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Introduction

Carbohydrates or saccharides affect almost every aspect of human live. They can
have a monomeric, oligomeric or polymeric structure with an amazing variety of
chemica and physica characteristics. Best known is that they are an essentia pat
of our nutrition. The soluble mono- and disaccharides like glucose, fructose,
saccharose and lactose, serve as sweeteners, while insoluble high molecular
weight polysaccharides are fibers. Polysaccharides are also used as gelling and
thickening agents in food, as stabilisers for emulsions, as modifiers for textures, as
flavour inducing compounds by reaction with amino acids (Maillard reaction), etc.
In the last decades, the roles carbohydrates play in biologica pathways and
processes have been intensively studied resulting in the development of a new
research discipline namely glycobiology. Saccharides anchored to proteins and
lipids named glycoproteins and glycolipds, respectively, exert an important effect
on the characteristics of these molecules. The nature of the saccharide can, for
example, influence the activity, the solubility, the dability, etc., of the
glycoproteins. Attached to cell surface proteins or as part of membrane lipids, the
saccharides alow cells to communicate with each other through specific
intercellular recognition and adheson mechanisms which are yet not fully
understood [1]. Changes in glycosilation of biomolecules often are associated with
severe diseases like cancer, |-cell disease, etc. Also the pharmaceutical industry is
highly interested in these molecules and recombinant glycosilated proteins are

evaluated as therapeutic agents.



A better understanding of carbohydrate chemistry is running in paralel with the
development of new methods for measuring and characterising this class of
molecules. Because of the diversty of structura and functional properties
encountered in carbohydrates, their proper separation has been an anaytica
challenge for many years.

Capillary gas chromatography (GC) and high performance liquid chromatography
(HPLC) are today the two most common separation techniques used for
saccharide analysis. GC combined with hydrolysis and derivatisation, remains a
very important technique especially to characterise monosaccharides athough DP
(degree of polymerisation) numbers as high as 10 can be euted from a capillary
GC column. As an example, plant gums were fingerprinted using GC coupled
with mass spectroscopy (MS) [2]. Among the HPLC techniques used for the
separation of carbohydrates such as reversed phase liquid chromatography
(RPLC), size exclusion chromatography (SEC) and high performance anion
exchange chromatography (HPAEC) [3], the latter in combination with pulsed
amperometric detection (PAD) provides the best resolution for polysaccharides.
The separation of glucosyl polysaccharides with DPs higher than 50 was reported
[4]. However, one of the inherent shortcomings of HPAEC-PAD is the strong
alkaline medium needed for elution that could possibly induce epimerisation and
degradation of reducing cabohydrates [5]. Size exclusion chromatography (SEC)
in the gd filtration format is widely used to generate information on molecular
weight distribution of polysaccharides. SEC is aso used for fractionation of
gelling polysaccharides such as pectin and Garrageenan [3]. Because of the effect

of pH and ionic strength on inter- and intramolecular association and, in many



cases, on molecular conformation, the separation of polysaccharides by SEC is
highly dependent on the composition of the mobile phase. This is the mgor
difficulty encountered when using this form of chromatography. The lack of
standard polysaccharides is another problem in the eucidation of the molecular
weight distribution.

For bio-related polysaccharides, electrophoresis on cellulose acetate membranes,
polyacrylamide gels or agarose gels followed by staining with dyes such as
toluidine blue and fuchsin [6] is often used. The application of polyacrylamide
gels instead of celulose acetate membranes grestly enhanced resolution,
especidly in combination with small sample sizes and fluorescent tags. Separation
by this type of technique, however, is mainly based on size filtering, and species
having the same molecular weight cannot be differentiated.

The miniature form of electrophoresis, namely capillary eectrophoresis (CE) has
atracted much attention for the analysis of polysaccharides in the last decade. The
intrinsic high resolving power of CE is particularly suitable for the separation of
polysaccharides that possess a wide distribution of molecular weights with subtle
differences in charge to mass ratio between adjacent polymer chains. The ultra
sengitive laser induced fluorescence (LIF) detector coupled with CE alows to
monitor high DP polysaccharides after derivatisation. Several derivatisation
methods have been developed to introduce ionisable functions and chromophores
in the saccharide molecules [7]. Precolumn derivatisation is the most important
mode used to label saccharides based on the reductive amination mechanism.
Selection of the derivatisation reagents play a crucid role in both detection and

Separation since the tags generaly improve the electrophoretic properties of



sugars. El Rass e al. [7-9] and Waterva et al. [10] published extensive reviews
on the derivatisation reagents and the reaction schemes applicable to carbohydrate
analysis. Several papers have demonstrated the potential of CE for the analysis of
saccharides and we refer to the references [1,10,11,12].

The aim of this work, in first instance, was to explore the possibilities of CE in
combination with LIF detection by means of the analysis of some model
saccharides. During this work we were aso confronted with some red samples
e.g. inulin and its hydrolysates, gums, and chemical and enzymatic hydrolysis of
hemicellulose. Secondly, CELIFD analysis is until now not documented with

guantitative data. It was therefore aso the aim to study this quantitative aspect.
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Chapter 1

Principles of Capillary Electrodriven Separation Methods

Abstract

A brief overview of the basic principles and instrumentation of capillary
electrodriven separation methods is presented. Emphasis is on capillary zone
electrophoresis (CZE) and laser induced fluorescence detection (LIFD) since
these are the main separation and detection modes, respectively, used in thiswork

for the analysis of saccharides.

1.1 Introduction

Electrophoress is defined as the differentidl movement of charged species (ions)
by attraction or repulsion in an dectric field and was introduced as a separation
technique by Tiselius in 1937 [1]. For his pioneering work, Tiselius was awarded
the Nobel Prize in 1948. The separation efficiency in free solution, as initialy
performed by Tisglius, was limited by therma diffusion and convection. For this
reason, electrophoresis has traditionally been performed in anti-convective media,
such as polyacrylamide or agarose gels. Gels in the dab or tube format have been
used primarily for the sSze-dependent separation of biomacromolecules like

nucleic acids and proteins. Slab gel electrophoresis is a powerful analytical



technique but suffers from some disadvantages including long analysis times, low

efficiencies, necessity for staining after the separation and difficulty to automate.

An early attempt to improve conventional electrophoresis was made by Hjertén
[2). A millimeter-bore capillary was rotated aong its longitudind axis to
minimise the effects of convection. Later, glass capillaries with 200 to 500 mm
internal diameter (i.d.) were applied for eectrophoresis by Virtanen and Kivalo
[3] and high voltage was applied in narrow-bore teflon tubes by Everaerts et al.

[4].

In the early 1980s, Jorgenson and Lukacs [5, 6] advanced the technique by using
75 mm i.d. fused dlica capillaries. This was a milestone in the development of
capillary eectrophoresis (CE). Nowadays, capillaries with internal diameters

ranging from 10 to 100 mm are available and applied in capillary €l ectrophoresis.

In many ways, the improvements in performance resulting from the use of
capillaries ingead of dab gels are smilar to those attained by performing
chromatography in a column rather than on a flat-bed. By applying high fields
(100 to 500 V/m) in narrow bore columns, extremely high efficiencies in short
analysis time are reached because the problem of Joule hesting is circumvented.

Moreover, only very small sample amounts (nL) are needed.

On-line UV or fluorescence detection as well as the combination with mass
spectroscopy (MS) is feasible. Fully automated systems have been developed
opening new possibilities for high throughput screening of DNA and RNA
(genomics) and proteins (proteomics). Moreover, the availability of different

separation mechanisms in CE has broadened the applicability of electrodriven



separations drasticaly. Small to large, charged and uncharged analytes can be

separated with the same technique.

Recently, the miniature format of CE, i.e. lab-on-a chip, has been introduced for

genomics and proteomics.

Electrodriven separation in fused slica capillaries is redlised by two phenomena
that occur simultaneously, namely electrophoresis and electroosmosis. An
understanding of the fundamental principles behind these two phenomena is

essentid in order to effectively perform analyses by capillary electrophoresis.

1.2 Electrophoresis
1.2.1 Electrophor etic mobility (mep)
In an dectric fidd (E), an ion with charge q is subjected to an eectrodtatic force

F:

F:qE:q!L (eg. 1.1)

with E=dectricfied (V/m)
V = applied voltage (V)
L = distance between the two electrodes (m)
g = charge of analyte (C) =ze
e=1.602 x 10™(C)

z = valence of theions



Cations will move towards the cathode (negaive eectrode) and anions will move
towards the anode (positive eectrode). During this movement, ions will be
subjected to frictional forces (F') described by Stokes' law. The particle is hereby

assumed to be spherical.
F=-6phrng (eq. 1.2)
with  h =viscosity of the medium (Pas=Kg/ms)
Ng = ion velocity (m/s)
r =ion radius (m)

During electrophoresis, a steady state defined by the balance of these forces is

atained. At this point the forces are equal but opposite and

gE=6phrng (eg. 1.3)

The eectrophoretic mobility (mg,) of an ion is defined as its linear velocity ()

per unit of applied dectric fiddd (E), expressed in m? /Vs

_Ne _

Eqg. 1.4 is only valid for rigid spherica ions having a homogenously distributed
charge and can thus not be used for more complex ions. A more general approach
therefore, is to express the electrophoretic mobility as a function of the zeta
potentia (z),

_ ez _2egz

=== 1
My 6ph T (eg. 1.5)

with  z = zetapotential of theion (V)



e = dielectric constant of the medium (C%Jm)
eo = permittivity of vacuum (C%Jm)
e, = relative permittivity of the buffer
The zeta potentia is a quantity derived from the double layer models of

Helmholtz, Golly-Chapman and Stern [7-9].

1.2.2 Factorsinfluencing the electr ophor etic mobility (mg,)

As can be seen in eg. 1.4, the migration of a species in an dectric field depends on
its charge, size and shape, as well as on the viscosity of the medium. When the
temperature is increased, viscosity decreases, resulting in an increase of the ion

mobility.

It is evident that small and highly charged species have high mobilities. The pH of
the separation medium plays an important role in the eectrophoresis of weak
electrolytes because the ion concentration is determined by the pH of the
eectrolyte solution and the pKvaue of a weak acid or the pKy-vaue of a wesk
base. Besides, as can be deduced from eq. 1.5, the ionic strength of the
background electrolyte is controlling the zeta potential (z). When the ionic
strength increases, the zeta potentia decreases, resulting in a decreased ion

mobility.

1.3 Electroosmosis

1.3.1 Electroosmotic flow (EOF)

10



The dectroosmotic flow (EOF) is the bulk flow of the liquid in the capillary
arising as a consequence of surface charges on the capillary wall. The EOF
originates from the slica nature of the capillary. Chemicaly, the internal surface
of an uncoated fused silica capillary contains silanol groups. At pH>3, the silanol
groups dissociate and generate negative charges on the capillary surface and H
ions in the dectrolyte. The surface charge density on a fused slica capillary will
strongly depend on the pH. With an estimated pK of the silanol groups between 3
and 5, the surface charge density is low at acidic pH and increases at higher pH.

Above pH 9, al silanol groups are dissociated and the EOF reaches a maximum.

As shown in Figure 1.1, in a high pH medium, the cations and H are attracted
towards the negatively charged silanol groups, forming an ionic layer next to the
capillary wall. The charge densty of this layer decreases exponentially with
increasing distance from the capillary wall. Upon application of an eectric field,
the cations in the double layer next to the wall start moving towardsthe cathode,

entailing by solvation the whole liquid plug.

EOF

+ + — + +
+ + + + +
pH
. —_— : +
SIOH —~—— SO + H

Figurel.1  Schematic representation of the EOF

11



The electroosmotic velocity ne, (M/s) is defined as

Neo=MyE (eq. 1.6)

and the electroosmotic mobility, my, (M7Vs)as,

Mp= <2 (eq. 1.7)
4ph

Thus, the EOF is a function of the dielectric constant e, the zeta-potentid ?and

the viscosity h of the medium in the capillary.

The zeta potential is a function of the surface charge density on the capillary wall,
and is proportional to the double layer thickness and inversely proportiona to the

ionic strength of the buffer medium.

A) B)

Figure1.2 Flow profile and corresponding solute dispersion: A) pressure-
driven profile, B) electrodriven profile

The electroosmotic flow profile differs from a pressure-driven flow profile. The

latter generates a parabolic (laminar) profile (Figure 1.2 A), resulting in severe

solute zone broadening or dispersion, whereas the eectroosmotic flow profile

(Figure 1.2 B) is flat except close to the capillary wall (10% of the diameter).

Hence, an dectrodriven flow provides much higher efficiencies.

12



In a pressure-driven separation, reproducible flow conditions of the mobile phase
and thus reproducible retention times are easily achieved through precise pressure
control. Thisis in cortrast to CE, where the electroosmotic velocity depends on a
number of parametas, eg. applied dectric fied, buffer medium, wall conditions,
etc. Unfortunately, those parameters are not as easly and independently
manipulated as pressure. EOF control is thus of utmost importance in

electrodriven separation methods.

1.3.2 Factor sinfluencing the electroosmotic flow (EOF)

While the EOF can be beneficial, it often needs to be suppressed. The charged
capillary wal can cause adsorption of cationic solutes through Coulombic
interactions. This phenomenon occurs especiadly in the separation of basic
proteins. The dectrophoretic  separation modes isodlectric  focusing,
isotachophoresis, and capillary gel eectrophoresis often require reduction of the
EOF. The mog important factor to manipulate the EOF is the pH. By changing
the pH of the buffer solution, the dissociation of the silanol groups is influenced.
The nature of the buffer and the buffer concentration influence the EOF by
modifying the thickness of the cbuble layer. Table 1.1 contains some acidic and
basic electrolyte compositions and their corresponding EOF [10]. The EOF can
aso be affected by adjusting the concentration and ionic strength of the buffer.
The zeta potential, and thus aso the EOF, are reduced when the concentration of
the buffer is increased. By increasing the temperature, the viscosity is reduced and
the EOF is increased. In addition, organic modifiers such as methanol change the

viscosity and usually decrease the EOF. The effect of organic modifiers on the
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Zeta potentia is very complex and should be determined experimentally. Another

way to manipulate the surface charge density and thus the magnitude of the EOF

is modification of the capillary surface. Both neutral and postively charged

coatings have been developed. Table 1.2 lists a sdection of commercialy

available coated columns with, if avalade, the chemical nature of the coating and

the recommended pH range [10].

Table1.1 EOF in different electrolyte systems

Electrolyte Concentration (mM) pH EOF (10°cn?/ Vs)
phosphate 10 25 42
phosphate 50 25 17
phosphate 100 25 <0.7
citrate 50 25 2.6
phosphate 50 90 49
borate 50 9.0 58
borate 150 95 46

Table 1.2 Commercially available coated CE capillaries

Source Brand namepH range  Chemicd nature of the coating

Beckman eCAPAmine polyamine

(Fullerton, CA, USA) €CAP neutra/pH 4-8 polyacrylamide

Hewlett Packard PVA/pH 2.5-9 paly(vinyl acohal)

(Wadbronn Germany) (no borate buffers)

Supdco, Inc. CHElect-P neutrd hydrophilic

(Bellafonte, PA, USA) CELet-H weskly hydrophobic C; coating
CElect-N neutra hydrophilic

Scientific Resources PEG-100 polyethyleneglycal

(Eatontown, NJ, USA)
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1.4 CE modes
A schematic presentation of a basic CE instrument is shown in Figure 1.3. With
the same instrumenta set-up different electrodriven separation techniques can be

realised.

ground

Figure1.3 Capillary éectrophoresis system

1.4.1 Capillary zone electrophoresis (CZE)

CZE is the most popular and most widely applied electrodriven separation mode.
A carrier or background electrolyte (BGE) is used to maintain a constant electric
fiedd dong the separation axis. In the congtant eectric field, sample ions will
migrate with a linear velocity proportional to their mobility (eg. 1.4). When
mobilities differ, separation zones are formed. All zones move at a constant and

characteristic speed.

1.4.2 Micellar electrokinetic chromatography (MEKC)

MEKC, introduced by Terabe in 1984 [11], is one of the most widely used CE

modes. Its main strength is the ability to separate neutral solutes as well as
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charged ones. Compared to CZE an additional selectivity principle is involved
[12]. A charged surfactant is added to the run buffer and the formed micelles act
as a pseudo-gtationary phase. In this way, neutra molecules interacting with the

micelles can be separated in an eectric field.

1.4.3 I sotachophoresis (ITP)

ITP is the oldest CE mode. Everaerts group particularly improved the technique
in 1979 [13].

ITP is comparable to chromatographic focusing: the solutes are separated in
discrete zones according to their eectrophoretic velocity, between a leading (LE)
and a terminating (TE) eectrolyte. This train of solute bands moves at constant
velocity passing the stationary detector. Every solute has a specific eectrophoretic
mobility, but field strength changes adong the solute train. If zone mixing due to
diffusion occurs at the front or the end of a band, these solutes leaving “their”
zone will experience a different electric fied, causng a dow-down or
acceeration. The reaulting effect of sdf-focusing, which is the most important
advantage of ITP, is most often applied to ion analysis and charged small organic
molecules. Although ITP failed to gain widespread acceptance, isotachophoretic

effects may be useful for sample concentration during CZE analysis.

1.4.4 Capillary isoelectric focusing (CI EF)
The use of CIEF [14] is limited to the separation of amphoteric molecules such as
proteins. An ampholyte mixture is used as the background electrolyte. It consists

of amphoteric molecules with a range of pl values, covering the desired pH-
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interval. Along the separation axis, a pH gradient is formed. Sample congtituents
will migrate, constantly adapting their charge to the loca pH. When the loca pH
is equa to the isodectric point, the protein will no longer migrate and remain
focused in a narrow band. An additional step is necessary to force the zones to
pass through the detector. This can be accomplished by inducing a hydrodynamic
flow or eectrophoretically, by changing the buffer, resulting in a breakdown of

the pH gradient.

1.4.5 Capillary gel electrophoresis (CGE)

Capillary gel dectrophoresis (CGE) is directly comparable to the traditional dab
ge dectrophoresis since the separation mechanisms are identical. CGE offers a
number of advantages over traditional dab gel eectrophoresis, including the use
of a 10 to 100 times higher dectric field without the deleterious effects of Joule
heating, on-line detection and instrumental automation. In addition, due to the
anticonvective nature of the capillary, it is not necessary to use a gd that is
anticonvective by itsdlf.

CGE is mainly employed in biological sciences for the size-based separation of
macromolecules such as proteins and nucleic acids [15]. Crosslinked gels or
entangled polymer solutions are used to suppress the EOF and to keep band
diffusion small. Sieving occurs as the solutes move through the pore network of
the gels or entangled polymer solution. By choosing appropriate separation
conditions (buffer pH, buffer additives, polymer composition, coated capillary)
the electrophoretic mobility depends only on molecular size. Therefore, CGE can

be used for size separation. CGE represents an automated miniature format of dab
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gel eectrophoresis and has presently great impact on routine analytical procedures

in biotechnology.

1.4.6 Capillary electrochromatography (CEC)

CEC, pioneered by the group of Knox [16], is basicaly a chromatographic
Separation technique. A stationary phase, typically silica or chemicaly modified
silica, is used as chromatographic support, with particle diameters of 23 mm and
filled into a capillary of 50-200 nm inner diameter. The mobile phase, which has
to contain some electrically conductive components, is moved by the EOF when
an dectric fied is applied. As in chromatography, the separation mechanism
depends on the nature of the dstationary phase. For charged solutes the
chromatographic process is super-imposed by an electrophoretic process. Because
of the plug-shaped flow profile of the EOF, the plate height is smaler and the
separation power of CEC is superior to that of conventional LC systems.
Moreover, longer columns and smaller particles can be applied compared to LC

because of the lack of pressure drop.

1.5 Analytical parametersin capillary zone electrophoresis

1.5.1 Apparent mobility (M)

In CZE, the migration of solutes aong the capillary is determined by the apparent
mobility myp (M7Vs), which equals the vectoria sum of the eectroosmotic

mobility my and the electrophoretic mobility my, as expressed by eqg. 1.8:

Mypp = Mg, + My (e9.1.8)
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Accordingly, the migration velocity n g, (MV/s) is

Napp = Myp E= (M + M E =Ny + N (e9.1.9)

At low pH (pH 2-3), the EOF is negligible compared to the electrophoretic
mobility. In this case, the magnitude and direction of the electrophoretic mobility
of the analytes of interest determine the apparent mobility. Positive and negative
analytes can no longer be separated together in one run. In order to detect
negatively charged analytes, the polarity of the electrica field should be reversed.
In contrast to the condition with a large EOF, injection occurs at the cathodic side

and detection at the anodic side.

1.5.2 Migration time (t)

The time required for a solute to migrate to the detector is called migration time,
and is given by the ratio of the migration distance to the velocity. The migration
timet (s) can be ca culated according to the equation:

R e e (eg. 1.10)

n app rnolpp E rnolpp v

where My, = My, + My, (M7VS)

E = éectric field (V/m)

V = applied voltage (V)

L = total length of the capillary (m)

| = capillary length from inlet to the detector (m)
This eguation shows that the use of short capillaries in combination with high
voltages will result in short migration times.

A similar equation can be used to express the EOF in time units:
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to = (eq. 1.11)

L
m, V
From eg. 1.10 and eg. 1.11, the electrophoretic mobility my, (M?/VS) can be

calculated by

IL t,-t
Voot t

€0

(eg. 1. 12)

My =

1.5.3 Separation efficiency (N)
Separation in eectrophoresis is based on differences in solute mobility. The
difference necessary to resolve two zones is dependent on the length of the zones.
Zone length is strongly determined by dispersive processes. Dispersion should be
controlled because it increases zone length and the mobility difference necessary
to achieve separation.
Under ideal conditions (i.e. smal injection plug length, no solutewadl
interactions, etc.), the only contribution to solute-zone broadening in CE is
considered to be longitudinal diffusion aong the capillary. Radia diffusion
(across the capillary) is unimportant due to the plug flow profile. Similarly,
convective broadening is unimportant due to the anticonvective properties of the
capillary. Thus, zone broadening in CE by diffusion, after atimet (s), is given by
Eingtein’s equation:

s?=2Dt (eq. 1.13)
where D = molecular diffusion coefficient (m2/s)

s?= gpatia variance (m?)

2

The plate height H (m), which is equal to S , can be expressed as
X
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H=2Dt 2D (eq. 1.14)
X V

where x (m) is the migration distance at a migration time t (s), and x = nt, with n =
velocity of the charged species (m/s). Because ng, = my, E, this gives

H= 2D (eq. 1.15)
mE

Since the theoretical plate number isrelated to H by N = ﬁ

XmE
2D

N =

(eq. 1.16)

If we assure that the migration takes place across the whole length of the

capillary, the field strength can be replaced by v and weobtan
X

nv
N=— .1.17
. (eq. 1.17)
or taking the electroosmotic mobility into account
N = (m+m)V. (eg. 1.18)

2D

From eg. 1.18, it can derived that increasing the voltage will result in higher
efficiency as long as Joule heating does not contribute to band broadening. In
addition to the longitudinal diffusion, there are many other factors contributing to
disperson, namely injection plug length, solute interactions with the capillary
wall (usually causing serious peak tailing), conductivity mismatch of sample and
buffer (resulting in eectro-dispersion: peak tailing or peak fronting) and zone
broadening related to the detection system.

Experimentally, the theoretical plate number (N) can be determined directly from

an electropherogram using equation [17]:
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t

N =554 (—)? (eq. 1.19)

W1/ 2
wheret = migration time (s)

Wy, = pesk width a half height ()

1.5.4 Resolution (Rs)

The resolution R, of two peaks is defined as the quotient of the distance between
the peak centres Dx and w, = 4s, the mean of the two standard deviations for a
Gaussian peak

RS: B
4s

(eg. 1.20)

in which wy, = peak width at the base line

The resolution between two peaks in CE can be deduced to give equation [17]:

wherem,, is the mean of the electrophoretic mobility of components 1 and 2.

From eg. 1.21, it can be deduced that to increase the resolution, an increase of

voltage is not very efficient because of the square root relation. Theoreticaly, the

best resolution is obtained when my, = - m,,. In practice, a resolution of 1.25 is

aufficient even for quantitative anayss and resolution higher than 1.5 is
considered awaste of time.

The resolution can be directly calculated from the el ectropherogram by

Re= L-4 — tz'_tl - L-4 (eg. 1.22)
w

1 4s
E (Wq + sz )
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where t = migration time (s)
Wy = baseline peak width (s)
W = mean of the basdline peak width (s)
s = standard deviation,

subscripts 1 and 2 refer to the two solutes.

1.6 Instrumental aspects

1.6.1 Injection

To introduce the sample into the capillary, hydrodynamic or electrokinetic
injection approaches are used. Hydrodynamic injection is driven by pressure,
whereas electrokinetic injection is done by applying a voltage.

The main advantage of hydrodynamic injection is that the quantity of sample
loaded is nearly independent on the sample matrix and that “electrophoretic
discrimination” is absent. The volume (m®) injected can be calculated using the
Hagen-Poiseuille equation:

DPdp t
128hL

volume = (eg. 1.23)

where D P = pressure difference across the capillary (Pa)
d = interna diameter of the capillary (m)
t = injectiontime ()
h = viscosity of sample (Pas=Kg/ms)
L =total capillary length (m).
In the eectrokinetic injection mode, the analytes enter the capillary by both

electrophoretic and electroosmotic migration. The disadvantage of this method is
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that the quantity of sample loaded is dependent on the electrophoretic mobility of
the individual solutes. Discrimination occurs for ionic species since more mobile
ions are loaded to a greater extent than the less mobile ones. Due to this
phenomenon, eectrokinetic injection is generdly not as reproducible as its

hydrodynamic counterpart. The quantity injected, Q (moles) is

_(m, +m )Vrp Ct
- L

Q (eq. 1.24)

where my, = electrophoretic mobility of the analyte (m?/ Vs)
My, = electroosmotic mobility (m% V)
V =voltage (V)
r = capillary radius (m)
C = analyte concentration (moles/m?)
L =totd capillary length (m)

t=injectiontime (9

1.6.2 Capillaries

The capillaries in CE are made amost exclusively from fused slica. Only in few
reports teflon capillaries are applied.

Fused slica capillaries are available in dmost any inner diameter varying from 1
to 530 nm. For protection, the fused silica capillaries are coated on their outside
with a 10-20 mm thick film of polyimide making them flexible and easier to
handle. Today, polyimide coated fused silica capillaries with inner diameters (i.d.)
of 50 to 100 nm and outer diameters of 360 mm are most commonly used in

commercia instrumentation. The volume of capillaries ranges from 39.2 nL for a
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10 nm i.d. capillary to 15.7 nL for a200 nm i.d. capillary with 50 cm in length
which is commonly applied in CE. Since only about 1% of the column volume
should be used for injection and detection, these volumes are in the order of 0.4 to

160 nL. Consequently this puts a heavy burden on sensitive detection in CE.

1.6.3 Detection

Fused silica is optically similar to pure quartz glass and by burning off a small
section of the polyimide coating, a perfect window br the detection is obtained.
The most important detection methods used in CE and the limits of detection
(LOD) are summarised in Table 1.3.

Table 1.3 Detection methods and detection limits (LOD) in CE

Detection LOD (M) Detection LOD (M)
uv 10°-10° indirect UV 10°

LIF 10- 10 indirect LIF 107
conductivity 10° thermo optical absorbance 10°
amperometry 10°® mass spectrometry 107-10°

1.6.3.1 UV detection

UV detection is a popular detection method for separation techniques performed
in a condensed phase because of its amost universal applicability. For its use in
CE, commercial UV detectors for HPLC with deuterium lamps were modified for
on-column detection. The drawback of on-column UV detection in CE is the
sengitivity since only the capillary cross-section of 10 to 100 nm is available as
path length. Severa approaches have been developed to improve the sengtivity,

e.g. Z-shaped cell [18], multi-reflection flow cell [19], bubble cell [20], etc.
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For high sendtivity, sample preconcentration steps such as stacking [21],
isotachophoresis[13] or derivatisation prior to analysis are necessary.

