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Abstract

Xanthan is a high molecular weight polysaccharide widely used in industrial applications due
to its ability to provide high solution viscosity at even low concentrations. The viscosifying
property is partially caused by its native structure, which is widely accepted to be a double
helix. The helix does, however, dissociate upon heating under low ionic strength in aqueous
solutions or when the solvent is changed, a phenomenon referred to as order-disorder
transitions. In this work, xanthan samples, mechanically degraded by high shear forces, were
characterised to establish a procedure that prevents order-disorder transitions during
degradation from taking place. Such a procedure could, in turn, allow for more efficient
degradation of xanthan samples and thus make analysis or, e.g. chemical modifications more
feasible. The mechanically degraded samples were further used to study the conformation of
xanthan in water, pure DMSO and water/DMSO mixtures, based a publication by Fantou et al.,
claiming xanthan to be disordered in DMSO through CD. The aim has been to reproduce the
CD spectra in order to confirm a possible disorder in DMSO and determine at which fraction
of DMSO (fomso) the disorder occur, which in turn could allow for a wide range of new

possibilities in terms of chemical modifications in the disordered state.

By analyses using SEC-MALS-VISC, mechanical degradation by high shear forces was found
to be a suitable and efficient method for reducing the molecular weight, intrinsic viscosity and
radius of gyration. However, to maintain the ordered conformation, the ionic strength during
mechanical degradation had to be kept high, i.e. 2 M (0.5 M MgSOys). It was found that desalting
of the degraded samples by dialysis at room temperature gives rise to a more flexible, but yet
ordered conformation, compared to degraded and non-purified samples. Dialysis gave rise to
various salt-forms, which were also found to influence the conformation after purification:
Mg?* as counterion resulted in the most ideal and rigid conformation, compared to both H* and
Na®. An improved, ordered conformation was also found when acetate and pyruvate

substituents were removed from the degraded xanthan.

The study of xanthan in DMSO, proved mechanically degraded xanthan to be directly soluble
in DMSO without heating, when on the acid form. Acidic xanthan in water was found to have
an ellipticity decreasing linearly with increasing temperature by CD, suggesting no thermal
order-disorder transition in the measured temperature interval, 20 to 90°C. CD of acidic xanthan

in DMSO, on the other hand, was found to be impossible at the required wavelength due to
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absorption of light. This finding raises a question to the CD spectra claiming disorder in DMSO.
However, fomso was determined to be approximately 0.8 by optical rotation and capillary
viscometry of water/DMSO mixtures, suggesting that DMSO as solvent influences the xanthan
molecules, and may cause order-disorder transitions. The molecular weights and radii of
gyration of xanthan samples dissolved in both pure water and DMSO were found to be
independent of temperature in the interval 20 to 50°C, measured by light scattering. This
suggests that no thermal order-disorder transition takes place. It was further found that xanthan
in pure DMSO has higher apparent molecular weights and radii of gyration compared to
aqueous solvent. As the disordered state have both lower molecular weights and smaller radii

of gyration, the findings suggest that xanthan does not become disordered in DMSO.
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Sammendrag

Xantan er et heymolekylart polysakkarid som pa grunn av sine viskositetsfremmende
egenskaper er mye brukt i ulike industrier. Disse egenskapene skyldes strukturen, hvilket er
bekreftet & veere en dobbel heliks. Heliksen dissosierer imidlertidig ved oppvarming under lav
ionestyrke i vann eller dersom lesningsmiddelet endres, et fenomen kalt orden-uorden
transisjoner. I denne masteroppgaven har xantan blitt mekanisk nedbrutt av heoye skjerkrefter
og karakterisert for & etablere en prosedyre som forhindrer orden-uorden transisjoner under
nedbryting. En slik prosedyre kan muliggjere mer effektiv nedbryting av xantan og dermed
gjore analyser eller f. eks. kjemisk modifisering mer gunstig & gjennomfere. Basert pd en
publikasjon fra Fantou med flere, som gjennom CD spektroskopi fant at xantan er uordnet lost
1 DMSO, ble de mekanisk nedbrutte xantan prevene brukt for & underseke konformasjonen 1
rent vann, ren DMSO og vann/DMSO blandinger. Mélet var & bekrefte en mulig uorden 1
DMSO ved reprodusere CD spektrumet og undersgke ved hvilken vektfraksjon av DMSO
uorden forekommer. I en sterre sammenheng kan uorden i DMSO muliggjere nye

analysemetoder og kjemisk modifisering i uordnet tilstand.

