.3(1)
' C11 Cc21 C31 Cb1 82.6(6) 83.6(1)
Molecule| C12 Cc22 C32 C42 56.7(6) 58.6(1)
i Cl2 | C22 | c32 | C52 | -180.0(5) | -178.5(1)
L-Isoleucineresidue in cecrystal
Atoml| Atom2 | Atom3 | Atom4 | Compound L-
3 Isoleucine
Molecule| C11 | C21 | C31 C4l | -41.1(6) | -43.0(2)
' Cl1 | c21 | €31 | cm1 82.6(6) | 82.5(2)
C21 | C31 | c41 | ce1 | 179.1(7) | 178.3(2)
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4.4. Summary

Novel cocrystals of homochiral Leucine:lsoleucine (compound 1)
Valine:Leucine (compound 2)and Valine:lsoleucine (compound 3)were
prepared usinghe conventionaltechniqueof solvent evaporative crystadéition.
Co-crystalswere formed throughequimolaraddition of the reactingcomponents
in water. The cocrystals were investigadl through various analytical techniques
like PXRD, DSC, FTIR and Raman spectroscopy. Crystal structures of these
multi-component systemseredetermined by single crystal-day diffraction and
the structures wergrobed to understand the structural andnfarmational
arrangement of thenoleculeswithin the crystal latticeThe crystal structures of
the amino acids complexesevealed that the molecdleadopt a similar
conformationand packingn contrast tatheir parent crystal structuseexcept in

compound 1.
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CHAPTER 5

Bulk preparation of amino acid co-crystals.

This work was done in collaboration with Ulricechacht and Jan Sefcik,

Department of Chemical and Process Engineering, University of Strathclyde.
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5.1. Introduction

Manufacturing of most pharmaceutical products comprises on crystalline
materials such as pharmacologically active pharmaceutigatdients (API)
and inactive ingredients (excipients) and invelve crystallisation step
Crystallisationis a most commonly used and important method of separation
and purification of solid state finished products and intermediates in the bulk,

fine chemicals, food, and pharmaceutical industrigdrson, 200R

Crystallisation processes in the pharmaceutical manufacturing units are
generally managed to prepare crystalline substances with controlled purity,
size, shape, and polymorphic form in high lgieThe control of crystal
morphology and crystal habit is crucial for the finished pharmaceutical
product, as these can not only affect downstream processes like filtration,
drying, and particle size reduction but also influence the product effectiveness
such as stability, dissolution rate and solubility. The crystalline phase purity
and vyield of the product are also very important parametersgh@n
crystallisation process design in order to ensure that the product fall within
quality control specificatiamand to get maximum production. In order to avoid
high economic penalty of manufacturirepy out of specification product,
understanding of the parameters and conditions required to fabricate crystals
with controlled properties is crucial in process dedigmnes, 2002; Mullin,
2002. Theory of crystallisation can broadly be divided in two stages:

nucleation and crystal growt(llin, 1993; Tung, et al. 20Q%ndFigure 5.1
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shows a schematic diagram describing the course of a typical crystallisation

proces.
: Metastable zone
A ,' / /
c
02
®
.‘é Super-saturated
2|
Qo =
Under-saturated
>
Temperature

Figure 5.1 General schematic of a typical solution cooling process. Showing
supersolubility curve (dotdash line), solubility curve (solid line)
and coloured arrow showing cooling process from supersaturation
to saturation state.

Normally, creatn of a supersaturated condition is the first requirement for
spontaneous nucleation and between the supersaturated and solubility curves
exists a metastable zone, which provides a labile region of driving force for the
formation of nuclei. However, spom@ous nucleation is unlikely to occur in

the metastable zone. At some point near to supersaturation nucleatisn take
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place followed by crystal growth thus causing the decrease in concentration of

the compound in the solution.

The solubility of a substance in a solution can be determined by various
methodgfor example a commonly employed methodhisgravimetric method

but it is difficult to measure precisely its supersaturated value or the metastable
zone width. The rate ofreating supersaturation, impurities in the solution,
fluid dynamics etc. all effect supersaturation and metastable zone condition
(Ulrich and Strege. 20Q2and these values will vary if any change is applied
such as <crystall i semrawn switching fomcstallr 6 s
laboratory scale to large scale bulk preparation. The shifting from laboratory
scale crystallisations to bulk preparation is imperative to increase the rate of
production but is often met with challenges like phase purityfegation of
hydrates/solvates, polymorphism etc. Many scgdanethodologies have been
investigated in detail focussing on the effects such as, rotational speed of
impellor, stirred tank Reynolds number, ratio of impellor to vessel diameters,
etc., in cystalliser design and processLagton, et al., 2000 Due to the
number of variables and the challenges of keeping a set of parameters constant
there is a limited understanding of the scale up process in a stirred tank
crystalliser (STC) especially as s@nof these parameters are product specific
and hence are not translatable to other systems. Furthermore it is also important
to gain a better understanding of the effect of mixing on crysttatin to
ensure the optimum conditions for scale Gerick, 208). Due to the smaller
scale, laboratory experiments do not, generally, suffer from mixing gradients

that plague industrial scale operations therefore the products are well mixed. In
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larger scale environments it is observed that there is variation ingnithin

a vessel. Efficient mixing occurs at and around the impeller regions whereas,
inefficient mixing take place elsewherRiélly, et al., 2001Xie, et al, 2007,

thus causing problems in linearly scalng processes. From a crystsdlion
proces point of view, mixing gradients have direct impact on crysgibn
process as they will cause variation in concentration within a solution, e.g. the
supersaturation and metastable zone widths will differ in different parts of the
vessel.Cooling crysallisation from solution is dependent on optimuneat
transferand is difficult to maintairthe specific area per unit volume for heat
transfer with scaleThe decrease irheat transfer areand other factors like
nontuniform mixing on scale up of STCs nmekcooling profiles (e.g., linear or
parabolic) potentially problematic to implement in any industrial batch STC.
Nonetheless operand closed loop control of batch cryssdtion processes
have been reporte@(on, et al.2003; Nagy Braatz 2004, Liotta& Sabesan,

2004).

For many deades batch crystallisation has beemstandard in pharmaceutical
industries and the finished product is achieved using coolingsalvent, or
reactive crystallization techniquesBdckmann 2013. Despite a good
understandig of batch crystallisation processes and actually being used in
practice,industries are still facing problems of batchbatch variation as well

as majolissues in the other related unit operations such as filtratiodrgimd

in processing of the finfed material Randolph& Larson, 1988. Although

the batch crystallisation processes look straightforward and simple in operation

there are still large problems to overcome in obtaining and optimising
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reproducible properties of the materials like partst@pe and size, particle
size distribution, polymorphism. All these properties are very critical in
defining the later processes in product development like filtration, drying and
formulation which ultimately affect the performance of the final product
(Nwlit, 1992. Other issues within a batch is the presence ofobut
specification crystals which may then require additional processes like milling
and recrystallization which can add time and cost to processingt( 1977.
Industries still prefer batchrgstallisation because the process ensures a higher
yield of the product as compared to continuous process. The former process
operates at equilibrium while later works on the principle of steady(§then,

et al 201). Recent research has shown thahipgoduct yield, comparable to

the batch yield, can be obtained by designing and optimisation of continuous
crystallisation process such as recycling the mother liquor in appropriately
designed crystallisers such as mbsepension, mixedroduct removal
crystalliser (Wong et al., 2012 Developing and designing continuous
crystallisation have been recognized in recent years as key processes for
improved way of manufacturing materials and that there is a high potential to
use these methods in the chemieald pharmaceutical industrie€Hen, et

al.,2011; Alvarez and Myerso2010.

