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Thus, for low concentrations. the fluorescence intensity is directly proportional to the 

concentration and proportional to the intensity of the incident radiation Several 

factors including molecular structure and chemical environment also affect the 

intensity of fluorescence [6,9,11,15,17]. 

2.1.1.2.3. Instrumentation 

This chapter will only deal with the basic components of the instrument as further 

discussion of each component is covered In most analytical textbooks Four essential 

components or elements of a fluorometer or spectrofluorometer can be identified 

from the diagram shown in Figure 2.1.2 and these include a light source a 

fluorophore wavelength filters (for fluorometers) or monochromators (for 

spectrofluorometers) and a detector connected to a readout device [1,11,14,15,17]. 

Compatibility of these four elements is essential for optimising fluorescence 

detection 

Ii~h! sourre filter s~"'ple 

-

" Ue, 

FluorometPr photorpll 

Figure 2.1.2. S(:/IIJmil/ir; n3prlJ'5lJn/ alion of iI flvUfame/er/'5pectroflvorometer 
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2.1.1.3.2. Instrumentation 

There are several instruments available for CD measurements but the most common 

instruments currently produced are the Jasco spectrometers [23], A circular 

dichroism spectrometer shown in Figure 2,1,5 below is similar to an absorption 

spectrophotometer except for the difference in polarising elements and electro-optic 

modulator present in CD spectrometer [1929] Tr.e instrument consists of a high 

power incident light. produced in most cases by a xenon arc lamp with a temperature 

control to keep the lamp cool [19,23] The instrument contains an electro-optic 

modulator. which is used to resolve the plane-polarised light into two circularly 

polarised lights (LCP and RCP) as mentioned in Section 2.1.1.3.1. 

- , 
, ( '" , , , ~ Un,cl"j,. d 

100h' iJ ~ ll ·t , 

1"\1-
~., 

;-- F ,. p 

'V 
, 

SClro. Mo,,, ,rm m,t, r rDI>rj"r Eloctrocp.: S, mpl. C o,rt 
Mod u,:;«, I '" « cord.' 

Figure 2.1.5. Schematic representation of CD instrument. LCP Wld Rep are tile left wid 

rigiJt cirwlarly polalised ligiJt beams, respectively 

The sample then absorbs tr.e LCP and RCP light to different extents and the 

differences is detected by a photocell with wavelengths ranging from 180 nm to 850 

nm [22] The instrument is purged with nitrogen to remove oxygen, thus reducing the 

production of ozone formed [19,26] 

2.1.1.3.3. Applications 

As mentioned in Section 2 1 1 3, the main application of CD is in the structural study 

and chiral analysis of biological molecules, in particular, proteins. The technique has 

been used extensively for the structural determination of a variety of proteins as well 
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as the conformatioo and conformational changes of proteins under different 

conditions [20 2324] The transition is mainly due to absorption by amide bonds of 

the peptide backbone in the "far-UV' range, 180 to 250 nm (secondary structure) and 

the aromatic side chains in the "near-UV" range, 250 to 350 nm (tertiary structure) 

[24,30]. The main two electrooic transiHons of amide are the fl---+ir* transitioo 

observed at 210 to 230 nm and lhe ,"[---f,,' transi!'lOn observed at 180 10 200 nm and 

these are shown in Figure 2 1 6 below [24]_ 

Figure 2. 1. 6. Schematic diagram silOwin9 lI,e (firediuns uf tlie n fi" magnetic (fipoie 

fransifion and ir >?,* eieclric dipole transition momenf in ti,e pepiide group 

The main secondary structure of proteins are the (f.-helix. I)-sheet and random coil 

which give characteristic CD spectra shown in Figure 2.1.7 and Table 211 

[24.30,31]. The tertiary structure of proteins is obtained by absorptioo of the aromatic 

residues. namely. phenylalanine. tyrosine and tryptophan 

-
\ 
\~ 

Figure 2.1.7. Circular dichroism spectm of pure secondlllY structures; 

If-helix, f!--8iJPPillnri mndum coil confumlations 
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Table 2. 1. 1. 1.1ble silo wing clJilmr,/endic bands of a-Ilelix, {"slleet and mndom coil 

confomJil!ions 

ronf~rmation Band Transition UV region (nm) 

positi.e • "" ; ,,-~ellx ~--+~ 

-- -, negative , )~. 208 

negatve n .... ~· '" -
p-sh""t po,otive , " • '"' -

negatLve n .... ~· 2>6 

Random coil positive 
I~--+~-- '" L - -- - -

negative ~--+~ "'" - -- - - -

CD can also be used to determine changes In the structure and conformation of 

proteins, and is thus an excellent method of following protein denaturation and 

stability 

2.1.1.4. NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY 

2.1.1.4.1. Introduction 

Nuclear magnetic resonance (NMR) spectroscopy is the study of absorption of radio­

frequency (RF) radiation by nuclei and is based on the magnetic properties of atomic 

nuclei [321_ The technique was first discovered by Bloch and Purcell. who were able 

to show that nuclei absorb electromagnetic radiation In a strong magnetic field 

[33341 The data obtained reveals useful information on molecular structure and 

chemical reactions, The development of multidimensional NMR techniques has 

resulted in a breakthrough in the determination of three dimensional (3D) structures 

of proteins, nucleic acid and carbohydrates, NMR is now applied in organic inorganic 

and biochemistry in molecular structure elucidation [321_ 
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2.1.1.4.2. Basic NMR Principles 

In 1924. Pauli suggested that certain nuclei (eg. 'H. ·"c, ]'P) have spin and 

magnetic properties, and that exposure to a magnetic field leads to splitting of their 

energy levels [32] Only nuclei with spin quantum number (I) ,,0 can absorb radio­

frequency (RF) and they are said to have a magnetic moment .tt, wh;ch in turn 

produces a dipolar magnetic field [35,361 

From quantum mechanics. it can be shown that a nucleus of spin f will have 21 + 1 

possible orientations, that is a nucleus with spin 112 will have two possible 

orientations with equal energy in the absence of an external magnetic field [36,371. 