Spectral information can be obtained using a diode array detector or a fast
scanning multiple wavel ength detector.

Even with techniques that utilise increased path-length cell or/and chemica
derivatisation, absorbance detectors are ultimately limited according to Beer's
law. As a result, UV-absorption techniques have modest detection limits that

generally do not exceed the 10° M range.

1.6.3.2 Indirect UV detection

Optica CE detection methods suffer not only from a short optical path length but
also from the fact that solutes of interest do not always absorb radiation. Although
many solutes show some absorption at wavelengths from 195 nm to 200 nm, the
majority of carbohydrates do not have any UV absorbance or fluorescence. To
detect nonabsorbing and nonfluorescent solutes with UV and LIF, respectively,
indirect optical detection can be used [22-27]. Figure 1.4 shows the principle of
indirect detection methods. Using strong UV-absorbing or fluorescent solutes in
the buffer, the detector is nearly saturated, rising the basdline at elevated leve. If a
non-absorbing or nonfluorescent solute moves through the detection window, it
displaces molecules from the background and generates a negative peak. It was
shown that the concentration limit of detection (Cim) depends on three key
factors: concentration of the active mobile phase additive (background

concentration, Cyy), transfer ratio (TR) and dynamic reserve (DR) [28, 29] as
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described in eq. 1.25. This transfer ratio is defined as the number of molecules of

active mobile phase displaced by an analyte molecule.

C

Cim= ——> (eq. 1. 25)
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Figure1.4  Principle of the indirect detection method

A detection limit of 2 © 10* M was reported by using sorbic acid as UV-absorbing
additive for the analysis of mono-, di- and trisaccharides [23]. Although the
detection sengtivity is not sufficient for the analysis of glycoproteins which are
proteins with carbohydrate sidechains, indirect UV detection works well for

sugar analysis in food, e.g. the determination of glucose, fruciose and saccharose

in fruit juices [30Q].
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Indirect LIF has been demonstrated by using coumarin 343 as fluorophore
additive for the analysis of monosaccharides [31]. The detection limits were in the
low micromolar range for saccharose, glucose and fructose and only dightly

better than those obtained with indirect UV detection.

1.6.3.3 Laser induced fluor escence detection (L1FD)

Since the sengtivity of UV detection was generdly regarded as insufficient for
biological samples, considerable efforts were put into developing and improving
aternative detection systems. There are severa advantages of fluorescence
detection including excdlent sendtivity and a large linear dynamic range. Six or
seven orders of magnitude in linearity are observed with fluorescence
spectroscopy whereas only three or four orders of magnitude with other
spectrophotometric procedures.

In a few reports, a deuterium or xenon arc lamp or a mercury line source was used
for fluorescence excitation in CE [32, 33]. The snal size of the detection window
and the required high photon dengty for efficient excitation make lasers an ided
source for fluorescence detection in capillaries [34]. One drawback of
fluorescence detection is that most analytes do not possess fluorophores, and this
is especially true when working with carbohydrates. Laser induced fluorescence
detection (LIFD) has become the most preferred detection method in CE for the
anaysis of carbohydrates by tagging the later with fluorescence reagents [ 35, 36].

In LIFD, the sensitivity depends on the light source, its intensity, stability and the
optical match of the excitation source with the fluorophore absorption maximum.

Laser-based fluorescence is particularly well suited for CE because of the high
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power available, the good focusing capability and the monochromaticity of the
laser light.

Fluorescence emission in molecules occurs through the absorption of a quantum
of radiation and involves changes in the eectronic structure. Fluorescence is
referred to as the emitted light when the excited electron returns to the ground

level. The energy transmission of electrons is depicted in Figure 1.5.
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Figurel.5 Schematic diagram of energy level transitionsinvolved
in photoluminescence

When light strikes a molecule, it is absorbed, and a transition to a higher
electronic state occurs. This absorption of radiation is highly specific with the
result that radiation of a particular energy is absorbed only by a characteristic
molecular structure. The electron is raised to an upper excited singlet (S;, S, €tc.)
through a ground-to-singlet state trangtion that is responsible for the visible and
UV absorption spectra observed for molecules. During the time the molecule
spends in the excited state, some energy is not further dissipated by collisions with

other molecules, and the electron returns to the ground electronic state, with the
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emission of a photon. This phenomenon is called fluorescence. The emission of
light is usualy in the UV to visible region of the spectrum. Because some energy
is lost during that period before emisson can occur, the emitted energy
(fluorescence) is lower than the energy that was absorbed, and the resulting
wavelength (1 ) of the emitted light is longer.

The efficiency with which fluorescence occurs in molecules is given by [37]:

F = Eoem = quantum efficiency (eg. 1.26)

ab
with  NOog, = number of photons emitted

Nox = number of photons absorbed
The basic equation defining the relationship of fluorescence to the concentration
IS

F=Fl,(1-e®™) (eq. 1.27)

where |, = incident radiant power (W)

e = molar extinction coefficient (M™cm™)

b = path length (cm)

¢ = molar concentration (M)
According to eg. 1.27, the fluorescence intensity is enhanced by increasing (i) the
quantum efficiency, (i) the intendty of incident radiation 1, (iii) the molar
extinction coefficient of the analyte e and (iv) the concentration of the anayte.
LIFD systems are comprised of two basic parts, namely a laser excitation source
and an optical detection system. In most systems, excitation is performed on-

column and the emitted fluorescence is collected orthogonally to the direction of
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the laser beam. The limits of detection (LOD) of this detector ranges from 10° M
to 10°°M.

An arangement with a post-column LIF detection system based upon a quartz
sheath-flow cuvette utilises both a 488 nm argon ion laser [38] and a 543 nm
heliumneon laser [39] for different applications. This LIF detection minimises
laser scattering, thus reducing the most important source of background noise.
Hernandez and co-workers [40, 41] used a different arrangement whereby the
laser beam and the emitted light are collinear. The collinear set-up reduces laser
scattering onto the walls of the capillary and enhances the collection of
fluorescence. The advantages of the collinear arrangement as an aternative to the
orthogonal design for the on-column detection in capillary electrophoresis were
discussed by Hernandez et al. [41]. With the collinear arrangement the authors
damed a LOD of 10 M for fluorescein isothiocyanate (FITC) derivatised
aginine.

The Beckman PACE laser module used in this work aso employs a collinear
arrangement and is schematicaly shown in Figure 1.6. A fiber optical cable
transmits laser light from a 3 mW argorrion laser to the detector and illuminates
the capillary window. The elipsoidal mirror collects and focuses the fluorescent
light back onto the photo-multiplier tube (PMT). To reduce unwanted laser light, a
centred hole in the élipsoida mirror allows most of the beam to pass. In addition,
a beam block is used to attenuate scattered laser light. A notch 488 nm “rejection”
filter is used to prevent stray laser light from entering the PMT while a band pass
filter dlows only emitted fluorescance light at the 520 nm band to pass into the

PMT.
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Figure1.6  Thelaser module with collinear arrangement (Beckman)

1.6.3.4 Electrochemical detection (ECD)

Electrochemical detection for CE was first introduced by Wallingford and Ewing
[42] using a porous glass joint to decouple the amperometric detector from the
high dectric field of the separation capillary. With a high EOF, the solute is
pushed past the intersection towards the detector. Amperometric detection with a
carbon dectrode lends itself to the separation and sensitive detection of easily
oxidised species such as catecholamines, achieving LODs in the range of 10° M.
Using different electrode materials such as copper [43-46] or gold [45, 47], the
detection of carbohydrates with ECD is feasible. Currently no commercia ECD

instrumentation is on the market, inhibiting its widespread use.
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1.6.3.5 Mass spectrometric detection (MYS)

The advantages of coupling information rich mass spectrometric (MS) [48, 49]
methods with the highly efficient CE have long been recognised. In addition,
dimensions of CE perfectly fit with state-of-the art MS instrumentation. In order
to harvest the benefits d CE-MS, an interface design for the sample transfer from
the liquid phase to the MS vacuum must minimise band disperson. Direct
coupling of CE with MS has been described using fast atom bombardment (FAB)
and amospheric pressure ionisation (APl) as ionisation methods. Off-line
coupling has been reported for plasma desorption (PD) and matrix assisted laser
desorption ionisation (MALDI). Von Brocke et al. recently published a review on

CE coupling with electrospray ionisationmass spectrometry (CE/ESI-MS) [50].
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Chapter 2

Structures and Properties of Saccharides

Abstract
A brief description of the structures and properties of saccharides including
monosaccharides, oligosaccharides and polysaccharides is presented.

Polysaccharides of interest like amylose and gums are described in more detail.

2.1 Introduction

Saccharides, adso caled sugars or carbohydrates, can be divided into
monosaccharides, oligosaccharides and polysaccharides depending on the number
of sugar units that are linked together. Monosaccharides are the monomer units
and cannot be hydrolysed into smaler molecules whereas oligosaccharides
contain 2 to 10 monosaccharide residues joined by glycosidic linkages. The
polysaccharides are polymers of high molecular weight consisting of more than
10 monosaccharide units. Due to their size, polysaccharides are less water-soluble
than the mono- and oligosaccharides. They do not taste sweet and are chemically
less reactive.

Monosaccharides can be joined together via all equivaent hydroxyl groups and
the variety obtained is even increased by the complicated stereochemistry. Two

identical  monosaccharides can form up to 11 different disaccharides. Four
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different hexoses (e.g. glucose, galactose, mannose and alose) can produce more
than 36,000 tetrasaccharides [1]. The consequence is an enormous diversity and
complexity in saccharide structure and chemistry. Such a structura diversity

creates many difficulties in the analysis of saccharides.

2.2 Monosaccharides

Monosaccharides are  principally  polyhydroxyaldehydes (aldoses) or
polyhydroxyketones (ketoses) derived from glyceraldehyde or dihydroxyacetone,
respectively, through insertion of CHOH-units. They follow the general molecular
formula C,(H,0),. The aldoses are classified according to the number of carbon
aoms sarting with the triose glyceradehyde (3 C-atoms), into tetroses (4 C-
atoms), pentoses (5 C-atoms, e.g. ribose, xylose) and hexoses (6 C-atoms, e.g.
glucose, mannose, gadactose). The ketoses, darting with the triulose
dihydroxyacetone, are called tetruloses (4 Gatoms), pentuloses (5 Gatoms, e.g.
ribulose, xylulose) and hexulose (6-atoms, e.g. fructose, sorbose).

Glycerddehyde has one asymmetric carbon atom resulting in an enantiomeric
pair, D- and L-glyceradehyde. The prefixes D and L designate the absolute
configuration. The compounds derived from D-glyceradehyde by inserting
CHOH groups are called D-aldoses and those derived from L-glyceraldehyde are
called L-aldoses. Figure 2.1 shows the sterecisomeric family of monosaccharides
derived from D-glycerddehyde (for adose). The L-series and D-series of
monosaccharides only differ from each other as object and mirror image. A

molecule with n asymmetric centres has 2" stereoisomers.
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?]HO Aldehyde group
D-glycera dehyde HICZOH
c3h,0H 3 carbon sugars

These sugars are in the D-series
by the convention of placing

the OH on Ctothe right (I:HO CHO
(Latin dexter, right). Another H?OH HOCH
series of sugars existsstemming
HCOH
from L-glyceraldehyde where | HoH 4 carbon sugars
this OH group isto the left. CHz0H CHZ0H

D-erythrose D-threose

/N

CHO CHO CHO CHO
| | | |
H(IEOH HOCH HCIOH HOICH
HCOH  HCOH HOCH  HOCH
[ I | 5 carbon su
H|COH HCOH HCOH  HCOH s
| | '
CHOH  choH CHOH CHOH
Jboa? D-arabinose  D-xylose D-lyxose
CHO CHO CHO CHO CHO CHO CHO CHO
| | | | | | | |
HCOH  HOCH HCOH  HocH HCOH HOCH HCOH  HocH
| [ | | |
H(IEOH HCOH HOCH  HOCH HcoH HcoH HOCH  HocH
| | | | | |
HCOH  HCoH HCOH  HCOH HocH HOCH  HOCH  HocH
I I | I | I I I 6 carbon sugars
H?OH HCOH  HCOH HCOH HCOH HCOH  HCOH  HCOH
| I | |
CH,OH  CH,OH  CH,OH CHXOH CH,0H CHOH CH;OH CH,OH

D-dlose D-dtrose D-glucose D-mannose D-gulose D-idose D-galactose D-tdose

Figure2.1 Thefamily of D-aldoses

All monosaccharides can principally form stable 5-membered (furanose) and 6
membered (pyranose) rings through formation of an intramolecular hemiacetd.
The lactol formation leads to an additiona chiral centre and therefore to formation
of anomers that are designated with a and b. a means that the hydroxyl group at
C, is below the plane of the ring and b means that it is above the plane of the ring.
The tendency for ring formation is so high that most monosaccharides exist in an
equilibrium of cyclic hemiacetals in solution and only a small amount of the open-
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chain form is present. The cyclic forms turn out to be much more stable than the
open-chain forms. Consequently, in solution each monosaccharide occurs in five

different forms as depicted for D-glucose in Figure 2.2.

CH,OH CH,OH
0 O_ OH
OH OH
OH OH OH
OH OH
a-D-Glucopyranose \\\\ / b-D-Glucopyranose
CHO
H—1—OH
HO——H
H—T—OH
H—1—OH
CH ,OH
Opentchan fom
CH,OH
| 2 // \\\\ (|:H20H
CHOH
o CHOH 4 OH
OH
OH
H
OH OH
a -D-Glucofuranose b -D-Glucofuranose

Figure2.2  Structuresof the five different forms of D-glucose in water

In equilibrium glucose is present amost exclusively in its pyranose forms with
36% a and 64% b [1]. For other monosaccharides the equilibrium mixture can be
very different. The different ring forms aways interconvert through the open

chain form of the sugars. This is called mutarotation. For a comprehensive
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discussion of the structural and stereochemical features of monosaccharides, we
refer to organic chemistry and biochemistry textbooks [2, 3].

Deoxysugars and monosaccharides containing functional groups such as acidic
sugars and amino sugars are important components in oligo- and polysaccharides.
Deoxysugars: Deoxysugars, in which one or more of the hydroxyl groups of an
ddose or ketose has been replaced by hydrogen, are widdly distributed in nature.
6-Deoxyhexoses such as 6-deoxy-L-mannose (L-rhamnose) and 6-deoxy-L-
galactose (L-fucose) are present in many polysaccharides and glycoproteins.

Acidic sugars. There are three different types of acidic sugars. They are classified
according to the terminal group that has been oxidised. Aldonic acids are formed
by oxidation of the carbonyl group, uronic acid by oxidation of the termina
alcohol group and aldaric acids by oxidation of both the carbonyl and the
terminal alcohol group. The most important type of acidic sugars are uronic acids,
which occur aimost exclusively as hexuronic acids. They are intermediates in the
conversion of hexoses and pentoses in biosynthetic pathways. D-glucuronic acid
and D-gdacturonic acid are found in plant gums and bacteriad cell wals whereas
D-glucuronic acid and L-iduronic acid are components of proteoglycans.
Aminosugars: The anomeric carbon atom of a monosaccharide can be linked to
the nitrogen of an amine by an N-glycosidic bond. Most aminosugars occur as
congtituents in oligo- and polysaccharides. The most abundant aminosugar is 2-
amino-2-deoxy-D-glucose that occurs widely in polysaccharides and in

glycoproteins as its N-acetylated derivative (N-acetylglucosamine).

41



2.3 Oligosaccharides

The linkage of two monosaccharides through an O-glycosidic bond results in the
formation of a disaccharide. Glycosidic linkage between the hydroxyl group at the
anomeric carbon of two monosaccharides results in a non reducing disaccharide
such as sucrose, while condensation of one hydroxyl group at the anomeric carbon

and one free hydroxyl group results in a reducing disaccharide, e.g. maltose and

HO
o HO
HO
HO o OH
OH
(0]

sucrose  H°

|actose.

OH

(e}

HO

HO (o]
OH (o) HO
HO
HO o OH
OH
(o]
raffinose o

H

Figure2.3  Structuresof sucrose and raffinose

The most common naturally occurring oligosaccharide is saccharose (sucrose)
that is widely digtributed in the plant world. It is the main component in the
carbohydrate reserve and an important energy source. The principle sources for
commercia production of this disaccharide are sugar cane, sugar beet and the sap
of maple trees. It is composed of one D-glucose and one D-fructose unit, joined

by an acetal linkage between two anomeric carbons. The glucose unit is in the
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pyranose form while fructose is in the furanose form. The structure is shown in
Figure 2.3.

Raffinose (Figure 2.3) is an example of a trisaccharide. This naturally occurring
saccharide is as widely distributed as sucrose but in much lower concentration
(e.g. 0.05% in sugar beet, 1.9% in soybean) [1].

Other important oligosaccharides are cyclodextrin (cyclomalto-oligosaccharides)
including a-cyclodextrin (cyclohexaose), b-cyclodextrin (cycloheptaose) and ¢
cyclodextrin (cyclo-octaose). Due to their cyclic structure, cyclodextrins can form
incluson complexes with smal molecules. Cyclodextrins are used in the
formulation of pharmaceuticals, pesticides, foodstuffs and toiletries as protecting
agents, emulson dabilisers or as dow releasing agents. Besides, charged
cyclodextrin derivatives are usad as chira sdectors in the separation of

enantiomers by CE [4].

2.4 Polysaccharides

Polysaccharides differ from the oligosaccharides only by the number of
monosaccharides that make up the molecules. Polysaccharides are built from
either  one (homopolysaccharides) or severad monosaccharide types
(heteropolysaccharides). They can have a linear structure in which the individual
monosaccharides are joined one to the other by glycosidic bonds, or they can be
branched. A branched polysaccharide has a linear backbone, but additional
hydoxyl groups on some of the monosaccharide units are involved in glycosidic
bonding to another chain of sugars. Table 2.1 and Table 2.2 show a selection of

common homo- and heteropolysaccharides, respectively [1, 5].
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Table2.1

Stru cture and source of homopolysaccharides

Name Linkage Source
D-Fructans
Indin (22)-b-D- linexx dahlias, Jarusdlem
artichokes
Leven (2,6)-b-D-, (2,1)-b-D- branched plants and bacteria
D-Galactans
Carrageenan (1,3)-b-D-, (14)-a-D- lineer red seaweeds
(1,4)-b-D- linear plant pectic substance
D-Galacturonans
Pecticacid (1,4)-a-D- liner plant pectic substance
D-Glucans
Laminaran (1,3)-b-D- lirear brown seaweeds, plants
Scleroglucan (1,3)-b-D-, (1,6)- )-b-D- branched fug
Lichenan (1,3)-b-D-, (1,4)-b-D- lineer icdand moss, cered grains
Amylose (1,4)-a -D- linear plants
Amylopectin (1,4)-a-D-, (1,6)-a-D- linea, plants
Glyocogen 1,4-a-D-, (1,6)-a-D- linear animds
Cdlulose (1,4)-b -D- liner plant cdl-wals
Pullulen (14)-a-D-, (16)-a-D- linear fug
Dextran (1,6)-b-D- lineer becteria
2-Amino-2-deoxy-D-Glucans
Chitin (1,4)-b -D- liner crab and lobster shdll, fungi
D-Mannans
(1,4)-b -D- liner seaweed, plants
(1,2)-a-D-, (1,6)-a-D- branched yeeds
D-xylans
(1,4)-b -D- linear plant odl walls
Rhodymenan (1,3)-b-D- liner green seaweed
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Table2.2

Structure and source of heteropolysaccharides

Name Congtituent monosaccharides and chain type Source
Agaoe D-, L-gdactose, linear red seaweeds
Algnicadd L -guluronic acid, beteria
D-mannuronic adid, linear brown seaweeds
Gum arebic L -arabinose, L-rhamnose, D-gdactose acaciatrees
D-glucuronic adid, branched
Gum tragacanth D-gdacturonic, D-xylose, L-fucose plat gum from
D-gdactose, branched Astragalus sop.
Guaran D-mannosg, L-gdactose, branched seeds from
Cyanopsis
tetragonolaba
Locust been D-mannose, D-gdactose, branched tree Ceratonia
sliqualL.
Karaya L -rhamnose, D-gdactose, tree Serculia
D-gdacturonic acid, branched urensRoxb,
Serculiaceae
Gheatti L -arabinose, D-gdactose, D-mannose, gemsof
D-xylose, D-glucuronic acid, branched Anogeissus
Latifolia
Pectin D-gdacturonic acid, L-rhamnose, D-gdactose plants
L -arabinose, D-xylose, branched
Xanthen D-glucose, D-mannose, branched beteria
2.4.1 Cellulose

Cdlulose is probably the most abundant organic compound on earth. It is the main
structural component of plant cells. Structurdly, cellulose is a polymer of D-
glucose in which the individua units are linked by b-1,4-glycosidic bonds as
shownin Figure 2.4.

The b-conformation alows cdlulose to form very long straight linear chains

corresponding to a molecular weight of 1.6-2.4 million. The cellulose chains show
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the tendency to build microfibrils through inter- and intramolecular hydrogen
bonding resulting in the formation of highly ordered structures with a high tensile
strength. The strength of wood is derived principaly from hydrogen bonds of the
hydrogen groups of one chain to hydroxyl groups of neighbouring chains. These

ordered structures also cause the insolubility of cellulose in most solvents.

2.4.2 Starch

Starch is the second most abundant polysaccharide and occurs in both the
vegetable and animal kingdoms. It is the mgor polysaccharide serving as a
nutrient for humans rather than as a structura element. Naturd starch can be
separated into two gross fractions, called amylose and amylopectin, which vary in
thar relative amounts among the different starches. The magority of starches
contain 15-35% amylose.

Amylose, the structuraly linear type of starch consists of a-1,4-linked glucose
resdues. Amylopectin which represents the branched type of starch, contains
about one a-1,6-glycosidic linkage per 1530 a-1,4-glycosidic linkages
distributed irregularly throughout the molecules. The structures are shown in
Figure 2.4. Amylose exists as a random coil in neutral agueous solution. The
presence of complexating agents in the solution induces the formation of a helical
structure [3]. This helical conformation gives rise to the characteristic blue colour
of amylose-iodine complexes and is responsible for the complex formation with

fats and polar organic solvents.
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Cdlulosg, b-1,4- linear

OH
OH o O,
\ OH
OH
H OH le)
H
HO

OH

Amylosg, a-14- liner o~

OH

o
H
Oo,jo%‘/branchmg point

Amylopectin, a -1,4- linear, |
a-1,6- branch

Figure2.4  Structure of cellulose, amylose, and amylopectin

2.4.3 Hemicellulose

Hemicellulose is defined as a large group of polysaccharides found in association
with lignin, besides cellulose and pectin, in the primary and secondary cell wall of
dl plants and of some seaweed [5]. There are variations in the hemicellulose
composition of plants and even between the organs of the same plants. The
principal sugar residues present in hemicellulose are D-xylose, D-glucose, D-

gaactose, Dmannose, L-arabinose, L-fucose, L-rhamnose, Dglucuronic acid, D-

47



gaacturonic acid and 4-O-methyltD-glucuronic acid. The most ubiquitous and
abundant hemicdlulose is xylan that is composed of linear and/or branched chains
of b-1,4 linked D-xylopyranosyl units. Isolated hemicdlulose has many potential
useful properties including its application as food additive, thickener, emulsfier,

gelling agent, adhesive and adsorbant [6].

2.4.4 Gums

Gums are polysaccharides that are widely used in food as stabilising, gelling and
thickening agents because they provide excellent water binding capacity. Some
gums possess a natural biological activity related to the glycoproteins they
contain, which results in a particular role of gums in the pharmaceutical industry.
Gums may be harvested in nature from trees, seeds and marine weeds or they may
be synthesised biologically and chemically. A selection of gums is documented in
Table 21 (carageenan) and Table 22. Most gums are heterogeneous
polysaccharides (Table 2.2) with complicated structures and extremely high
masses. A broadly functiona classification is given in Table 2.3, in which the
rows represent similar properties and the columns represent similar origins or
sources [7]. A brief description of each group of gums, listed in Table 2.3, is
given in this section. For a more detailed chemica, physicd and functiona

property review of gums, we refer to the references[5, 6, 8].
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Table2.3  Gumscommonly used in foods

Exudate Extract Flour Synthetic Chemicd

Arabic Agar Guar Xanthen Carboxymethyl cdlulose
Tragecanth Alginate Locust bean

Kaaya Carrageenan

Ghetti

2.4.4.1Exudate gums

The gums exudated from plants (Table 2.3) are polysaccharides containing
hexuronic acids in salt forms and a number of neutral monosaccharides which are
often esterified in highly branched structures [9]. These hexuronic acids or sats
favour their water solubility. The contents of uronic acids in these gums vary, e.g.
karaya contains 37% of uronic acid residues while ghatti consists of 10% of D-
glucuronic acids [5]. The molecular weight (MW) of these gums generally ranges
from one hundred to one thousand kilodalton (KDa). In addition, the exudate
gums exhibit compositional heterogeneity combined with branched linkages

(Table2.2).

2.4.4.2 Gums extracted from seaweeds

The most common gums extracted from seaweeds are carrageenan, agar and
alginic acid. They are highly negatively charged polysaccharides consisting
mainly of the sulfate esters (carrageenan, agar) and D-mannosyluronic acid and
gulosyluronic acid (aginic acid). Compositionally and structuraly, the gums in
this group are smpler than exudate gums because carrageenan and agar are only
made up from gaactose with linear chain linkages while aginic acid contains two

uronic acids (Table 2.1 and Table 2.2).
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Both agar and carrageenan have aternating b-(1,4) and a-(1,3) linked galactose
residues with 3,6-anhydride. The basic repeating units are disaccharides as shown

in Figure 2.5.

Agarobiose Carabiose

Figure2.5 Basic repeating units of agars (agarobiose) and carrageenans
(carrabiose)

Agars differ from carrageenans in that the (1,4)-linked residue in agar is the L-

enantiomer, whereas in carrageenans it is the D-enantiomer. The (1,3)linked

residues are D-galactose in both agars and carrageenans.

Agars can be separated into a neutral gelling fraction, agarose, and a sulfated non-

gdling fraction, agaropectin, varying in total charge content. There are three

extremes of the structure noted, namely neutral agarose, pyruvated agarose having

little sulfation, and a sulfated gdactan [5]. Gelling property is function of the

agarose fraction of the agar.

Several members in the carrageenan family are known and they differ in the

amount of the sulfate esters and/or other substituted groups they carry. The

structures of the repeating units of the three principle carrageenan types, kappa

(k), iota () and lambda (l ), are depicted in Figure 2.6.

As can been seen, these three differ discretely in their charge content per residues.

Kappaissulfated only at C, in the 1,3-linked gdactose ring, whileiotahas an
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additiond sulfate at C, in the 1,4-linked 3,6-anhydro-D-galactosering. These
structures alow the formation of double-helicd segments that can form gd

structures[9].

Hy

K gppa carrageenan

080,
lota carrageenan qHoH

OH
Lambda carageenan H20H o
~o0 CH,0S05
0S05 Q
H
0S05

Figure2.6 Three types of basic repeating disaccharides of carrageenan
(kappa, iota and lambda carrageenan)

Lambda carrageenan differs from iota and kappa carrageenan in several respects.
Firdly, the level of sulfation is higher, with three charges per disaccharide
resdue. Secondly, the b-(1,4)}D-gaactose ring is not conformationally locked in
the 3,6-anhydro form. Finaly, it carries sulfate groups at G and Cs inthe a-(1,3)-

D-galactose residues. Remova of the anhydro-bridge confers a kinking effect that
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inhibits double hdix conformational ordering, and hence blocking the ge
formation [9].