Continuous manufacturingn recent yearshas becomea popular area of
researchin both academia and industry as it offers significant advantages over
batch manufacturing for eraple, reliability in quality, reduction in production

cost, shorter down time, ease of scale up and achieving operating parameters

not achievable in discontinuous or batch proces&aedhlauer, et al., 2012,
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Pellek and Arnum, 2008; Swichtenberg, 2008vdet & Remon 2005; Gron,

et al., 2003; Liu, et al.,199Pjumh 2003.

For pharmaceutical crystallisation the three main types of continuous
crystallisers are: mixeduspension, mixedroduct removal (MSMPR)
crystallisers in single or multiple stagmnfigurations; plug flow reactors
(PFR); and oscillatory baffled crystallisers (OB@Yong, et al., 2012 The

most common types of continuous crystallisers are continuous mixed
suspension, mixedroduct removal (MSMPR) and plftpw reactor (PFR)
crystalisers Randolph& Larson, 1988 Both types of crystallisers were
studied extensively over the years for the determination of nuclei formation
and rate of growth of nuclei in crystallisation systergMt, J., 1977.;
Lawton, et al.,2009.; Hanley and Miske,1978 The MSMPR crystallisers

are advantageoudor low conversionwith long residence timeQuon, et
al.,20129 and the PFR being preferred ftast growing crystalsvith short
residence timesAlvarez and Myerson 2010n a continuous crystallisat set

up, a steady state or equilibrium is achieved when the flow of materials into the
crystalliser becomes equal to the out flow of materials and the amount of those
materials in the crystalliser become constant. The ratio of the amount of

materials inthe crystalliser to the flow rate (in or out) is called residence time.

The system being studied herégure 5.2) combines several technologies
which have been individually investigated and reported for batch or- semi
continuous operation in literaturéor example, methods such as jet mixing

(Choi, 2009, hot solution into cold ansolvent Palvi and Dave., 2009
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ultrasound to enhance cleaning of equipmé&nichs, 1995Narducci et. al.

2011).

The aim of this chapter is to investigate experimentadiytinuous stirred tank
crystalliser to perform a continuous astilvent crystallisation for muki
component systerandto evaluate thadvantagesf continuous crystallisation
for bulk preparatiorof amino acid cecrystalswith emphasis omparticle size

distribution, purity and yield.

5.2. Experimental

5.2.1. Materials.

The materialaised in the study include reagent gradedline, L-Leucine and
L-Isoleucine which werepurchased commercially fronSigmaAldrich
Company, Ltd. (Gillingham, UK) and usedraseived Deionised water from a
MilliQ water purification unit was used for crystafition experimentThe
powder Xray diffraction pattern, differential scanning calorimetry
thermalgravimetry analysi$-TIR and Raman spectrum of the reagents were
recaded for comparison with thbulk powders ofcomplexes of the amino

acidsprepared by continuous crystallisation method

5.2.2. Methods

5.2.2.1. Stirred tank crystalliser for continuous flow system

The £heme of the experimental setifigure 52) consisted of;
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1 Glassjacketed crystalders (V3) with independent temperature

control and overhead mechanical stirring.

1 Ismatec external gear pumps (MZP with magnetically coupled
pump head (Pl) Watsaviarlow 520S peristaltic pump (P2p

maintaina consant mixing ratio of stream 1: stream 2

1 heat exchanger (E1 and B®)warmed the fluid tachievea desired

saturation level

1 Nozzlesused to control the flow rates of stream

1 Neslab Rte Refrigerated Bath Circulator.

1 PTFE syringe filterwith 02 L piaer e s

V1 P1

Figure 52 The setup of the continuous flow system. Blrepresent pumps,
V1-3 are the vessels, V3 is the crystalliser where the crystals are
formed. E1& are the heat exchangers ensure that the flow is at

ambient and cold temperatures, respectively.
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5.2.2.1.1 Solution preparation and operating conditionsfor continuous

crystallisation.

For all the crystallisation runs, the equimolar quantities of then@racids

were carefully weighed and dissolved in purified water quantity sufficient. The
solutions were filtered before subjecting to the process. The summaries of the
operating conditions ansample preparation are given in Table 5.1 and Table

5.2 respeavely.

Table.51 Operating parametefsr continuous flow system (Figure 5.2)

Operating parameters Values

my [g/min] 5

m, [g/min] 95

Motal [9/MiN] 100

V injection Nozzle[M/S] 2.57

T.[C] 45

T.[ C] 3.4 4.5

Touk[ C] 16- 24

Cagfor L-Amino Acids LIL 27.2977
[mg (amino acids)/q VL 34.0412
(solution)] VIL 40.3405
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Table 52 Solution preparation aimino acid co-crystals(Compound 1, Compound 2 and Compound 3

N
Solution no. Amino Acid M(amino acid) [0] M(solution) [0] [m;(/;::;?on)]
Compound 1
1-Aq. Leucine 14.4286 0.110 13.6488
Iso-Leucine 14.4287 0.110 1057.1 13.6489
Compound 2
1-Aq. Valine 24.6021 0.209 16.0601
Leucine 27.5448 0.210 1531.9 17.9811
Compound 3
1-Aq. Valine 12.3016 0.1047 19.0320
Iso-Leucine 13.7731 0.1050 646.4 21.3085
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5.2.2.1.2 Procedure.

Anti-solvent continuous crystallisation experiments for all the compounds were
performed usinghe continuous crystadfation apparatus described in Figure
5.3. During operation a warm solution (#49 °C) of amino acidgstream 1

(my)] was jet injected through a submerged stainless steel nozzle into the bulk
solution of the crystalliser (V3) at fflow rate of 5 g/min controlled by an
Ismatec external gear pumps (MZP with magnetically coupled pump head
(P1). The heat exchanger (E1) warmed the fluid to a saturation level58R40

of the saturation concentration (maximum solubility) at ambiempézature.
Nozzles with two different internal diameters (0.2 and 0.6 mm) were used to
control the flow rates of stream 1 (jet injection velocitiesi1810 m/s) into the

bulk solution. Cold antsolvent Isopropanol[stream 2(m;)] entered the
crystallise (V3) through Marprene tubing, falling from the top of the vessel.
The flow rates of stream 2 were delivered and controlled by a Wtadow

520S peristaltic pump (P2) so that a constant mixing ratio of stream 1. stream 2
was maintained. The resultingixing temperature in V3 for any given ratio
was always recorded to be well below the ambient temperature hence ensuring

supersaturation.
5.2.2.2. The Crystal 16° reactor for solubility studies

The Crystall8 is a bench top multiple reactor station gaining popularity
among pharmaceutical research scientishd pharmaceutical companies

because of its simplicity in use and wide range of applications including
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solubility studies $istla, et. al. 201)1and crysthi sation studiesKulkarni . et

al. 2012.

The apparatus is consisting of four independently heatechinium reactor
blocks and is a compact bench top sefkmure 53). The crystallisation
platform can hold (4 x 4) standard HPLC glass vials whichnalanning 16
experiments in parallel. These reactor blocks are electrically heated and cooled
by a sequence of Peltier elements and a cryostat. The nitrogen gas is purged
into the system to avoid condensation of water on the reactor blocks and

electronicduring experimental runs.

Figure 5.3 Crystallisationbench topystem(Crystal16).

Four independent and individually programmable temperature zones combine

magnetic stirring and turbidity measurements within each reactor to monitor
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changes in state as function of time andemperature. Solubility data were

generated by determination of clear and cloud points by measuring turbidity.