Fra SEC-MALS-VISC analyse ble mekanisk nedbryting av haye skjaerkrefter funnet & vare en
effektiv metode for & redusere molekylvekt, egenviskositet og gyrasjonsradius. For a
opprettholde ordnet konformasjon mé imidlertidig ionestyrken under nedbryting vaere hay,
nermere bestemt 2 M (0.5 M MgS0Os). Avsalting gjennom dialyse resulterte i mer en mer
fleksibel, men likevel ordnet konformasjon, sammenlignet med nedbrutte, salt-rike prover.
Konformasjonen til de nedbrutte prevene var ogsa avhengig av saltformen til xantanet, generert
gjennom dialyse, hvor saltformen med Mg?" som motion resulterte i den mest ideelle og rigide
konformasjonen, sammenlignet med H" and Na*. Fjerning av acetat og pyruvat fra det nedbrutte
xanthanet forarsaket ogsd en mer rigid konformasjon sammenlignet med de substituerte

prevene.

Gjennom studien av xantan i DMSO ble syreformen av xantan funnet a vere direkte loselig 1
DMSO, uten oppvarming. CD viste at syreformen av xantan i rent vann har en lineart avtagende
elliptisitet ved eokende temperatur, hvilket indikerer at orden-uorden transisjoner ikke
forekommer i1 det mélte temperaturintervallet, 20 til 90°C. CD av syreformen i DMSO var
derimot umulig pa spesifisert balgelengde, grunnet hey absorpsjon av lys. Denne oppdagelsen

stiller sparsmal til CD spektrumet som viser uorden i DMSO. Likevel ble fpmso bestemt til &




vare omtrent 0.8 gjennom optisk rotasjon og kapillerviskometri, hvilket indikerer at DMSO
pavirker xantanmolekylene og foriraker muligens orden-uorden transisjoner. Videre analyse
med lysspredning viste at molekylvekt og gyrasjonsradius av xantan lest i bade rent vann og
DMSO var uavhengig av temperatur mellom 20 to 50°C. Denne observasjonen indikerer at
orden-uorden transisjoner ikke forekommer. Videre hadde xantan lest i DMSO tilsynelatende
hoyere molekylvekt og gyrsjonsradius, sammenlignet med de samme provene lost i vann.
Ettersom uordnet xantan ville ha hatt lavere molekylvekt og gyrasjonsradius, indikerer disse

observasjonene at xantan ikke er uordnet i DMSO.
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Xanthan

1 Introduction

Xanthan is an extracellular polysaccharide produced by the bacterium Xanthomonas
campestris. Due to its viscosifying properties, xanthan is widely used in food products,
pharmaceuticals and detergents, whereas the oil and gas industry is currently investigating its
use as a polymer for enhanced oil recovery [1, 2]. The viscosifying properties are partially
caused by its native structure, which is widely accepted to be a double helix [3]. The helix does,
however, dissociate upon heating under low ionic strength in aqueous solution or when the
solvent is changed, a phenomenon referred to as order-disorder transitions [ 1, 4]. Order-disorder
transitions cause structural alterations, which affects both behaviour and properties. Hence,
much research has been put into understanding and characterising the changes, which are
known to depend on temperature, the solvent conditions, type of solvent and the acetate and

pyruvate content of the xanthan [1, 5-7].

The ordered and disordered states of xanthan have different characteristics, i.e. the radii of
gyration (R ), molecular weights (M) and intrinsic viscosity ([]). These characteristics can be
detected by light scattering, viscometry and by SEC-MALS with an on-line viscometry detector
[1, 8, 9]. An increase in optical rotation or a decrease in ellipticity determined by circular
dichroism (CD), are also reasonable indications of order-disorder transitions taking place. From
the two latter methods, the critical melting temperature (Tm) where xanthan is 50% disordered,
can also be determined [10]. Atomic force microscopy (AFM), on the other hand, allows for

visual observation of the xanthan structure and thus, a potential disorder can be determined [4].