In the presence of Bu. there \/IIi11 be an interaction belvieen,ll and Bo that generates a 

torque, that is, the Z-axis will process around the magnetic filed as shoWll in Figure 

2 1 8 [36] According to quantum mechanics. these Interactions lead to different 

energy states of the spins_ 

s.::D" Processional orbit 

" I' , 
eo ~ ) Sp'OO,", OUO,'" 

Figure 2. 1_8_ Prllcllssion or nuclei (! = 1!2) wound 11m ex/ernlll mllgnelic field 

/j,; Ilnd I"; i.~ /he LWlno( frcqucncy 

Upon application of radio-frequency radiation of a frequency that corresponds to the 

energy differences, these eflergy differences can be examined in a Similar manner to 

optical spectroscopy_ Modern NMR equipment irradiates sample with pulses, and the 

subsequent dynamics of the spins are monitored and converted into relaxation 

measurements (spin echo decay curves) or spectra 
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2.1.1.4.2.1. Relaxation Processes 

The relaxation of spins is governed by two relaxation time constants, T, and T2 [32]. 

The spin-lattice relaxation (T) describes the exchange of excess spin energy with 

the surrounding (lattice) in the form of heat as the system returns to equilibrium [168]. 

The process is caused by the interaction of excited nudei with small, local oscillating 

magnetic fields, which rotate at the same frequency as the Larmor frequency (1"0) 

[38,39]. T, is caused by static or slowly fluctuating magnetrc field B~, variations 

resulting in loss of phase coherence among groups of nuclei rotating in the 

transverse plane (x,y plane) [33,37]. The process begins immediately after absorption 

and is always less than T,. The two relaxation times can be quantified using specific 

pulse sequences. 

2.1 1 4.2.2. Cilemical Shift H 

Chemical shift (0) of nuclei is the amount of energy required for nuclear resonance. 

and is observed when identical nuclei lie in different chemical environments and thus 

are non-equivalent in chemical terms. It is measured in ppm, relative to the reference 

compound, usually tetramethylsilane (TMS) [40] Chemical shift is used to identify 

functional groups and as a result aid in determining the structure of the molecule 

(Figure 2.1 9). 

Alcohols, protons 0: 

Aromatics to ketones 

Acids Amides 

r 
Aldehydes II 

Oleffl1s Aliphatic 

,~~ 
t 

I: I 
: 

High 
field~ fi eld 

" 10 7 , , 0 ppm 
TMS 

Figure 2.1.9. Chemical shifts of differellf 'H Iwelei 
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The tlNo mam factors that affect the observed chemical shift are diamagnetic effect 

and paramagnetic effect Diamagnetic effect occurs due to shielding by electrons, 

which reduces the effective magnetic field around the nucleus under consideration 

[32]. This causes the resonance to occur at higher applied magnetic fields and the 

greater the electron density, the greater the shielding 

Paramagnetic effect occurs when the effective field at the nucleus is increased 

through induction by applied magnetic field associated with electrons moving in their 

orbits [41]. This leads to a deshielding of the nucleus and a shift to a lower magnetic 

field strength. 

Chemical shifts of proton spectra of amino acids have been used to determine their 

behaviour m solution [42] 

2.1.1.4.2.3. Coupling Const,'lIlt (J) 

Coupling constant (J) is another parameter that can be used to give additional 

structural information obtained from NMR spectroscopy [42J, It arises from the spin­

spin coupling of neighbouring protons, and provides chemical mformation on the 

interaction of these protons. The spin-spin couplings give rise to a fine structure of 

the NMR resonances and their magnitude is expressed in hertz (Hz) Molecular 

structure of an unknown compound can be determined by careful analysis of 

chemical shifts and spin-spin coupling. 

2.1.1.4.3. Basic NMR Spectrometer 

The NMR spectrometer is basically a radio-frequency radiation and it consists of the 

following components; magnet, high frequency transmitter, receiver coil and the 

electronics (computer and a plotter) as shown in Figure 21 10 The magnet, which is 

normally a superconductor produces a stable, strong and homogenous magnetic 

field with field strength Bo [14.43] The advantage of using a strong magnet IS to 

increase the separation (resolution) bet.veen the signals as well as to enhance the 

intensity of the signal [44] 
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The sample cell showrI in blue, is placed in a probe, which is placed between the 

oscillating magrletic field, B, and excited via pulsation irl the radio"frequency input 

circuit [45] The radio-frequency signal produced by the resonating nuclei is detected 

by means of a coil is Fourier transformed into a spectrum. The pulse is repeated 

several times to allow the signals to be identified from the background noise 

( : Me," •• 

Figure 2.1.10. Schematic diagram of NMR spectfome/ar 

2.1.1.4.4. Applications 

NMR spectroscopy is often used as a complementary technique to other chemical 

analytical methods. such as mass spectrometry (MS) UV-Visible, fluorescence and 

irlfrared spectroscopy to GOilfirm the chemical structure of new synthesised 

compounds_ In some cases, the informatiOil provided by NMR spectroscopy can aid 

in selecting appropriate methods for conventional chemical analysis of small and 

complex pharmaceutical compounds The technique is widely used in particular for 

molecular structure analysis of biological fluids. enantiomeric purity (using 

cyclodextrinsl, biomolecules such as polymers. proteins and nucleic acids [46-511_ 

The development of two dimensional (2D) NMR spectroscopy is very useful and is 

applied to elucidate the structure of complete molecules such as secondary 

structures of proteins, including u·helix and Il-sheets [52]. The technique has been 

extended to the application of complex biomolecules such as glycocOlljugates, which 

will be studied_ 
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The resolution can also be expressed in terms of the number of plates the selectivity 

factor and the capacity factors of the two solutes' 

R,o, " 114 [(a-l)/ ,,][ kl (k+l)] N'" 2.1.20 

A complete resolution (baseline separation) is obtained when Rs>1 5 [57] 