A clear point is the point at which dispersed solid material dissolves
completely giving 100% transmittance and the Bitily curve of a substance
consists of a series of clear points. The cloud point means a point at which the
dissolved solid first appears in a solution causing a decrease in transmittance
from 100% to ndransmittanceThe metastable limit curve consisifsa series

of 6cloud pointso.

Crystal Clear software package is used to transftrendata produced by the

Crystal16® and can be used to construct solubility curves.
5.3. Powder (product) characterisation
5.3.1. Phase analysisX-ray powder diffraction

A small quantity (16 50 mg) of each crystallised sample was analysed using
transmission foil XRPD. Data collected on a Bruker AXS-Afance
transmissi on di ffractometer equi pped
monochromated radiation (@aU1 o = 1. Bdikes\Ganteg 1D a
position sensitive detector (PSD) and an automated -pusition xy sample

stage. Samples were ground lightly before being mounted on a 28 position
sample plate supported on a polyimide
were colleatd from each sample intherange35 A 2d with a 0.0

size and 1 sec. count time.
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5.3.2. Fourier transform i nfrared spectroscopy

Infrared spectroscopy was conducted using a ThermoFisher Nicolet iS10
spectrometer. Data were collected onphee amino acids, mixtures of amino
acids and the corystals formed from the arnsblvent bulk production. The
spectra were visualised and analysed with OMNIGoftware (version 8.1)

(Thermo Scientific).
5.3.3. Differential scanning calorimetry

DSC analsis was carried out using a Mettler Toledo Model DSC 822 with

auto sampler and liquid nitrogen cooling system. The sample pqxeleared

by weighingin betweer3.3571 5.23mg i nt o a 40 ¢l al umi ni
then hermetically sealed with a pinhofe the lid and heated under nitrogen

purge. The temperature range was 40 °C to 340 °C at a heating rate of 10°C
min™. The temperature and heat flow of the DSC instrument was calibrated
with indium and zinc. Mettler Toledo STARe software was used to antigse

data andhe thermogram obtained were compared with the one obtained with

the pure components of thenino acid complexes.
5.3.4. Sanning electron microscopy tudies

The gold coated sample was analysed by a Hitachi Field Emission Scanning
Electron Mcroscope (FESEM) SU6600, Japan). Sample preparation for SEM
imaging involved pipetting a few drops of crystal slurry from the crystalliser
outlet tube onto a PTFE filter membrane. The solvent quickly dispersed into

the filter membrane without adverselezting the product crystals in terms of
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caking or other crystal changes. The area of the filter membrane containing the
crystals was cut out and stuck onto a little piece of conductive carbon tape on
top of a SEM sample holder. In the final step therensample holder,
including the crystals on the filter membrane, was coated with a thin layer of

gold using Edwards S150 Sputter Coater.

5.3.5. Patrticle sizedistribution studies

A Malvern Mastersizer (APA2000, Malvern Instruments Ltd., UK) was used to
measure the mean particle size distribution ofccgstal powder samples. The
instrument was conditioned with motHequor from the crystallisation
experiment and zeroed to account for background scattering. The sample
crystal slurries from the crystalliseoutlet tube were pipetted into the
Mastersizer sample container unit until the instrument indicated that the
optimum solid concentration had been achieved for a measurement. The
refractive index of 1.65 was used for the measurement and data analysis

(Brydson, 199%.

5.3.6. Solubility studies of the cocrystals

Solubility studies of the corystals were carried out using the Crysta®16
(Avantium Technologies BV. Netherlands) with an accelerated thermal cycle

in water: isopropanol (95:5) mixed solvent system.

5.3.7. Powderflow and compressibility measurements

The test was carried out by using the Powder Tapped Density Tester (Copley

Sdentific, Nottingham, UK). The apparat(igure 5.4) has a constant rate of
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250 = 15 taps per minute and has a constant set drop of 3 £ 0.2 mm. The test
was performed, with little modification due to limitation of sample quantities,

according to the metidodescribed in the European PharmacopdBiediion.

Figure 5.4 Tap density volumeter.

First of all, the cylinder was filled with one of the powder samples and during
the filling it was made sure that the cylinder is approximately in-detfsee

angle by attaching it to a stand. The powder was gently poured in and the
cylinder was slowly moved to an upright position afterwards. The cylinder was
placed carefully onto the weighing scale to prevent the powder from sagging
by avoiding sudden movements. Tinet mass (M) was measured and read the
corresponding volume to the nearest graduated unit for the determination of the
bulk volume \4. In case of uneven surface, the highest and lowest surface
points were observed and estimated the mean volume. The didethated

cylinder was secured in the support of the apparatus. Then carried out
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respectively 50, 250 and 500 taps, each time followed by reading the apparent
volume in the same way as described above. The tapped volug&ssdand
VsgoWere obtainedVso was recorded as the tapped volume as the difference
between Vso and Vsoo Was insignificant and was less than 1mL (Ph.Etr.7
Ed.). Using these data we calculdtee tapped and bulk density values for each

of the powders. The equationsedare the ftlowing:

} Bul=%M/Vy (5.1)
where
J Bul k = Bul k,M&#Massg)t y ( g/ mL)
Vo = Bulk volume (mL)
] Tappedspp= M [/ V (5.2)
where
J Tapped = TappaeMEMass@si ty (g/ mL)
V500 = Tapped volumémL)
The C mdex @rs compressibility ith e x doesnoét real ly

flowability, but rather the relationship between bulk and tapped densities. It
differentiates well between cohesiveand freeflowing powders. For the
determination of t hefoll@g fordnda Stanifdrtnx C1 W

2007.
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Cl = ((-)Bappgped/ () Tapp®I) x 100)
Where, Cl = Carrodos I ndex
} Tapped = Tapped density (g/ mL)
J Bul k = Bulk density (g/ mL)

Table 5.3Relationship between powder flowabil@ypdpercentage

compressibilityrange(Staniforth , 200Y.

% Compressibility range Flow description

5--15 Excellent (fredlowing granules)

12--16 Good (free flowing powdered granules)

18-21 Fair (powderedjranules)

23-28 Poor (very fluid powders)

28--35 Poor (fluid cohesive powders)

35-38 Very poor (fluid cohesive powders)
>40 Extremely poor (cohesive powders)

Since the Hausner ratio is linked with friction among the particles, it is a way
to forecast powder flowability. For the determination of the Hausago HR

we use the following formula:

HR = (3 Bul k [/ JTapped)((54
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Where HR = Hausnerratio

J Bul k = Bul k density (g/ mL)

} T ap p egpedxendity (g/mL)

54. Results and Discussion

54.1. Phase analysisX-ray powder diffraction

The product from the ansiolvent crystallisation was subject to analysis
through Xray powder diffraction to verify the production of the-aystal.

Figure 5.5 (top) contains the-bday powder diffraction patterns of all the bulk
samples and confirms theentity of the cecrystals. The simulated patterns of

the reacting components (generated by using their respective cell parameters)
are of structures afl53.15°C & -150.15°C as reported in literature and hence

the peaks will be shifted towards slightligher 2theta values compared with

the data collected at ambient temperature due to the reduction in the cell
parameters at low temperature. It was apparent during grinding process that
the crystals were not conducive to a good powder and the powdernpat
suffer from broadening and preferred orientatiaf the ratio of heights
bet ween the peak at 6. 5Avs those at
Figure 5.5e & f) A Pawley fit of Compound 1 is shown in Figure 5.5(bottom)
together with a comparisowith the pure compounds, a mixture and a
simulated powder pattern from the cell parameters of the respectorgstal.