Chemical modification can improve the properties of xanthan and allow for new industrial
applications. Chemical modification and analysis are, however, simpler to perform at lower
molecular weight and solution viscosities. Thus, degradation is required. Mechanical
degradation by sonication can be used to prepare xanthan fragments of lower molecular weight
with an intact, ordered conformation [11, 12]. However, sonication may not be suited for
industrial degradation due to low efficiency and high noise levels [13]. Instead, mechanical
degradation by high shear forces might be applied, as it allows for a higher throughput per time
[13, 14]. The high shear forces are, however, caused by a high gauge pressure, which ultimately
causes high temperature. Hence, order-disorder transitions are likely to occur during

degradation. Establishment of a protocol that maximises the preservation of the ordered
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structure of xanthan could allow for mechanical degradation by high shear forces in an

industrial scale and further, make chemical modification and other analyses more feasible.

Chemical modification can be performed on both the ordered and disordered states of xanthan.
The reactivity of the disordered state might even be better, similar to that of denatured proteins
[15]. At lower temperatures, T < 100°C, full conversion of the xanthan double helix into single
strands has so far only been observed in cadmium dihydroxide (cadoxen), a degrading solvent
commonly known to dissolve cellulose [16-18]. The disorder of xanthan found in cadoxen
conflicts data obtained when in aqueous solution, where complete dissociation of the double
helix only occurs at low ionic strength and high temperature. At these conditions, measurements
and modifications are difficult to perform. Other solvents for the disordered state have not yet
been described. However, in 2017, Fantou et al. published a CD spectrum of the acid form (H"-
form) of xanthan in dimethyl sulfoxide (DMSO), corresponding to the disordered state [19].

The CD spectrum is presented in Figure 1.1, together with spectra of other xanthan samples.

6 A —e— Precursor in water
r Precursor in DMSO
—=— X%Cagdis
41 x19cggis
—— x%0cgis

200 210 220 230 240 250 260 270
A (nm)

Figure 1.1: The CD spectrum of xanthan (precursor) in DMSO obtained by Fantou
et al [19]. The spectrum shows that xanthan is in its disordered state in DMSO.
If xanthan is found to be disordered in DMSQO, it opens a wide range of new possibilities,

especially as DMSO is much less degrading compared to cadoxen [20].
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2 The Scope of the Thesis

The overall aim of the thesis has been twofold:

1. Optimise the protocol for mechanical degradation of xanthan with high shear forces
with maximum preservation of the double-stranded structure.
a. Prepare fraction of xanthan with a range of molecular weights and investigate
the conformation before and after desalting/purification.
b. Remove acetate and pyruvate from xanthan samples for subsequent studies.
2. Verify and further investigate the possible disordered state for the acid form of xanthan
in DMSO by the following methods:
a. CD — to reproduce spectrum by Fantou ef al/ [19] and determine the melting
temperature (Tr) of the xanthan samples
b. Optical rotation — to detect fpmso, i.e. the fraction of DMSO where a possible
order-disorder transition occurs.
Viscometry — to confirm fpmso
d. Static light scattering — to evaluate the effect of DMSO on molecular weight and
radius of gyration compared to water.
e. Dynamic light scattering — to evaluate the effect of DMSO on hydrodynamic

radius and the shape-parameter, both compared to water

Xanthan purified from a fermentation broth without formaldehyde (MX) obtained from the
International Research Institute Stavanger (IRIS) was used to develop the protocol for
mechanical degradation. The purification removes cells and unwanted proteins from the
samples. 0614-3 XCD, a sample of KELZAN XCD xanthan sonicated for 30 minutes, was

included in some analyses to serve as a positive control due to its known, optimal conformation.
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3 Theory

This section elaborates more specifically on the structure and properties of xanthan, as well as
explaining the degradation mechanism applied and the analytical tools used to evaluate and
analyse the samples. Some of the theory sections have been adapted with modifications from

the project thesis [21].

3.1 Xanthan

Xanthan is an extracellular polysaccharide produced by the plant pathogenic bacterium
Xanthomonas campestris. The polysaccharide is composed of a pentasaccharide repeating unit
(RU) that consists of two -(1,4)-linked D-glucose (Glc) residues, forming the backbone, to
which a trisaccharide side chain is attached. The first residue in the side chain is a-D-Mannose
(a-Man) which is B-(1,3)-linked to alternating D-glucose residues in the backbone. D-
glucuronic acid (GlcA) is a-(1,2)-linked to a-Man and is 3-(1,4)-linked to the terminal residue,
-D-Mannose (3-Man) [1].