Alginic acid is a linear polymer of b-(1,4)-D-mannosyluronic acid and a-(1,4)-L-
gulosyluronic acid, the relative proportions of which vary depending on the
organism and the tissue from which it is isolated. The most important food related
property of this gum is its ability to interact with calcium ions. This interaction
produces a useful increase in viscosity a low levels of added calcium and,

ultimately, as the cacium level isincreased, gel formation.

2.4.4.3 Gumsfrom seed flour (guar and locust bean)

Guar gum and locust bean gum (LBG) are structurally similar since they both
consst of linear chains of b-+(1,4}-D-mannopyranosyl units with a-D-
galactopyranosyl units attached by (1,6) linkages, but they have different contents
of D-galactose and D-mannose. For guar gum, the ratio of D-gaactose to
mannose is 1:2 while it is 1:4 or 1.5 for LBG. [5]. Therefore, the structure of LBG
differs from that of guar gum in terms of the frequency and distribution of the
galactose side chains, which is not regular [7].

After starch, guar gum is the most widely used food thickener, primarily because
of its relatively low cost. Guar has a higher degree of substitution than locust bean

gum and hence, is cold water-soluble while LBG requires heat [10].

2.4.4.4 Xanthan gum
The primary structure of xanthan consists of a cellulose backbone with

trisaccharide side chains, the repeating units being a pentasaccharide [5]. It is
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composed of D-glucosyl, D-mannosyl and D-glucosyluronic acid residues and
differing proportions of O-acetyl and pyruvic acid acetal.

Xanthan gum was the first bacterial polysaccharide to be widely used as thickener
and sabiliser in foods. Because of a particular helicd-architecture, the molecule
exists in solution as a “rigid rod” sabilised by interactions between the main
cellulose backbone and the trisaccharide side chains [10]. In the presence of salt
or acid and a elevated temperatures, the stable molecular structure persists,
resulting in constant viscosity under various conditions frequently encountered in

foods.

2.4.4.5 Carboxymethyl cellulose (CM C)

CMC is made directly from cellulose recovered from wood pulp or cotton wool. It
is the most important cellulose derivative applied in foods. The negatively
charged carboxyl groups (Figure 2.7) confer solubility on the cellulose molecule.
CMC is a thickener giving an extremely clear solution - a distinct advantage over

other gums[10].

CH,OR
O R
OR
- OR o) o
o
OR
n

ROCH;

R =-H or -CH,COOH

Figure2.7  Structure of the repeating unit of CMC
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2.4.5 Pectin

Pectin is a polysaccharide with a molecular weight of 20,000-400,000 present in
the cdl wall of dl plant tissues and functions as an intercelular cementing
materia [5]. One of the richest sources of pectin is lemon or orange rind, which
contains about 30% of the polysaccharide. Pectin occurs naturaly as the partia
methyl ester of a-(1,4) linked D-polygalacturonate sequences interrupted with
(1,2)-L-rhamnose residues. Neutral sugars such as D-galactose, L-arabinose, D-
xylose and L-fucose form side chains on the pectin molecules. The secondary and
tertiary structures exist in solution and gels. In terms of gelling properties, pectin
can be divided into two broad categories, the high DE (degree of esterification)
and the low DE. The widely accepted model for the gelation mechanism is that
low DE pectin sarts formation of a rigid three-dimensiona network by
coordination of available carboxyl groups to divalent cations, the presence of
which is essentid. The low DE pectin would usually be gelled with a milli-molar
concentration of calcium. For high DE pectin, gellation is achieved in systems of
high solid content (typically containing 60% sucrose) and is thought to involve
hydrophobic interaction and hydrogen bonding. The DE of a pectin sample is thus

of great importance in understanding and controlling the nature of its gel [11].

2.4.6 Glycosaminoglycan (GAG)

Glycosaminoglycan is a polysaccharide containing amino sugars with the
dternating disaccharide units. These disaccharide units comprise acidic
monosaccharides such as glucuronic acid (GlcA), iduronic acid (IdoA) and basic

monosaccharides such as N-acetylglucosamine (GIcNAc) and N-acetyl-
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gaactosamine (GalNAc). These polysaccharides are covaently attached to protein
backbones to form proteoglycans that play an important biological role and are,
for example, related to some human diseases. They are of interest to medica
science and for details we refer to reference [12]. In recent years, intensve
analytical research has been caried out to characterise hyauronic acid,
chondroitin sulfate and heparin. An overview was presented by Novotny and

Sudor [13] and later by Honda and Suzuki [14].

2.4.6.1 Hyaluronic acid (HA)

The molecular weight of hyaluronic acid is in the range of 50,000 to 8,000,000
depending on the source and method of preparation [5]. In the past, hyaluronic
acid was extracted from bovine vitreous humour, roster combs, or umbilical cords
explaining the very high price. Nowadays, the polysaccharide produced by the

bacteria Streptococcus zooepidemicus is recovered in a large scale with good

yields and high purity.
HaCOR,
— - RO
- CH,0H COOH {OOH Na
)_ O~ N
\ 0 OH ~~ oR
~ o NHECH;
OH iy
B NH(ﬁCH3 oH [, | OH ]
TypeA: R=H, R, =S0;H, R, = H, R, = COOH
TypeB: R=COOH, R =SOH,R,=H,R;=H
Repeating unit of HA TypeC:R=H,R, =H,R,=S0,H, R, = COOH
@ Chondraitin sulfate

(b)

Figure2.8 Structure of therepeating unitsof HA (a)
and chondroitin sulfate (b)
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The main uses of HA are in ophthamic surgery, arthritic treatment and cosmetic

formulations. The structure of HA isshown in Figure 2.8 (a).

2.4.6.2 Chondroitin sulfate

This polysaccharide is the ubiquitous component of connective tissues. The
molecular weight is estimated at 50,000. These biological polymers act as the
flexible connecting matrix between the tough protein filaments in cartilage to
form a polymeric system similar to reinforced rubber. The structures of three
patterns of chondroitin sulfate are depicted in Figure 2.8 (b).

In cartilage, chondroitin sulfate (in the form of a proteoglycan) comprises up to
10% of the total tissue dry weight. With ageing and in various pathological states,
particularly osteoarthritis, the ratio of the 4- (type A) and 6-sulfated (type C)
isomers varies greatly. It has been reported [13] that changes in the native
structure of chondroitin sulfate chains may be the diagnosis for osteoarthritis.
These changes may be related to altered sulfation patterns (type A and type C) of
the chondroitin chains. Dermatan sulfate, formerly called chondroitin sulfate B, as
shown in Figure 2.8 (b), is present in soft connective tissue and is abundant in

skin, arterial walls and heart vaves.

2.4.6.3 Heparin

Heparin is a heterogenous mixture of different sulfated polysaccharides. The
molecular weight range is from 6,000 to 30,000 [5]. Heparin occurs as a
proteoglycan consisting of a smal protein core to which multiple large

glycosaminoglycan side chains are attached. The glycosaminoglycan chains vay
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in length and consist of repeating uronic acid glucosamine disaccharide sequences
in which the uronic acid may be either L-iduronic or D-glucuronic acids, and the
glucosamine residue may be ether N-acetylated or N-sulfated [15]. Various
heterogeneous polymers, both in molecular mass and structure, are thus formed. A
final cause of heterogeneity is the occurrence of a unique natural pentasaccharide,
shown in Figure 2.9, which is responsible for the anticoagulant activity of heparin

through a high-affinity binding to antithrombin [16].

CH20<03

CH203)3
CH,0S03

NHSOs

Pentasaccharides

Figure2.9  Structure of pentasaccharide present in heparin
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Chapter 3

Derivatisation Strategiesin the Analysis of Saccharides by CE

Abstract

Successful CE analysis and detection in most cases requires pre-column
transformation of the saccharides. On the one hand, by derivatisation, charges
are introduced to enhance electrophoretic mobility and, on the other hand,
chromophores or fluorophores are attached allowing sensitive detection. The

derivatising reagents and derivatisation reactions applied are discussed.

3.1 Introduction

Two major problems arise when capillary electrophoresis (CE) is applied to the
analysis of sugars. Firstly, with the exception of some sulfonated, acetylated and
phosphorylated sugars, carbohydrates in general are neutral compounds and
consequently exhibit no mobility in an eectric field. Secondly, most carbohydrate
species neither absorb nor fluoresce, hindering their sensitive detection. The
molar extinction coefficient in the low UV region a 195 nm of monosaccharides
isonly 25 M'cm® for adoses and 12 M'cm™ for fructose[1]. Thisisin
contrast to an extinction coefficient of several hundreds to thousands for multi-

ring compounds with conjugated functional groups. The UV concentration



detection limits of 10°-10° M quoted in Chapter 1 (Table 1.3) are based on
extinction coefficients of 1,000-10,000 M™cm’™.

Derivatisation is a modification intended to give the analytes of interest more
suitable characteristics for analysis. In most cases, derivatisation is detection-
oriented and involves the incorporation of UV-absorbing or fluorescent groups
into the analytes to obtain high sengtivity and selectivity. Apart from these two
reasons, derivatisation is adso used to give the analyte a more suitable mass to

charge ratio, to increase the hydrophobicity necessary for MEK C separation, etc.

3.2 Derivatisation modes

3.2.1 Pre-column derivatisation

Pre-column derivatisation is most widely used for saccharides because of (1) the
large flexibility in optimising the reaction conditions, (2) the fact that the
conditions for derivatisation do not have to be compatible with the electrophoretic
buffer, (3) the avallability of a wide variety of labelling reagents and (4) the fact
that no complex instrumentation or tools are needed. The disadvantages of this
approach are that in a number of cases excess reagent should be removed from the
reaction mixture before the actual separation and that the derivatives are not
aways sufficiently hydrolyticaly or thermdly stable.

The essentid criteria for successful pre-column derivatisation include (1) high
yield, (2) the formation of a single product for each species, (3) no detectable side
products, (4) minimum sample work-out and clean-up, and (5) no cleavage of an

essential sugar residue, e.g. sidic acid.
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3.2.2 On-column derivatisation

Till now, oncolumn derivatisation of saccharides has not been reported.
According to a recent review of Underberg et al. [2], the main reasons are that the
reaction kinetics involved are generally dow (reaction time > 1 hour), that a
multi-step procedure is often required and that rather high temperatures are

usudly needed. These conditions are difficult to redlisein CE.

3.2.3 Dynamic labelling

Dynamic labelling is based on the introduction of a suitable chromophore or
fluorophore in the eectrolyte to form a complex with the anayte of interest. This
detection approach is smple, does not require any sample handling, and can result
in sengitive detection.

In the case of saccharides, chelation with Cu (11) provides in situ charged species
that can be separated according to their different mobilities [3]. In addition, this
complexation results in a substantial increase in UV absorption between 230 nm
and 320 nm. If the background noise of the eectrolyte is sufficiently low, the
detection of micromolar concentrations of saccharides becomes possible. This
was demonstrated by the separation and detection of a mixture of a-, b- and g
cyclodextrins (CDs) with CE-LIF by forming an incluson complex with 2-

anilinonaphthaene-6-sulfonic acid (2, 6-ANS) as background electrolyte [4].

3.2.4 Post-column derivatisation
The derivatisation performed after the separation, but before detection, is caled

post-column derivatisation. This derivatisation mode has attracted attention of
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carbohydrate analysts using liquid chromatography (LC) since LC meets the
demands of post-column derivatisation such as appropriate reaction time at
desired temperature and compatible with the extra volume of reaction devices [5].
In contrast, electrophoresis does not afford sufficient time for post-separation
derivatisation, and hence is not easily compatible with postcolumn derivatisation.

Inevitable disadvantages of post-electrophoretic reactions are that (1) the choice
of the reaction conditions are rather critica and should be compatible with the
separation conditions, (2) the reaction times are relatively short, which means that
detectability is normally lower compared to the separation after pre-column
derivatisation, (3) specia equipment is necessary, and (4) the detection properties
of the derivatives should be different from those of the reagent. Good separation
efficiencies and detectabilities usng post-column derivatisation were obtained

with a sheath-flow cell reactor [6].

3.3 Derivatisation of saccharides

3.3.1 Derivatisation schemes

The best sites for tagging saccharides include (1) the carbonyl group in reducing
sugars, (2) the amino group in amino sugars, and (3) the carboxylic function in
acidic sugars. The polyhydroxy nature of sugars is attractive as far as the
attachment of a tag to the molecule is concerned. This route of derivatisation has
been used extensively in gas chromatography in order to increase the volatility of
carbohydrates and consequently to alow their GC analysis [7]. However,
derivatising the hydroxyl groups kad to multiple tagging and consequently multi-

derivatives. Using the reactivity of hydroxyl groups of sugars, the profiling of



inulin and hydrolysates derivatised with fluorescein isothiocyanate (FITC) and

CE andysis was reported by our laboratory [8]. Although multiple tagging

occurred, the inulin molecular weight distribution was obtained. Five different

pre-column derivatisation schemes commonly used for labelling saccharides are:

(1) reductive amination (Schemei);

(2) condensation of carboxylated carbohydrates with aminated tags in the
presence of carbodiimide (Schemeii);

(3) basecatalysed condensation between the carbonyl group of reducing
carbohydrates and the active hydrogen of 1-phenyl-3-methyl-5-pyrazolone
(PMP), forming the bis-PMP derivative (Schemeiii);

(4) reductive amination of reducing carbohydrates with aminesto yield 1-amino-
1-deoxyalditols followed by reaction with 3-(4-carboxybenzoyl)-2
guinolinecarboxyaldehyde (CBQCA) in the presence of potassium cyanide
(Schemeiv);

(5) reductive amination of reducing carbohydrates with amines to yield Xamino-
1-deoxyalditols followed by reaction with 5-carboxytetramethylrhodamine
succinimidyl ester (TRSE) (Schemev).

Reductive amination is the most widely used pre-column derivatisation method

for labdling reducing saccharides and is aso the main derivatisation scheme used

in this work.

Reductive amination (Scheme i) involves ring opening catalysed by an acid to

form the adehyde or ketone, followed by a nucleophilic addition of the amino

group of the reagent to form an imine (Schiff base), which is further reduced with

sodium cyanoborohydride to form a stable secondary amine. Ring opening and



the Schiff base formation are commonly catalysed by acetic acid or stronger
organic acids such as citric acid that were found to produce high yields of sugar
derivatives with 9-aminopyrene-1,4,6-trisulfonate [9]. The stronger acids aso
help overcome steric hindrance effects in the ring opening or in the Schiff base
formation, and have, as an example, a pronounced effect in the yidds of the

adducts of N-acetylamino sugars.

CHZOH HOH
NaBH3CN HO
OH CH,-NH AN
OH |
NH- C CH3 NH-lT-CH3 =
N
GIcNAC 6-AQ 6-AQ-GIcNAc
Schemei Reductive amination for the reducing sugar

N-acetylglucosamine (GIcNAc) and the tag
6-aminoquinoline (6-AQ)

The use of a stronger acid catalyst, however, may increase the risk of removal of
sialic acid residues at the nonreducing ends of oligosaccharides derived from
glycoproteins.

A large peak from unreacted reagent is a frequently observed problem for many
derivatisations. A solution to this problem was proposed by Mort et al. [10].
Excess reagent is reacted with “scavenger beads’, carrying an appropriate
functional group to remove the reagent from the sample solution. Examples were
presented for removal of aminonaphthalene mono-, di- and trisulfonic acid from
mixtures in which they were used to label mono- or oligosaccharides by reductive
amination. Aldehydecontaining scavenger beads were made by oxidising

Sephadex G-50 beads with sodium periodate. They were added to the labelling
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reaction mixtures after reductive amination of the sugars was terminated. Almost
complete elimination of the peak from the labelling agent could be achieved.
The other four reaction schemes are briefly illustrated. For a detailed description,

werefer to thereferences[11, 12].

RHN—C =NR
I

RN=C=NR + RCOOH  ——pm CI)
O=CR,
Carbodiimi de Carboxylated
carbohydrate )
Intermediate
RHN —(|3=NR‘ 1) o
. [ Il
c|> + RNH, —> R;— C—NHR" + RHN—C—NHR'
O =CR, o
Derivatisng Carbohydrate Isourea
agent derivative
Schemeii Precolumn derivatisation of carboxylated carbohydrates via a

condensation reaction between the carboxylic group of the
saccharide and the amino group of the derivatising agent in the
presence of carbodiimide

OH y
CH, H E
N
} /
HO + N OH" OH —
HO G N o HO OH
OH HO
OH CH Ha

Reducing sugar | N\
PMP & N
Bis-PMP derivative @
Schemeiii  Illustration of the condensation reaction with 1-phenyl-3-methy -

5-pyrazolone (PMP)
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H,OH CH,OH CH,0H

N
NH* J/NaBH3CN OH CBQCA/CN on o1 Ny
OH on 2 o NH, <———= B P
N
OH oH

OH OH OH OH
Reducing sugar 1-Amino-1-deoxyalditol
COOH
CBQCA-Sugar derivative
Schemeiv  Illustration of precolumn  derivatisation  with  3-(4-

carboxybenzoyl}-2-quinolinecar boxyal dehyde (CBQCA)

N(CH3)
‘ 2 oH
- HO—N
o/e) + OH OH 00 + ;’

OH

Hydroxy-
succinimide
1-Amino-1- TRSE-aminoglucitol
TRSE deoxy-D-glucitol Derivativge<
Schemev lllustration of the derivatisation of aminated sugar with 5-

carboxytetramethyl rhodamine succinimidyl ester (TRSE)

3.3.2 Derivatisation reagents

For UV detection, the tagging agent should exhibit a high molar extinction
coefficient a a given wavelength with minimal interference from the running
eectrolyte to ensure senstive detection of the derivatised carbohydrates. A
fluorescence tag should exhibit high quantum efficiencies a a given excitation
wavelength. These requirements become crucid when dedling with extremely
small sample volumes encountered in nano-scal e separation techniques like CE.
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Sugars tagged with a suitable chromophore or fluorophore allow detection at low
levels. The tagging process often brings drastic changes in the structure and thus
in the electrophoretic properties of the analytes. For example, Stefansson and
Novotny [13] demonstrated the pronounced effect of the charges of tags on the
gpparent  eectrophoretic mobility by labelling dextran with three derivatising
reagents (see Table 3.1 and Table 3.2), i.e. 2-aminopyridine (2-AP, tag v), 5-
aminonaphthaene-2-sulfonic acid (5-ANSA, tag xii) and 8-aminonaphthalene-
1,3,6-trisulfonate (ANTS, tag xvii), which possess no charge, one and three
negative charges, respectively. ANTS provides not only a strong chromophore but
adso multiple negative charges even a low pH alowing fast eectrophoretic
andysis.

Hence, it is preferred that the tags aso supply charges necessary for
electrophoretic separation over a relatively wide pH range or eventudly that the
tags impart a hydrophobic character to the derivatives so that the principles of
MEKC can be applied to the separation of derivatised carbohydrates.

The most important derivatising reagents for carbohydrates can be classified into
two types, namely (1) those yielding neutral or ionisable sugar derivatives and (2)
those yielding permanently charged sugar derivatives. Table 3.1 lists the first type

reagents and Table 3.2 the second type [11, 12].
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Table3.1  Structures, namesand abbreviations of tags yielding neutral
and ionisable sugar derivatives. (The spectrd vaues listed
correspond to the sugar derivatives of the indicated tags)

O%\/T(
_N
N
CN
0) (i) (i)
1-Phenyl-3- methyl-5- 2-Aminoecridone (2-AA) p-Aminobenzonitrile
pyrazolone (PMP) | e 425 N, (-ABN)
| mac= 245 nm | en=520nm, Argonion | ex =2851nM
leser 488 nm
COOCH ,CHy
NH, HoN ~
X N _
| N
NH, ~
W) v . ré‘{‘)
p-Aminobenzoic acid 2-Aminopyridine (2-AP) 6-Aminoguinaline (6-AQ)
ethyl ester (p-ABEE) | e =240 M, | o, = 375 | mex =270 nm, | ¢, = 495
| e = 306 MM nm, He-Cd laser 325 nm nm, He-Cd laser 325
o COOH
C|:H3 |C|: |
Z
N COOH
CHO NH,
(vii) 3-(-4-Carbo benz(ViiB 2 ™
Vi -4- Xyl oyl)-2- g . . .

S(-)-1-Prengtylamine  quindlinecarboxaldehyde (CBQCA), E’pAArg A 'O)be zoc add

| mex =200 NmM | gn =552 nm, Argonion laser 457 nm | —285nm

or 488 nm, He-Cd laser 442 nm
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Table 3.2

Structures, names and abbreviations of tags yielding

permanently charged sugar derivatives. (The spectral values
listed correspond to the sugar derivatives of the indicated tags)

(H3C)2N

O COoO”

o
(6]

)
5-Carboxytetramethylrhodamine
succinimidyl ester (TRSE)
| max = 235 NM, 25, =475 nm
He-Cd laser 543 nm

SO3

NH»

(i)
5-Aminongphthdene-2-
aulfonicacid (5-ANSA)
| ma =235 nm,
| gn=475nm
He Cd laser 325

_03 SOz’

NH,

(xvi)
3-Aminongphthdene-2,7-
disulfonic add (3ANDA)

| ma =2350M

o) N*(CH2),
0@

NH,

()
Sulfanilic acid (SA)
| max= 247 NM

3_

N OO

(dv)
7-Aminongphthelene-1,3-
disulfonic acid (ANDSA),
| max=247nm, | o¢=315
nm, | ¢, =420 nm
Xenon-Mercury Lamp

%3’

(xvii)
8-Aminongphthdene-1,3,6-
trisulfonic acid (ANTS),
| o =370 NM, | ¢,=520NM
He Cd laser 325 nm

SOS-

(i)
2-Aminongphthdene-1-
aulfonicadd (2-ANSA)

| mex=235Tm

NH,

-O3S SO?,»

OH NH,

(xv)
4-Amino-5-

hydroxynephthdlene-2,7-

disulfonic acid (AHNS)
| gn =475nm
He-Cd laser 325 nm

058 NH,

(xwviii)
9-Aminopyrene-1,4,6-
trisulfonic acid (APTS),
| ma=455 1M, | o=
512 nm, | 4.=4838 nm
Argonion laser

0, 0,
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Besides the different spectra characteristics in terms of molar absorptivities,
guantum efficiency and, whether they are UV absorbing and/or fluorescing tags,
the different reagents listed yield sugar derivatives of varying electrophoretic
mobilities. In this way the efficiency and sdlectivity of the separation can be
controlled. The electrophoretic properties of the carbohydrates labelled with the
different tags are related to the derivatising reagents as folows.

PMP (tag i), which labels carbohydrates according to Scheme iii, yields neutral
sugar derivatives that become negatively charged in agueous basic solution
because of the partial dissociation of the enolic hydroxyl group of the PMP tag.
Usudly, weakly ionised derivatives do not separate well. Sugar-PMP derivatives
will therefore require boratebased electrolytes and/or micellar phases such as
sodium dodecyl sulfate (SDS) to introduce differential electromigration and thus
Separation.

2-AA (tag ii), p-ABN (tag iii) and p-ABEE (tag iv) will lead to neutrd sugar
derivatives via Scheme i, thus also requiring the borate-based electrolytes and/or
micellar phases for separation.

Using Scheme i, the neutra sugar derivatives of 2AP (tag v), 6-AQ (tag vi) and
S-(—)-1-phenethylamine (tag vii) can acquire a positive charge at acidic pH or are
able to form negatively charged borate complexes at akaine pH. In addition, tag
Vi is an enantiomeric reagent that allows the separation of sugar enantiomers.
CBQCA (tag viii), which is used in pre-column derivatisation according to
Scheme iv, will yield derivatives that can be negatively charged via ionisation of

the carboxylic group.
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p-ABA (tag ix) is an amphoteric reagent and leads to derivatives that are
positively charged at pH < 3.0 and negatively charged at pH 3 3.8.

TRSE (tag x) is used for labelling carbohydrates according to Scheme v, and
produces sugar derivatives that can acquire a net positive charge at acidic pH and
become a zwitterion at neutral and basic pH.

By reductive amination (Scheme i), al the other tags (tag xi to xviii) in Table 3.2
yield sugar derivatives that are negatively charged over a wide pH range due to
their strong sulfonic acid groups (pK, vaues £ 3) while only a weak ability is
present to protonate their amino groups.

Under a given set of conditions and for a given set of saccharides, the different
tagging agents lead to sugar derivatives with different electrophoretic behaviour
and thus separation selectivity.

Generdly, sugar derivatives with the tags displayed in Table 3.1 require an
akaline borate buffer to form borate complexes in order to obtain the selectivity
needed for the separation. The negative charges from the complexation contribute
to the apparent mobility as well. On the other hand, the sugar derivatives with the
tags displayed in Table 3.2 till need akaline borate eectrolytes to generate good
selectivity athough they do not require borate complexation to undergo
differentid eectromigration since these derivatives carry sulfonic acid groups
that are permanently ionised over a wide pH range. More applications of the
labelling reagents in Table 3.1 and Table 3.2 can be found in references [2, 11,

12, 14, 15].
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In concluson, by using the derivatisation strategy in the CE analysis of

saccharides, both the lack of UV-absorption and fluorescence and the poor

electrophoretic properties can be circumvented.

Refer ences

(1]

(2]

(3]

[4]

(3]

6]

[7]

8]

(9

[10]

A. Paulus and A. Klockow-Beck, Chromatographia CE Series, Analysis of
carbohydrates by capillary dectrophoresis, K. D. Altria Ed. Friedr.
wieweg publishing, Braunschweig/Wiesbaden, 1999

J. C. M. Waterval, H. Lingeman, A. Bult and W. J. M. Underberg,
Electrophoresis 21, 2000, 4029

H. Lochmann, A. Bazzanella and K. Bachmann, J. Chromatogr. A 817,
1998, 337

S. G. Penn, R. W. Chiu and C.A. Monnig, J. Chromatogr. A 680, 1994,
233

S. Honda, J. Chromatogr. A, 720, 1996, 183

P. G. Cobleand A. T. Timpermane, J. Chromatogr. A 829, 1998, 309

J. Bleton, P. Mgandle, J. Sansoulet, S. Goursaud and A. Tchapla, J.
Chromatogr. A 720, 1996, 27

J. Peng, F. Lynen and P. Sandra, J. High Resolut. Chromatogr. 23, 2000,
656

R. A. Evangelista, A. Guttman and F. —A Chen, Electrophoresis 17, 1996,
347

A.J. Mort, D. F. Zhan and V. Rodriguez, Electrophoresis19, 1998, 2129

73



[11]

[12]
[13]
[14]

[19]

Z. El Rassi, High performance capillary electrophoresis of carbohydrates,
Volume VIII, Beckman Instruments, Inc. publishing, Fullerton, California,
USA, 1996

Z. El Rass and Y. Mechref, Electrophoresis 17, 1996, 275

M. Stefansson and M. Novotny, Anal. Chem. 66, 1994, 1134

A. Paulus and A. Klockow, J. Chromatogr. A 720, 1996, 353

S. Suzuki and S. Honda, Electrophoresis 19, 1998, 2359

74



Chapter 4

CE Analysis of Monosaccharides

Abstract
The CE separation of derivatised monosaccharides with both LIF and UV
detection is presented. The electrophoretic properties influenced by the borate

complexation and derivatisation are discussed.

4.1 Introduction

Capillary €lectrophoress (CE) is a method for the separation of charged
compounds. In principal, only a few of the native saccharides having charged
functional groups such as uronic acids, siaic acid, amino sugars and the
compositional sulfated sugars of chondroitin and heparin, can be separated
directly by capillary zone eectrophoresis (CZE) [1].