The powder patterns are slightly broad due to the grinding process but this was

common with other preparative methods such as gmgndimder solvent or
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liquid N2. The results of the fit confirm that for the powder of Compound 1 it is
largely the cecrystal phase but there is some small component that can be
attributed to isoleucine (re. small peaks at 12.5° and 24.4°). Pawley fits and
comparisons of Compounds 2 and 3 can be found in Figure 5.6 and 5.7,
respectively, and show that in both instances thergstal was made in pure

form; the differences being attributed to slight misfits in the peak fitting.

5.4.2. Infrared spectroscopy

To complement the powder diffraction data, and to verify that the powder from
the bulk crystallisation was in the same ratio as the single crystal
determination, the two peaks representative of the constituent amino acids were
highlighted and their peak ight ratios were calculated. These were compared
with the IR from the singlerystal cacrystal and the pure components as well

as a mixture. For this analysis prominent peaks from each component were
used and their ratios taken as a measure of the gesrdaf each component
within the powder, for exampl& compound 1the stretching of leucine (846)

and wagging of isoleucine (800) are strong vibrations in their respective
spectra but they are both prominent in the single crystal of therystal
(Figure 5.8). A wellmixed 50:50 powder of both components was also
analysed as a measure of whether a mixture of the components was crystallised
as opposed to the @yystal. Table 5.4 shows the peak height and peak area
ratios of these observed for the dérdifferent cecrystals and their parent
compounds. These ratios clearly show that thergstal was produced rather

than the mixture of the two components.
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Figure 5.9 FTIR spectrum of prominent peaks of puréducine,L-Valine, well mixed 50:50 pysical mixtureof both
componentsL-Valinei L-Leucine single crystand ulk powder of compound 2 used for the analysis of Peak height

and peak area ratios.
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Table 5.4Peak height (PH) and peak area (PA) ratios

Compound 1 (LIL)

Peak Peak Peak Peak | Peak | Peak
Height Area Height Area | Height | Area
833 cni' 847 cni' Ratio
Physical 4.78 25.28 7.94 72.15| 166 | 2.85
Mixture
Anti- 1.53 8.60 7.59 73.75 | 4.96 | 8.57
Solvent
Single 1.07 6.34 4.58 4245 | 4.28 | 6.69
Crystal
Compound 2 (VL)
Peak Peak Peak Peak | Peak | Peak
Height Area Height | Area | Height| Area
669cm™ 715cm™ Ratio
Physical 21.44 316.23 8.35 78.23 | 256 | 4.04
Mixture
Anti- 16.67 251.55 12.98 185.13| 1.28 1.36
Solvent
Single 15.20 227.91 11.57 157.07| 1.31 1.45
Crystal
Compound 3 (VIL)
Peak Peak Peak Peak | Peak | Peak
Height Area Height Area | Height | Area
949cm™ 992cm™ Ratio
Physical 3.40 21.56 3.99 3748 | 1.17 1.74
Mixture
Anti- 3.18 23.28 4.80 48.47 | 150 | 2.07
Solvent
Single 2.03 14.38 4.87 4784 | 2.40 | 3.33
Crystal
( ]
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5.4.3. Differential scanning calorimetry (DSC)

The thermal behaviour of the oecrystak in contrast to the individual
componentsvas studied by analysinDSC thermal datgresented in Table
5.5. DSC dataf compound 1 (Figure 5.11), compound 2 (Figure 5.13) and
compound 3 (Figre 5.19 shows endothermic peak 2826.65C, 303.08°C and
288.71°C for compound 1, 2 and 3 respectivdlge thermalprofile of co-
crystab was distinct and indicates the formatiomf novel multi-component
phase. This single endothermic transitsuiggesthe anhydrous form of the eo
crystals which is evident from the thermal gravimetric analysis shown in

Figure 5.12, 5.1dnd5.16for the compound 1, 2 and 3 respectively.

Table 5.50nset, end set and melting points e¥aline, L-Leucine, L-

Isoleucine antheir corresponding complexes.

Compound Onset Endset Melting point
°C) °C) °C)
L-Leucine 274.19 308.89 303.02
L -Isoleucine 253.86 295.00 286.76
L-Valine 250.91 301.98 294.86
LIL 251.36 302.10 296.65
Comp. 1
VL 267.09 311.07 303.08
Comp. 2
VIL 248.88 294.27 288.71
Comp. 3
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- —

Compound 1

mW

T L e — T T T T T
40 80 120 160 200 240 280 320
Temperature :c

Figure 5.11 DSC heating curves for compound 1 (LIL-crystals) prepared

from Anti-solvent crystallisation.

Compound 1

Step -99.7785%

10 -20.1852mg
mg

Figure 5.12 TGA trace for compound 1 (LIL cocrystals) prepared from Anti

solvent crystallisation
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Compound 2
20
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Figure 5.13 DSC heating curves for compound 2 (VL-crystals) prepared

from Anti-solvent crystallisation.

13
Compound 2

10 Step -99.7154 %
mg

=20.0927mg

L1
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Figure 5.14TGA trace for compound 2 (VL cocrystals) prepared from -Anti

solvent crystallisation
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Figure 5.15 DSC heating curves for compound 3 (VIL-cxystals) prepared

from Anti-solvent crystallisation.
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Figure 5.16 TGA trace for compound 3 (VIL cocrystals) prepared from Anti

solvent crystallisation
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5.4.4. Sanning electron microscopy tudies
SEMimagesof prepared carystak are presented in Figure 5.17, 5.18 and 5.19 for

compound 1, 2 and 3 respectively. The imagesvthat the product is afniform

particlesand are havinglatelike morphology.

& (., >
SUB6600 15.0kV 10.4mm x500 SE

100um

Figure 5.18 SEM image of compoun?
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SU6600 15.0kV 10.2mm x500 SE 100um

Figure 5.19 SEM image of compoun8l

54.5. Cocrystal yield

The percentage yield of compound 1, 2 and 3 can be seen in Table 5.6, 5.7 and
5.8, respectively. The yields for each of thecegstal systems have reached a
steadystate of 67.8% for compound 1, 50.3% for compound 2 and 67.3 for
compound 3 after experimental running times of 30 minutes, 3 minutes and 10
minutes Figure 520, 5.21 and 522), respectively. It is worth to mention here

that in all the experimental runs the residence time was kept constant at 0.5
minutes. Whilst these yields are good these may be improved by varying the
solvent:antisolvent ratio but for the purposes of thislstilhese results were
sufficient to obtain enough material for further identification and

characterisation.
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Table 5.6Crystal yieldof compound Xt various experimental run time.

Time 1 3 10 30 100
[min]
Practical 0.0 3.0 24.6 67.8 72.2
Yield [%]
| —s— Compound 1 |
80+
70-_ - "
60
50
s 40-_
2 30+
= 1 [ |
20 4
10-
0.
-10 - T T T T b T T T
20 40 60 80 100
Time (min)

Figure 5.20The crystal yield of compound 1 at pitetermined time interval.

The graph showing steady state at 30 minutes.
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Table 5.7Crystal yieldof compound at various experimental run time.

Time 1 3 10 30 100
[min]
Practical 4.0 50.3 50.6 53.8 54.9
Yield [%)]

| —a— Compound 2 |

[ —
- [ ]

Yield (%)

T T T T T T I ' I
] 20 40 60 80 100
Time (min)

Figure 521 The crystal yield of compound 2 at pitetermined time interval.