Acetate and pyruvate groups can be substituted to the RU of xanthan. The degree of substitution
and substitution pattern depend on both the fermentation conditions and the strain used for
xanthan production [22, 23]. Six different variations of the RUs are known to exist. The most
abundant RU has O-6-acetylation of a.-Man and pyruvate substitution on B-Man through diketal
linkages on O-4 and O-6 [1, 24]. If this RU is present, approximately 90% of a-Man has found
to be acetylated, and 30-50% of B-Man are substituted with pyruvate [25]. The second most
abundant RU have O-6-acetylation on both a-Man and -Man [24]. The structure of the most

abundant RU of xanthan is given in Figure 3.1.
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Figure 3.1: The most abundant pentasaccharide repeating unit (RU) of xanthan.
a-Mannose (a-Man) is O-6 substituted with acetate and pyruvate is linked to
B-Mannose (B-Man) via diketal linkages.
Xanthan is a double-stranded polysaccharide. The cellulose backbone of two strands lies back
to back, stabilised by hydrogen-bonds with the trisaccharide chains pointing outwards [1, 3].
Its double helical structure has been confirmed by both electronic microscopic- and AFM-
studies [3, 26]. The structure of xanthan visualised by AFM is presented in Figure 3.2, where
the double- stranded coil and its splitting into single strands are shown by a curve and an arrow,

respectively.
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Figure 3.2: The double helical structure of xanthan visualised by AFM [3]. The
curves show a helical region, while the arrow points at a region where unwinding
has occurred, exposing single strands.

The double helical structure gives rise to properties sought by many industries, but also makes
xanthan susceptible to thermal order-disorder transitions, which is further elaborated in section

3.1.2.

3.1.1 General Properties
Xanthan has a very high molecular weight, typically in the range from 10°-107 Da [27]. The

double helical structure makes xanthan one of the stiffest biopolymers known, with a
persistence length of about 120 nm. It also gives rise to high salt tolerance and stability towards
degradation agents. Xanthan makes even dilute solution very viscous compared to other
polysaccharides at the same concentration, which makes it a suitable viscosifier in food,
pharmaceuticals and other technical applications [1]. The viscosity does, however, exhibit
different apparent viscosities at different shear rates. At low shear rates, the apparent viscosity
is high compared to when high shear rates are applied, a concept defined as shear thinning. The

shear thinning behaviour is illustrated in Figure 3.3.
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Figure 3.3: Shear thinning behaviour of a fluid with increasing shear rate.

The shear thinning property is typical for a non-Newtonian fluid, meaning that the behaviour
becomes pseudo plastic for increasing shear rates [28]. The concept will be further elaborated

in section 3.4.3, where viscometry is introduced.

3.1.2 Order-Disorder Transitions

Xanthan is susceptible to order-disorder transitions upon heating above a specific temperature
or when the solvent conditions are changed [1, 6, 7]. The ordered state of xanthan is known as
a stiff double helix, whereas the disordered state exposes single strands, which are more flexible
and holds random coil properties [3, 26]. Disordered xanthan has reduced R;, M and [n] as
well as increased sensitivity to both salt and depolymerisation by cellulases and chemicals,
making it less favourable for industrial applications [1, 27]. The transition between order and
disorder can be detected by numerous methods, among them chiroptical methods, light

scattering and viscometry [8, 29].

3.1.2.1 Melting Temperature

From experimental data, it is possible to determine Tm, i.e. the temperature where xanthan is
50% disordered. Figure 3.4 illustrates how an order-disorder transition is detected by optical

rotation and how T can be determined [1].
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Figure 3.4: An example of an order-disorder transition curve of xanthan. The
transition curve was determined by optical rotation, and the melting temperature
(Tm) was determined from the curve [1].

The melting temperature is influenced by ionic strength and pyruvate- and acetate content [6,
8, 30]. High ionic strength favours the ordered helical structure and increases T [8]. The same
relation is observed with increasing substitution of acetate [30]. A high content of pyruvate
groups, on the other hand, decreases Tm [6]. It has also been shown that order-disordered
transitions are dependent on the xanthan concentration, where a concentration of 10 mg/mL
stabilises the double helical structure due to increased ionic strength caused by xanthan itself

[31].