2.1.2.3. BASIC HPLC INSTRUMENTATION 5, 

The basic instrument consists of a mobile phase reservoir, pump, injector. column 

detector and recorder or data system, Figure 2 1 13. The mobile phase and the 

stationary phase depend on the mode of chromatography used. and therefore. varies 

in polarity of the solvent and the type of column material used 

Column , 

" 
Figure 2.1. 13. Scllemillic (Jiil9' ilm of liquid Cllf(){flilt'-X}'ilm system 

2.1.2.3.1. Mobile Phase 

The type or polarity of the mobile phase or eluent has a big effect on retention as it 

can either promote or suppress ionisation of the analyte molecules The mobile 

phase can be altered in order to manipulate the interactions of the sample and the 

stationary phase. 
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2.1.2.4.1. Principle of Chiral Separation 

Chiral separation of enantiomers is aChieved by formation of a diastereisomeric 

complex between the analyte and the chiral discriminator (chiral selector) 

Diastereoisomers. unlike enantiomers. differ in their physical and chemical 

properties. The diastereoisomers are formed by fixed positions in space called the 

"three point" contact system which are stereoselective [73-75] The model was first 

proposed by Dalgleish. and the concept states that a chiral molecule must be 

associated with another chiral moiety via these points [74,75]. 

The interaction "points" include. hydrogen-bonding interactions. electrostatic 

interactions. hydrophobic and charge transfer. In Figure 2.1.14. the enantiomer on 

the left has three contact (A B. and C) which matches the corresponding sites (A'. B'. 

and C') of the chiral selector The sites of the mirror image (right enantiomer) on the 

other hand does not match that of the chiral selector. thus chiral discrimination is 

aChieved 

, ,. 
Figure2.1.14. Illustration of the "three" point contact model for enantioselectivity In 

intcmlOiccliiarintcractions (A S, C) 

2.1.2.4.2. Methods of Chiral Separation 

Separation of enantiomers can be achieved by two methods, the indirect and direct 

methods. The indirect separation Involves the formation of a pair of diastereoisomers 

by derivatisation with a chiral derivatising agent (COA) before analysis using achiral 

HPLC columns and mobile phases This method can be time consuming and in some 



Univ
ers

ity
 of

  C
ap

e T
ow

n

cases lead to formation of unwanted products_ To avoid this, one can use the direct 

chromatographic approach 

There are two ways of achieving direct separations, either by usirlg chiral stationary 

phases (CSPs) or by chiral mobile phase additives (CMPAs) in normal- or reversed" 

phase chromatography_ In the former, the chiral selector is chemically bourxl to the 

surface of the support material, and in the latter the chiral selector is added to the 

mobile phase arxl the separation is achieved using normal columns_ 

The use of chiral stationary phase is the fastest growing area of chiral separations 

Pirkle introduced the first commercially available CSP for HPLC in 1981 [76], and 

today many chiral phases are commercially available and these inClude Pirkle-type 

and related CSPs (based on amino acid derivatives) derivatised cellulose [77,78], 

cyclodextrins [79] and proteins [80,81)_ The use of CSPs does however, have 

drawbacks, including cost, flow rate. pH range, mobile phase restrictions and 

stationary phase stability_ 

In chiral mobile phase additives, there are three major types of additive based on 

ligand exchange (transition metal ion), ion pairs, arxl inclusion of the solute into a 

cavity (such as cyclcxJextrins) and they all rely on the formation of reversible 

complexes [82). The use of chiral selectors as mobile phase additives with an achiral 

column offers advantages of flexibility. a wide range of possible additives, and often 

lower cost compared with equivalent chiral stationary phase However, few attempts 

have so far been made to use such a system for resolution of enantiomers [83-87] 

therefore this study investigates further the use of cyclodextrins as chiral mobil€ 

phase additives (Chapter 3)_ The use of both methcxJs is still preferred over other 

methods in industries such as the pharmaceutical industry 

2.1.2.4.3. Cyclodextrins 

Cyclodextrins were first isolated in 1891 by Villiers as degradation products of starch 

by Bacillus macerans [88] They were characterised as cycliC oligosaccharides in 

1904 by Schardinger, hence the name Schardiner dextrins as reported in early 

literature [89] It was not until 1938 that Freudenberg el al. reported that cyclodextrins 
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are constructed from u;-(1,4)-linked glucose units; he also recognised that 

cyclodextflns could form inclusion compounds [89]. Cramer et a/. systematically 

studied the formation of cyclodextrin-guest complexes. and in the process discovered 

that cyclodextrins have a catalytic action in some reactions [89] These experiments 

laid the foundations for the chemistry of cyclodextrins 

2.12.4.3.1 Structure and Physicochemical Properties of eyclodextn'ns 

Cyclodextrins are cyclic (<<-1,4)-linked oligosaccharides of «-D-glucopyranose 

containing a relatively hydrophobic cavity as a result of the electron-rich environment 

provided mostly by the glycosidic oxygen [90,91]. The outer surface of the 

cyclodextrin molecule is hydrophilic due to the presence of primary and secondary 

hydroxyl groups. Due to lack of free rotation about the bonds connecting the 

glucopyranose units, the cyclodextrins are not perfectly cylindrical molecules but are 

toroidal or cone shaped (Figure 2,1,15), The primary hydroxyl groups are located on 

the narrow side of the torus while the secondary hydroxyl groups are located on the 

wider edge. The most common cyclodextrins are (i-cyclodextrin r-cyclodextrin and 1-

cyclodextrin. which consists of six. seven or eight glycopyranose units. respectively 

Figure 2.1.15. Chemical structure and toroidal shape of tile a-. I;' and y-cyclodcxtrin 

Chemical and physical properties of the common cyclodextrins are given in Table 

2 1 3 [92-95]. The solubility of cyclodextrins generally decreases in the presence of 

organic molecules owing to complex formation The properties of natural 

cyclodextrins can be optimised by substituting the hydroxyl groups to form 

cyclodextrin derivatives and the most common cyclodextrin derivatives are the 

alkylated cyclodextrins [90,96] The melting points of (t-, 11- and 'i-cyclodextrin have 
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been found to be between 240 and 265°C, which is consistent with their stable 

crystal lattice structure [97]. The glycosidic bonds of cyclodextrins are fairly stable in 

alkaline solutions, whereas they are hydrolytically cleaved by strong acids to give 

linear oligosaccharides [92,98[. 