The graph showing steady state at 3 minutes.
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Table 5.8Crystal yieldof compound &t various experimental runme.

Time 1 3 10 30 100
[min]
Practical 3.4 26.3 67.3 67.7 70.8
Yield [%)]

| —u— Compound 3\

70 - S
p u -
60 -
50
* 40
o
Q30
> ]
20
10
1 [ ]
04
T T T T T N T T T T T
0 20 40 60 80 100
Time (min)

Figure 5.22 The crystal yield of compourigiat predetermined time interval.

The graph showing steady state at 10 minutes.
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5.4.6. Partical size distribution of amino acids complexes

The particle size focompoundl, 2 and 3 Figure 5.23, 5.24 and 5.25
respectively)showed a slight bimodal distribution in which the proportion of
smaller crystallites reduced over the course of the experiment. The highest
proportions of each ecorystal were ceméd around 40, 25, 50 nu for

compounds 1, 2 and 3, respectively.

1 ECCLCE 10 min
T 30 min.
9] - - --100 min.

Volume (%)

1 10 100 1000
Particle size (um)

Figure 5.23 The particle size distribution of compound 1 of all the samples
recovered after prdetermined time interval. The time represents

the overall running time of the experiment.
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12 A S
11 -
10 -
9
N
7.
6
N
4]
3]

—— 3 min.
------ 10 min.
----- 30 min.
- ---100 min.

Volume (%)

T T T T T T

1000

Particle size (um)

Figure 5.24 The particle size distribution of compound 2 of all the samples
recovered after prdetermined time interval. The time represents

the overall running time of the experiment.

12 ' '
11: —— 3 min.

! R E T 10 min.
L 30 min.
99 - ---100 min.

Volume (%)

Particle size (um)

Figure 525 The particle size distribution of compound 3 of all the samples
recovered after preletermined time interval. The time represents

the overall running time of the experiment.
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5.4.7. Solubility studies of amino acids complexes

The solubilities of the caorystals showed slight variations compared to the
pure compounds in@5:5 w/w waterisopropanol mixtureThis solvent system

was used as there were wettability issues with only water as the solvent.

Compounds 1(Figure 5.26) and compound 3 (Figure 5.Z8)ow similar
solubilities to one of the parent compounds which ihg@es not surprising
given that they possess a slightly higher portion of the more soluble compound

in the lattice.

90

m1L3IL-Cryl6 eLeu. al-Leu.

70 ~

50 -
40 -
30 -

20—/

10 T T T T T T T T T T T T
15 25 35 45 55 65 75

Temperature [°C]

Concentration [Mg/Gsoiution)]

Figure 5.26 Solubility of Leucine, Isoleucine and compounth® 95:5 w/w

water: isopropanol mixture
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The solubility of Compound grigure 5.27 is interesting in that it sits between
the solubilities of the pure compounds. this structure leucine is the main
component and so it can be seen that by adding valine into the structure the

solubility is greatly enhanced.

In all caseghe solubility line for the carystals has a steeper gradient than the
pure components and in the case of compounds 1 and 3 the solubilities exceed

the pure components at higher temperatures (>55°C).

90

m2V3L-Cryl6 eVal. elLeu.
80 -

70 -

50 -

30 -

Concentration [Mg/gs,tion)]

10 T T T T T T T T T T T T

Temperature [°C]

Figure 5.27 Solubility of Leucine Valineand compoun@

in a 95:5 w/wwater: isopropanol mixture
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90
m3V1IL-Cryl6 e Val Al-Leu.
= 80 -
S
3
3 70 +
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IS
£ 60 -
[
e 40 -
()
o
= 30 -
O
@)
20 +
lo T T T T T T T T T T T T
15 25 35 45 55 65 75

Temperature [°C]

Figure 5.28Solubility of Leucine, Valine and compoud

in a 95:5 w/w water: isopropanol mixture

5.4.8. Powder flow measurementsf amino acids complexes

During the manipulation of the exrystalline material it was apparent that they

were more resistant to fAdustingodo than

measure this phenomenon flowability asmmpressibility measurements were
made on the materials. Table 5ndicates that the new compounds have a
higher cohesiveness due to the poorer flowability (Hausner ratios >1.19) and
hi gher compressibility (Carrds idhndex

results in less dusting aduaded to in the patent and in our own observations.
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Table 59 The flowability and compressibility of the powders measured using

the Carrdés index (Cl) and Hausner
Densities Density derivatives
(1)
Compound y Bull ; Bul| Cl(%) HR
(9/mL) (9/mL)
: 0.4070 0.4669 12.83 1.15
L-valin
. 0.5057 0.5739 11.87 1.13
L-l euci 1
. 0.5484 0.5934 7.58 1.08
L-i sol eu
0.1665 0.2219 24.95 1.33
Compoun
0.1802 0.2181 17.38 1.21
Compoun
0.1605 0.2078 22.76 1.29

Compoun

5.5. Summary

The nmajority of the active pharmaceutical ingredients and excipients are
generally prepared by solution crystallisation methotdatch modeln recent
time continuous crystallisation is considered as a promisigitnod orprocess

to improve the bulk production of pharmaceutical materi@lg-crystals of
amino acids tLeucine, L:Isoleucine and HValine were successfully prepared
by a rapid and continuous asthlvent crystallisation method. The astilvent
nucleation unit \&s designed in such a way thhe warm solution of pre
mixed amino acids is injected into cold astilvent. Operating parameters
were optimised for a better control of the continuous crystallisation and
production of the ca@rystals. The process desigrasvhaving a reproducible

control over phase purity, particle size and process yield. Toeystals have
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shown change in their physiohemical properties like flowability,
compressibility and solubility which may be exploited during product

developmentdosage form design and manufacturing.
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Hosti guest complexation of

b-cyclodextrin with c(RGDfV)
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Host-guest complexation ob-cyclodextrin with c(RGDfV)

6.1. Introduction.

The phenomenon of molecular complexation is one of the growing fields of
importance in supramolecular chemistry general. This area of research
attracted scientists particularly from chemistry, biology and material sciences

to develop and regulate the distinct supramolecular structures and investigate
their properties and functionalitiegifla et. al.,2012. The supramolecular

inclusion complex involves noncovalent intermolecular interactions mainly
hydrogen bondiagking and hydrophobic i
interacting materials and mostly represents a-goest type of interaction.

Many molecularcomplex forming agents such as cyclodextrins, curcubituril,
calixarenes etc., have been studied for their wide range of applicatitmsy

etal., 2013.

b-Cy cl odeQD) belomgt 0b a series of cycdic ol
CD is prepared by enzymatdegradation of starch and composed of seven

uni t sl,4lfi n KeglucopyranoseSzejtli. 1993

The struct ur al-CDleobk likeascenitadl eylindeo ar trunchtedb
cone due to it§C,; chair conformation of the glucose unit (Figurd)6.The
secondary hydroxyl groups, the Of2)and O(3)H)) are on the wider opening
of the cone whereas, primary hydroxyl groups, €{6are present on its
opposite side. The core of the cavity is relatively hydrophobic whe3eCEl
groups and & CH group are situateddg Oliveira et al2011, Garcia et al.,

2014).
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O Q,
OH HQ, OH H-2
O, H4
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Q oH O C(6)H20H

Figure 6.1 The chemical structure arstiape ob-cyclodextrin.

b-CD is popular among the cyclodextrins as idisafe molecule for human use
(Stella& He, 2003.Ch e mi c al s-€Discapahlertcehost, partiflly or
completely,hydrophobicmolecules into its interior hydrophobic cavity to form
an inclusion compl ex. T iCD soentam guest n g
molecules may significantly alter or useal tune the physical, chemical and
biochemical properties of the guest molecuzgjtli J. 2004; Yuan Z et al,
1999 .-CDbbased molecular complexes have been exploited in many fields
which include pharmaceuticalsdftsson and Brewster, 2018y, et al.,2012),
biotechnology $ingh et al,2002, food Szenteand Szejtli, 2004; Astrat al,
2009;Liu, etal., 2013 and cosmeticsBuschmann and Schollmeyer, 2002 Al

Rawashdeh et al 2013
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b-CD complexes present an important and considerable supranaolsgsiem

and is a very attractive strategy in improving the drug properties like systemic
availability , enhancement in solubility, stability, masking odour, and
controlled release of active pharmaceutical ingredients from the dosage form
(Tiwari et al., 2010; Zhou et al.,2012;Kurkov and Loftsson 20)3
Cyclodextrins are stable entities and are not affected in the gastric environment
or in the small intestine making them suitable as a host molecule for those
drugs which are hydrolysed or unstable in stoimar small intestine including

peptides and protein¥ éguaset al., 201).