3.1.2.2 Renaturation Mechanisms

Thermal denaturation is almost entirely reversible. However, local transitions which cannot be
recovered during renaturation might be introduced. The renaturation mechanism is suggested
to depend on xanthan concentration, as well as ionic strength and temperature. In case of a
concentration of xanthan < 1 mg/mL, the reformed double helical structure might be obtained
with a hairpin loop of a single xanthan molecule. At higher concentrations, where a substantial
part of the double helix is thought to be stabilised by the ionic strength from xanthan itself,
renaturation occurs by different mechanisms [31]. The different renaturation mechanisms

proposed are illustrated in Figure 3.5 [32].
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Figure 3.5: Schematic overview of denaturation and renaturation of xanthan under
high concentrations. Intra-dimer renaturation is caused by aggregation of
single- stranded ends on the same molecule. Inter-dimer renaturation takes place
between ends of different molecules [32].

Upon heating, single-stranded ends may form, as shown in Figure 3.5B. When cooled, intra-
and inter-dimer renaturation can take place. In case of intra-dimer renaturation, the ends on the
same molecule, e.g. a and b in Figure 3.5B, aggregate, creating a molecule similar to the
original. In case of inter-molecular dimer renaturation, ends of different polymer-chains, e.g. b
and d, aggregate creating a molecule with more random conformation than the original, as
illustrated in Figure 3.5C [32]. Both xanthan in its disordered conformation and inter-molecular
renatured state will have a decreased persistence length, and thus altered properties compared

to the original, ordered structure.

3.1.3 The Acid Form of Xanthan

Xanthan on the acid form (H'-form) possess properties different from sodium xanthan. The
double helical conformation is preserved; however, the structure becomes more flexible, and
the persistence length decreases. The intrinsic viscosity and radius of gyration are also known
to decrease around 20% compared to sodium xanthan in neutral, aqueous solution. The reduced
radius of gyration and intrinsic viscosity for acidic xanthan compared to Na'-xanthan is

illustrated in Figure 3.6A and B, respectively [33].
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Figure 3.6: Molecular weight dependency of radius of gyration (A) and intrinsic
viscosity (B) for Na*-xanthan (dashed) and H'-xanthan (circles) at 25°C [33].

Furthermore, xanthan on the acid form show increased stability at higher temperatures and thus
have a higher Tr. The stability of H*-xanthan as a function of temperature has previously been
shown by optical rotation, where it was found that the optical rotation of acidic xanthan
increases linearly with temperature. The sodium form followed a linear trend for lower
temperatures before a sigmoidal shaped curve was observed, characteristic for order-disorder
transitions (Figure 3.4). The stability of H"-xanthan compared to Na*-xanthan is reproduced in

Figure 3.7 [34].

Neutral, 10 mM
_.20_4

pH 3.9, 10 mM

—40- pH 3.0, 10 mM

Neutral, 500 mM

[alss (10 degecm®g™)

-80 T T —T T, 71
0 20 40 60 80 100
Temperature ( °C)
Figure 3.7: Temperature dependence of the specific optical rotation of xanthan [34].
The pH and NaCl concentration are denoted on the curve. The graph illustrates the

stability of H'-xanthan (pH 3) compared to Na‘-xanthan (Neutral) towards
increasing temperature.
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From Figure 3.7, it can be seen that the positive sigmoidal curve vanishes as pH is decreased
from neutral to pH 3, leaving no order-disorder transition to occur in the measured temperature

range: 10 to 90°C [34].

Furthermore, the acid form of xanthan becomes soluble in organic solvents such as DMSO also,
due to the neutralisation of negative charges. Complete solubility has, however, been found to

only occur after heating [19].

3.1.4 Acetate- and Pyruvate-Free Xanthan

The acetylation of a-Man and pyruvate substitution of 3-Man influence the order-disorder
transition, both Ty, and the transition rate. Thus, to eliminate any effect of side chain chemistry,
the acetyl- and pyruvate groups can be selectively removed by mild alkaline and acidic
hydrolysis, respectively [35]. Xanthan without acetate and pyruvate substituents is known to
have similar rheological properties as native xanthan, i.e. xanthan whose substituents has not

been removed [36].

3.1.5 Macromolecular Characteristics

An overview of the molecular characteristics of xanthan in ageous solution is summarised in

Table 3.1 [37].

12
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Table 3.1: Molecular characteristics of xanthan in aqueous solution [37].