The saccharide hydroxyl groups only can be ionised at extremely high pH due to
their weakly acidic properties (pK, » 12-13, Table 4.1). Hence, the separation of
native neutral monosaccharides as their anions can be performed by CE with a
high pH buffer. Electrolyte systems consisting of an akai-meta hydroxide
solution with pH 12-13 have been used in the separation of underivatised

saccharides [2]. Electrochemical detection (ECD) with a Cu or Au/Cu electrode is
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commonly used for underivatised sugars [3, 4, 5]. Using these conditions, the
determination of sugarsin a chocolate beverage was described [6].

The employment of an akaline borate buffer system improved the electrophoretic
properties and absorption ability through formation of sugar-borate complexes.
Simple sugars were separated and detected at 195 nm with an alkaline borate
buffer system [7].

Table4.1 pK values of some carbohydrates [8, 9]

Compound pK a 25°C Compound pK a 25°C
N-acetylneuraminic add 2.60 Glucose 12.28
Glucuronic add 320 Arabinose 12.34
Gdacturonic acid 348 Gdectoe 12.35
Fructose 12.03 Sucrose 12,51
Mannose 12.08 Raffinose 12.74
Xylose 12.15 Lactose 11.98
Maltose 11.94 Lyxose 12.29
2-Deoxyglucose 12.52 2-Deoxyribose 12.67
D-Mannitol 13.50(18°C) D-dudtd 1357
Sorhitol 136 Glyceral 14.40

Indirect detection was also possible by using high pH buffers containing strongly
UV-absorbing or fluorescent anions as additives. This method is based on the
displacement of these background electrolytes by saccharide analytes (Chapter 1,
1.7.3.2). The method was successfully applied in the determination of sugars in
fruit juices [10]. The hydrolytes of fetuin were separated by CZE and detected
with indirect UV by adding 2,6-pyridinecarboxylic acid in the buffer at pH 12.1
[11]. This dlowed the smultaneous determination of neutral mono-sugars (ribose,

mannose, xylose, glucose, galactose, fucose), uronic acids (mannuronic acid,
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glucuronic acid and gadacturonic acid) and N-acetylamino sugars (N-
acetylglucosamine, N-acetylgal actosamine).

Sorbic acid [10, 12-14], tryptophan [15], p-nitrophenol [16], etc. were used as
buffer alditives for the same purpose. Coumarin 343 was used for indirect LIFD
in the analysis of sugars (sucrose, glucose and fructose) by Yeung et al. [17].

CZE coupled with indirect detection is a ssmple and convenient separation mode
for native saccharides having low molecular weight (MW). However, the
detection methods described above generaly lacks sensitivity. Hence, pre-column
derivatisation of saccharides is usualy necessary in order to obtain highly
sengitive detection. Often, pre-column labeling dso improves the saccharide
electrophoretic behaviour, due to the characteristics of the derivatising reagent,
and thus the compatibility with certain electrolyte systems. The commonly
employed derivatising reagents and the reactions for saccharides were described
in Chapter 3 (Table 3.1 and Table 3.2).

The choice of an appropriate tag is crucial because it will influence not only the
eectric charges of the derivatives but aso the hydrophobic property of the
derivatives and thus the effect on the choice of the buffer system and CE mode.
For instance, monosacharides are, generaly, too hydrophilic to be solubilised in
ionic surfactant-based micdlar systems. However, the labelling with hydrophobic
tags such as 2-aminoacridone (2-AA), p-aminobenzonitrile (p-ABN) (Chapter 3,
tag i, tag iii) will enhance the hydrophobicity of the sugars and, thus micellar
electrokinetic chromatography (MEKC) becomes possible. Eight sugars including
N-acetylgalactosamine, galactose, mannose, fucose, glucose, N-

acetylgalactosamine, ribose and xylose, were derivatised with 2AA and separated
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by MEKC [18]. This type of derivatisation was originally introduced by Jackson
for the labdling and separation of mono- and oligo-saccharides by dab ge
electrophoresis [19]. Using p-aminobenzonitrile (p-ABN, Chapter 3, tag iii), 24
sugars including mono-, di- and trisaccharides were separated by MEKC in an
SDS micellar phase [20].

CZE is the main mode for separation of derivatised monosaccharides and a borate
buffer system is most frequently employed as the borate complexation favours
both separation and detection. The distinction between different sugar species
originates not only from the molecular weight and the number of charges, but also
from the stability of the complexes. The latter is determined by the configuration
of the hydroxyl groups in the given saccharide. The more stable the complex is,
the higher is its electrophoretic mobility. For a detailed discusson on the
complexation of borate-saccharides, we refer to the references[21-23].

The UV absorbing reagents, such as 4-aminobenzoic acid (4-ABA, Chapter 3, tag
iX) [24] and Gaminoquinoline (6-AQ, Chapter 3, tag vi) [25], were used for the
derivatisation of saccharides. Subsequently the derivatives were separated with an
dkdine borate buffer system in bare fused slica capillaries. Vorndran et al. [26]
obtained the separation of 30 sugars including neutral monosaccharides, sucrose,
raffinose, and uronic acids with a 150-175 mM borate buffer (pH 10.0). The
carbohydrates were analysed as their 2-aminopyridine (2-AP), p-aminobenzoic
acid (p-ABA) and p-aminobenzoic acid ethyl ester (ABEE) derivatives.

Laser induced fluorescence detection (LIFD) is considered as the most sensitive
detection method currently used in CE and the limit of detection (LOD) can be as

low as 10" M [27]. The major fluorescence reagents used for saccharides, as well
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as many other applications, were described in Chapter 3 (Table 3.1 and Table
3.2).

9-Aminopyrene-1,4,6-trisulfonate (APTS) is the most attractive fluorescence
reagent because of its extensive conjugated system (four aromatic rings) in each
molecule (Chapter 3, tag xviii) and thus, sugar-APTS derivatives have a
substantially higher molar absorptivity and quantum efficiency than most of the
other fluorophore sugar derivatives. When excited a 488 nm, the APTS
derivatised sugars can be sdectively detected while APTS itsdf has a much
weaker fluorescence emisson a that wavelength. Chen et al. [28] reported that
the APTS derivatised sugars have significant absorption at 488 nm (35% of its
455 nm maximum absorbance), while APTS ( m«x = 424 nm) has only 4% of its
| max a@bsorption. Besides, three negatively charged sulfonic groups of APTS
strongly influence the electrophoretic behaviour of the saccharide derivatives.

The CE separations of monosaccharides, derivatised with APTS and ABEE, and

detected with LIF and UV, respectively, are presented.

4.2 Experimental

4.2.1 Chemicals

D-Mannose was obtained from Janssen Chimica (Beerse, Belgium). Sodium
cyanoborohydride (NaBH3CN), borax and all other sugar standards were
purchased from SigmaAldrich (Steinheim, Germany). Water used in the
experiments was produced by a Milli-Q water purification sysem (Millipore,
Bedford, MA, USA). Acetic acid (99.7%) was obtained from Panreac (Barcelona,

Spain) and sodium hydroxide from UCB (Leuven, Belgium).
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9-Aminopyrene-1,4,6-trisulfonate  (APTS) was obtained from Lambda
Fluoreszenztechnologie GmbH (Graz, Austria) or from Molecular Probes (Leiden,
The Netherlands). 4-Aminobenzoic ethyl ester (ABEE) was from Acros Organic
(New Jersey, USA). The HPLC grade tetrahydrofuran (THF) was obtained from

Lab-Scan Ltd. (Dublin, Ireland).

4.2.2 Derivatisation procedures

4.2.2.1 Monosaccharidesderivatised with APTS

Two standard monosaccharide samples were used for the derivatisation with
APTS. The first standard mix of monosaccharides was prepared by mixing 1 mg
of the following monosaccharides. N-acetyl-D-gdactosamine, N-acetyl-D-
glucosamine, L-rhamnose, D-mannose, D-glucose, D-fructose, D-xylose, L-
fucose and D-galactose. 1 mg of the mix was taken and 60 mL APTS (28 mM in
25% acetic acid solution) and 30 nmL sodium cyanoborohydride (1 M in THF)
were added. The mixture was then heated at 90 °C for 60 minutes. The derivatives
were stored a@ —20 °C and diluted with water prior to injection. Fructose was
individualy derivatised by mixing 1 mg of fructose with 15 mL APTS (28 mM in
25% acetic acid) and 10 miL of a NaBH;CN solution (1 M in THF). The rest of the
procedure was the same as for themix of sugars.

The second mixture of 10 monosaccharides, i.e. L-rhamnose, D-glucose, D-
gaactose, D-xylose, D-fucose, D-glucuronic acid, D-ribose, L-arabinose, D-
mannose and D-galacturonic acid was prepared as stock solution containing
0.0025 M of each monosaccharide. 10 mL of this solution was then mixed with 6

mL of APTS (95 mM in 25% acetic acid) and 4 miL sodium cyanoborohydride (1
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M in THF). The heating procedure was the same as above and the sample was

diluted with water prior to injection.

4.2.2.2 Monosaccharides derivatised with ABEE

A stock solution was prepared by dissolving ABEE (100 mg/mL) and acetic acid
(100 mg/mL) in methanol. Immediately prior to use, 10 mg of sodium
cyanoborohydride was added to 1 mL of this solution to obtain the ABEE reagent
solution.

A mixture of ten monosaccharide standards, i.e. L-rhamnose, D-ribose, D-
mannose, D-glucose, D-xylose, L-fucose, L-arabinose, D-galactose, D-glucuronic
acid and D-galacturonic acid, was prepared as water solution containing 0.0625 M
for each nonosaccharide. 200 L of the mixture was mixed with 2 mL of the
reagent solution in a glass tube with screw cap. The mixture was heated at 80 °C
for 60 minutes. The warm mixture was immediately diluted with 200 mL dkdine
borate buffer (pH 8.5) and vortex-mixed vigorously for several seconds. During
this step, excess ABEE reagent precipitated. After cooling to room temperature,
the mixture was centrifuged. The resulting clear, colourless solution was analysed

by CE within 24 hours to minimise degradation.

4.2.3 CE procedures
The separations were performed on two CE systems. System 1 was a P/ACE 2100
system equipped with a laser induced fluorescence detector (3 mW 488 nm argon

ion laser) from Beckman Instruments, Inc. (Fullerton, CA USA). System 2 was an
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HP*® CE system with diode array detector from Hewlett Packard (Waldbronn,
Germany).

Bare fused slica capillaries (Composite Meta Services LTD, Worcester, UK)
with 20 nm i.d. and 27 cm in length (20 cm to the detector) (system 1) or 25 nm
i.d. and 48.5 cm in length (40 cm to the detector) (system 2) were used.

The pH of the borate buffers was adjusted with sodium hydroxide. New
capillaries were rinsed with 1 M sodium hydroxide solution for 15 minutes and
then with water for 5 minutes. Between each run, the capillary was conditioned by

rinsing with 1 M sodium hydroxide for 2 minutes and the run buffer for 4 minutes.

4.3 Results and discussion

4.3.1 Separation of monosaccharides derivatised with APTS

According to areport of Chen et al. [28], excitation with an argon ion laser at 488
nm coupled with a 520 + 20 nm narrow band filter for emission, favours detection
of the APT S-sugars adducts compared to the reagent.

Monosaccharides, as well as oligo- and polysaccharides with reducing ends can be
derivatised with APTS by amination, as depicted in Figure 4.1. The reaction
proceeds via chain opening by the acid catalyst followed by amination with APTS
to form a Schiff base. Finally, reduction occurs through sodium cyanoborohydride
obtaining the stable amine The yied of derivatisation was usualy ca. 95% for
mono-, di- and higher DP oligosaccharides, while the yield of derivatisation of N-
acetyl-gdactosamine and  N-acetylglucosamine were around  30-40%

corresponding to the yields reported by Chen et al. [29].
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Figure4.1 Reductive amination between reducing sugars and APTS

Higher yields of N-acetyl-amino sugars with reductive amination could be
obtained by using stronger organic acids as the acidic catalyst to promote the ring
opening, such as citric acd [30]. Ketoses like fructose exhibit a much lower
reaction yield compared to aldoses. As can be seen in Figure 4.2 a the CE
anaysis of nine sugars resulted in only eight peaks. The peaks were identified by
spiking with standards showing that fructose was missing in the separation profile.
This is due to the much lower reactivity of ketoses compared to aldoses. The low
activity of fructose could not compete with the aldoses to react with the APTS in
the mixture. On the other hand, the fructose APTS derivative could be obtained
by individually reacting with APTS. The fructose APTS derivative was added to
the derivatised mixture shown in Figure 4.2 a. The separation of this mixture is
shownin Figure4.2 b.

The elution sequence of the sugars is governed by the apparent mobility which is
determined by the eectrophoretic mobility and the electroosmotic flow (EOF). At
the high pH conditions applied, the apparent mobility is towards the cathode

because of the high magnitude of the EOF. The higher is the electrophoretic
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mobility (towards the anode), the lower is the apparent mobility and the longer is

the migration time.

Fluorecence intensity (RFU)

0 2 4 6 8 10 12 14

Fluorescence intensity (RFU)

Migration time (min)

Fgure4.2  Separation of nine monosaccharides derivatized with APTS

Peaks: 1 = N-acetylgdactosamine, 2 = N-acetylglucosamine, 3 =
rhamnose, 4 = mannose, 5 = glucose, 6 = fructose, 7 = xylose, 8 =
fucose, 9 = galactose, x and X’ areimpurities of the derivatisation.

CE conditions: 20 mm i.d. and 27 cm in length (20 cm to the
detector window) bare fused slica capillary, voltage +20 kV, 120
mM borate buffer, pH 10.2, 20 sinjection at 0.5 ps, detection LIF
at ex 488 nm/em 520 + 20 nm.

The electrophoretic mobility of each individua sugar derivative is determined by

its charge density after APTS reaction and the borate complexation. Because each
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monosaccharide acquires the same charge (three) from the tag molecule (Figure
4.1), differences in charge density can only originate from the borate
complexation for monosaccharides of the same molecular weight (MW). This is,
for example, the case with glucose and gaactose. Complex formation between
sugars and borate can be described by [21]:

B +L <+—=BL +H0O (1)

BL'+L =2 BL, + HO (2

where L is the polyol ligand and B is the tetrahydroxyborate B[OH] 4. In a pH
range from 8 to 12, agueous borate solutions contain not only tetrahydroxyborate
ions but also more highly condensed polyanions such as triborate, [B:O5(OH)4?,
and tetraborate, [B4Os(OH)4]*. Whatever the chemicals are to prepare the buffer,
the same species are obtained because of the equilibrium process.

Thefina structure of a polyol-borate complex is closely related to its stability in
agueous solution. High concentration of borate and high pH result in high stability
of the complex. For any particular sugar molecule, the stability of the complexes
aso depends on the configuration, the number of hydroxyl groups, and the
presence of substituents. The orientation of the vicinal hydroxyl groups of sugars
islisedin Table 4.2.

Sugars with cis-oriented hydroxyl groups at C5/C, form more stable complexes
than those having trans-oriented hydroxyl groups at Cs/C, As can be seen in
Figure 4.2, galactose eutes well after glucose because it has cis-oriented hydroxyl
groups at Cy/C, and thus forms a stable borate complex. In contrast, glucose forms
a less stable borate complex because it tes trans-orientated hydroxyl groups at

C3/C4. Asaresult, glucose has a shorter migration time than galactose.
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Table4.2  Eluting order, mobility and orientation of hydroxyl groups at

Ci/C,

Saccharide Elutingorder | Mobility x 10° (cnPv’s?) | -OH orientation

derivaives APTS ABEE |APTS ABEE a Cy/C,
L-Rhamnose 1 1 242 136 trans
D-Mannose 2 5 3.03 186 trans
D-Glucose 3 4 325 183 trans
D-Riboe 4 2 3.50 160 trans
D-Xylose 5 3 3.93 176 trans
L-Fucose 6 7 4.22 204 cs
L-Arabinose 7 6 4.30 190 cis
D-Gdactose 8 8 4.46 209 cis
D-Glucuronic adid 9 234 trans
D-Gdacturonic add 10 263 cs

Widmer et al. [21] advanced the following rules for complexation: (a) polyols can
form 1:1 and 1:2 complexes with borate, (b) not only hydroxyl groups on adjacent
carbon atoms but aso those on aternate carbons are involved in complexation, (c)
cis-1,2-diols are preferred over trans-diols, (d) an increase in the number of
hydroxyl groups increases the stability, and (€) Coulombic repulsion destabilises
the complex.

The migration sequence between hexoses and pentoses can be mostly explained
using these rules. For instance, the fucoseborate complex is less stable than
gaactose because it has one hydroxyl group less at G compared to galactose.
Smilarly, rhamnose also has one hydroxyl group less than mannose and glucose,
and is thus duting in front of mannose and glucose. However, the migration order

of mannose and glucose remains unexplained.
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Figure4.3 Separation of a mixture of monosaccharideAPTS derivatives

Peaks: Rha = rhamnose, Man = mannose, Glu = glucose, Rib =
ribose, Xyl = xylose, Fuc = fucose, Ara = arabinose, Ga =
gaactose.

CE conditions. 20 mm i.d. and 27 cm in length (20 cm to the
detector window) bare fused slica capillary, voltage +30 kV,
injection 10 s at 0.5 pg, 20 °C, 222 mM borate buffer a pH 9.6.
Detection LIF at ex 488 nm/em 520 + 20 nm.

Of the pentoses, arabinose forms the most stable complex because of its cis

hydroxyl groups a C,/C, and thus exhibits the longest migration time, as

illustrated in Figure 4.3.

The two N-acetylamino sugars shown in Figure 4.1 have a relatively high

molecular weight compared to the other monosaccharides. Due to this low charge

dengity, they migrated fast. Besides, the elution order of N-acetyl-gaactosamine

and N-acetyl-glucosamine is related to the position change of the cishydroxyl
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groups at GJC, presumably due to the contribution of N-acetyl group at G, [26,
31].

However, it is ill difficult to predict the migration order of some sugars, for
example, arabinose and fucose. The APTS derivatives of fucose and arabinose
could be baseline separated with the concentrated borate buffer used in Figure 4.3
but not with the relatively low concentrated borate buffer used for Figure 4.2.
Despite the same cis-oriented —OH groups at GJ/C, (Figure 4.4), fucose has one
hydroxyl group more at G favouring the borate complexation whereas arabinose
has a lower molecular weight than fucose. Consequently, the concentration of
borate is very critical for the separation of fucose APTS and arabinose-APTS as

illustrated in Figure 4.4.

O OH
H O. o OH
5 o
4 HO™ ™

37y, H OH
HO “OH PR ¥
OH ’

Ara"

14,5 16,5

— 13 14

Migration time (min)

103 113 Migration time (min)
Migration time (min) 222 mM borate
210 mM borate
198 mM borate

Figure4.4  Separation of the APTS derivatives of fucose and arabinose with
different concentration of borate buffer (pH 9.6).

Other CE conditions as described in Figure 4.3
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The APTS derivatives of glucuronic acid and galacturonic acid did not elute with

the high buffer concentration because of their high negative charge density.

4.3.2 Separation of monosaccharides derivatised with ABEE

The separation of the ABEE derivatives of ten monosaccharides, including
glucuronic acid and galacturonic acid, was accomplished in a single run with UV
detection at 306 nm (Figure 4.5). Galacturonic acid has a longer migration time

than glucuronic acid because it forms the most stable borate complex.
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Figure4.5 Electropherogram of ten monosaccharide-ABEE derivatives

Peaks: Rha = rhamnose, Xyl = xylose, Rib = ribose, Glu = glucose,
Man = mannose, Ara = arabinose, Fuc = fucose, Gal = galactose,
GluA = glucuronic acid, GalA = galacturonic acid.

CE conditions: bare fused silicacapillary with25 mmi.d.” 48.5
cmin length (40 cm to the detector), run buffer 330 mM borate, pH
11.5, temperature 25 °C, injection 10 s at 50 mbar, voltage +30 kV,
UV detection at 306 nm.
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Contrary to APTS, ABEE inherently is neutra and the electrophoretic mobility of
the sugar derivatives is only determined by the borate complexation. The apparent
mobilities of suga-ABEE derivatives are significantly higher than those with
APTS as can be seen in Table 4.2. The migration of xylose shifted in front of
ribose and, arabinose in front of fucose. However, the elution sequence of the
neutral saccharidesin Figure 4.5 is not the same asit isin Figure 4.3.

Hence, the derivatising reagents have a different influence on the complexation of
the sugars. Sugar-APTS derivatives are subjected to a stronger steric hindrance
and Coulombic repulsion than the sugar-ABEE derivatives upon borate
complexation since APTS is a reatively large and highly negatively charged

molecule.

4.4 Conclusion
The separation of monosaccharides could be accomplished by CE with LIF or UV
detection by labelling with a suitable reagent. It has been demonstrated that the

derivatisation reagent dragtically influences the migration order.

References

[1] Journal of Chromatography Library — Volume 58, Carbohydrate anaysis,
high performance liquid chromatography and capillary electrophoresis, Ed.
Z. El Rass, Elseviers, Amsterdam, 1995

[2] S. Suzuki and S. Honda, Electrophoresis 19, 1998, 2539

[3] J. Yeand R. P. Badwin, J. Chromatogr. A 687, 1994, 141

4] R. M. Cassidy, W. Luand V.-P Tse, Anal. Chem. 66, 1994, 2578

90



[5]
[6]
[7]

[8]

[9
[10]

[11]
[12]
[13]

[14]

[19]
[16]
[17]
[18]

[19]

[20]

X. Huang and W.T. Kok, J. Chromatogr. A 707, 1995, 335

A. M. Fermierand L. A. Col6, J. High Resol. Chromatogr. 19, 1996, 613
S. Hofsttter-Kuhn, A. Paulus, E. Gassmann and H. M. Widmer, Anal.
Chem. 63, 1991, 1541

A. Paulus and A. Klockow-Beck, Chromatographia, CE Series, Analysis
of carbohydrates by capillary electrophoresis, K. D. Altria Ed. Elsvier,
1999

T. Sogaand D. N. Heiger, Anal. Biochem. 261, 1998, 73

A. Klockow, A. Paulus, V. Figueiredo, R. Amadé and H. M. Widimer,

J. Chromatogr. A 680, 1994, 187

T. Sogaand D. N. Heiger, Anal. Biochem. 261, 1998, 73

A. Zemann, D. T. Nguyen and G. Bonn, Electrophoresis 18, 1997, 1142
X. Xu, W. T. Kok and H. Poppe, J. Chromatogr. A, 716, 1995, 231

A. E. Vorndran, P. J. Oefner, H. Scherz and G. K. Bonn, Chromatographia
33,1992, 163

B. Luand D. Westerlund, Electrophoresis17, 1996, 325

J. Plocek and J. Chmelik, Electrophoresis 18, 1997, 1148

T.W. Garner and E. S. Yeung, J. Chromatogr. 515, 1990, 639

M. Greenaway, G. N. Okafo, P. Camilleri and D. Dhanak, J. Chem. Soc.
Chem. Commun. 14, 1994, 1691

P. Jackson, Anal. Biochem. 196, 1991, 238

H. Schwaiger, P. Oefner, C. Huber, E. Grill and G. K. Bonn,

Electrophoresis15, 1994, 941

91



[21]

[22]

[23]

[24]

[29]

[26]

[27]

[28]

[29]

[30]

[31]

S. Hoffsteter-Kuhn, A. Paulus, E. Gassmann and H. M. Widmer, Anal.
Chem. 63, 1991, 1541

E. Grill, C. Huber, P. Oefner, A. Vorndran and G. Bonn, Electrophoresis
14, 1993, 1004

H. Schwaiger, P. J. Oefner, C. huber, E. Grill and G. K. Bonn,
Electrophoresis15, 1994, 941

C. Huber, E. Grill, P. Oefner and O. Bobleter, Fresenius J. Anal. Chem.
348, 1994, 825

X. Le, C. Scaman, Y. Zhang, J. Zhang, N. J. Dovichi, O. Hindsgaul and M.
M. Palcic, J. Chromatogr. A 716, 1995, 215

A. E. Vorndran, E. Grill, C. Huber, P. J. Oefner and G. K. Bonn
Chromatographia 34, 1992, 109

K. Swinney and D. Bornhop, Critical Reviewsin Analytical Chemistry 30
(1), 2000, 1

R. A. Evangdlista, M. Liuand F. A. Chen, Anal. Chem. 67, 1995, 2239

F. A. Chen and R. A. Evangdista, Anal. Biochem. 230, 1995, 273

R. A. Evangdista, F. A. Chen and A. Guttman, J. Chromatogr. A 745,
1996, 273

S. Honda, S. Iwase, A.Makino and S.Fujiwara, Anal. Biochem. 176, 1979,

217

92



Chapter 5

CE Analysis of Oligosaccharides

Abstract
Oligosaccharides can be analysed by CE with UV or LIF detection after
precolumn derivatisation. Two different CE modes have been applied to separate

oligosaccharides and the mechanisms are discussed.

5.1 Introduction

The analysis of oligosaccharides derived from polysaccharides can be an
aternative approach to the structural elucidation of polysaccharides. Sucrose and
maltose have been analysed by CE using strong akaline electrolytes and indirect
UV detection [1]. Underivatised oligosaccharides including disaccharides
(trehalose, sucrose, lactose, lactulose and cellobiose), trisaccharides (raffinose)
and tetrasaccharides (stachyose) were adso analysed by CE at high pH eectrolyte
conditions in combination with electrochemica detection (ECD) [2]. Badwin and
co-workers [3] separated matooligosaccharides (Dextrin 15) and sarch
hydrolysates on bare fused silica capillaries using ECD with a Cu electrode. 10
mM cetyltrimethylammonium bromide (CTAB) was added to the 100 mM sodium
hydroxide buffer to reverse the EOF. Under these conditions, however, baseline

Separation of the oligomers was not achieved. Analysis of disaccharide
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constituents of glycosaminoglycans (GAGSs), such as heparin, hyaluronic acid and
chondroitin sulfate, was achieved by CE coupled with direct or indirect UV
detection [4]. Structural differences among GAGs were demonstrated. After
enzymatic degradation of GAGs with different lyases, eg. heparinase,
chondroitinase, disaccharides bearing unsaturated uronic acids at Cs-Cs, were
obtained which allowed direct UV detection at 232 nm. Because of their ionic
nature, the GAG-derived disaccharides could readily be analysed. Determination
of the oligosaccharide composition of heparin and low-molecular-weight (LMW)
heparins was achieved by using a borate/SDS buffer system at pH 8.8. Although it
was not possible to identify and quantify al components in various LMW
heparins, mainly because of lack of sandards, comparison of the
electropherograms adlowed to ducidaie differences or smilarities in  the
oligosaccharides, reflecting hereby the microheterogeneity of  different
commercidly available LMW heparins.

A comparative study on the composition of two sets of eight unsaturated
disaccharide  samples  derived  from  heparin/heparan  sulfate  and
chondroitin/dermatan sulfate was carried out using both norma and reversed
polarity CE [5]. In reversed polarity CE, using a single buffer system composed
of sodium phosphate with pH 3.48, the disaccharides were completely resolved.
At this pH, the EOF is negligible and the solutes migrate by their electrophoretic
mobility only towards the anode. In the same report, the separation of 13 heparin
derived oligosaccharides ranging from di- to tetrasaccharides, wsing both normal
and reversed polarity CE was described. The various oligosaccharides, which

differed primarily in size by the number of disaccharide units, were better
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resolved at normal polarity using 10 mM sodium borate, pH 8.8 containing 50
mM SDS. This may be due to some partitioning into the SDS micelles and to the
fact that the EOF is in the opposite direction of the electrophoretic mobility of the
analytes, thus decreasing their gpparent mobility resulting in improved resolution.
These oligosaccharides could be detected at 232 nm because of the unsaturated
bond in the uronic acid residues. The CE anadysis of sulfated synthetic LMW
heparin fragments, however, necessitated the application of indirect UV detection
[6]. Sulfated synthetic oligosaccharides exhibit low molar absorptivities as a
result of the absence of the double bond in their structures. Indirect UV detection
was performed by adding the chromophore containing 5-sulfosdicylic acid or
1,2,4-tricarboxybenzoic acid to the background electrolyte. The sengtivity of
indirect UV detection was reported to be at least one order of magnitude higher
than that of direct UV detection [6].