TabI92.1.3. Some characferisflcs of <1-, ~ and ?"Cyc/odextrin 

Numt>er ct gycopyranose units 

Molacu lm w~9'lt 

Centra Cavity diameter (A) 

wa.er solubility at 25 °C (g/1 OCfn I) 

2.124.3.2. Toxicity 

6 

972 

4. 7-5.3 

14 ,5 

, 
7 

1135 

5,0-6.5 

1 ffi 

, 

8 

1297 

10,3-1 12 

23.2 

The toxicity of the three common natural cyclodextrins and some of their derivatives 

has been reviewed extensively. These studies have shown that orally administered 

cyclodextrins are non-toxic due to lack of absorption from the gastrointestinal tract 

[89,99-101[. However, toxicological studies have shown that they are unsuited for 

parenteral (intravenous or intramuscular) administration. 

2 124.3.3. Formation of Cyc/odextrin InclUSion Complexes 

The most remarkable property of cyclodextrins is their ability to form inclusion 

complexes with a vanety of molecules, which can fit entirely or partially into the 

cyclodextrin cavity [92] The hydrophobic cavity provides a hydrophobic 

microenvironment, into which suitable sized drug molecules may enter and be 

included [98]. A number of factors influence the formation and strength of interaction 

of the inclusion complex. In aqueous solution, the most significant factors are the so­

called" hydrophobic effect" and hydrogen bonding. 
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The hydrophobic effect refers to inclusion of an apolar portion of the guest molecule 

into the cavity of the cyclodextrin molecule. Retention of the hydrophobic solute is 

largely dependent on the efficiency of the contact with the hydrophobic interior. The 

inclusion complex exists in equilibrium and can be expressed as shown In Figure 

2.1.16 [93] Stability measurements. equilibrium constants (Kcl or the distribution 

constants (Ke), have shown that the complex is dependent upon the concentration of 

the cyclodextrin, guest and water [102,103] 

(01 + II)-CIlI 
Inl l('l)1 

Figure 2.1.16. Schematic IHwesHnlatiof) of cyclodextnn complex eqvilibrivm 

(1.1 cyclooextrin.DoostJ 

212.4.3.3.4 Applications ofCyc/odextrins 

Cyclodextrins have many applications in food, cosmetics, pharmaceutical industries 

and biomedical products and other industries [90,92,98,104-107] In the 

pharmaceutical industry. cyclodextrins have been used as complexing agents to 

increase the aqueous solubility of water insoluble drugs, and to increase their bio­

availability and stability. In addition, cyclodextrins can be used to reduce or prevent 

gastro-intestinal (GI) irritation, reduce or eliminate unpleasant smells or tastes and 

prevent drug-drug or drug-additive interactions. 

Cyclodextrins can also be used as chiral discriminators because their cavities are 

chiral [108] The chiral discrimination is usually observed In NMR spectra due to 

shifts in proton signals of both the cyckJdextrin and the guest molecule. The chiral 

"guest" molecules effectively form diastereorneric complexes which display different 

properties that allow the enantiomers of the guest to be distinguished. and thus result 

in a more efficient separation The formation of an inclusion compiex depends on a 

number of factors, including the size, shape and spatial geometry of the guest and 

the size of the cyclodextrin cavity. Guest molecules can interact through hydrogen 
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bonding or dipolar interactions with the functional groups on the rims of the 

cyclodextrin molecule and by van der Waals forces within the cavity_ 

2.1.2.5. SIZE EXCLUSION CHROMATOGRAPHY {SEC) 

Size exclusion chromatography (SEC). also referred to as gel permeation or gel 

filtration. is a type of chromatography where molecules are separated according to 

their hydrodynamic size or volume The technique originated in 1959 at the 

Biochemical Institute by Porath and Flodin [109.1101 It involves the separation of 

solutes in order of decreasing in size or volume, that is. very large molecules elute 

much faster than small molecules The advantage of this technique over other forms 

of chromatography is that solutes are eluted according to size, which provide a 

means of obtaining information on the molecular size distribution in a polymer 

fraction Theory and applications of this technique are discussed 

2.1.2.5.1. Theory and Principles 

As mentioned earlier, in SEC, molecules are separated according to differences in 

their sizes as they pass through the column, which is packed with a gel as shown in 

Figure 2 1 17_The sample to be analysed is applied at the top of the column and 

passes through the column gravitationally with the mobile phase As the sample 

moves through the column, it passes through the porous beads [64] 

,--

)_ ,-,""I ,..,'"~ 

.. 1 ,.' .. , . ~ '" 

-" 
• _ "',,'" """~~ ___ ,' 'pom ~ ~, 

• - "-_, 1 "'_~""""" 

Figure 2.1.17. Schematic repreBentation of the mech,<flism of size exclusioll 

chromatography 
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Figure 3.1.2. Illustration of non-superimposab/e mirror images 

Enantiomers of a compound have ideillical physical characteristics, such as, 

solubility, boiling alld melting poillt, same reaction rales with ordinary reagerlts and 

yield the same absorption spectrum, except the direction in which they rotate plane 

polarised light (optical activity) [2,1326,27] If the plane-polarised light is rolaled in a 

clockwise direction, the optical activity is denoted as positive (+) or dextrorotatory (cf) 

and rotation in a counter-clockwise direction is denoted as Ilegative (-) or levarotaiory 

10 

Diastereomerism results from molecules with two or more chiral centres, which gi\le 

rise to sets or pairs of enarltiomers (N chiral cerltres ---> 2N stereoisomers) [2] It is the 

relationship between an enantiomer of one pair with the enantiomer of the other pair 

Diasteoisomers. unlike erlarltiomers, have different physical properties and can 

therefore be identified/resolved uSing achiral methods e.g. NMR spectroscopy and 

chromatography [2,26J. 