Most pharmaceuticals form 1:1 complexes with cyclodexthigure 6.2)
however, the stoichiometry and stability of cyclodextrin based-dnoesst
inclusion complexes are affectég the shape, volume, and polarity of guest

molecules Rekharsky and Inoue, 1998

Drug Beta Cyclodextrin Drug:Beta cyclodextrin

Figure 6.2 A schematic representation of 1:1 complex between a drug
molecule and beta cyclodextrin at equilibrium.
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The potential of peptides in drug development gaining considerable
importance in recent times because of the recognition that proteins can have
high potency and specificity at the site of action which consequently leads to
fewer side effectsCraik et al., 2013 Peptidebased pharmaceuticals have
disadvantagessuch as poor biological stability, inadequate membrane
permeability, instability, rapid plasma clearance, immunogenicity leie.and
Uekama 199P and their high production cost. With all advantages and
disadvantages, preparation and evalumatbthe biologics in clinical trials are
growing over the last few yeal&aspar, & Reichert, 20)3and therefore,
additional strategies should be explored to enhance solubility, stability,
protection from conformational changes, to improve uptake, péihtgand

targeting.

NH o

NH

)

H,N o NH

NH

Figure 6.3Chemical structure of a c(RGDfV)
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The ¢(RGDfV),(Figure6.3), has demonstrated the ability to inhibit the growth

of gl ioblastoma and other tumor s by
activation. The integrins Usb3 and Us
cells and tumor vasculature and Clingitide is the first integrin inhibitor in

clinical Phase lll development for oncologiRgardon et.al.,2008; Reardon et.

al.,201.

Cyclodextrinshave considerable applications related to peptide and protein
delivery as their interaction may affect the agueous solubility, permeability of
the mucous membrane and stability of tielogical macromoleculesagainst
proteolysis. Interaction of peptidasd cyclodextrin in several respects, such as
receptofligand binding Bekos et al,1996and modification of response the
human bodyl(ula, et al, 201) have been examined. It has been demonstrated
that insulin forns a complex with betayclodextrin wilch consequently
influences the drug loading and absorptiode(ry et al., 2001 and in another
study an enhancement of bioavailability was observed when insulin
sulphobutyl ether betayclodextrin complex was given subcutaneously to rats

(Tokihoro et al, 2000Q.

I n this work, we report the study of
CD using anumberof techniques to characterise the complex and obtain

i nformation regarding p-Eptoundeestaralithd i t s
setting of this summolecular complex. The analytical techniques that have
been used to investigate hagtest complex formation db-CD andc(RGDfV)

include differential scanning calorimetry, fourier transform inwed
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spectroscopy, circular dichroism and powde€rray diffraction. Nuclear
magnetic resonance spectroscopy (NMR) was used to determine their
structuresH-'H COSY (Correlated Spectroscopy) experiments was used to
correlate sele ggr egati on of a free pept-ide mo
cyclodextrin. In addition, *H-'H NEOSY (Nuclear overhauser effect
Spectroscopy) experiments have been used to gain insighinteractions
between cyclodextrin and guest moleculBse experimentsvere also carried

out to grow crystals of the inclusion complex and crystals of c(RGDfV) to get a
better understanding of their structures digigle crystal Xray diffraction
technique. During crystallisation of c(RGDfV), it was observed tihatpenta
peptide c(RGDfV) underges self-assembly to forma hydrogel which was

evidentby AFM images.

6.2. Experimental

6.2.1. Materials

Two batchegB-1 and B2) of c(RGDfV), wereobtained from China Peptide®

Li mited. 6K -dgdiodertan,wasaobtainedbfrom Sigma Aldrich, UK.

Milli -Q® water (Lab Source) arldMSO-d6 from Sigma, were used in sample
preparation. All reagents were used as receiVed PXRD, DSC, TGA, FTIR

and Raman spectrum of theolid materialsvere recorded for comparisevith

thei ncl usi on compl ex of-cytlddextrippeepatedlpye pt i d ¢

freeze dryingmethod
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6.2.2. Methods

6.2.2.1.Preparation of physical mixtureofc ( RGDf V)}CDand b

c(RGDfV) (B-1) ( 1 0. 3 mgQD (29.4 thg) fwere accurately weighed and
mixed to prepare a physical mixture (molar ratio of 1:1). The components were
gently triturated for few minutes to get a wellxed product of the two

ingredients.

6.2.2.2.Preparationofc ( RGDf V }CD ancludionfzomplex

The solidstatec(RGDfV) (B-1): b-CD inclusion complex was prepared in a

1:1 molar ratio using the freezer yi ng me t-@GDb @0.5md}y wass t b
dissolved in sufficient water in a vial then equimolar quantity (15.5mg) of
peptidewasdispersed and the solution was stirred at room temperature for 24

hou s . After stirring, the resultant S0

The freeze product was subjected to fregzeng.

6.2.2.3.Stock lutions of c(RGDfV) and b-CD

10mM of b-CD and 10mM ofc(RGDfV) (B-1 and B2) stock solution were
prepared inDMSO-d6 and used innuclear magnetic resonance (NMR)

experiment®f each solution

6.2.2.4. Stock solutions of ¢c(RGDfV) batch B-2 and b-CD for complex

formation

In order to study the complexation process betw€BRGDfV) (B-2) a n dCDb

in solution, stocksolution (10mM)of each reactanh DMSO-d6 wasprepared.
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Based on these equimolar solutions, a rack of 5 clean glass tubes was
assembled and a series of five samples containing botb(R@DfV) (B-2)

a n dCDbmolecules were prepared. This was achielvgdnixing the two
solutions to constant volume at varying proportiomachieve a molar ratio of

1:3, 1:2, 1:1, 3:1and 2fbr b-CD and c(RGDfV)(B-2).

6.2.2.5.Crystallisation of c(RGDfV) batch B-1

6.2.2.5.1 Crystallisation by evaporation

Crystallisation by slow evaporation is a most commonly used technique for

growing crysals of small and macromolecules.

5 ml glass vials were used for the crystallisation experiments. Peptide solution
was prepared by dissolving 1mg2mg of pentapeptideni Iml - 3 ml of
different organic solvent or esolvent (Table6.1). The glass vials containing

the peptide solution were sealed with plastic lid. Few holes were made in the
plastic lid by means of a sharp thin needle to allow very slow evaporation of
the solvent. The conditions for slow evaporation were maintained at a constant
room temperature and without any physical disturbance. The experimental
vials were monitored orm regular basis to observe any change or crystal

formation.