Looking for high sensitive detection and good electrophoretic properties for the
CE andysis of neutra oligosaccharides, much attention has been paid to
derivatise oligosaccharides with suitable tags. Most often, reductive amination
(Chapter 3, scheme i) is used to derivatise oligosaccharides containing reducing
ends. The separation of isomaltooligosaccharides up to 20 DP and derivatised
with 2-aminopyridine (2-AP) on a polyacrylamide coated capillary column with
an acidic eectrolyte (100 mM phosphate buffer, pH 2.5) and UV detection has
been described [7]. Severa disaccharides including gentibiose, maltose, lactose,
cellobiose and melibiose were labelled with APTS by reductive amination and
subsequently separated by CE using MOPS (3-[N-morpholino]propanesulfonic

acid) and borate buffers [8]. With MOPS, gentibiose migrated first, followed by
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maltose, lactose, cellobiose and melibiose. This migration order is governed by
differences in hydrodynamic volume arising from varying degrees of hydration
due to the different position of hydroxyl groups in the non-reducing end pyranose.
In borate buffer, the migration order was gentibiose, maltose, melibiose,
cellobiose and lactose. This migration order is dictated by the magnitude of the
stability constants of the formed disaccharide-borate complexes. In the same
publication, two APTS-derivatised glucose tetrasaccharide isomers differing only
in one linkage at the nonreducing end were well resolved in the MOPS buffer but
not in the borate buffer. This means that the borate complexation with both
isomers had no significant effect on their relative eectrophoretic mobilities. The
isomers were matotetraose APTS [glc-a(1-4)glc-a-(1-4)glc-a-(1-4)glc-a -(1-4)-
APTS and glc-a (1-6)glc-a -(1-4)glc-a-(1-4)glc-a-(1-4)-APTS].

This chapter describes some applications in the separation of the oligosaccharides

in malt extract and dextrin 15 ugng LIF and UV detection.

5.2 Experimental

5.2.1 Chemicals

9-Aminopyrene-1,4,6-trisulfonate  (APTS) was purchased from Lambda
Fluoreszenztechnologie (Graz, Austria). HPLC grade tetrahydrofuran (THF) and
methanol were from Lab-Scan (Dublin, Ireland). Orthophosphoric acid was from
Merck (Darmstadt, Germany) and acetic acid from Panreac (Barcelona, Spain). 4-
Aminobenzoic ethyl ester (ABEE) was bought from Acros (New Jersey, USA).
Sodium hydroxide was obtained from UCB (Leuven, Belgium). Malt extract and

Dextrin 15 (from maize starch) were obtained from Fluka (Bornem, Belgium).
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Maltooligosaccharide standards, sodium cyanoborohydride and borax were

obtained from Sigma (Steinheim, Germany).

5.2.2 Derivatisation procedures

5.2.2.1 Derivatisation with APTS

1 mg of Dextrin 15 or malt extract was mixed with 10 nmL APTS (38 mM in 15%
acetic acid aqueous phase) and 3 mL sodium cyanoborohydride (1 M in THF). The
mixture was heated at 95 °C for one hour and then diluted with 1 mL water prior

to injection. The standard mixture was derivatised by the same procedure.

5.2.2.2 Derivatisation with ABEE

A stock solution was prepared by dissolving ABEE (100 mg/mL) and acetic acid
(100 mg/mL) in methanol. Prior to use, 10 mg of sodium cyanoborohydride was
added to 1 ml of the gock solution to obtain the ABEE reagent solution. 200 L
of a standard mixture containing glucose, matose, maltotriose, maltotetraose,
maltopentaose, maltohexaose and maltoheptaose with a concentration of 0.05 M
for each sugar, was mixed with 2 mL of thereagent solution in a glass tube with
screw cap. The reaction mixture was heated at 80 °C for 60 minutes. The warm
sample was immediately diluted with 200 nL alkaline borate buffer (pH 8.5) and
vortex-mixed. During this step, excess ABEE precipitated in the form of a fine
white powder. After cooling to room temperature, the mixture was centrifuged.
The resulting clear, colourless solution was analysed by CE within 24 hours after

the preparation.
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5.2.3 CE procedures

Fused slica capillaries with 50 and 75 mm i.d. and with 50 cm effective length
from Composite Metal Services (Worcester, UK) were used. New capillaries were
rinsed with water and 1.0 M sodium hydroxide solution for 15 minutes prior to
use. Between each run, the capillary was conditioned with 1.0 M sodium
hydroxide solution for 2 minutes and then with run buffer for 4 minutes. Borate

and phosphate buffers were prepared by using sodium hydroxide to adjust the pH.

5.3 Results and discussions

5.3.1 Oligosaccharidesin the malt extract with L1F detection

Figure 5.1 shows the separation of the APTS derivatised malt extract together
with the analysis of some standards. The separations were obtained in the negative
polarity mode with an acidic phosphate buffer (pH 2.2).

The migration is controlled only by the electrophoretic mobilities (charge to mass
ratio) because the EOF is negligible & a pH of 22. The man mat extract
congtituents are glucose (DP 0), maltose (DP 1), matotriose (DP 2), maltotetraose
(DP 3), maltopentaose (DP 4), maltohexaose (DP 5), maltoheptaose (DP 6) and
maltooctaose (DP 7). Only low amounts of oligomers with DP higher than 7 were

present as shown in the insert in Figure 5.1.
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Figureb.l Separation of a malt extract (A) and a standard mixture of
maltose, maltohexaose and maltoheptaose (B)

Peaks: 0 = glucose, 1 = maltose, 2 = maltotriose, 3 = maltotetraose,
4 = maltopentaose, 5 = maltohexaose, 6 = maltoheptaose,

7 = maltooctaose.

CE conditions: 75 nm i.d. and 57 cm in length (50 cm to the
detector window) bare fused silica capillary, 20 °C, 4 sinjection at

0.5 psi, voltage -20 kV, 50 mM phosphate buffer, pH 2.2, detection
LIF at ex 488 nm/em 520 + 20 nm.

5.3.2 Oligosaccharidesin Dextrin 15 with LIF detection

Dextrin 15 is a matooligosaccharide mixture with a typica chain length
distribution. Figure 5.2A shows the separation on a bare fused silica capillary with
a 50 mM phosphate buffer a& pH 2.2 in the negative polarity mode. The
oligosaccharides eute as in Figure 5.1 with increasing DP number i.e. from DP 0
to DP 15. The separation is based on the differences of their charge to mass

ratios.
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Figureb5.2 CE separation profilesof dextrin 15 with normal (A) and reversed
polarity (B) mode

Peaks: 0 = glucose (DP 0), 1 = maltose (DP 1), 9=DP9, 10 = DP
10, 15 =DP 15.

CE conditions: 50 nrmi.d. and 57 cm in length (50 cm to the
detector window) bare fused silicacapillary, 20 °C, 4 sinjection at
0.5 psi, detection LIF at ex 488 nm/em 520 + 20 nm.

A. voltage -20 kV, 80 mM phosphate buffer, pH 2.2

B. voltage +20kV, 100 mM borate buffer, pH 10.2.
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An increase in the charge to mass ratio results in a higher electrophoretic mobility
and a shorter migration time. The migration of the ATPS derivatives is directed
towards the anode because they carry negative charges. Each oligomer reacts with
only one molecule of the reagent (APTS) a the reducing terminal group, and
therefore, each oligomer possesses the same charge by derivatisation. Hence, the
larger the mass of the oligosaccharide, the longer is the migration time.

Figure 5.2 B shows the separation with an akaline pH and in the positive polarity
mode. The electroosmotic flow towards the cathode is now controlling the
migration (upstream). The electrophoretic mobility of the solutes is now
downstream and compounds with the highest charge to mass ratio have the
longest migration times. The oligosaccharide derivatives aso form complexes
with borate and thus the charge density on the derivatives originates from both the
tag and the complexation.

The complete reversal in migration order is of substantial interest because it
shows that both modes are complementary to each other. A graphica
representation how these mirror images are created is given in Figure 5.3. These
two separation modes result in different separation efficiency and resolution of
oligosaccharides (from DP 0 to DP 6), which will be discussed in Chapter 6,

Table 6.1 and Table 6.2.
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Figure 5.3  Separation schemes of the two CE modes

5.3.3 CE analysis of oligosaccharide standardswith UV detection

LIF detection is a rather expensive approach for oligosaccharide CE analysis.
Therefore, the possibilities of UV detection were evaluated by forming ABEE
derivatives. Figure 5.4 shows the CE separation of seven maltooligosaccharides
derivatised with ABEE on a bare fused slica capillary with UV detection a 306
nm.

The separation was performed in the postive polarity mode with an akaline
borate buffer at pH 11.5. As described in 5.3.2, the oligosaccharides with the high

mass migrate through thedetector window faster than those with low mass.
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Figureb5.4  Separation of seven maltooligosaccharides by CE after ABEE
derivatisation
Peaks: 0 = glucose (DP 0), 1 = maltose (DP 1), 2 = maltotriose (DP
2), 3 = mdtotetraose (DP 3), 4 = maltopentaose (DP 4), 5 =
maltohexaose (DP 5) and 6 maltoheptaose (DP 6)
CE conditions: 25 nm i.d. x 485 cm (40 cm to the detector
window) bare fused slica capillary, run buffer 450 mM borate at

pH 11.5, voltage +30 kV, temperature 25 °C, injection for 30 s at
50 mbar, detection at 306 nm.

5.4 Conclusion

Oligosaccharides can be analysed by CE after formation of appropriate derivatives
i.e. APTS for LIF detection and ABEE for UV detection. Mirror images are
obtained by applying two electrolytes. At low pH and with reversed polarity,

oligosaccharides elute in order DP 0 to DP x whereas at high pH in the normal
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polarity mode, the elution order is DP x to DP 0. The two modes are providing

complementary information as will aso beillustrated in the following chapters.
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Chapter 6

Investigation on the Quantitative Aspects of Oligosaccharide
Analysisby CE-LIFD

Abstract

Maltooligosaccharides with DPs ranging from O to 6 were derivatised with 9
aminopyrene-1,4,6-trisulfonic acid (APTS) and analysed using capillary
eectrophoresis (CE) in combination with laser induced fluorescence detection
(LIFD). The separations were performed both in the normal and in the reversed
polarity mode. The separation parameters were optimised and compared.

Quantitative analysis by CE-LIFD wasinvestigated.

6.1 Introduction

The determination of the degree of polymerisation (DP) of oligosaccharides and
polysaccharides is a great challenge to analysts due to problems such as the lack
of sauitable standards, the need for a high resolving technique and the
derivatisation methods required to elute the solutes. Derivatisation is most often
involved in CE anaysis because it is necessary for both sensitive detection and
improvement of the electrophoretic properties of the saccharides. Quantitative
andysis is mostly done based on measurement of the basic units of saccharides
such as neutral monosaccharides and uronic acids [1-4]. Chemical or enzymatic

hydrolysis is necessary to bresk down the chains before derivatisation,
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unfortunately, the completion of hydrolysis is often questionable, which is
complicating quantitative anayss.

Although many applications were reported for mapping the chain length
distribution of oligo- and polysaccharides [5], quantitative anadysis of DP
numbers to the best of our knowledge has not yet been performed.
Maltooligosaccharides with a DP from O to 6 after derivatisation with the
fluorescence reagent 9-aminopyrene-1,4,6-trisulfonic acid (APTS) were used as
model compounds for a quantitative study. In the labelling reaction, the amino
group of the reagent reacts with the carbonyl group of the reducing end of a sugar
to form a Schiff base, which is further reduced with sodium cyanoborohydride to
form a stable amine (see Chapter 3, Scheme i). According to Chen and
Evangdisa [6], the derivatisation vyields for monosaccharides and
oligosaccharides with APTS are larger than 95%. Moreover, labeling yields were
found to be highly reproducible and independent of the average chain length

between DP 3 and 135 [7].

6.2 Experimental

6.2.1 Chemicals

APTS was purchased from Molecular Probes (Leiden, the Netherlands). Sodium
cyanoborohydride, borax and all oligosaccharide standards were purchased from
Sgma-Aldrich (Steinheim, Germany). The purity of maltotriose, maltohexaose
and maltoheptaose was higher than 93%. The purity of the other standards was
above 97%. Sodium hydroxide was obtained from UCB (Leuven, Belgium).

HPLC grade tetrahydrofuran (THF) was obtained from Lab-Scan Ltd. (Dublin,
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Irdland). Ortho-phosphoric acid was purchased from Merck (Darmstadt,
Germany). Acetic acid was from Panreac (Barcelona, Spain). Water used in all the
experiments was produced by a Milli-Q water purification system (Millipore,

Bedford, MA, USA).

6.2.2 Labelling procedure

A sample of seven standards was prepared by dissolving glucose, maltose,
maltotriose, maltotetraose, maltopentaose, maltohexaose, and maltoheptaose in
equal amounts in water with afinal concentration of 0.01 M for each saccharide.

10 nmL of the stock solution was pipetted into an Eppendorf vial, followed by

addition of 30 mL of APTS solution (0.095 M in 15% acetic acid solution) and 5

mL of sodium cyanoborohydride (1 M in THF). The mixture was heated at 90 °C
for 1 hour and diluted to 5 mL with Milli-Q water. Series of standard solutions
with different concentrations were prepared by diluting the above concentrated

samples.

6.2.3 CE procedures

The analyses were performed on a P/ACE 2100 CE system equipped with a laser
induced fluorescence detector (3-mW 488 nm argorrion laser from Beckman
Instruments, Inc. (Fullerton, CA, USA). Peak integration was done by using the
Beckman gold chromatography software. Bare fused silica capillaries were
obtained from Composite Metal Services (Worcester, UK). New capillaries were
washed with 1 M sodium hydroxide solution for 15 minutes and then with water

for 15 minutes. Before each run, the capillaries were rinsed with 1 M sodium
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hydroxide for 2 minutes and conditioned by the run buffer for 4 minutes. Borate
buffers were prepared by adjusting the pH with sodium hydroxide. Phosphate
buffer was prepared by using sodium hydroxide to adjust the ortho-phosphoric
acid solution.

The CE conditions were as follows. A bare fused silica capillary with 50 nmi.d.
and 47 cm length (40 cm to the detector window) was applied in dl the
experiments. The temperature was set at 20 °C. Injection was performed
hydrodynamically for 20 s at 0.5 ps and detection was done with LIF at ex 488
nm/em 520+ 20 nm. Both the positive and negative polarity mode were applied:

1) positive polarity, voltage +30 kV, 100 mM borate buffer pH 10.2.

2) negetive polarity, voltage -25 kV, 80 mM phosphate buffer pH 2.2.

6.3 Results and discussion

6.3.1 Separation of the mixture of seven saccharides

Separation profiles of the oligosaccharides were obtained with the akaline borate
buffer for the positive polarity mode and the acidic phosphate buffer for the
negative polarity mode.

The peaks were identified by spiking with individua standards. In this batch of
APTS, large amounts of impurities, indicated by the asterisks (*) in Figure 6.1,
were observed. However they did not disturb the quantitative analyses.

When the akaline borate buffer conditions were used (positive polarity, condition
1), the elution order was from the DP 6 to DP O (Figure 6.1 A). In the case of the

acidic phosphate buffer conditions (negative polarity, condition 2), a reversed
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order was obtained (Figure 6.1 B). The mechanisms of these two modes have

been explained in Chapter 5 (5.3).
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Figure6.1  Electropherograms of maltooligosaccharides-APTS with positive

polarity (A, condition 1) and negative polarity (B, condition 2)

Peaks: 0 = DP 0 (glucose), 1 = DP 1 (maltose), 2 = DP 2
(maltotriose), 3 = DP 3 (maltotetraose), 4 = DP 4 (matopentaose),
5 =DP 5 (matohexaose), 6 = DP 6 (matoheptaose), * = impurities.
CE conditions: seetext (6.2.3).
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6.3.2 Comparison of the separation with two CE conditions

6.3.2.1 Limits of detection (LOD)

When the sendtivity of the analyses in both separation modes was studied, an
LOD of 5x10° M was obtained with the borate buffer (Table 6.1). This appeared
to be one order of magnitude lower than for the phosphate buffer (Table 6.2). The
same behaviour was observed in the anaysis of monosaccharides with UV
detection, and this is possibly caused by the effect of complexation between
borate and saccharides. Hofftester-Kuhn and co-workers [8] reported that
underivatised mono- and oligosaccharides could be detected with a 2 to 50 times
higher sengtivity in an dkdine borate buffer compared to other buffers when

detection was performed at a wavelength of 195 nm.

6.3.2.2 Resolution (Ry)

The resolution between oligosaccharide pairs decreased with increasing DP
number. The resolution obtained with the alkaine borate buffer was very high
between DP 1 and DP 2, and decreased rapidly to a resolution of 2.20 between DP
5and DP 6 (Table 6.1). On the other hand, the resolution between DP 1 and DP 2
for the acidic phosphate buffer was 9.37 which is substantially lower than for the
akaline borate buffer, whereas between DP 5 and DP 6, the resolution is still 4.37
(Table 6.2).

In conclusion, for oligosaccharides with DP £ 2, the resolution with the borate
buffer system is higher than the one obtained with the acidic phosphate buffer

system. On the other hand, for oligomers with the DP 3 3, the resolution with the
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acidic phosphate buffer is higher than the one obtained with the alkaline borate

buffer system.

Table6.1

Repeatability of migration (RSD), efficiency (N), resolution (Ry)
and limit of detection (LOD) obtained for the separation of
maltooligosaccharides in the positive polarity mode with borate

buffer
Saccharides DP RSD (n=8) N R, LOD (M)
(migration time)
Glucose 0 0.62 70,497 5x 10°
Maltose 1 0.29 67,391 24.37 5x 107
Madltotriose 2 0.85 48,200 13.34 5x10°
Madltotetraose 3 0.84 47,120 6.90 5x10°
Maltopentaose 4 0.67 45,199 4.29 5x 10°
Maltohexaose 5 0.58 32,975 292 5x10°
Matoheptaose 6 048 29,522 220 5x 10°
Table6.2  Repeatability of migration (RSD), efficiency (N), resolution (Ry)
and limit of detection (LOD) obtained for the separation of
maltooligosaccharides in the negative polarity mode with
phosphate buffer
Saccharides DP RSD (n=18) N Rs LOD (M)
(migration time)
Glucose 0 0.32 133,947 5x 10°®
Maltose 1 0.50 146,174 9.37 5x 10
Madltotriose 2 0.50 157,786 8.92 5x 10
Madltotetraose 3 0.53 121,602 723 5x 10°®
Maltopertaose 4 0.53 112,266 5.98 5x 10°®
Maltohexaose 5 0.73 103,752 5.09 5x 10°®
Maltoheptaose 6 0.76 96,399 437 5x 10°®

6.3.2.3 Efficiency (N)

The separation efficiencies obtained with the acidic phosphate buffer system were

two or three times those obtained with the akaline borate buffer system (Table 6.1
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and Table 6.2). With the dkaine borate buffer system, the separation efficiency
dragtically decreased with increasing DP number (Table 6.1).

Hence, it can be concluded that the acidic phosphate buffer system is preferred to
reach high DP separation profiles of oligosaccharides and polysaccharides due to
the higher efficiency and resolution for oligosaccharides with DP 3 3. On the
other hand, the akaline borate buffer system can be used to reach higher detection
sengitivity, which is especidly useful to monitor very high DP chains. Illustrative

examples are discussed in Chapter 7, 7.3.

6.3.3 Injection

The precision of the measurements particularly depends on the repeatability of

injection.
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Figure6.2 Linearity of injection volume and peak area
Maltopentaose APTS derivative (5 x 107 M) was used as test

sample.
CE condition: seetext (6.2.3), condition 1 was applied.
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Hydrodynamic sampling was used in the experiments since it is based strictly on
volume loading of the sample, thus providing the most precise injection. Figure
6.2 shows the linear relationship between injection volume and pesk area for
maltopentaose APTS. The linearity is satisfactory (R? = 0.9992) ensuring good

precision of measurements.

6.3.4 Linear range of the calibration curves

A wide linear range with good regression coefficients (R? 3 0.99) was found in
three to four orders of magnitude of the concentration for both buffer systems
(Table 6.3, Table 6.4). It can be seen that the dopes of the cdibration curves with
the borate buffer system were systematicaly higher than those obtained with the
phosphate buffer. For example, the dopes of the calibration curve for matose is
6x10° with borate buffer and is only 2x108 with phosphate buffer. This is another
expression of the enhanced sensitivity obtained with borate buffer.

The effect is dso visible in Figure 6.3 for a series of experiments performed with
anarrower range of concentration.

It is thus shown that it is possible to quantify the individual oligomers with good
sengitivity and precision (as expressed by the good correlation coefficients). A
continuous problem is, however, as already mentioned, the lack of standards
avalable for the quantitation of each DP number. Because they are not
commercialy available, it is not possible to construct calibration curves for each
DP number. Hence, it is impossible to quantify the total amount of this type of

saccharides in the sample by this approach.
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Figure6.3 Calibration curve of maltopentaose-APTS obtained with two CE
conditions describedin 6.2.3.
Therefore, our further interest focused at the investigation of the relative response
factors (RRF). This is the ratio of the normalised peak area of the compounds of
interest to the peak area of an internd standard. A normalised pesk area is the area
divided by its migration time. This is often used in CE because it allows to correct
for run to run variation in migration time and hence, in pesk area of a given
product. In these experiments maltose (DP 1) was taken as the interna standard. If
it could be shown that the RRF of al compounds in the standard mixture were
close to 1, this would be of tremendous interest for the quantitation of the total

amount of a saccharide in a sample.

114



Table 6.3

Linear range of maltooligosaccharides obtained with the

borate buffer
Oligosaccharides Linear range Regresson Regression RRF
(M) equation coefficient (R)
Glucose 5x10° - 1x 10° y = 2x10°X 0.9995
Maltose 5x10° -5x10° y =6x10°x 0.99% 1.00
Maltotriose 5x 107 - 5x10° y =4x10°x 0.9996 1.25
Maltotetrapse 5x10° - 5x10° y =4x10°x 0.9998 1.26
M altopentaose 5x 107 - 5x10° y =3x10°x 0.9997 1.29
Maltohextaose 5x10° -5x10° y =3x10°x 0.9997 1.13
Maltoheptaose 5x 107 - 5x10° y =3x10°x 0.9998 1.19
Table6.4  Linear range of maltooligosaccharides obtained with the
phosphate buffer
Oligosaccharides | Linear range Regresson Regression RRF
(M) equation coeffidient (R?)
Glucose 5x10° - 5% 10° y = 4x10°X 0.9990
Maltose 5x10° - 1x10° y = 2x10%x 0.9997 1.00
Maltotriose 5x10° - 1x10° y = 2x10%x 0.9986 097
Maltotetraose 5x10® - 1x10° y = 2x10°x 0.9980 1.00
Maltopentaose 5x10® - 1 x10° y = 2x10°x 0.9959 084
Maltohextaose 5x10® - 1x10° y = 2x10°x 0.9958 076
Maltoheptaose 5x10% - 1x10° y = 2x10°x 0.9892 061

In that case the total concentration of each type of saccharide (with DP number O
to ¥) could be known by ssmply taking the summed areas of al saccharide peaks
(even not resolved ones) and comparison versus the cdibration line of a single
standard. Besides, the DP numbers involved in a hump like elution, representing
many unseparated polymers, could be evaluated by dividing the peak area of the

hump like peak by the peak area of an interna standard.
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However, from the results obtained, which are summarised in Table 6.3 and Table
6.4, it cannot be concluded that the response of each oligosaccharide is the same.
This is rather strange and intensive experimental work is needed to study this
further.

Two opposite effects seem to control the response factors. Firgtly, it is known that
the derivatisation efficiency decreases upon increasing chain length. This is not
surprising considering the increasing steric hindrance of the saccharide chain
lowering the accessibility for the derivatising agent. This can clearly be seen in
the RRF values listed in Table 6.4.

The second effect that appears to control the RRF values can be deduced from
Table 6.3. The borate buffer that has been used in this case is, as aready
mentioned, enhancing the sengitivity of the saccharides by complexation. For this
reason the values in Table 6.3 are larger than 1. This enhancement seems,
unfortunately, not to be constant.

Hence, it can be concluded that it will be difficult to obtain RRF values close to 1
with the borate buffer. It could be possible to obtained better values with the
phosphate buffer, if the derivatisation procedure can be improved, e.g. by using
higher amounts of the derivatisng reagents, etc. However, the expensive

fluorescence reagent hampered this study.

6.4 Conclusion
Cdlibration curves for maltooligomers with a DP from 0 to 6 were linear in a
concentration range varying over three to four orders of magnitude using both an

alkaline borate buffer and an acidic phosphate buffer. It was observed that borate
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complexation increases the detection sengtivity of the analytes. Analysis of the

independent DP chain lengths is feasble given the sandard is avalable.

Quantification of each saccharide in a given mixture by comparison with a single

standard is erratic and further research is required.
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Chapter 7

CE Analysis of a High Molecular Weight Reducing
Neutral Polysaccharide

Abstract

Amylose, a neutral reducing polysaccharide, was separated after APTS
derivatisation in a bare fused silica capillary either with the alkaline borate buffer
(pH 10.2) at normal polarity or with the acidic phosphate buffer (pH 2.2) at
reversed polarity. Linear polyacrylamide coated capillaries with gel free buffer
(tris-borate buffer, pH 8.65) or a gel buffer system (tris-citrate mixed with linear

polyacrylamide gel, pH 3.0) were used.

7.1 Introduction

To obtain good separation of neutral polysaccharides with a high degree of
polymerisation (DP) and a broad distribution in chan lengths, severa
prerequisites should be met. High resolving power is essentiad in the
electromigration process of high molecular weight polysaccharides. Sufficient
difference in the charge to mass ratio between the chains is critical. Senstive
detection is necessary to detect the high DP polymers because of the low amount
of sample load in CE resulting in extremely small amounts of these high mass

polymers.
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Neutrd polysaccharides are not electricaly charged unless strong akaine
conditions leading to the ionisation of hydroxyl groups are used. Baldwin and his
coworkers described separation profiles of dextran with different average
molecular weight (MW), namely 1500, 6000, 9300 and 18300, in a bare fused
silica capillary by using 200 mM sodium hydroxide buffer [1].  Electrochemical
detection (ECD) with a Cu-electrode was applied. The EOF was reversed through
addition of the positively charged surfactant cetyltrimethylammonium bromide
(CTAB). The saccharides thus moved towards the anode. This approach, however,
turned out to give poor DP separation even for dextran with average MW 1500
(DP < 10).

Using a pre-column derivatisation approach (Chapter 3), a drastic improvement of
DP separation was reached as reported by the group of Novotny [2, 3]. After
labdlling dextran and amylose with the fluorescence reagent 8-aminonaphthal ene-
1,3,6-trisulfonate (ANTS, Table 3.2, tag xvi) and detection by laser induced
fluorescence (LIFD), separations up to DP 70 were obtaned in a linear
polyacrylamide coated capillary with a tris-borate gel free buffer sysem. The
separation of amylose with DP>30 in an untreated bare fused silica capillary with
an acidic pH buffer (pH 2.5) after labelling with 9-aminopyrene-1,4,6-trisulfonic
acid (APTS, Table 3.2, tag xvii) was reported by Soini and Novotny [4].