3.1.2.2. NOMENCLATURE OF STEREOISOMERS 

In order to distinguish between enantiomers. a set of ruies has to be established The 

oldest system for referring to the stereochemistry of molecules is the D·and L·system 

(dextrotatory and levarotatory, respectively); it is based Orl which direction the 

molecule rotates plarle polarised light [228] This system is limited in applicability. for 

example in the classification of carbohydrates, which can have multiple chiral 
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centres An example of compounds upon which the system is based is shown in 

Figure 3 1 3 

C, H 

V 
I 

H-C-CH , 
I 
rH" ,H 

D·Gl""raa ,h,.I. 
( A n .~lli"J 

Figure 3.1.3. Naming enantiomers using the 0- and L-naming system 

The D-corlfiguration is given to the form which has the hydroxyl group of the chiral 

carbon Orl the right when viewed with a Fischer projection (longest carbon chairl 

drawn vertically with the most oxidised erld of the chain at the top) and the L­

configuratiorl is given when the hydroxyl group is on the left The assigrlment of 0-

and L-configuralion is determined by the orientation of the chiral centre which is most 

distarlt from the reference group (ketone or aldehyde group for sugars). 

A more useful set of rules known as the Cahn-Irlgold-Prelog system or the R- arid S­

system. where Rand S refer to the latin terms reetlis (meaning right) and sinister 

(meaning left). respectively. was established by three chemists. R.S, Cahn, C K 

Ingold and V. Prelog [29,30]. Using this set of rules. a priority rating is given to each 

substituent on a chiral centre showrl in Figure 3.1,4 

, 
,....---(;TT 

/ ' .+, , 
,{", )6,lCII, 
,~/ 

(11)-2-00""'" 

Figure 3.1.4. Illustration of Ille "R"- and "S"-system 
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4.1.2.1. CLINICAL FEATURES 

Infection with meningococcus result in one of the following conditions. 

4.1.2.1.1. Asymptomatic Nasopharyngeal Carriage Meningitis 

This is the most common of the clinical conditIOns The nasopharynx is the only 

reservoir of N. meningitidis and asymptomatic nasopharyngeal carriers are 

considered the SOlirce of infection [2]. The organism is spread from host to host by 

contact with oral secretion or exposure to respiratory droplets Carriers of this 

organism develop natural immunity as a result. typically 2 weeks after 

nasopharyngeal infection begins [10]. 

4.1.2.1.2. Meningitis 

Meningitis is the most common pathological presentation (Figure 4.1 1) The disease 

begins with a sudden onset of fever. headache. diarrhea. vomiting. rash and stiff 

neck [2. 11,12]. Mortality remains higher in the developing world (-5% in children <5 

years and 10-15% in adults) despite antimicrobial treatment and supportive care [2] 

(,) (b) 

Figure 4.1.1. Representation of an infant with meningococcal C disease (a) and a patient 

with Menflingococcal A diBellse (b)" 
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4.1.2.1.3. Meningococcaemia 

Meningococcemia is the most severe form of infection It is characterised by purpuric 

rash. hypotel1sion, intravascular coagulation and for multiple-organ failure [12] 

4.1.2.1.4. Metastatic Manifestation 

Metastatic il1fectiol1s result durirlQ the bacteremic phase al1d are less common. This 

form of the disease includes arthritis. pericarditis and el1dophthalmatis [11 28] 

4.1.2.2. DIAGNOSIS 

It is important to diagnose the disease when only mild symptoms are present due to 

the rapid progression Meningococcal disease can be diagnosed by culture of the 

blood. cerebrospil1al fluid (CSF) skil1 lesions and il1fected sites [11.12.15] Diagnosis 

of blood al1d CSF by polymerase chain reactiol1 (PCR) has become part of the 

routil1e diagl10slic methods This approach has been used in the United Kingdom 

since 1996 and 35% of cases of meningococcal disease were confirmed by PCR in 

1998 [4] 

4.1.3. CAUSES OF MENINGOCOCCAL DISEASE 

4.1.3.1. MENINGOCOCCUS 

Mel1ingococcal disease is caused by a bacteria called menil1gococcus. which is a 

gram"negative encapsulated orgal1ism four"td ol1ly in humans (Figure 4.1.2) 

[4.11,12.16] The mel1il1gococcus has al1 inl1er al1d outer (cytoplasmic) cell 

membral1e that are separated by a peptidoglycan cell wall (Figure 4.1.3 [4]) 
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Figure 4,1,2. Neisseria meningitldis (&ffOW) in Cflmhrospin&1 fluid' 

P"';pl",m;c _ 

s".'" 

Cyt"pl''''. ~ 
~1.m~,.n e 

Figure 4.1.3, Cross-sectiollDI structure of the meningococcal cell membrillffl " 

The outer membrane consists of pili and outer membrane proteins (OMPs) 

lipopolysaccharide (LPS). phospholipids arxl capsular polysaccharide (CPS) [9]. 

Capsular polysaccharide is believed to be the major contributor to the virulence of N 

mellillg/tidis as it is used to protect the organism against environmental insults and 

confers resistance to phagocytosis (Table 4 1 1) [17] The OMPs. together with the 

capsular polysaccharide form the principal surface antigens of the organism 



Univ
ers

ity
 of

  C
ap

e T
ow

n

&7 

Table 4,1.1. Function of the outer-membrane components of NeisseniJ meningilidis " i 

STRUCTURE 

Polysaccharide capsule 

Lipopotysaccharidll (LPS) 

Pili 

Outer-membrane proteins 

Porins (PorA a~d PorB) 