6.2.25.2 Crystallisation by vapour diffusion

Crystallisation by vapour diffusion methedhscarried out by dissolving 1mg
of the peptide in 1 ml of purified water in a small vial. The wakthen placed

inside a wide mouth jar that contains an appropriate volume of the solvent in
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which the peptide is insoluble. The jar is then tightly capped and sealed and
secured at bbcationwhere it was not disturbedSolvent vapour from the outer

jar diffuses into the inner vial ontaining the peptide solutiorgreating
supersaturation conditions for peptide in the solution causing it to grow as

crystals.

Table 6.1Solvents used for thelRGDfV) batch Blcrystallisation

Solvent / Cesolvent c(RGDfV) (mg/ml)
Water 2 mg/ml
Methanol 0.5 mg/ml
Ethanol 0.5 mg/ml
Acetonitrile 0.5 mg/ml
DMF 1 mg/mi
DMSO 1 mg/ml
Water:Methanol (4:1),(1:1),(1:4 1 mg/ml
Water:Ethanol (4:1),(1:1),(1:4) 1 mg/mi
Water:DMSO,(4:1) 1 mg/mi
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6.2.2.5.3Crystallisation by using Crystal Sreer2

Biological macromolecules are complex molecules and are difficult and time
consuming to crystallise by conventional method such as slow evaporation
crystallisation.Very often mammolecule crystallisation experents are not
successful due to many challenges to optimise conditions required for
nucleation and crystal growth. Crystal screen 2 is a reagent kit developed by
Hampton Researchirigure 6.4) for determination of preliminary crystallisation
conditions of maromolecules. The screen contains 48 formulated
reagentaising the salts, polymers, organics and buffefee details of the

reagents of Crystal Screen 2 can be found in Appehdix

Figure: 6.4 Crystallisation screen reagents with 24 well VDX plate

Hanging Drop Vapour Diffusion method is used in Crystal Screen 2 and is the

commonly employed method of crystallisation of macromolecules.

The sample is prepared in purified water and a concentratibrio 25 mg/ml

of sampleis recommendedThe chances of crystallisatioare significantly
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affected by the sample purignd free from any amorphous or unnecessary

additives.

Peptide 1ul

Reservoir 111

\

Drop \ l

Coverslip

\TEY <4— Qrease

\
) H>0

<«— Reservoir 1ml
Precipitant

Figure 6.5 Cross section of a reservoir in the VDX plate.

Thin coats of cover slide sealant is applied to the upper edge of each(®4 the

* 2) well plates and then with clean pipet tip add 1 ml of the Crystal Screen
reagent 1 into well Al. Similarly, add reagent 2 in well A2 and repeat the
procedure for all remaing reagents using a clean pipet tip for each reagent to
prevent reagent contaminatioNext is to pipet 1 put 2 pl of the peptide
sample onto a siliconised cover slip which is followed by adding equal amount
of the well solution into the sample droplet. The peptide and reservoir solution
is then carefully mixed avoiding any air bubblesl doaming. The cover slig
quickly and gently inverted over the well and sealedthout disturbing the

drop of the mixture(Figure 6.5). Two sets of crystal screen are generally
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prepared and incubate at different temperature, one set of plates at room
temperature and the second set at 4°C. The crgatah plates are then left
undisturbed in a vibration free environmeWtater in the drop will evaporate
which result into anincrease of peptide concentratiovhich may lead to

crystal formation of thegptide.

Once the screen is set up, it is important to record the observation by
examining the drops under a stereo microscope for comparison purposes. It is
worth to examine the drops each day for a couple of week and then once a
week unless records indieathe practice of no use. Observations should
indicate whether the drop is clear or any change significant to record,

precipitate formation, and or crystalllowing ses of screens were prepared,;

6.2.25.3.1 Screen 1

In each reservoir (well), 1 ml dhe crystallisation reagent (Hampton research
reagent solution) was placed. Then 2 ul of the peptide sample (2.5 mg/ml) was
pipettad onto a clean siliconised cover slide which is then followed by adding 2
ul of the reservoir solution. The peptide and resersolution were carefully
mixed avoiding any air bubbles. The cover slide is then very gently inverted
without disturbing the drop of the mixture over the well and sealed. The screen

was then left undisturbed at room temperature.

6.2.25.3.2 Screen2

Similar procedure to screen 1 was adopted with the exception that the screen

plate was placed at controlled temperature (4°C)
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6.2.25.3.3 Screen3

Similar procedure to screen 1 was adopted with the exception that the peptide

concentration used was 5 mg/ml

6.2.2.6. Crystallisation of b-CD: c(RGDfV) inclusion complex

6.2.2.6.1. Crystallisation by evaporation.

Approximatelybmg of stoichiometric (1:1) quantity of(RGDfV) (B-1) and
b-CD were weighed accurately into a glass vial and dissolved in ~5mL of
deionised, distilled water with stirring until all solid had dissolved. The
solution continued to be stirred at room temperature for 24 hourghand
solution was filtered through standagchde filter paperThe vial was then

capped with perforated lig allow slow evaporatian

6.2.2.6.2. Crystallisation by vapour diffusion.

Same procedure as used in crystallisation by evaporation method was
employed with the exception that the vial without lid is placed in another jar
containing antsolvent. The jawasthen placedin a locationfree from any

disturbance.

6.2.2.7c(RGDfV) hydrogel preparation in water

To explore whethethe pentapeptidead different gel formation behaviour, a
range of samples (2, 3, 5and 8/mf of the c(RGDfV) were prepared by

dissolving the weighed quantities of c(RGDfV) in 1 ml of deionised water,
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vortex mixing was carried out for 15 seconds and left to equilibrate for 24

hours at roontemperature.

6.3. Instrumentation

6.3.1. Differential scanningcalorimetry (DSC)

DSC plots were obtained using dynamic DSC (DSC 822e, Mettler Toledo,
UK). Samples were prepared by carefully weighing between 2.31 and 6.03 mg

of each sample into a 40 ¢l al umi ni um
with a pinhole in the lid. Anemptyin-h ol ed 40 ¢l al umi ni um
a reference. Both pans were subjected to a nitrogen atmosphere. The pans were
then heated at a rate of 10 °C/min from 40 °C to 340 °C. The temperature and
heat flow of the DSC instrument was calibrated with indiana zinc. The

results were analysed using Mettler STAR software.

6.3.2. Fourier transform infrared spectroscopy (FTIR).

Fourier Transform Infrared (FIR) spectra were collected using Smart iTR
Nicolet iS10 spectrophotometefThermo Scientific). The spectra were
recorded in the range of 4000 to 400 cat an instrument spectral resolution
of 4 cm' (20 scans pespectrum). The spectra were visualised and analysed
with OMNIC™ software (version 8.1) (Thermo Scientifidlhe Pectra were

compared with the pure compounds to confirm thergstal formation.

6.3.3. Powder X-ray diffraction (PXRD)

A small quantity (10 50 mg) of each sample were mounted on 28 well plate

supported on a polyimide afaMerepcolleated 7. 5¢
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on a Bruker AXSD8Advance transmission diffract
geometry, pri mary monochromated radi a
Vantec 1D position sensitive detector (PSD) and an automated-pusition

x-y sample stage. &a were collected in the rangg84%5 A 2d wi th a 0.
step size and 1 s stdpcount time. The identification of the -coystals

formation was performed by comparing the powder diffraction patterns with

those of the pure materials.