It is particularly important to choose a suitable tag in order to impart high charge
contents to the neutral polysaccharides. Both ANTS and APTS contain three
negatively charged sulfonic groups and thus contribute to a relatively high charge

density on the derivatised polysaccharides.
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The a@m of this part was to reach a DP separation as high as possible of amylose

by CE. The structure of amylose wasiillustrated in Chapter 2 (2.4.2).

7.2 Experimental

7.2.1 Chemicals

9-Aminopyrene-1,4,6-trisulfonate (APTS) was obtaned from Lambda
Fluoreszenztechnologie (Graz, Austrid). Amylose (from potato, type 111), sodium
cyanoborohydride, citric acid, borax, (g-methacryloxypropyl)trimethoxysilane,
ammonium persulfate and N,N,N’,N —tetramethylethylenediamine (TEMED) were
obtained from Sigma-Aldrich (Steinheim, Germany). HPLC grade tetrahydrofuran
(THF) was from Lab Scan Ltd. (Dublin, Irdland). Ortho-phosphoric acid and
acrylamide were purchased from Merck (Darmstadt, Germany). Acetic acid was
obtained from Panreac (Barcelona, Spain). Tris-(hydroxymethyl)aminomethane
(tris) was from Acros Organics (Gedl, Belgium). Sodium hydroxide was obtained
from UCB (Leuven, Belgium) and HPLC grade dichloromethane from Alltech
(Lokeren, Belgium). Methanol was purchased from Biosolve Ltd (Vakenswaard,
The Netherlands). Linear polyacrylamide (LPAA) (MW 700,000-1,000,000, 10 %
agueous solution) was from Polyscience Inc. (Warrington, PA, USA). Water used
in al experiments was produced by a Milli-Q water purification system

(Millipore, Bedford, MA, USA).

7.2.2 Derivatisation procedure
1 mg amylose was mixed with 15 mL of APTS (38 mM in 15% acetic acid)

followed by the addition of 2 mL of sodium cyanoborohydride (1M in THF). Since
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this was a qudlitative analysis, no excess of reagent was required. The reaction
mixture was heated a 95 °C for 3 hours and then diluted to 4.5 mL with water

prior to injection.

7.2.3 Capillary coating

The coating procedure was performed according to Stefansson [5], which is a
dightly modified version of the Hjertén method [6]. A new capillary was treated
with 0.1 M NaOH for 1 hour and then rinsed with water and methanol for 30
minutes. Next, (g-methacryloxypropyl)trimethoxysilane (10 miL/mL dissolved in
dichloromethane containing 0.02 M acetic acid) was coupled to the silica wall
during a 60 minute treatment performed under nitrogen pressure. The capillary
was then rinsed with methanol and water for 30 minutes. A 4 % (w/w) acrylamide
solution, containing 1 mL/mL N,N,N',N— tetramethylethylenediamine (TEMED)
and 1 mg/mL ammonium persulfate, was then passed through the capillary under
nitrogen pressure for 30 minutes. Finaly, the capillary was rinsed with water and

dried under a stream of nitrogen.

7.2.4 CE instrumentation
The employed CE instrument was a PPACE 2100 CE equipped with laser induced

fluorescence detector (3-mW 488 nm argon-ion laser module from Beckman
Instruments, Inc. (Fullerton, CA, USA). Bare fused slica capillaries with 50 mm
and 75 nm i.d. (50 cm to the detector window) were obtained from Composite

Metal Services Ltd (Worcester, UK). New fused slica capillaries were rinsed with

1.0 M sodium hydroxide solution for 15 minutes and water for 10 minutes prior to
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use. Between runs, capillaries were washed with 1.0 M sodium hydroxide solution
for 2 minutes and with the run buffer for 4 minutes, respectively. The coated
capillary was flushed with the run buffer for 10 minutes before the first run and

was conditioned with the run buffer between each run. Detection was performed

withLIFD & | oc =488 nm and | ¢ =520 + 20 nm.

7.3 Results and discussion

7.3.1 Separation of amylose under acidic CE conditions

Figure 7.1 shows the amylose profile obtained with the phosphate buffer (pH 2.2)
in the reversed polarity mode on a bare fused slica capillary. Under these
conditions, migration depends only on the electrophoretic mobility and thus on the
charge density because the EOF is negligible at such a low pH. The peaks eluting
in front of glucose (DP 0) come from APTS residues in the mixture. Polymer
chain lengths with a DP up to 60 were separated. The charge to mass ratio
decreases with increasng molecular weight because the amount of charges
received from the tag is constant (three charges) for every polymer chain. The
resolution depends on the differences of charge to mass ratio. After DP 60, the
basdine is recovered only after 200 minutes (Figure 7.1, insert). This means that
many unseparated chains with DP higher than 60 are present.

Hence, the separation of neutral polysaccharides under these conditions depends
mainly on the magnitude of the charge to mass ratio and the difference of the

charge to massratio of the polymer chains.
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Figure7.1 Separation profile of amylose-APTSwith acidic phosphate buffer
in the reversed polarity mode

Peak: The number indicates the DP, 0 = DP 0O (glucose), 1 =DP 1
(maltose), etc.
CE conditions: 75 nm i.d. and 57 cm in length (50 cm to the

detector window) bare fused silica, voltage -10 kV, 20 °C, 10 s
injection at 0.5 psi, 160 mM phosphate, pH 2.2.

7.3.2 Separ ation of amylose under alkaline CE conditions

Using the dkaine borate buffer in the norma polarity mode, amylose is
completdy euted in a relatively short time on a bare fused slica cepillary (Figure
7.2) since the major driving force is the EOF which is high in the akaline buffer
(pH 10.2). As explained in Chapter 5 (5.3.2), the migration order of the polymers
with akaline borate buffer is opposite to that with the phosphate buffer.

The first euting hump-like peak indicated by the arrow represents the contents of

the high DP chains. The use of borate buffer imparts higher fluorescence
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absorbance (Chapter 6, Figure 6.3). The main advantage of using the borate buffer

is that it offers more information about the high DP chain lengths than a

phosphate buffer.
1 45 1 DP > 25
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Figure7.2 Separation profile of amyloeeAPTS with the alkaline borate
buffer in the normal polarity mode

Peaks: The number indicates the DP, 1 = DP 1 (matose), 5=DP5
(maltohexaose), etc.

CE conditions: 50 mm i.d. and 57 cm in length (50 cm to the
detector window) bare fused silica, voltage +15 kV, 20 °C, 4 s
injection at 0.5 psi, 100 MM borate buffer, pH 10.2.

124



As extensively discussed in the precedent chapter, further investigation on the
derivatisation procedure is required such as to obtain the same relative response
factors (RRF) for each DP number of the chain. If this could be obtained, the
technique could be used to quantify even the amount of unresolved peaks.

Under these conditions, only polymer chains with a relatively low DP (< 25) are
separated (Figure 7.2, insert). DP differentiation under these conditions is thus
much smaller compared to the acidic buffer (see Figure 7.1). This was aso shown
in Chapter 6 (Table 6.1 and Table 6.2).

Alkaline conditions contribute to high resolution for the oligomers with DP 0, DP
1, and DP 2, but resolution is reduced rapidly and the resolution for DP 5/DP 6 is
only 2.20. On the other hand, the resolution of DP 5/DP 6 is 4.37 under acidic
phosphate conditions.

Hence, acidic conditions have the advantage to separate polymer chains with
higha DP than akaine conditions, whereas the adkaline conditions offer more

sengitivity for the high DP polymer chains.

7.3.3 Separ ation of amylose in a coated capillary with gel free buffer

In a linear polyacrylamide coated capillary, negatively charged polysaccharide
derivatives move towards the anode only by their electrophoretic mobility because
the dllanol groups that generate the EOF are shielded by the coating layer. Figure
7.3 shows the separation profile of amyloseAPTS derivatives on the coated
capillary with amild pH buffer.

Under these conditions, the polymer chains of amylose APTS are resolved up to a

DP of 30. Stefansson and coworkers reported [5] that a polyacrylamide coated
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capillary and a gd free buffer gives fast separation of amylose ANTS derivatives,
but it was impossible to resolve saccharides with a high DP. This is confirmed by

our experiments.

95 1
75 A
55 1

35 1

L W

5 15 25 35 45 55 65 75
Migration time (min)

Fluorescence intensity (RFU)

Figure7.3  Separation profile of amylose-APTS on a coated capillary

Peaks: The number indicates the DP number of the polymer chains
CE conditions 75 nm i.d x 57 cm (50 cm to the detector) linear

polyacrylamide coated capillary, 100 mM tris-borate buffer, pH
8.65, voltage - 20 kV, 20 °C, 20 sinjection at 0.5 psi. pressure.

7.3.4 Separ ation of amylose with a linear polyacrylamide gel buffer (CGE)

By introducing a linear polyacrylamide (LPAA) ge in the coated capillary, a
significant improvement in the elution of DP numbers could be achieved. The
separation of hyauronic acid (HA) up to DPs »190 was demonstrated by Hong et
al. [8]. The separated DP numbers for the neutral polysaccharides obtained with a

ge system (Figure 7.4) are dightly less than those obtained with CZE and the
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fluorescence absorbance is lower. It should be noted that the sample batches were
different for Figure 7.1 and Figure 7.4. Using CZE, the derivatives for Figure 7.4
gave a separation with DP > 80 (data not shown). Applying CGE, less DP
numbers were observed (DP £ 80) and the analysis time was longer (Figure 7.4)

compared to CZE, presumably due to an increase of the buffer viscosity.

191 M 1

0 70

n M

0,9 1
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0 50 100 150 200

Migration time (min)

Figure7.4  Separation profile of amyloseAPTS on a coated capillary with
gel buffer

Peaks. seeFigure 7.3.
CE conditions: 75 mmi.d x 57 cm (50 cm to the detector) linear

polyacrylamide coated capillary, buffer, 25 mM citric acid and 12.5
mM tris in 5% LPAA (10 % of an agueous solution, of linear
polyacrylamide, MW 700,000 — 1,000,000), pH 3.0, voltage -10
kV, 10sinjectionat 0.5 psi, 20 °C.
However, the gel buffer dightly increases the resolution due to the polymeric
seving medium [8]. This was beneficial to the very high DP numbers of the

negatively charged polysaccharides which possess an inherently lower charge

density difference than low DP numbers.
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The reason of the migration break at DP 16 to DP 17, as the arrow indicates in
Figure 7.4, is not clear yet. An important reproducible phenomenon is the
sharpening and broadening of DP 16 and DP 17, respectively. This forms the

subject of an independent study because this occurs frequently in CGE.

7.4 Conclusion

Good separation of neutral polysaccharides derivatised with APTS could be
obtained in bare fused silica capillaries. Acidic conditions offer the advantage of
reaching high DP separation while akaline conditions give more information
about the total high DP content. From these results it can be concluded that the
use of a coated capillary with either a gd free buffer system or a gel buffer system

does not substantially improve the high DP separation of neutral polysaccharides.
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Chapter 8

CE Analysis of High Molecular Weight Non-reducing Neutral
Polysaccharides

Abstract

Inulin, a non-reducing polysaccharide, was taken as a model compound for the
separation by capillary electrophoresis (CE) with laser induced fluorescence
detection (LIFD). Derivatisation was performed with fluorescein isothiocyanate
(FITC). High separation efficiency in an acceptable analysis time was obtained
on a polyacrylamide (PAA) coated capillary. More than one hydroxyl group of the
sugar reacted with the derivatisation reagent, leading to more than one peak per
polymer. However, the degree of polymerisation (DP) could be elucidated and DP

profiling of inulin after enzymatic degradation became feasible.

8.1 Introduction

Fructose based oligo- and polysaccharides are low caoric sweeteners that aso
exhibit a number of dietary fiber-like effects. They stimulate the growth of
colonic Bifidobacteria, a family of bacteria considered to be highly beneficial for
human health [1]. Inulin and inulin hydrolysates are potentially of medical interest
because of their anti-tumor activity. It is believed that inulin plays an important

role in anti-tumor defense [2].
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Inulin has a linear molecular structure with b (2® 1) fructosyl-fru linkages (G-F-
(Fn) [3], where n is the degree of polymerisation (DP) (Figure 8.1). When n is
zero (GF), we have sucrose. When n is 1, the oligosaccharide is named l-kestose
or kestotriose (GFF,), 1,1-kestotetraose (GFF,) when n is 2, 1,1,1-kestopentaose

(GFF4) whennis 3, and so on.

CH,OH CHZ0H

OH OH
CH,0H
— OH i oH
Q OH O
! N [
OH OH &h
OH CH, ‘ OH 2
HO
OH / —'n ‘ OH C
CH>0H
OH 2
@ @
L CH,OH
OH CH,0H H 2
Inulin (G-F-(F)n Sucrose (GF) 1-K estose (GFF;)

Figure8.1 Structureof inulin, sucrose and 1-kestose

Inulin is commonly analysed by high performance liquid chromatography (HPLC)
[4-6]. Anion exchange chromatography (AEC) with pulsed amperometric
detection (PAD) is the most effective technique to separate inulin up to chain
lengths of 50[7, §].

Capillary dectrophoresis (CE) with laser induced fluorescence detection (LIFD)
is a powerful technique for the separation of saccharides as demonstrated in recent

years [9,10]. The success of the separation strongly depends on the appropriate
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choice of derivatising reagent as outlined in Chapter 3. Most of the fluorescence
tags (Chapter 3, Table 3.1 and 3.2), however, only react with saccharides
containing aldehyde groups, i.e. adoses such as glucose, amylose, dc. Ketoses,
like fructose, have a very low reactivity for amination with those reagents (see
Chapter 4). Consequently, inulin, the polymer of ketose (Figure 8.1) can not be
properly labelled with these tags.

Inulin can be labdled with fluorescein isothiocyanate (FITC) via its hydroxyl
groups (Figure 8.2). FITC is a wdl known derivatisation reagent for the anadysis
of amino acids [11] and efficiently introduces fluorescence groups in most
structures lacking chromophoric compounds. Moreover, a appropriate pH, the
carboxylic function of FITC contributes to the electrophoretic characteristics of
the derivatised solutes. This part presents the successful profiling of inulin and

derived samples via FITC derivatisation and CELIFD andysis.

8.2 Experimental

8.2.1 Chemicals

Tris(hydroxymethyl)-aminomethane (tris) was obtained from Merck (Darmstadt,
Germany) and borate from Peuger (Wijnegem, Belgium). Fluorescein
isothiocyanate (FITC), commercial inulin-FITC derivative, sucrose (GF), boric
acid and sodium hydroxide were from Sigma (Steinheim, Germany). Pyridin was
from UCB (Leuven, Belgium), dibutyltin dilaurate from Fluka (Steinheim,
Germany), ethanol from Chem-Lab (Lichtervelde, Belgium), dimethyl sulfoxide
(DMSO) from Riedel-de Haén (Seelze, Germany) and ehyl acetate from Ferak

(Berlin, Germany). Water was obtained from a Milli-Q water purification system
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(Millipore, Bedford, MA, USA). The fructooligosaccharides GFF1, GFF2 and
GFF3 standards were obtained from Megazyme (Bray, Irdland). The inulin
samples (HP, LS and ST) were kindly donated by the Tiense Suiker Raffinaderij

(Tienen, Belgium).

822 CE-LIFD

CE separations were performed on a PPACE 2100 system equipped with a laser
induced fluorescence system (3 mW 488 nm argon laser) from Beckman
(Fullerton, CA, USA). A polyacrylamide (PAA) aoated capillary was purchased
from Beckman. The bare fused dlica cepillaay was from Composite Meta
Services Ltd (Worcester, UK). The running buffer was 120 mM boric acid
adjusted with tris (500 mM) to pH 7.4 or a 100 mM borate buffer adjusted to pH
10.2 with sodium hydroxide. The coated capillary was conditioned with running
buffer for 10 minutes before the first run and for 3 minutes prior to each injection.
The bare fused silica capillary was rinsed with 1 M sodium hydroxide for 15
minutes and with water for 5 minutes before the first injection. Between runs, the
capillary was conditioned using 1 M sodium hydroxide solution for 2 minutes and
then with run buffer for 4 minutes. Detection was performed at an excitation
wavelength of 488 nm and an emisson wavelength of 520 + 20 nm. The
separations were performed with the following conditions:

1. Bare fusad slica capillary with 50 nm i.d. x 57 cm in length (50 cm to the
detector window), 100 mM borate buffer (pH 10.2), voltage+10 kV, temperature

20°C, injection4 s& 0.5 ps pressure.

133



2. PAA coated capillary with 50 nm i.d. x 57 cm in length (50 cm to the detector
window), 120 mM tris-borate buffer with pH 7.4, voltage —30 kV, temperature 20

°C, injection 4 sat 0.5 psi pressure.

8.2.3 Derivatisation procedure

The derivatisation was performed according to the method described by de Belder
and Granath [12] with minor modifications. 10 mg of inulin sample was dissolved
in 0.1 mL of DMSO containing 1 mg of FITC and 0.05 mL of pyridine. 0.05 mL
of dibutyltin dilaurate was added to the mixture which was then heated at 95 °C
for two hours. After heating, the resulting solution was processed in two different
ways to remove unreacted FITC, namely the classcad way with ethanol
precipitation or dtenativdly by ethyl acetate washing. The derivatised

carbohydrates were then diluted 100 times with water prior to injection.

8.3 Results and discussion

8.3.1 Derivatisation

de Belder and Granath [12] reported that FITC reacts with dextran in dimethyl
sulphoxide (DMSO) a €eevated temperature to give O-(fluoresceinyl-
thiocarbamoyl)dextran (FITCdextran). The reaction is catalysed by dibutyltin
dilaurate.

Smilarly, inulin forms derivatives with FITC (Figure 8.2) via the hydroxyl
groups. The isothiocyanate group can react with any of the hydroxyl groups of a
polysaccharide athough it is known that primary hydroxyl groups react faster

than secondary ones.
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Figure8.2 Reaction of inulin with FITC

Multiple peaks can be seen in the electropherograms of the derivatives, eg. in
Figure 8.3 B and in the insert. This is a common problem when FITC is used for
derivatisation of saccharides. This multiple peak formation could not be avoided,
whatever the molar ratio of FITC and inulin was used in the reaction. This was
aso the case in other studies. For example, multiple tagging also occurs in the
derivatisation of myoglobin with FITC because the multiple amino groups are
involved in the reaction. This has been illustrated with CE by Banks and Paqudte

[13].

8.3.2 Separation of commercial inulin-FITC derivative by CE
Inulin-FITC derivative codd not be well separated according to DP number on a

bare fused slica capillary. Figure 8.3A shows the best separation of a commercia
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inulin-FITC derivative on a bare fused dlica capillary with the akaline borate
buffer. Under these conditions, the high EOF causes fast eution of the whole
inulin content in 12 minutes. Only a series of partly separated peaks representing
relatively low DP chains is noted.

In order to increase resolution, a PAA coated capillary was used. The EOF is
suppressed by the coating layer and reversed polarity had to be used. Moreover, a
wide pH range can be chosen for ionisation of the acidic functions of the
derivatives. As a result, very good separation of the chain length distribution of
the commercid inulin-FITC derivative was obtained a pH 7.4 with 120 mM tris-
borate as shown in Figure 8.3 B.

The minor sgnas duting early are reagent impurities. Inulin samples can thus be
separated according to distinction of the charge to mass ratio of their FITC
derivatives. Multiple pesks are observed and this particularly for the reatively
low DP oligomers. Single main peaks appear when the DP became relatively high
(Figure 83 B, insat). Multiple tagging definitely aso occurs for high DP
polymers. However, they cannot be separated from the main peaks because of the
smdl differences in eectrophoretic mobility. The higher the MW is, the lower is
the difference in eectrophoretic mobility between the different polymer chains.
Combined with an increasing longitudinal diffusion for high DP numbers, this led

to asingle peak for each high MW polysaccharide.
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Figure8.3  Electropherograms of commercial inulin-FITC

CE oonditionsasdescribed in 8.2.2.
A condition 1, B: condition 2.

8.3.3 Separation of inulin samples after ethanol washing
Three inulin samples, named HP, LS and ST, were derivatised with FITC and

analysed on the PAA coated column. Unreacted FITC was removed by extracting
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the reaction mixture with ethanol. As can been seen in Figure 8.4, the separation
profiles of these three inulin samples are very similar and only the peak heights
are different. LS and ST inulin show lower pesk heights than HP inulin.

A series of peaks with low peak height eluting after sucrose and between 8 and 13
minutes, is observed in the profiles of the samples LS and ST but not in the
sample HP. They are oligomers with a DP from O to about 10. The samples were

spiked with sucrose (DP 0) to mark the initid elution of the oligomers.

8.3.4 Separation of inulin samples after ethyl acetate washing

FITC-inulin oligomers with rdatively low chain lengths (GF, GFF,, GFF,, GFF;,
etc.) were observed to dissolve in ethanol. Consequently, the electropherogramsin
Figure 8.4 show no significant difference in chain length distribution between the
three inulin samples. Instead of ethanol, ethyl acetate was used to extract the
reagent residues. The separation profiles of the three inulin samples are displayed
in Figure 85. LS and ST inulin give profiles that are drasticaly different from
those obtained after ethanol extraction. LS and ST inulin turned out to contain
high amounts of oligomers with relatively low DP ranging from 0 to about 10.

This proved that the low DP oligomers were removed during the precipitation
process when ethanol was used whereas these oligomers remained in the water
solution upon washing with ethyl acetate.

The separation of inulin derivatives obtained by the classica ethanol extraction
process [13] did thus not reflect the real content and distribution of the chains of

the samples.
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Figure8.4  Separation profilesof inulin-FITC after washing with ethanol

CE conditions see section 8.2.2. Condition 2 was applied.
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CE conditions: see section 8.2.2. Condition 2 was applied.
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The separation profile of the HP sample after ethyl acetate washing (Figure 8.5
HP) had nearly the same shape as that after ethanol extraction (Figure 8.4 HP).
Only some small additional peaks eluting between 8 to 13 minutes, and thus low
DP oligomers from 0 to 10, were noted.

The separation profile of HP inulin (Figure 8.5) was obvioudy different from
those of LS and ST but is nearly the same as the commercid inulin-FITC (Figure
8.3 B). Indeed &fter the experiments we have been informed that the HP sample
was pure inulin, whereas LS and ST were enzymatic degradation products.
Elucidation of the DP numbers was established by using some commercial
available oligomers, namely GF (DP 0), GFF, (DP 1), GFF, (DP 2) and GFF;(DP
3). HPinulin was separated up to DP 90 (Figure 8.5 HP, insert).

Degraded inulins, namely LS and ST, both contained high amounts of low DP
oligomers from 0 to about 10 compared to HP inulin, as illustrated in Figure 8.5.
Differences between the profiles of LS and ST inulin were observed by comparing
the peak heights. In the profile of LS inulin, a relatively low peak height is noted
for GF (DP 0) and the highest peak is GFF, (DP 1), whereas the highest peak
height in the profile of ST inulin is GF (DP 0). The peak in front of sucrose (DP
0), indicated with an asterisk in Figure 8.5 ST, is an unknown impurity probably
originating from the hydrolysis. Therefore, it can be assumed that LS and ST
inulin samples are produced by different degradation procedures.

Hence, upon evauation of CE profiles prepared after ethyl acetate washing
instead of ethanol precipitation, it is possble to differentiate inulin samples

obtained after different enzymeatic treatments.
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8.4 Conclusion

Characterisation between different inulin samples could be done by using FITC

derivatisation and CE-LIFD even though the derivatisation reaction led to more

complex profilesthan e.g. APTS derivatisation.
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Chapter 9

CE Analysis of Gums

Abstract

Gums were derivatised with the fluorescence reagent, 9-aminopyrene1,4,6-
trisulfonic acid (APTS) followed by microcentrifuge filtering. The resulting high
mass fractions were analysed by capillary electrophoresis (CE) on a
polyacrylamide (PAA) coated capillary with laser induced fluorescence detection
(LIFD). A wide range of electrolytes was used. The effect of the pH on the
electrophoretic mobilities and the peak shapes for the gum constituents was found
to be significant. The separation of a mixture of five commercial gums, namely
iota carrageenan, kappa carrageenan, alginic acid, xanthan and carboxymethyl
cellulose (CMC) was achieved at pH 3.2 with a 25 mM trisodium citrate buffer. A

mixture of arabic gum, karaya gum and CMC could be separated at pH 7.8.

9.1 Introduction

Gums represent a largely unexplored source of vauable materids. The structures
and the constituents of some important gums, important in relation with eg.
biological activities in drugs, functiona properties in foods, etc. have been
outlined in Chapter 2 (24.4). An anayticad technique for their effective

characterisation is highly demanded. Because of the compositional and structural
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diversity, combined with the high molecular weight (MW) (Chapter 2, Table 2.1
and Table 2.1), it isagreat chdlenge to achieve this god.

The classical approach is chemica or enzymatic decomposition followed by
chromatographic separation of the constituting monosaccharides. Schneider et al.
[1] used capillary dectrophoresis (CE) to andyse severa commercial thickeners,
including arabic gum, pectin, sodium aginate, tragacanth gum and xanthan gum,
after hydrolysing the gums with sulfuric acid and tagging the monosaccharides
with  9-aminopyrene-1,4,6-trisulfonate  (APTS). A poly(methyl methacrylate)
capillary was used because of its stability in a highly akaline buffer system. The
identification and quantification of gums based on their basic constituents,
however, has limited application. For example, acid hydrolysis of a mixture of the
galactomannans in guar gum and locust bean gum (LBG) will yield mannose,
gdactose and arabinose. Because there is a rather large variability in the ratio of
mannose to galactose in locust bean gum (LBG), quantification of LBG in a
mixture with guar gum will be erratic [2].

Although capillary electrophoresis alows separation of polysaccharides with a
high degree of polymerisation (DP) (see Chapter 7 and 8), full separation of the
chain lengths in gums is not yet possible. This is due to the extremely high
molecular weight (MW) (Chapter 7), the compositional heterogeneity and the
poor electrophoretic properties of gums. For example, carboxymethyl cdlulose
(CMC), both native and enzymatically decomposed, can only be partially resolved
on a linear polyacrylamide coated capillary by using buffer additives [3] or by
applying 18% instacryl gel [4]. Pertidly hydrolysed kappacarrageenan was

studied by Sudor and co-workers [5] using both ge and gd free buffers and
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separation was only achieved to approximately 30 DP. The magjority of solutes,
appeared as a hump-like peak, indicating that the separation of chain lengths was
far from complete.

Alternatively, the analysis of polysaccharides as a single peak by CE, regardliess
their chain length digtribution and compositional heterogeneity, became an
interesting approach in recent years for the characterisation of polysaccharides.
Brewster and Fishman [6] reported that amylose and amylopectin could be
resolved in 10 minutes by using iodine containing buffers in an unmodified
capillary column. lodine imparted charges and alowed UV-detection at 560 nm.
Derivatisation steps were avoided in this method but the senstivity waslow.

Another example of the intact separation by CE was contributed by Zhong et al.
[7] through the analysis of large pectin molecules (DP 200-1000). The separation
of pectins with different degree of esterification (DE) was performed smply in a
bare fused silica capillary with phosphate buffer (pH 7.0). The migration time was
a function of the DE, and a linear relationship was found between the pectin
charge and the mobility. The separation was achieved in less than 20 minutes and
derivatisation was not necessary. The relatively high limit of detection (LOD) of
0.5 mg/ml of this method was due to the low UV absorption coefficient of the
solutes. Calibration was difficult because of lack of pectin standards with different
DE.

Recently, the three types of carrageenan, namely iota, kappa and lambda
carrageenan, were separated as intact pesks by CE [8]. Carrageenan was
derivatised with APTS and then fractionated using microcentrifuge filters. The

high MW fractions of carrageenan-APTS (retentates) were separated in a bare
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fused slica capillary and detected with LIFD. The separation of iota and kappa
carrageenan was achieved in 5 minutes by setting the anadlysis temperature a 50
°C. Lambda carrageenan, although not baseline resolved from kappa and iota-
carrageenan, could be clearly identified through its migration time and specific
peak shape.