Opacit~-associat ed protel~S 

Opo (class 5i 

Ope (class 5c1 

FUNCTION 

Anti-pllagocyt i:; . ",oduwd imm unC>;jGn d y, antigen mimicry 

AntigDn mimicry, has potDn! endo!oxic ac !ivit~ 

AdhosKJn!o upi!holiiil and endoth-" ial cells and er~th rocytes 

Create pores through in wh>:h small hydrophll i:; solutes pass, 

catKl<1-selec!ive or an KJ n-select"Ve 

Promotes adhes;on to host c-"Is and 

leukocytes 

Promote "dlles;on to host c-"!s 

There are 12 different serogroups based Orl the chemical and immurlological 

specificity of the capsular polysaccharide (A, B C, H, I, K, L, W135 X Y, Z and 29E) 

of which five serogroups (A, B, C, Y, ar'!d W135) accour'!t for virtually all disease­

causing isolates[5711,16,1819] 

4.1.3.2. TRANSMISSION OF THE MENINGOCOCCI 

The organism is transmitted by contact with respiratory secretions [12]. It colonises 

the nasopharynx, resultirlg in a carrier state, This is ther'! followed by penetration 

through the mucosa. It is not known why most individuals carry menir'!gococci without 

experiencing illrless whereas a small proportiorl de\lelop serious invasive disease, 

The cause of progressior'! from carriage to in\lasi\le disease is thought to be 

dependent on factors from both the host and the infecting organisms, The bacteria 

cause Illerlin90coccemia by crossir'!g ir'!to the bloodstream or cross the blood-brairl 
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barrier (BBB) and gain access to the cerebrospinal fluid (CS F) to cause meningit is 

(Figure 41.4) [20,211_ 

< ....... 

T_, ....... , ~ -~._ "" ","" , .... . 
"'-

c' , , 
• I' ) ? 

1 1 
9 « 

9 

(."'",-­".­-<-

Figure 4.1.4. Colonisa tion of Neisseria meningilldis ill the nasopharynx followed by entry into 

the blood stream and cerebrospinal fluid, The bacteria CDI) be tmnsmittc(! to 

other hosts" 

4.1.4. EPIDEMIOLOGY 

Meningococcal disease is caused mainly by serogroups A, Band C, The disease can 

occur as endemic or epidemic cases [221 The pattern and frequency of disease 

varies widely throughout the world The annual incfdence in the United States is 

-111100,000 with peak incidences in late winter and spri ng [151_ The annual 

incidence of invasive infection In Europe ranges from 0,3 and 7 1 per 100,000 people 

[22] Serogroup A and B are responsible for the majori ty of cases in Europe and the 

Americas and true epidemics are rare [16] 

Serogroups A and C predominate mainly in Asia and Africa and serogroup Y 

predominate in the US [4] Serogroup A has caused major epidemics in sub-Saharan 

Africa (African meningitis bel t) which include countries from Ethiopia to Senegal 

(Figure 4 1 5) [23] 



Univ
ers

ity
 of

  C
ap

e T
ow

n

69 

belt 

23 

1 

1 3 cases were 1".c.1"\I'U"t.c.ri 

are 

areas " ..... ,cor"" 

are 



Univ
ers

ity
 of

  C
ap

e T
ow

n

was 

was 

or serum Tn,Q,r'!:llI"'\I 

1 

su(]oe!ste!CI as an t"nll"ltr,r\1 measure. 

1 

1 

70 

It 

sera are 

now 

an 



Univ
ers

ity
 of

  C
ap

e T
ow

n

iCiDfolfloxiacin is "..", ..... 11'" not recommended for 
causes cartilage immature laboratory 

was ~n,n\AJ,n 

is 

71 

mfminaococ,cai ..... ", ... " ....... ,,"'''' 4,56 

12 h 

5 

12 h 2 

125 

Adult: 1 9 2 

12 h 

500 for 

2 

under 18 years of age or pregnant or lactating women. The drug 

1 



Univ
ers

ity
 of

  C
ap

e T
ow

n

72 

an as ,nn""", 

are soon 

a 

means cow. _ ..... ,u",.. ...... 

a 

1. 1. 

1. 

menlngltidls is rel81tea 

cause 

a 

use 



Univ
ers

ity
 of

  C
ap

e T
ow

n

73 

are use 

1 

dis4eaSie is ePlderniC 

on 

overcome 
"', ........... nrr'\JI .. ,g~ T 

are some 

In",nani" even 



Univ
ers

ity
 of

  C
ap

e T
ow

n

74 

B nel11eljnnrnel1r are Da~)eo on nOlrl-CaDlSUIiElI 

as 

1 

can nOilvsaCI:!h~mcJle as \ll:IIt't"II"U::Io 



Univ
ers

ity
 of

  C
ap

e T
ow

n

" , 

4.2. MENINGOCOCCAL GLYCOCONJUGATE VACCINES 

4.2.1. INTRODUCTION 

Bacterial diseases are responsible for morbidity and mortality of millions of people 

worldwide each year Glycoconjugate vaccines, unlike polysaccharide vaccines. are 

effective in protecting infants and induce immunological memory [7,61], Landsleiner 

showed that molecules such as saccharides could be converted to immunogens by 

coupling them to protein [74] Avery and Goebel were the first people to extend this 

technology by converting Pneumococclis type 3 polysaccharide, which is not 

immunogenic in rabbits to induce active antibodies that protected rabbits against 

bacteria, by binding it to horse globulin [74"76] This approach is believed to work by 

recruiting T cell help for polysaccharide specific B cells, as shown in Figure 4 2 1 

below [57,77], 

COnj l'lJ',t . 
Yocein . 

"" 

""', ,,' '" _. 
,,, .. , ...... ~, 

C >C . "', , ' '''1> 'f'I", ," Lice h ..,,,,, .. p,."",, ..... 