6.3.4. Circular dichroism (CD)

CD spectra ot (RGDfV) and its inclusion compound solutions were recorded
using a JASCO spectrophotometer mod@&R0 at 298 K with a 0.1cm path
length cell cuvette. Wavelengths were measured from 190 to 320nm with 0.5
nm step resolution, svep speed of 100nm mitrand bandwidth of 0.1nm. The
spectra, an average 6fscans, were processed with JASCO softw@odvent
spectral subtraction was performed from the CD spectra using software. For
comparison of CD spectra the output is converted @mmmresidue molar

ellipticity (MRME).
6.3.5.NMR spectroscopy.

NMR experiments were recorded on a JEOL (JNM LA400) 400 MiHz.
NMR experiment was carried out for all compounds and was used as the
primary means of structural identification. In thé NMR, the chemical shifts
and integration indicate the number of each type of protons present in the
molecule, the multiplicity and extent of coupling constant gives an idea of the

adjacent protons and their spatial proximity. TReNMR and *H-'H COSY
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contour mapsvereused in determiningomplex formation*H -**C (one bondl
(HSQC) and'H -C long range (8 bond (HMBC) correlations were also

recorded.

After Fourier transformation and baseline correction, the diffusion dimension
was processed. NMRath were processed and amaty with the Bruker
XWINNMR software package (version 3.5), Delta and Mnova NMR software,

version 9.

6.3.6 Atomic force microscopy

The AFM images were collected by scanning the mica surface in air at ambient
temperature by using@ Multimode 8 scanning probe microscope (Digital
Instruments, Santa Barbara, CA, USA). The AFM measurements were
obtained using calibrated Scan Asgst probes. The images were obtained

from freshly prepared samples.

6.4. Results and Discussion

6.4.1. Differential scanning calorimetry

DSC has been shown to be a very useful tool in the identification ofatiel
interactions between host and guest molecules. The melting point of the guest
molecules generally changed to a different temperature or mappaiared

when it form an association with the host molecuNEdlescu et al., 200

Figure 66 e x pl ai ns t he D SQD, peritapaptid®, the ghysicab f b

mixtures and corresponding freeze dried inclusion complex.
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Figure 6.6 DSCplots of (a) betacyclodextrin, (b) physical mixttel), (c)
inclusion complex and (&(RGDfV)

The c(RGDfV) thermal curve was typical and was characterised by an
endothermic peak assigned t-&€Dshowed mel t i
two endotlermic peaks. Avide and endothermic effect in the 2GD130°C

range which may be attributed to dehydratwmle the other observed the
360°Ci370°C range i s rel ated wi t h t-B@ Thd ec ompc
thermogram of the physical mixture displayed the broad endothermic effects
due t oCDtdbehgdration process and the pentapeptide melting peak
slightly shifted from its original positioimdicating interactionTheendotherm

did not appear as a shapeak which could be ascribed to the weak molecular

i nteractions bet we e RCD.tSmdar lpeleaviduawas pt i de
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observed in the albendazeteo d i f-CDesgsterm Garcia et al., 2014)The
thermogram of the inclusion complex showed a very broadthermic event
characteristic ofc(RGDfV) with significantly reduced intensity than that of

physical mixture, thus suggesting a complex formation.

6.4.2. Powder X-ray diffraction

X-r ay powder di f f r-&€0b,tc(Re&DfV) (Bal} &nd rthe s of
corresponding complex a(RGDfV) wi t -BD de shown irFigure 6.7. b-

CD showed many intense and sharp peaks explaining its crystalline solid state
whereas the pattern of pentapeptide with no peaks reveals its amorphous
nature. Physical mixturefo t he p e nt aObehoived dharacteiistich b
peaks si mi-GDari ntdoi ctata nig t h a-€D didhnet cr y st
change significantly during physical mixing of the two components. The
reduced intensity or di-CDhanpheeresemaa e of
the pentapeptide could be affixed to the dilution and trituration effect. The

i nclusion compl ex -Cfpreparednbly the feepze drgirey wi t |
methodpresentsfew undefined, broad, dispersed peaks with low intensities.

This pattern of the inclusion complés observed in many previous studies

(Banchero, et al., 2033

The PXRD pattern of the inclusion complex indicates significant interaction of

t he pent ap-EDlas few extrawdiffradiion peaks at diffraction Bng

2d 14A and 17A for instance canb-be ob:
CD. These results support the formation aafnew material via inclusion

complex.
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Figure6.7 PXRD pat t eCGDnlyc(RGDIV)(, &) physical

mixture and (d)nclusion complewia freeze drying

6.4.3. Fourier tranform infrared studies

The FTIR spectra ot(RGDfV) (B-1), -Cb, physical mixture and inclusion
complex ofc(RGDfV) a n dCDfare presented iRigure 6.8. The spectra of
both the inclusion complex and the physical mixture were largely dominated
by the vibrational bands of the cyclodextrin molecule. There were some
differences in the spectra of the inclusion complex from parent spectra, i.e.,

c(RGDfV) andb-CD and the corresponding physical mixture.

The | R s C®qAgurea6.9)csioweld prominent absorption bands at

3331cm for O-H stretching vibrations, 2925¢MC-H stretching vibrations,

218

——
| —



Host-guest complexation ob-cyclodextrin with c(RGDfV)

1152cn for C-C stretching vibratiorand 1020crt for O-H bendingvibration.
The distinctive peaks found in pure pentapeptidéiglre 610) spectrum
include he G=O stretching vibration located at 1634tmwhereas, the M

stretching vibrations appeared at 3267cm

100 IBatacyclodextrin
BU{
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.PP-BCD-FD
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80-

100 TPP-BCD-PM
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80!

100 :Pentapeptide
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4000 3500 3000 2500 2000 1500 1000
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Figure 6.8 The FFIR spectra ot(RGDfV) (B-1 ) -CD, fphysical mixture and
freeze dryinclusion complex o€(RGDfV)a n dCDb

1007
905
sné
70%

60-

Y%Transmittance

577.05

501

40!

30-
4000 3500 3000 2500 2000 © 1500 1000
Wavenumbers (cm-1)

Figure 69The FFI R spe«bra of b
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Figure 6.10 The FTIR spectra ot(RGDfV) (B-1).
In the IR spectrum af(RGDfV) a n dCDfphysical mixtureKigure6.11), the
peaks assigned to parent component can easily be identified indicating a
mixture containingc(RGDfV) along with the complex forming agent. The
slight shifting of peaks with reduction relativeintensities can be attributed to

complementary mixingnd dilution effects.
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Figure 6.11 The FTIR spectra ophysical mixture oE(RGDfV) (B-1) &
b-CD.
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In the freeze ded sample of the prospective inclusion compléxe whole
spectrum ofc(RGDfV) is significantly affected indicating strong interaction

with the betacyclodextrirq{gure 6.2).
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Figure 6.12 The FT-IR spectra ofnclusion complex o€(RGDfV) (B-1) and
b-CD

In ¢(RGDfV): b-CD freezedryc o mp | e x , the NI H stretch
the free peptide is located around at 3296*cris almostmaskedwhich might

be due to strong interaction betwefRGDfV) and the hydroxyl groups @F

CD or swamped by the i@ stretch ofb-CD . In the amide regions free
c(RGDfV) shows two peaks located at 168# ! and 1548ciT, whereas, in

peptidé b-CD, amide | and Il bands undergo significant broadening, and the

band located at 1634¢in the free c(RGDfV) now showstwo peaks one at

1668cm' and the otherat 163Em'! indicating the change in C=0
environmentof the ¢(RGDfV) and supporting interaction with-CD complex

formation
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