The aim of this work was to analyse a series of gums of commercia interest as

single pesks on a polyacrylamide (PAA) coated capillary by CE-LIFD.

9.2 Experimental

9.2.1 Chemicals

All the commercid gums, citric acid, trisodium citrate and sodium
cyanoborohydride were obtained from SigmaAldrich (Steinheim, Germany).
Carrageenan samples were kindly provided by Rhodia, Centre de Recherches
d Aubervilliers (France). Natura and synthetic guar samples were from Quest
Internationd  (Naarden, The Netherlands). 9-Aminopyrenel,4,6-trisulfonate
(APTS) was from Lambda Fluoreszenztechnologie (Graz, Austria). HPLC grade
tetrahydrofuran (THF) was from Lab-Scan Ltd. ©ublin, Ireland). Acetic acid and
sodium hydroxide were obtained from Panreac (Barcelona, Spain). The water
used through the experiments was produced by a Milli-Q purification system

(Millipore, Bedford, MA, USA).

9.2.2 Sample preparation
1 mg gum was mixed with 15 mL APTS (38 mM in 15% acetic acid) and 4 nL of

sodium cyanborohydride (1 M in THF). The mixture was then heated at 95 °C for
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3 hours. After heeting, the mixture was diluted with Milli-Q water to 2 mL. For
each sample, 60 mL of the diluted solutions was then transferred in the micro-
concentrators (Millipore, Bedford, MA, USA) with 3~ 10" molecular mass cut-
off filters followed by addition of 300 mL of Milli-Q water. The micro-
concentrators were used for all samples unless indicated otherwise. Centrifugation
was performed for 20 minutes at 6000 rpm and repeated twice after addition of
300 mL of Milli-Q water. The retentates were then collected by inversing the
micro-concentrators and performing centrifugation a 4000 rpm for 5 minutes.

Findly, 60 mL of Milli-Q water was added to dilute the retentates.

9.2.3 CE procedures

All experiments were carried out on a P/ACE 2100 CE system equipped with
laser induced fluorescence (LIF) detection (3 mW 488 nm argon laser from
Beckman Fullerton, CA, USA) at 488 nm excitation wavelength and 520 + 20 nm
emission wavelength.

A polyacrylamide (PAA) coated capillary with 50 mm i.d. © 40 cm effective
length (Beckman, Fullerton, CA, USA) or a bare fused slica capillary with 50 mm
i.d. ©~ 50 cm effective length (Composite Metal Service, Worcester, UK) were
used. Between runs, capillaries were conditioned by rinsing with Milli-Q water
for 2 minutes, and then with run buffer for 4 minutes. 25 mM trisodium citrate
buffers were adjusted to different pHs by using 1 M ciric acid. Sodium hydroxide
was used to adjust 25 mM trisodium citrate to pH 7.8.

The separations were carried out a a voltage of -30 kV (anode outlet) and a a

temperature of 30 °C. Electrokinetic injection was applied because it provided
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much higher sendtivity than pressure injection for the APTS-derivatised

carrageenans [8].

9.3 Results and discussion

9.3.1 Separation of carrageenans

9.3.1.1 Separation without fractionation

The structures of the three types of carrageenan are depicted in Figure 2.6
(Chapter 2). These three forms differ discretely in their charges and are therefore
amenable to electrophoretic separation. The three types of the carrageenan are
negatively charged across a broad pH range (pH >1) [8] due to the strong acidic
nature of the sulfate groups and should therefore migrate towards the anode under
acondition of low electroosmotic flow (EOF).

The separations of kappa and iota carrageenan-APTS derivatives before
centrifugation are shown in Figure 9.1. As can be seen, interference from the
derivatising reagent strongly complicates the recognition of the analytes of
interest. This is especialy the case for iota carrageenan that contains a high native
charge density with a migration time of less than 4.5 minutes. Kappa carrageenan,
dthough showing a profile different from iota, could be separated only as a broad

peak accompanied by some small peaks, as the arrow indicates in Figure 9.1

Kappa.
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Figure9.1  Separation profiles of iota and kappa carrageenans without
centrifugation

CE conditions: 50 mmii.d. © 50 cm effective length of a bare fused
dlica capillary, voltage —30 kV, temperature 30 °C, run buffer 25

mM trisodium citrate, pH 3.0, injection, 2 s of water at 0.5 ps, 5 s
of sampleat -10kV, 1 sof water at -3kV.

9.3.1.2 Separation of carrageenans after micro centrifugation
In order to remove excess labelling reagent and the small DP fraction, a micro-
centrifuge filter was employed. A micro-centrifuge filter with 3 ~ 10* molecular

mass cut-off was chosen because the molecular weight of carrageenans is above

this cut-off.
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The derivatised carrageenan samples are thus divided into two fractions namely
the eluates (MW lower than 3 “ 10%) and retentates (MW higher than 3~ 10%). The
electropherograms of the retentates using the same CE conditions as for the total
separation (Figure 9.1) are shown in Figure 9.2. The three types of standard
carrageenan samples clearly show a characteristic migration time and peak shape
after treatment with the centrifuge filters. The lambda standard sample, however,
was of concern. It seems to be polluted with iota carrageenan as will be discussed
further.

Compared to Figure 9.1, most of the labelling reagent and low DP saccharides are
removed. The first visible minor pesk in Figure 9.2 represents APTS residues
which are useful as a mobility standard to guard againgt any shift in migration
time. The relative migration times, i.e. the migration time of the carrageenans over
the APTS marker, as measured from Figure 9.2, are 1.19 for iota, 1.24 for Bmbda
and 1.66 for kappa, respectively. These values can only be used for differentiation
of iota/lambda from kappa. The peak shapes of the carrageenans differ, while iota

is characterised by a nearly Gaussian shape, Lambda shows tailing and kappa

leading. The tailing factor defined as @b 100 in which ais the half pesk width at

the leading part and b is the half peak width at the tailing part measured at 10% of
the peak height are 103 for iota, 31 for lambda and 162 for kappa, respectively.

The peak shape also helpsin characterising the carrageenans.
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Figure9.2 Separation of the retentates of commercial (A) iota, (B) lambda
and (C) kappa carrageenan. (D) superimposed el ectropherograms
of iota, lambda and kappa carrageenan

CE conditions as described in Figure 9.1.
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The APTS peak area or height indicates the high filtration efficiency. Another
important effect of usng a microcentrifuge filter was the concentration of the
anaytes of interest. This is demonstrated by the increase in the rdétive
fluorescence intensity scales of the retentates (Figure 9.2) compared to the
unfiltered carrageenan samples (Figure 9.1) of kappa. Hence, this improves the
detection limit, which is critical for detection of high MW polysaccharides tagged
only at their reducing terminals. It is noted that the kappa standard contained some
minor traces of iota carrageenan (Figure 9.2).

The peaks of al types of carrageenan retentates are relatively broad (Figure 9.2).
This is because polysaccharides inherently congtitute a wide range of chain
lengths and thus a broad distribution of charge to mass ratio.

A temperature of 30 °C during the electrophoretic process results in an analysis
time of less than 7 minutes. Roberts et al. [8] reported that by increasing the
temperature, migration time was dragticaly reduced while only a dight reduction
in efficiency and resolution was observed. This is because the conformational
states of carrageenan polysaccharides are a function of the temperature. At a
rdaively high temperature, the polymer chain can be a random coil rendering the
structure looser and hence, due to lower electrostatic interaction, more free
charged sites exist in solution, resulting in higher mobility. A temperature as high

as 50 °C was used to separate iota and kappa carrageenan in 4 minutes [8].

9.3.1.3Separ ation of the carrageenan eluates
The separation profiles of the eluates from iota and kappacarrageenan after the

centrifuge filtration show the low molecular mass portion (Figure 9.3). The
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commercial available Beckman carbohydrate gel buffer was used because this

buffer contains an anti-convective additive that improves peak efficiency.
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Figure9.3 Separation of the eluates of (A) iota and (B) kappa
carrageenan

CE conditions: bare fused silica capillary with 50 pmi.d. © 57 cm
in length (50 cm to the detector window), voltage -30 kV, 30 °C,
the first injection, 2 s of water a 0.5 pd, the second injection, 5 s
of sample a —10 kV and the third injection, 1 s of water a —3 kV,

Beckman carbohydrate separation gel buffer (Beckman, Fullerton,
CA, USA).

Through comparison of the blank with both the iota and kappa profiles, low DP

oligomers were observed in kappa carrageenan, as indicated by the asterisks in

Figure 9.3 B while the profile of iota carrageenan was the same as the blank
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which indicates that no low DP oligomers are present in iota carrageenan (Figure
9.3 A). The impurities are certainly present in very low concentration compared
to the parent carrageenan with high MW. Since the concentration of APTS tag is
directly proportional to the concentration of the reducing end, the compounds with
low molecular weight have a relatively high concentration of APTS compared to
those with high molecular weight. Therefore, the fluorescence signal of the small
DP compounds will be many times higher than the signal of an equal amount of

high DP compounds.

9.3.1.4 Analysis of some other carrageenan samples

The method described above was successfully employed for the analysis of five
carrageenan samples given for identity confirmation and purity check. The
samples were considered to be

1", kappa carrageenan, 2" kappa carrageenan, 3, lambda carrageenan,

4", lambda carrageenan, 5', iota carrageenan.

The separation obtained with the five samples are given in Figure 9.4, 9.5, 9.6 and

9.7, respectively.
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Figure9.6  Separation of APTS derivatised 5" after filtration
CE conditions as described in Figure 9.1.
APTS
41
Tg’ 311
é 26 1
% 21 1
Qo 16
o
g 111
S .|
T 6
1
-4 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
Ml gration time (min)
Figure9.7 Differentiation of the retentates from the three APTS derivatised

samples after centrifigution
Peaks: 2* = kappa carrageenan, 3° = lambda carrageenan, 5" = iota

carrageenan.
CE conditions asdescribed in Figure 9.1.
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1* and 2 give the typical kappa carrageenan separation profile as confirmed by
the kappa carrageenan standard (Figure 9.5). These two samples aso contain
minor traces of iota and lambda carrageenan as the arrows indicate in Figure 9.4.
3" and 4" are assumed to mainly contain lambda carrageenan through comparison
with the standard (Figure 9.5). However, they elute between 1* (or 2 and 5" with
much better resolution than in Figure 9.2. This lambda sample is indeed
contaminated with iotal A much better resolution between iota, lambda and kappa
is noted in Figure 9.7 compared to Figure 9.2. Recdculating the relaive migration
time for iota and lambda gives in 1.19 and 1.24, respectively, with tailing factors
of 83 and 120, respectively. It is observed that 3 also contains iota carrageenan
(Figure 9.7) but 4" does not. Besides, a higher amount of kappa carrageenan is
present in 3* compared to 4” (Figure 9.5).

5% is iota carrageenan containing a minor amount of kappa carrageenan (Figure

9.6).

9.3.1.5 Separation of carrageenanson a PAA coated capillary

By using a polyacrylamide (PAA) coated caillary, the separation of the three
carrageenans could be achieved more rapidly (in 4 minutes) using the same buffer
system as for the uncoated capillary with the exception that a higher pH (pH 3.2)
was applied (Figure 9.8). The migration time repeatability was very good for iota
(RSD = 0.22%, n = 6) and kappa (RSD = 0.37%, n= 6) carrageenan. Besides, the
separation efficiency was raised when the buffer pH was increased. When the pH
was above 4.4, peak splitting was observed for kappa carrageenan and this is not
desired. Hence, a buffer with pH < 4.4 was used. At pH 4.4, the separation

efficiency (N) of iota carrageenan was 20,000. This was much higher than that
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measured on an uncoated capillary (N = 2,300) reported by Roberts et al. [8]. The
efficiency for kappa carrageenan (N = 9,514) was aso higher than that obtained
on abare fused silicacapillary (N = 5,700) [8].

Moreover, the buffer pH could be varied over a wide range from 3.0 to 7.8
offering advantages for the analysis of gums like CMC, xanthan gum, arabic gum,
etc. This allowed to control the degree of deprotonation and thus to improve the

electrophoretic properties of gums.
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Figure9.8 Analysisof iota, kappa and lambda standard carrageenanson a
PAA coated capillary

CE conditions: 50 pm i.d. © 40 cm in effective length of PAA
coated capillary, 25 mM trisodium citrate buffer, pH 3.2, voltage

-30 kV, 30 °C, injection 2 s of water a 0.5 psi, 5 sof sample at -10
kV and 1 sof water at -3kV.

159



9.3.2 CE analysis of alginic acid and agar gums from seaweeds

Like carrageenan, dginic acid is a gum extracted from seaweed. It is a highly
negatively charged polysaccharide. Alginic acid is composed of mannosyluronic
and gulosyluronic acid. A mixture of iota carrageenan, kappa carrageenan and
dginic acid could be well separated on the coated capillary with 25 mM trisodium

citrate buffer at pH 3.2 asillustrated in Figure 9.9.
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Figure9.9 Separation of the mixture of iota carrageenan, kappa
carrageenan and alginic acid.

CE conditions asdescribed in Figure 9.8.

Mannosyluronic and gulosyluronic acid present in alginic acid have a weaker
acidity than the sulfate groups of carrageenans, hence alginic acid eluted as the
last solute. Further increase of the buffer pH resulted in shorter migration times

and aginic acid eluted between iota and kappa carageenan. Agar, as shown in the
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insert of Figure 9.9, had the same migration time as iota carrageenan and could
thus not be separated from iota carrageenan.

The mixture of five gums, i.e. xanthan and CMC, aginic acid, iota and kappa
carrageenan, was separated in 10 minutes as illustrated in Figure 9.10. The later
the eution is, the broader is the peak, i.e. CMC has the longest migration time and
thus the broadest peak. The amount of deprotonated carboxyl groups of CMC is

low at pH 3.2, which causes a relatively low charge density of CMC and thus a

low mobility.
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Figure9.10 Separation of the mixture of iota and kappa carrageenan, alginic
acid, xanthan and CMC

CE condition: asdescribed in Figure 9.8.

The peak partly co-euting with iota carrageenan, indicated by the asterisk, is a
portion of xanthan with a relatively high charge density. The molecular weight of

this fraction of xanthan was demonstrated to be from 1 ~ 10* to 3 ~ 10* by

161



employing microcentrifuge filters with 3 ~10% 1 10* and 3~ 10" molecular mass

cut-off, respectively.

9.3.3 Further experimentswith CMC

The pesk shape and migration time of CMC in function of the buffer pH on the

PAA coated capillary were aso studied. The profiles are shown in Figure 9.11.
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Figure9.11 Electropherogramsof CMC at different buffer pH
CE conditions: same as in Figure 9.8 except for the buffer pH that
was (A) 3.6, (B) 4.8, (C) 5.6 and (D) 6.0, respectively.
The migration time is strongly reduced (see also 9.8) and the peak becomes
narrower by increasing the pH from 3.6 to 4.8 because dissociation of the
carboxyl groups is encouraged. A dight reduction of migration time of CMC was

further observed from pH 4.8 to 6.0 while the migration time as well as the peak
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shape remained constant from pH 6.0 to 7.8. This indicates that a a pH higher
than 6.0 deprotonation is complete and a maximum mobility is obtained.

Above pH 4.0, the major peak of CMC appeared to split. With increasing pH, the
split position moved to the beginning of the peak until only a dightly split peak is
observed at pH 6.0 as indicated by the arrow in Figure 9.11 D. Such an un-
consecutive migration pattern could indicate structural  heterogeneity in
carboxymethylation. Incomplete reactions may indeed result in products of

guestionable uniformity [9].

9.3.4 Gum Arabic, karaya and ghatti (gums from trees)

Compared to the gums from seaweed, the gums in this group are structuraly more
complex (Chapter 2, Table 2.2). Galacturonic acid is known to be one of the
congtituents of al these exudate gums. The acidic residues provide negative
charges and thus the eectrophoretic migration in an dectric field. Increasing the
pH of the run buffer has a significant effect on the migration times and on the
peak shapes of these gums as well. The separation of the gums obtained at pH 7.8
are shown in Figure 9.12 (arabic and karaya gum) and Figure 9.13 ( ghatti gum).
Arabic gum shows a broad pesk besides one early eluting solute while karaya and
ghatti gums show inconsecutive migration patterns. This could reflect a structural
heterogeneity in the composition of these gums. The characteristic profiles can be
used for their differentiation. The separation of the mixture of CMC, gum Arabic
and gum karaya at pH 7.8 in 9 minutes is shown in Figure 9.14. The high pH was

necessary to obtain the fast migration and good peak shape.
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Figure 9.12 Electrophoretic separation profiles of gum Arabic and karaya

CE conditions: 50 umi.d. ©~ 47 cmin length (40 cm to the detector
window) of a PAA coated capillary, 25 mM trisodium citrate buffer
pH 7.8, -30 kV, 30 °C, thefirst injection 2 s of water at 0.5 ps, the
second injection 5 s of sample at —10 kV and the third injection 1 s
of water & -3 kV.
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Figure 9.13 Electrophoretic separation profile of ghatti gum

Insert: the early euting from 1to 4 min.
CE conditionsas described in Figure 9.12.
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Figure 9.14 Separation of a mixture of CMC, karaya and arabic gum

CE conditions asdescribed in Figure 9.12

9.3.5 Guar gum (gum from seed flour)

Guar gum, which consists mainly of mannose and galactose (Chapter 2, 2.4.4.3),
did not elute under the CE conditions described above. Only some early eluting
peaks with a relatively low MW were detected. This is because guar and LBG are
naturaly neutral and the limited amount of negative charges introduced by the
derivatising reagent (APTS) are not sufficient to obtain enough electrophoretic
migration of these high mass polymers.

The separation of a synthetic guar gum on a bare fused silica capillary with a low
pH (2.2) phosphate buffer gave the profile shown in Figure 9.15. Only a small
amount of low DP oligomers is recorded. The natural guar sample has the same

separation profile as the synthetic one.
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The dution profile of the main peaks probably represents the guar backbone
constructed by linear chains of b-1,4-D-mannopyranosyl units, while the
relatively small peaks accompanying every main peak correspond to branched

chains of D-galactopyranosy! units attached by a-1,6-linkages [10].
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Figure 9.15 Separation of synthetic guar gum derivatised with APTS
CE conditions: bare fused silica capillary 75 pm i.d. x 57 cm in

length (50 cm to the detector window), 80 mM phosphate buffer
pH 2.2, voltage -10 kV, injection 10 sat 0.5 psi, 20 °C.

9.3.6 Pectins

Three commercial available pectins with different degrees of esterification (DE)
were analysed on the PAA coated capillary (Figure 9.16). The lower is the DE,
the shorter is the migration time and the narrower is the peak. The migration is

based on the free galacturonic acid groups of the pectin samples.
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Figure 9.16 Electropherograms of three pectins with DE 26%, 65% and 89%

CE conditionsas described in Figure 9.8.

A patid overlap of the peaks occurred. A linear relationship could be observed
between the migration time of the different pectins and their DE, as is shown in
the insert of Figure 9.16. Hence, by using a more extensive set of standards, the
DE for pectins could be measured in this way. The broad peak shape impliesthe
broad distribution of egterification aong the chain lengths. The pectin with
highest DE (89%) gives the broadest pesk shape, which means it has the largest
distribution of eserification among these three standards. In  addition,
inconsecutive migration was also observed for pectins when the buffer pH was

increased, which reflects the heterogeneous esterification.
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9.4 Conclusion

For the first time, the separation of intact high MW polysaccharides on a PAA
coated capillary is described. Shott analysis time can be obtained by adjusting the
buffer pH. For example, highly negatively charged polysaccharides such as
carrageenans and aginic acid were best separated at low pH 3.2 while a high pH
like 7.8 is needed to separate Arabic, karaya, and ghatti gum. Inconsecutive
migration was observed on severa occasions. This indicates structural

heterogeneity of the analysed gums.
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Chapter 10

Analysis of Hemicellulose and its Hydrolysates by CE-L I FD

Abstract

Hemicellulose (xylan) was derivatised with 3aminopyrene-1,4,6-trisulfonic acid
(APTS) and the solutes were separated by CE as borate complexes on a bare
fused silica capillary coupled with laser induced fluorescence detection (LIFD).
Profiles of xylan during enzymatic degradation were monitored. Identification
and quantitative determination of neutral monosaccharides derived from
enzymatic hydrolysis by xylanase and from chemical hydrolysis by trifluoroacetic

acid was performed and the results were compared. This is only a preliminary

study.

10.1 Introduction

Besides cdlulose and lignin, hemicdlulose is the most important constituent of
terestrid plant cdl wadls [1-3]. It is built up from different monosaccharide
congtituents, mainly D-glucose, D-galactose, D-mannose, D-xylose, L-arabinose,
L-fucose, L-rhamnose, D-glucuronic acid, D-galacturonic acid and 4O-methyl-D-
glucuronic acid (see Chapter 2, 2.4.3). The amount of these principal residues

present in hemicellulose differs depending on the source.
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Determination of the kind and quantity of basic units present in hemicdlulose is
usually thefirst step in its characterisation.

Hemicellulose is commonly hydrolysed by using mineral acids, formic acid or
trifluoroacetic acid. Trifluoroacetic acid is preferred since it can be removed by
evaporation, and hence neutralisation is not necessary. Enzymatic hydrolysis of
hemicellulose is ill expensve and the completion is questionable. The
subsequent determination o the component monosaccharides has been performed
by gas chromatograhy (GC) [4] which offers the advantage that it can easily be
coupled with mass spectrometry (MS). It suffers from the drawback, however,
that carbohydrates need to be converted into volatile derivatives prior to anayss.
Derivatisation may therefore be incomplete and can lead to the formation of
multiple pesks per andyte. A number of high performance liquid chromatographic
(HPLC) techniques have been used to anadyse the carbohydrates present in
hemicellulose. Although higher resolution can be redlised by means of HPLC
separation of carbohydrates on a strong anion-exchange resin using a sodium
hydroxide gradient, the method has some shortcomings. One is that neutra
saccharides and uronic acids cannot be analysed under the same conditions and
another is that elaborate sample pretreatment is needed in order to remove
contaminants usualy encountered in biomass degradation samples, such as
lignins, tannic acids, trifluoroacetic acid, and various hydroxylated components,
which otherwise interfere either with the retention or with the pulsed
amperometric detection of carbohydrates [5, 6]. Capillary electrophoresis (CE)
was shown to be a valuable tool for analysing carbohydrates present in

hemicdlulose after either chemica hydrolysis using trifluoroacetic acid [7, 8] or
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enzymatic hydrolysis [8, 9]. In the work of Huber and coworkers [7], the
monosaccharides present in  xylan obtained from the hydrolysis with
trifluoroacetic acid were tagged with p-aminobenzoic acid (p-ABA) and then
separated by CZE. Galacturonic acid and glucuronic acid could be separated but
not rhamnose and mannose because rhamnose was masked by the reagent peak
and mannose co-eluted with glucose. In addition, loss of the total yields of
carbohydrates was reported in this study.

Dahlman et al. [9] studied the carbohydrate composition of hemicellulose by CZE
with UV detection. The polysaccharides were first hydrolysed using a mixture of
cdlulase and hemicdlulase (xylanase and endoglucanase). The hydrolysate was
then derivatised with 4-aminobenzoic acid ethyl ester (ABEE). Both neutra
monosaccharides and uronic acids could be separated in a single run with the
detection a 306 nm wavelength. The total yields of carbohydrates (93-97%)
reported were high. L-rhamnose and L-fucose, however, were not investigated in
thiswork.

The aim of this work was to use CE with LIF detection for the analysis of
enzymatic degradation profiles of commercia xylan and the basic constituents

derived from both chemical and enzymatic hydrolysis.

10.2 Experimental
10.2.1 Chemicals

Trifluoroacetic acid and sodium cyanoborohydride, borax, xylan from birchwood
and oat spelts, xylanase (b-1,4-D-xylanxylanohydrolase) from Aureobasidium

pullulans, the standard monosaccharides, L-rhamnose, D-glucose, D-galactose, D-
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xylose, L-fucose, D-ribose, D-gaacturonic acid and D-glucuronic acid
monohydrate were obtained from SigmaAldrich (Steinheim, Germany). D-
mannose was from Janssen Chimica (Beerse, Belgium). L-arabinose was obtained
from EgaChemie (Steinheim/Albuch, Germany). The purity of the standards was
99% except for D-galacturonic acid (97%). Xylooligosaccharides were obtained
from Megazyme (Bray, Iredand). Glacid acetic acid was from Panreac
(Barcelona, Spain). Sodium hydroxide was obtained from UCB (Leuven,
Belgium). HPLC grade tetrahydrofuran (THF) was obtained from Lab-Scan Ltd.
(Dublin, Irdland). 9-Aminopyrenel,4,6-trisodium sulfonate (APTS) was
purchased from Molecular Probes (Leiden, the Netherlands). The water used
through al the experiments was produced by a Milli-Q purification system

(Millipore, Bedford, MA, USA).

10.2.2 Sample preparation

10.2.2.1 Chemical hydrolysis

The chemica hydrolysis with trifluoroacetic acid was performed according © the
method reported by Rydlund and Dahiman [8]. Briefly, 5 mg of xylan were mixed
with 1 mL of trifluoroacetic acid (2 mol/L), then degassed with nitrogen for 10
seconds in order to remove oxygen, and thereafter heated in a boiling water bath
for 4 hours. The obtained hydrolysates were dried with nitrogen gas. 1 mL of
water, containing 2 10*M of ribose as the internal standard, was used to dissolve
the dried hydrolysate. The blank sample for the chemica hydrolysis was prepared

in the same way but without the addition of xylan.
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10.2.2.2 Enzymatic hydrolysis

Conditions of enzymatic hydrolysis were according to the report of Dahlman et al.
[9]. 0.5mL of the stock solutions of xylan (2 mg/mL) was mixed with 30 units of
xylanase (1,4-b-D-xylanxylanohydrolase, from Aureobasidium pullulang. The
incubation was performed at 40 °C in 25 mM sodium acetate buffer at pH 4.0 for
0.25,0.5, 1, 2, 4, 8 and 30 hours. The resulting hydrolysates were then derivatised
with APTS.

In addition, the hydrolysate obtained from 30 hour incubation was dried with
nitrogen gas and then dissolved with 0.2 mL of water containing 2 10* M of
ribose (the internal standard). The obtained solution was then used for the
quantitative determination of monosaccharides. Blanks, without the addition of

xylan, were prepared using the same procedure.

10.2.3 Derivatisation procedures

1. 5 mL of enzymatic hydrolysate was mixed with 8 n. of APTS (95 mM in 25%
acetic acid aqueous phase) and 4 L of sodium cyanoborohydride (1 M in THF).
Hesting was processed at 90 °C for 1 hour. The reaction mixture was diluted to 1
mL prior to injection. The resulting derivatives were used to investigate the
enzymatic degradation of xylan from birchwood.

2. For the investigation of the monosaccharide constituents of hemicellulose after
30 hour incubation, 5 m_ of the chemica hydrolysates and enzymatic hydrolysates
were mixed with 8 nL of 95 mM APTS in 25% acetic acid, respectively, followed

by the addition of 4 m_L of sodium cyanoborohydride (1M in THF). Then te
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reaction mixtures were hested at 90 °C for 1 hour and then diluted with water to 5
mL.

3. A mixture of 10 standard monosaccharides, i.e. L-rhamnose, D-glucose, D-
gaactose, D-xylose, L-fucose, D-glucuronic acid, L-ribose, L-arabinose, D-
mannose and D-galacturonic acid, was prepared as stock solution with a
concentration of 0.01 M of each sugar. Prior to derivatisation, the stock solution
was diluted to 0.0025 M for each monosaccharide. 10 mL of this solution (0.0025
M of every monosaccharides) was then mixed with 8 mL of 95 mM APTS (in 25%
of acetic acid) and 4 nL of 1 M sodium cyanoborohydride. After heating for 1
hour a 90 °C, the reaction mixture was diluted with water to 25 mL. The
calibration series solutions were prepared by dilution of this concentrated stock
solution.