Figure 4.2.1. I-'roposed mechanism of action of glycoconjugiiie v8ccinljs 

B cells with surface immunoglobulins specific for the polysaccharide binds to the 

conjugate. internalise and hydrolyse it and then process the protein antigen into 

peptides The peptides which are T cell epitopes, are presented to T helper (T H) cells 

bearing specific T cell receptors (TCR) by class II major histocompatibility complex 

(MHC II) molecules. The activated T H cells in turn activate B cell proliferation and 

differentiation into antibody-secreting cells. 
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is 

18 18 [1 ,1 

GADDVVDSSK S~ENFSSY HGTKPGYVDS 30 

IQKGIQKPKS GTQGNYDDDW KEFYSTDNKY 60 

DAAGYSVDNE NPLSGKAGGV VKVTYPGLTK 90 

VLALKVDNAE TIKKELGLSL EPLMEQVGT 120 

EEFIKRFGDG ASRVVLSLPF AEGSSSVEYI 150 

VELEINFETR GKRGQDAMYE 180 

VRRSVGSSLS CINLDWDVlR 210 

DKTKTKIESL KEHGPIKNKM SESPNKTVSE 240 

EKAKQYLEEF HQTALEHPEL SELKTVTGTN 270 

PVFAGANYAA WAVNVAQVlD SETADNLEKT 300 

TAALSILPGI GSVMGIADGA VHHNTEEIVA 330 

QSIALSSLMV AQAIPLVGEL VDIGFAAYNF 360 

VESIINLFQV VHNSYNRPAY PGHKTQPFL 390 

HDGYAVSWNT VEDSIIRTGF QGESGHDIKI 420 

TAENTPLPIA GVLLPTIPGK LDVNKSKTHI 450 

SVNGRKIRMR CRAIDGDVTF CRPKSPVYVG 480 

NGVHANLHVA FHRSSSEKIH SNEISSDSIG 510 

TKVNSKLSLF FEIKS 535 

B!!l!5!Y!!l!!!!l!!:1ll: A: Ala; C: D: AsP: E: Glu; F: Phe; G: Gly; H: His; I: lie; K: Lys; L: Leu; M: Met; N: Asn; P: Pro; 

Q: Gin: R: Arg; S: T: Thr; V: Val; W: Trp; Y: Tyr 
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POLYSACCHARIDE 

HYDRO!. YS'& 
, 

I: ACTIVATION I 

CO!.)PL''''G 1 

Figure 4.2.6. Schematic representation of the steps used to generate glycoconjugate 

VIlCGIOOS 
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4.4.1.2.1. Fluorescence Spectroscopy 

Fluorescence emission maximum (F·m ) of each sample stored at different 

temperatures for five weeks was measured in order to determine the changes in 

conformation of the conjugated carrier protein. Two excitation wavelengths were 

used; 280 nm to monitor emission wavelengths of the tryptophan (Trp) and tyrosine 

(Tyr) to a lesser extent. while 295 nm was used to monitor emission wavelengths 

due to Trp exclusively (Table 4.4.2 and Figure 44.3). 

Sample 

CRM,,, 

4"C 

: RT 

37"C 

55°C 

-
-

I ", 
i 

-

Table 4.4.2. F_., of the samples at two excitation wavelengths 

Excitation ,. (280nm) Excitation I. (295nm) 

T F ~" (nm) Sample F",,, (nm) 
, 

'" CRM"I m 
.. _.- , , 

: 339 "C '" 
'" " '''' ----- , - -

'" "'" m 

'" ' 55'C '" --- - _.-

-, 

Figure 4.4.3. GmplllGal represenlation 10 sllow tile difference in F,,,,. at 

280 11m al1d 295 flm 

, , , 

, 

The FIn• x of the native carrier protein is similar to that of the samples stored below 

37"C, 340 nm (excited at 280 nm) and 322 nm (excited at 295 nm) An increase in 
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incubation temperature from 4'C to 37'C resulted in a shift in F,"" to longer 

wavelengths (from 339 to 342 nm and 321 to 320 nm) when the samples were 

excited at 280 and 295 nm, respectively (Table 4.4.2). A larger shift was observed in 

samples stored at 55°C. Similar shifts in F"", have also been observed for tetanus 

toxoid [106] and diphtheria toxoid [114]. The Fn\" , of the CRM 197 conjugated to 

meninogcoccal C and Hib polysaccharides [104.108] are different from the O/le 

obtained in this study, however, similar trends were observed. 

4.4.1.2.2. Circular Dichroism (CD) Spectroscopy 

The main application of circular dichroism (CD) spectroscopy is In the structural study 

of chiral molecules, particularly proteins, In proteins the far·UV (180·260 nm) CD 

spectra is used to determine the conformation and secondary structure of the protein 

from the peptide backbone spectra, while the near·UV (250-320 nm) CD spectra 

provides information on the environment of the aromatic residues In this study, the 

far·UV CD spectra of the carrier protein measured between 190 and 260 nm was 

recorded to determine changes in the conformation and secO/ldary structures of the 

conjugated carrier protein in order to obtain information on the thermal stability of the 

conjugate vaccine. Figure 4AA shows the far-UV CD spectra of the native carrier 

protein and conjugated samples stored at various temperatures, 

, 
I , • :';"""H-"'" 

M - ". ,. "~" 
• 

_ n<>."" 

_ m"" 
- :"".'''do> 

, 

" 
, 

• T><> """'"' 
I ' " • 

IE 

~ 7-R • , ,. m - - '" , 
• .. , 

, .. 
! WI.elength (nm) • 

Figure 4.4.4. !--ilr·UV CD spll cJra uf (lie samples at various lemperJturcs 
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The 31p spectrum of the native polysaccharide was also obtamed and this is shown in 

Figure 4.4.8. The major signal at -2.80 ppm is assigned to the phosphodiester linkage 

between C1 and C6 of the polysaccharide chain. with the O-acetyl group at position 

three The small signal at -3.4 ppm corresponds to the 31p signal of the 

phosphodiesterwith the O-acetyl group at position four. 

! 

Figure 4.4.8. J'p NMR spectrum of the Men A polysaccharide 

The results obtained were compared with the NMR data of the conjugate samples 

stored at various temperatures to interpret the spectra of the conjugated 

polysaccharide as well as to monitor the stability of the conjugated polysaccharide. 

The lH NMR spectra are shown in Figures 4 4.9. 

'" 
,,~ 

! 

~~L iJi'!" 
, 

Ii iii J ' ~~ . I .... ~ o./"',),\..... 
- - - - - - - - - -- - . . -- . . . -

RT 55"[ 

~~-Jutt; /-J\. --", )f"~-vJ M ~ 
'~ 

... '" .... ., .. , -~., . , -- . -- . - . - . - - -

Figure 4.4.9. 'H NMR spectra ofthe conjtlgate vaccines at vaootls temperatures 
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IH signals of the polysaccharide are situated between 2.0 and 5.5 ppm with the 

anomeric signal (H1 green arrow) at 5 5 ppm, H2 around 4.6 ppm and acetyl signals 

around 2 1 ppm. Some protein signals are situated between 0 and 2 ppm (pink 

arrow) and are broader. This is believed to be due to protein being less mobile than 

the saccharide. The signal increases as the incubation temperature increases 

Significant differences In 'H spectra of the samples stored between 4'C and 55 G C 

are observed, as shown from the COSY spectra of the samptes stored at 4"C. 37"C 

and 55°C {Figure 4 5 0 (a-c)). 

•• .. 

(" .. ... -
a 

o 
" 

("',"'''' ''''."'~ a ~:J:cm 

,",.",'" 
o· 

"", "'~ 

• • 

("', "'~ '"', "". 
~;:q • 

'"", "". '"", H'. o 
"", ""'" 

• • ., 

«I 
• 

" 

Y"~'Y~"" '" " ~"""'-""-""C:-~"C:~ 
••• , •.• • • • 0 , . ,. 

" 

• 
• 

,o.. "'J" • -·r"'-""·' .. """ 
''',. "''"' 

" ,. 

Figure 4.5.0. COSY spcctl<J of the silmpies stonK11lt various jfl "'llflrelums (il) 4 'C. 

(b) 37'C and (e) 55 'C (a) OAc at position 3. (b) OAc ill POSl/iOIl 4, 

(e) OAc not present, ·/~ManNAe·6P-OH. **,,-ManNAe-6P-OH 

" 
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There are minor differences in the saccharide signals of the samples stored at RT 

(spectrum not shown) and 4°C (Figure 4.5.0 (a)). The spectrum shows the presence 

of the major spin system, which is evident from the crosspeaks at 3.98, 4 56 and 4 98 

ppm The appearance of the signals at 412 (H4,H2)b and 4,30 (H4,H3)b ppm 

correspond to the signals of the minor system with OAc at position 4 These results 

are similar to the COSY spectrum of the polysaccharide stored at -20"C and the 

sample stored at RT (spectra not shown). 

The presence of both the major and minor spin systems is evident as shown by the 

presence of (H3.H2)a and (H1,H2)a. and (H4 H2)b and (H4.H3)b crosspeaks, 

respectively ((Figure 4,5.0 (b)), However. the ralative intensity of these peaks is lower 

compared with the intenSity of the crosspeaks of the sample stored at 4'C The 

development of minor signals at 3 92 (H3,H4)c and 4.40 (H1 ,H2)c ppm are due to the 

absence of the OAc group 

Further de-acetylation is evident In the sample stored at 55'C from the decrease in 

relative Intensity of the crosspeaks at 3.92 and 4.40 ppm (Figure 4.5.0 (c)). The 

appearance of si9anls at 4.30 (H1. H2)* and 4.40 (H1 H2y* ppm IS evidence of the 

hydrolysed Man A potysaccharide 
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1116 

A similar trend was observed in the J'p NMR spectra (Figure 4.5.1) 

Ph •• ~h •• J •• to 

. , ! I .. .. , , 
RT 

~nOPh.spl1"O 

J ,,~ "Io,,-L 
,. " " ''' ' ., ,. ,' ,., ,. , ". ," " " 

Figure 4.5.1. "p NMR spectra of the eonjugflle samples fll various temperatures 

The relative intensity of the phosphodiester signal, around -2 80 ppm. appears similar 

at 4'C alld RT however, it decreases in samples stored at 3TC, with a significallt 

decrease at 55"C. The relative irllellsity of the mOllophosphate signal (at 4 ppm) is 

similar in samples stored below 37'C, but increases dramatically at 55"C In fact, the 

relative areas of the monophosphate alld phosphodiester peaks indicate that the 

sample is about 90% hydrolysed after five weeks at 55"C The peak at about 1 7 ppm 

correspond to the signal of the phosphate buffer 

4.4.1.3.2. Total Organic Carbon (TOC) 

Total organic carbon (TOC) analyser is used to record the amount of organic carboll 

by oxidising the organic carbon in the sample to CO" which is subsequently 

measured The technique was used in this study to give an indication of how much 

saccharide degrade 031 various storage temperatures as it was observed from HPLC­

IR and NMR that saccharide degradation occur at higher temperatures This was 

dOlle by measuring the concentration of carbon of the free saccharide present ill the 

samples stored at various temperatures The results obtained are shown in Table 

4.4,5 and these were used to determine or estimate the stability of the saccharide 
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Table 4.4,5, Concentration of carbon of the free saccharide present in the vaccine 

samples stored at various temperatures 

I Sample Volume Concentration of Average 
, 

(fIl) Carbon ( ppm) (ppm) 

"C 2000 '" I 15.25 

r- 2000 16.0 
-

, ., 2000 157 15,60 

2000 15,5 
~ 

37"C 2000 16,4 I 16.90 

2000 174-

55°C "00 36,8 36.20 

, eoo 'j 35.6 I 

The results show an increase in the concentration of carbon form 15.25 to 36 20 ppm 

with an increase in incubation temperature. The concentration is fairly stable between 

4"C and 37a C, with a greater increase at 55"C. This was evident from the graph 

plotted using the results in Table 4.4.5 (Figure 4 5.2) . 

. ,-------------~--
• 
• 

I ! . 
• • I , . 
! 

, 
, 

,", 

Figure 4.5.2, Graphical representation to show an increase in the concentration of carbon 

of the free saccharide present in the vaccine samples 
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