4. The APTS derivative mixture of standard xylose, xylobiose, Xxylotriose,
xylotetraose, xylopentaose was prepared for identification of xylan chains. The
purity of these standards was not good enough for quantitative analysis.

5 L of the mixture of standard xylanoligomers was taken into an Eppendorf vial,
followed by addition of 8 mL of an APTS solution (0.095 M in 15% acetic acid

solution) and 4 L of sodium cyanoborohydride (1 M in THF). The mixture was

heated at 90 °C for 1 hour and diluted with Milli-Q water prior to injection.

10.2.4 CE procedures
The experiments were carried out on a PACE system 2100 coupled with laser
module 488 (Beckman, Fullerton, CA, USA). Detection was performed with laser

induced fluorescence (LIF) at 488 nm excitation and 520 + 20 nm emission. A
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bare fused silica capillary was rinsed with 1.0 M sodium hydroxide solution for 20
minutes and water for 10 minutes. Between two runs, the capillary was
conditioned with 1 M sodium hydroxide for 2 minutes and then with the run
buffer for 4 minutes. The borate buffer was adjusted to the required pH using

sodium hydroxide.

10.3 Results and discussion

10.3.1 Separation of native xylan

The APTS derivative of native xylan (from birchwood), i.e. the commercial xylan
without chemical and enzymatic hydrolysis, was separated with CE based on
borate complexation as shown in Figure 10.1.

The first mountain-like hump accompanied with non-separated peaks, results from
the insufficient distinctions of apparent mobilities between high DP polymer
chains. These early duates with a relatively high MW condtitute the mgjor content
of xylan although they give relatively low fluorescence absorption. Since every
polymer chain is tagged by only one APTS molecule at the reducing terminals, the
presence of high DP polymer chains can only contribute with trivial signals
generated from one tagged fluorescence molecule.

The identification of the peaks was established by spiking with the standards of
xylose (DP 0), xylobiose (DP 1), xylotriose (DP 2), xylotetraose (DP 3) and
xylopentaose (DP 4). The peak height of xylobiose appeared to be relatively low

in native xylan.
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Figure 10.1 Electropherogram of native xylan from birchwood derivatised
with APTS

Peaks: 1 = xylobiose (DP 1), 2 = xylotriose (DP 2), 3 =
xylotetraose (DP 3), 4 = xylopentaose (DP 4), etc.

CE conditions: bare fused slica capillary with 50 umi.d. ©~ 57 cm
in length (50 cm to the detector window), voltage +20 kV, 10 s
injection at 0.5 ps pressure, temperature 20°C, 100 mM borate
buffer pH 10.2.

* The APTS reagent used for this application contained severa
impurities.

10.3.2 Separation of xylan treated with xylanase with varying incubation

times

The enzymatic degradation profiles of xylan (from birchwood) obtained with
different incubation times are illustrated in Figure 10.2. Xylanase from

Aureobasidium pullulans was used for the depolymerisation.
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Figure 10.2 Analysis of xylan (from birchwood) submitted to enzymatic

treatment for varying incubation ti mes

A 0 hour, B 0.25 hour, C 2 hours, D 4 hours, E 30 hours.
CE conditionsas described in Figure 10.1.
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As can been seen in Figure 10.2, the size of the mountain-like hump decreased
with increasing incubation times. In the hydrolysate obtained after 30 hours of
incubation (Figure 10.2 E), the mountain-like eution is no longer vishle
indicating that the high DP polymer chains are completely decomposed into low
DP chains. This is aso shown in Figure 10.3 B, where increased peak heights of
xylose (DP 0) and xylobiose (DP 1) can bee seen for the enzymatically hydrolysed
sample. Hence, a longer incubation time results in increased pesk height for the
lower DP chains. The peak height of xylopentaose (DP 4) almost remains the
same after 15 minutes of incubation, and then also decreased with increasing
incubation times (Figure 10.2 C, D, E).

In addition, between DP 1 and DP 3, except the recognised peaks, some unknown
pesks appear irregularly as shown in Figure 10.2 B, C, D, E. The oligomers
corresponding to these unknown peaks could not be completely broken down even
after 30 hours of incubation (Figure 10.3 B). These unknown peaks could be the
oligomers that were not linked by b-1,4-D-xylopyranosyl bonds and could
therefore not be depolymerised by xylanase. In some cases, the regular eution
was interrupted by an irregular migration, for example, as can be seen in Figure
10.2 C. This phenomenon seems to be associated with the polysaccharide
behaviour in high electric fields. Sudor and Novotny [10] reported that the
charged polysaccharides undergo molecular stretching, resisting the desired
separation according to their molecular mass at constant potentials between 50
and 300 V/cm. However, it is not yet fully understood.

The differences between the native xylan and the degraded xylan after incubation

for 30 hours are clearly shown in Figure 10.3. After xylan was incubated for 30
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hours with xylanase and the high molecular weight polymers were depleted, large
amounts of xylobiose (DP 1) and xylose (DP 0) are detected. The origina
contents of xylose and xylobiose were very low in the native xylan (Figure 10.3
A).

In conclusion, CE coupled with LIFD appears to be a valuable technique to

monitor enzymatic degradation of polysaccharides.
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Figure 10.3 Comparison of the separation profiles of native xylan (A) and
xylan after 30 hours of incubation (B)

Peak: 0 = xylose (DP 0), 1 = xylobiose (DP 1), 2 = xylotriose (DP
2), 3 = xylotetraose (DP 3), 4 = xylopentaose (DP 4), IM =
impurity

CE conditions as described in Figure 10.1.
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10.3.3 Separation of the standard mixtures of xylan oligosaccharides and
monosaccharides

Commercially available xylan oligosaccharides were separated as shown in Figure

10.4. This separation can aso be completed in 13 minutes by using a shorter

capillary (40 cm effective length).
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Figure 10.4 Separation of the standards of xylan oligomers
Peaks: 0 = xylose (DP 0), 1 = xylobiose (DP 1), 2 = xylotriose (DP
2), 3 = xylotetraose (DP 3), 4 = xylopentaose (DP 4), IM =
impurity.
CE conditions. bare fused slica capillary with 50 nmi.d. © 50 cm

effective length; voltage +20 kV, 20°C, injection 4 s a 0.5 ps, 100
mM borate buffer pH 10.2.

Figure 10.5 depicts the separation of the standard mixture of neutral
monosaccharides commonly found in hemicellulose. Ribose was used as internal
standard. The differential complexation of borate with polyhydroxyl moieties of
the monosaccharide derivatives is the primary mechanism of the separation of

these monosaccharides (see Chapter 4, 4.3.1).
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Figure 10.5 Separation of the standard mixture of neutral monosaccharides

derivatised with APTS

Peaks: Rha = rhamnose, Man = mannose, Glu = glucose, Rib
ribose, Xyl = xylose, Fuc = fucose, Ara = arabinose, Ga
gaactose.

CE conditions: bare fused slica capillary with 20 mrmi. d. © 27 cm
in length (20 cm to the detector window), voltage +30 kV, injection
10sat 0.5 psi, 20°C, 222 mM borate buffer pH 9.6.
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Figure 10.6 Separation of the mixture of neutral monosaccharides,

galacturonic acid and glucuronic acid

Peaks: GalA = galacturonic acid, GIuA = glucuronic acid

CE Condition: bare fused slica capillary with 50 nmi.d. © 50 cm
in effective length, voltage +30 kV, 20 °C, 4 s injection a 0.5 ps
pressure, 20 mM borate buffer with pH 9.8
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The two uronic acids could not elute under these separation conditions due to their
high negative charge density. Using a low concentration (20 mM) of the borate
buffer, galacturonic acid and glucuronic acid could be resolved as shown in Figure
10.6.

The multiple products of the uronic acid derivatives could be generated from the
decarboxylation of uronic acids during the derivatisation. Wiedmer et al. [12]
observed that decarboxylation occurred during the derivatisation of galacturonic
acids with APTS. Therefore, the analysis of the two uronic acids derived from

xylan was not further carried out in this work.

10.3.4 Investigation on monosaccharides derived from xylan

Two xylan samples, from birchwood and oat spelts, respectively, were first
subjected to chemica hydrolysis and then enzymatic degradation, the
hydrolysates were derivatised with APTS and analysed using CELIFD. The
identification of the monosaccharides was performed by spiking the samples with
the monosaccharide standards.

It was observed that xylan from oa spelts could not be completely digested
through chemical hydrolysis either with trifluoroacetic acid or with sulphuric acid.
Some solids il remained in the mixtures. The solution of enzymatic hydrolysate
of xylan from oat spelts was not clear either, whereas the hydrolysates of xylan
from birchwood were obtained as clear and homogeneous liquids after chemical
and enzymatic hydrolysis. Figure 10.7 illustrates the separation of xylan (from

birchwood) hydrolysates obtained after chemical and enzymatic hydrolysis.
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Figure 10.7 Analysis of neutral monosaccharides in xylan from birchwood
after enzymatic hydrolysis (A) and chemical hydrolysis(B)

Peaks: Rha = rhamnose, Man = mannose, Glu = glucose, Rib =
ribose, Xyl = xylose, Fuc = fucose, Ara = arabinose, Gd =
gdactose, IM impurities. The asterisk indicates an unknown
monosaccharide residue.
CE condition as described in Figure 10.5.

More monosaccharides were detected in the chemical hydrolysates due to the non-

sdlective degradation, as can been seen in Figure 10.7 B. This is proven by

detection of mannose, arabinose and galactose in the chemica hydrolysates but
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not in the enzymatic hydrolysates (inserts in Figure 10.7 A and B). The
electropherogram of the enzymatic hydrolysate shows some undegraded oligomer
residues indicated as ‘oligomers in Figure 10.7 A. These oligomers could be the
same compounds shown in Figure 10.3 B. The chemica hydrolysate could also
contain a minor amount of these oligomers (Figure 10.7 B).

In addition, it was not known why rhamnose, having a relaively high content in
the chemical hydrolysates of xylan both from birchwood (see Figure 10.7 B) and
oat spelts, was not detected in the enzymatic hydrolysates of xylan from these two
sources. Rhamnose was aso not reported in the recent work of Dahlman and his
colleagues, who even used a mixture of cellulase, xylanase and endoglucanase to

hydrolyse the hemicelulose [9)].

10.3.5 Quantitative determination of the neutral monosaccharides of xylan
derived from chemical hydrolysisand enzymatic degradation
Calibration curves were constructed for the APTS derivatives of each neutral
monosaccharide by plotting the peak area (y) as a function of the concentration of
monosaccharides (x). The concentration range of each monosaccharide standard
in the mixture was from 1 10° M to 1 10°M (1" 107, 3 107, 510, 7 107,
9 10”7 and 1" 10° M). The relative standard deviation (RSD) was calculated for
the migration time of each run of the standard solution and they are good (0.99% -
2.50%). The linear regression coefficients (R?) of the calibration curve are adso

satisfactory (Table 10.1).
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Table 10.1 Relative standard deviation (RSD) of migration time, regression
equation, slopes of the calibration curve and the corresponding

Table 10.2

correlation coefficients (R of neutral monosaccharides

Monosaccharide RSD (%) Regression equation Coeffident
(n>8) ( pesk area, x conc.) R)
Rhamnose 0.99 y=3x10°x 0.9943
Mannose 1.20 y=4x 10 x 0.9948
Glucose 1.30 y=2x10%x 0.9903
Ribose 150 y=5x1¢x 0.9969
Xylose 1.90 y=6x10°x 0.9987
Fucose 2.10 y=5x1¢Fx 0.9971
Arabinose 2.20 y=7x10Fx 0.9986
Galactose 250 y=7x1¢Fx 0.9955

Relative yields of monosaccharides present in xylan after
enzymatic and chemical hydrolysisin percent of initial weights of
commercial xylan

Contents of Xylan from birchwood Xylan from oat spdts
ugarsinthedry
mass (%) chemica enzymdic chemicd Enzymetic

Rhamnose 144 n.d. 0.62 n.d.
Mannose d. n. d. n. d. n. d.
Glucose d d. 6.13 1.92
Xylose 40.53 17.21 52.54 16.05
Fucose n.d. n.d. n.d. n.d.
Arabinose d. n. d 6.78 4.28
Gdactose d. n. d 107 d
Totd sugars 41.97 17.21 67.14 22.25
Assumed yidds 100 a1 100 33

n. d. = not detectable, d. = detected: the component was detected,
the contents, however, were lower than 0.36% in the dry mass and
were not measured quantitatively because they were out of the
concentration range of the calibration curve.
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The recovery of ribose, the internal standard added in the hydrolysates, was
97.25% (RSD 7.6%, n = 8). However, the tota yields of sugars obtained for both
the chemica and the enzymatic hydrolysis were low (Table 10.2). Incomplete
degradation could be a cause of this. If it is assumed that the total sugar yields for
chemica hydrolysis is 100%, it can be seen that the tota sugar yields of the
enzymatic hydrolysates are 41% and 33% for xylan from birchwood and oat

spelts, respectively (Table 10.2).

10.4 Conclusion

This is a preliminary sudy, far from complete. Nevertheless, it could be
demonstrated that CE is a vauable technique for the study of both chemica and
enzymatic hydrolysis of hemicellulose.

This pat of the thesis was performed on request of the Department of
Biochemistry, University of Stellenbosch, South Africa

Further optimisation was not carried out for two reasons. Firstly the APTS reagent
is very expensive and secondly LIFD is not an accessible for every one. The
method is therefore trandated into a CE-DAD method which is a cheap CE set-up
and less expensive reagents can be used. This is actualy evaluated and the
experiment updated by the Department of Biochemistry, University of

Stellenbosch, South Africa.
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Summary and Conclusion

Separation of saccharides was carried out by capillary electrophoresis (CE)
coupled with laser induced fluorescence detection (LIFD), as well as with UV
detection. 9-Aminopyrene-1,4,6-trisulfonate (APTS) is the most powerful
fluorescence derivatising reagent. APTS not only introduces a fluorophore but
aso largely contributes to the electrophoretic properties of the derivatised sugars.
Both bare fused slica capillaries and polyacrylamide (PAA) coated capillaries
were applied. The technique of in dtu capillary filling with a linear
polyacrylamide gel was employed for the separation of neutral polysaccharides.
Microcentrifuge filters were used to remove the excess reagent as wel as to
fractionate polysaccharides.

The separation principles of capillary €electrophoresis (CE) are introduced in
Chapter 1 with emphasis on capillary zone el ectrophoresis (CZE) in combination
with laser induced fluorescence detection (LIFD).

The structures of monosaccharides, oligosaccharides and polysaccharides,
together with their characteristics and properties are presented in Chapter 2.
Different polysaccharides including starches, cellulose, inulin, gums and
hemicellulose are described.

The most important derivatisng resgents and reaction schemes for the
transformation of saccharides, as well as ther applicability in CE-LIFD/UV

analysis, are described in Chapter 3 The choice of the derivatising reagent for
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saccharides is of utmost importance to obtain good el ectrophoretic properties. Pre-
column derivatisation is by far the most universal and versatile method.

Separation of monosaccharides as their borate complexes in a bare fused slica
capillary is demongtrated in Chapter 4. All aldehyde monosaccharides (aldoses)
are giving high yieds with APTS while fructose, a ketose, showed very low
reactivity. The effects of tag selection on the separations are illusirated for
different derivatising reagents useful in LIF and UV detection.

The separations of oligosaccharides obtained on a bare fused silica capillary with
two CE conditions, namely in the positive polarity mode using an akaine borate
buffer and in the negative polarity mode using an acidic phosphate buffer, are
presented in Chapter 5. The different separation mechanisms are discussed.

In Chapter 6, a quantitative investigation was performed for APTS
maltooligosaccharides with degrees of polymerisation (DP) from O to 6 using
above mentioned two CE conditions. A linear range over 3 to 4 orders of
magnitude was found. The quantitative aspect of the CE-LIFD anadyss of
saccharides should be further studied. Also the potential of CE-UV should be
evaluated in this respect.

In Chapter 7, profiling of the high mass polysaccharide, amylose, was done by
using a bare fused capillary and two CE conditions. Separation with DP numbers
over 60 was achieved by using an acidic buffer in the negative polarity mode
while migration of anaytes was fast in an akaline buffer in the positive polarity
mode. These two separation conditions provide complementary information on

the distribution of the polymer chains. The use of a linear polyacrylamide coated
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capillary filled with linear polyacrylamide gel did not show an improvement in the
resolving power of CE for neutral polysaccharides.

Chapter 8 discusses the separation of the non-reducing polysaccharide inulin.
Fluorescein isothiocyanate (FITC) was used for the first time for the profiling of
polysaccharides by CE. The separation of inulin chain lengths with high
efficiency and speed was achieved in a polyacrylamide coated capillary. The
derivatisation took place on more than one hydroxyl group of the sugars but this
did not impair the characterisation of the different degrees of polymerisation (DP).
Hence, eucidation of inulin hydrolysates was feasible.

Chapter 9 describes a smple, rapid CE method for the analysis of gums
commonly used as food additives. The high molecular weight (MW) fractions of
the polysaccharides were obtained by using microcentrifuge filters. The peaks for
the gums are broad since they represent a very large distribution of different chain
lengths. Using a PAA coated capillary, a wide range of pHs could be employed in
the separation of gums. The effect of the buffer pH on the electrophoretic mobility
and the peak shape was found to be significant.

A preliminary study on the analysis of hemicellulose by CE-LIFD is presented in
Chapter 10. Separation profiles of hemicellulose by CE-LIFD after trestment
with xylanase a different incubation times are shown. Chemicad and enzymatic
hydrolysis were gpplied to treat the samples and the identification and quantitative
analysis of the monosaccharides present in hemicellulose are compared.

In conclusion, CE-LIFD is an advanced technique for quditative analysis of
saccharides, and especialy useful for high DP separation of polysaccharides.

Quantitative analysis, however, has to our knowledge not been sufficiently
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studied. In depth study suffers from the high cost of the instrumentation,
fluorescence reagents and the lack of standards. Further work should be
performed here and the potential of CE-UV should be re-evaduated because this is

a standard set-up and labelling reagents are much cheaper.
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Samenvatting en Conclusie

Sacchariden werden gescheiden door middel van capillaire eektroforese (CE)
gekoppeld met laser geinduceerde fluorescentie detectie (‘laser induced fluorescence
detection’, LIFD), dsook met UV-detectie. 9-Aminopyreen-1,4,6-trisulfonaat
(APTYS) is het meest geschikt derivatiseringsreagens voor dit doeleinde. Het is niet
enkd verantwoordelijk voor de introductie van een fluorofoor maar draagt ook
aanzienlijk bij in de eektroforetische eigenschappen van de gederivatiseerde suikers.
Zowd ‘fused slica capillairen ds capillairen waarvan de binnenwand bedekt is met
polyacrylamide (PAA) werden gebruikt. Een techniek waarbij het capillair in dtu
wordt gevuld met een lineare polyacrylamideged werd toegepast om neutrae
polysacchariden te scheiden. Er werd gebruik gemaakt van microcentrifuge filters om
de overmaat reagens te verwijderen en om de polysacchariden te fractioneren.

De basisprincipes van CE worden uiteengedaan in hoofdstuk 1. Hierbij wordt de
nadruk gelegd op capillaire zone e ektroforese (CZE) in combinatie met LIFD.

De structuur van monosacchariden, oligosacchariden en polysacchariden, evenals hun
karakteristieken en eigenschappen worden beschreven in hoofdstuk 2 Verscheidene
polysacchariden waaronder zetmedl, cellulose, inuline, gommen en hemicelulose
worden er besproken.

De bdangrijkste derivatiseringsreagentia en reactieschema’'s voor de transformatie
van sacchariden, alsook hun toepasbaarheid voor de analyse met behulp van CE-

LIFD/UV zijn beschreven in hoofdstuk 3. De keuze van een geschikt reagens voor
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derivatisatie van de suikers is van groot belang voor de eektroforetische
eigenschappen van het reactieprodukt. Pre-kolom derivatisatie is veruit de meest
universele en versatiele methode.

In hoofdstuk 4 worden scheidingen gepresenteerd van monosacchariden as hun
boraatcomplexen in ‘fused dlica capillairen. Alle adehyde monosacchariden
(aldosen) hadden een hoog reactierendement met APTS. Dit in tegenstelling tot
fructose, een ketose, dat weinig reactief was ten opzichte van APTS. Het effect van
diverse ‘tags op de scheiding wordt geillustreerd voor LIFD en UV-detectie.

De scheiding van oligosacchariden bekomen in een ‘fused slica capillair met twee
verschillende CE-condities, namdijk podtieve polariteit met een dkaische
boraatbuffer en negatieve polariteit met een zure fosfaatbuffer, wordt getoond in
hoofdstuk 5. De verschillende schel dingsmechanismen worden er besproken.

In hoofdstuk 6 wordt aan de hand van de hierboven vermelde CE-condities een
kwantitatief onderzoek uitgevoerd voor APTS-matooligosacchariden met een
polymerisatiegraad (‘degree of polymerisation’, DP) variérend van O tot 6. Lineariteit
over drie tot vier grootte-ordes werd bekomen. Het kwantitatief aspect van de CE-
LIFD andlyse zou evenwel verder moeten bestudeerd worden. Ook het potentieel van
CE-UV voor dergdlijke analyses moet worden geévalueerd.

De profilering van amylose, een polysaccharide met een hoog moleculair gewicht,
werd uitgevoerd in een ‘fused slica capillair en wordt besproken in hoofdstuk 7.
Scheiding van componenten met DP > 60 werd bekomen in de negatieve polariteit
met een zuur buffersysseem. Het gebruik van een akalische buffer en negatieve

polariteit resulteerde in een snelle doch minder informatieve analyse. Deze twee

194



scheidingscondities leveren complementaire informatie op omtrent de distributie van
de polymeerketens. Het gebruik van een capillair binnenin bedekt met lineair PAA en
gevuld met een lineaire polyacrylamideged gaf geen aanleiding tot een hoger
resolverend vermogen van CE met betrekking tot neutrale polysacchariden.

Hoofdstuk 8 behandelt de scheiding van het niet-reducerend polysaccharide inuline.
Fluoresceine isothiocyanaat (FITC) werd voor de eerst maal gebruikt voor de CE-
profilering van polysacchariden. De snelle en hoogefficiénte scheiding van de
inulineketens werd bekomen in een met PAA bedekt capillair. Derivatisering vond
plaats op meer dan één hydroxylgroep van de suikers. De karakterisering van de
verschillende polymerisatiegraden werd echter niet verhinderd door dit fenomeen.
Bijgevolg konden diverse inuline-hydrolysaten succesvol worden geanalyseerd.

Een eenvoudige en snelle CE-methode voor de anayse van gommen die vaak
gebruikt worden as voedingsadditieven, wordt besproken in hoofdstuk 9. De
polysaccharide fracties met hoog moleculair gewicht werden bekomen door gebruik
te maken van microcentrifugefilters. De resulterende pieken van de gommen zjn vrij
breed as gevolg van de zeer brede didtributie in hun ketenlengte in deze stalen. Door
een met PAA bedekt capillair aan te wenden kon een wijde waaier aan pH-waarden
worden uitgetest voor de scheiding van dergdijke gommen. Het effect van de
zuurtegraad van de buffer op de eektroforetische mobiliteit en piekvorm bleek
significant.

De resultaten van een inleidende studie over de analyse van hemicelulose met CE-
LIFD worden gepresenteerd in hoofdstuk 10. De profidlen van hemicdlulose na

behandeling met xylanase bij verscheidene incubatietijden worden getoond. Zowel
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chemische as enzymatische hydrolyse werden toegepast en de identificatie en
kwantitatieve anayse van de resulterende monosacchariden worden besproken.

Er kan bedloten worden dat CE-LIFD een geschikte techniek is voor de kwalitatieve
analyse van sacchariden. De techniek blijkt uitermate geschikt voor de scheiding van
polysacchariden met hoog moleculair gewicht. De mogelijkheid tot kwantitatieve
analyse daarentegen, werd tot op heden nog niet voldoende bestudeerd. Een
diepgaand onderzoek wordt namelijk bemoeilijkt door de hoge kost van
indrumentatie, fluorescentiereagentia en een gebrek aan standaarden. Hierop zou
meer werk moeten worden vericht en het potentieel van CE-UV moet worden
herzien omwille van de standaardinstrumentatie en de significant lagere kost van de

derivetisatiereagentia
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Abbreviations

2-AA
p-ABA
ABEE
p-ABN
AEC
AHNS
3-ANDA
ANDSA
2,6-ANS
2-ANSA
5-ANSA
ANTS
2-AP
APTS
6-AQ
CBQCA
CDs

CE

CEC
CGE
CIEF
CcMC
CTAB
CZE

DE
DNA
DMSO
DP

ECD
EOF

2-Aminoacridone

p-Aminobenzoic acid

p-Aminobenzoic acid ethyl ester
p-Aminobenzonitrile

Anion exchange chromatography
4-Amino-5-hydroxynaphthal ene-2, 7-disulfonic acid
3-Aminonaphthaene-2,7-disulfonic acid
7-Aminonaphthaene-1,3-disulfonic acid
2-Anilinonaphthalene-6-sulfonic acid
2-Aminonaphthaene-1-sulfonic acid
5-Aminonaphthaene-2-sulfonic acid
8-Aminonaphthaene-1,3,6-trisulfonate
2-Aminopyridine
9-Aminopyrene-1,4,6-trisulfonate
6-Aminoquinoline
3-(4-Carboxybenzoyl)-2-quinolinecarboxyal dehyde
Cyclodextrins

Capillary dectrophoresis

Capillary electrochromatography
Capillary gel electrophoresis

Capillary isoelectric focusing
Carboxylmethyl cellulose
Cetyltrimethylammonium bromide
Capillary zone dectrophoresis

Degree of edterification
Deoxyribonucleic acid

Dimethyl sulfoxide

Degree of polymerisation
Electrochemical detection

Electroosmotic flow
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FITC
GAG
GC
GF
GFF
GFF,
GFF;
GIcNAc
GaNAc
HA
HOAC
HPAEC
HPLC
ITP
KDa
LBG
LIF
LIFD
LMW
LOD
LPAA
MEKC
MOPS
MS
MW

NMR
PMP
RNA
RPC

RSD

Fluorescein isothiocyanate
Glycosaminoglycan
Gas chromatography
Sucrose

Kestotriose

1,1- Kestotetraose
1,1,1-Kestopentaose
N-acetylglycosamine
N-acetylgal actosamine
Hyaluronic acid
Acetic acid

High performance anion exchange chromatography

High performance liquid chromatography

| sotachophoresis

Kilo Ddton

Locust bean gum

Laser induced fluorescence

Laser induced fluorescence detection
Low molecular weight

Limit of detection

Linear polyacrylamide

Micellar electrokinetic chromatography
3-(N-Morpholino)propanesulfonic acid
Mass spectrometry

Molecular weight

Efficiency (theoretica plate number)
Nuclear Magnetic Resonance
1-Phenyl3-methyl-5-pyrazolone
Ribonucleic acid

Reversed phase chromatography
Resolution

Relative standard deviation
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PAA
PAD
TEMED
THF
tris
TRSE

SEC
SDS
uv

Polyacrylamide

Pulsed amperometric detection

N,N,N’,N’ - tetramethylethylenediamine
Tetrahydrofuran
Tris(hydroxymethyl)aminomethane
5-Carboxytetramethylrhodamine succinimidyl ester
Sulfanilic acid

Size exclusion chromatography

Sodium dodecy! sulfate

Ultraviolet
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