Ordered state
Double helix
Molecular weight, M: 10%-107 Da
Intrinsic viscosity, [7]: 3000-7000 mL/g
Persistence length, g: 70-120 nm

Mass per unit length, M;:  Ca. 2000 nm™!
Rigid rod-like due to high persistence length
Stable towards degradation

Solution properties insensitive towards
variations in pH (3-10) and ionic strength

Pseudoplastic/shear thinning behaviour

Disordered state

Helix split into single-stranded chains,
completely or partially

Random coil like

Reduced stability towards degradation

Less viscous solutions
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3.2 Molecular Weight Averages in Polymer Science

The molecular weight (M) of a homopolymer, i.e. a polymer whose monomers are all identical,
could be determined from its monomer weight (M) and the degree of polymerisation (DP) as

expressed in Equation (3-1) [1].

M =DP- M, (3-1)

DP refers to the number of monomers residues forming the polymer. However, most
polysaccharides, including xanthan, exhibit dispersity, meaning that a sample is a mixture of
different chain lengths. The dispersity of a polymer sample makes it difficult to determine the
exact molecular weight. Instead, the molecular weight distribution could be determined, where
the relative amount of each chain length is assigned to a certain DP. The relative amount of
each DP is usually expressed as weight fraction, W; or mole fraction, X;. The index, i, referrers

to the specific DP [1].

From the molecular weight distribution of a polymer sample, the average molecular weight of
the polymer could be determined. M,, is the number average molecular weight and is calculated

the same way as arithmetic mean, as presented in Equation (3-2) [1, 38].

NiNiM;  YynM;
" i Vi iny - s (3-2)

N; is the number of molecules having DP i, while M; and n; are the molecular mass and number
of moles at this specific DP. In M,,, all molecules are treated equally, irrespective of their shape
or size [38]. Another molecular weight average is M,,, the weight average molecular weight.
M,, is obtained by replacing the mole fractions in Equation (3-2) with weight fractions. The

resulting expression is presented in Equation (3-3) [1, 39].

YiNM? X wiM,
M, = = =ZW-M- )
Yo YiINM; XiW; - s 3-3)

Here, w; refers to the weight of the fraction having DP i. A third molecular weight average is

the z-average molecular weight, denoted M,. M, is a higher-degree average, more sensitive to

14
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the largest molecules present in the sample compared to M,, and M,,. M, is expressed as in

Equation (3-4) [40].

_ XiNM7 _ X wiM?
©ONINME X wiM;

3-4)

In total, the different molecular weight averages provide valuable information. The ratio
between M,, and M,, is known as the molar mass dispersity, D,,, expressed in Equation (3-5)

[41].

M
bu =7 (3-5)

n

For polymers degraded randomly, D,, = 2. However, in case of a monodisperse sample, D,

approaches 1. Thus, for a monodisperse sample M,, = M,, = M, [1, 41].

3.3 The Shape of Polymers in Solution
Polymers in solution can roughly be categorized into three groups: Solid spheres, rigid rods and
random coils [1]. The shape of a biopolymer can be determined by the relation between the

radius of gyration, R, and the molecular weight, M, of the polymer, presented in Equation

(3-6) [1].
Rec = KM* (3-6)

In Equation (3-6), K is a constant and a is the shape parameter for the polymer, which takes
different values depending on the shape. Similarly, the shape could also be determined by a
relation between the intrinsic viscosity, [n7], and M. This relation is known as the Mark-
Houwink-Sakurada (MHS) equation and is expressed in Equation (3-7), where the shape

parameter is denoted b [1].

[n] = KMP G-7)
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The molecular weight in Equation (3-6) and (3-7) could be any of the molecular weight
averages presented in section 3.2. Consequently, R; and [n] can also be number, weight or z-

averages, depending on the weight average used.

The specific values for the shape parameters of the different shapes in Equation (3-6) and (3-7)

are presented in Table 3.2. A good solvent is assumed for the random coil [1, 42].

Table 3.2: The expected shape parameters for biopolymers in solution [1, 42].

a b
Rigid rod 1 1.8
Random coil 0.6 0.8
Solid sphere 0.33 0

The persistence length (q) is a quantifying measure of the stiffness of a polymer, linked to both
the worm-like chain model and Kuhn length, [,. However, for the scope of this thesis, the
models and proof behind its connection to the persistence length will not be explained further.
The persistence length is linked to both R; and M through Equation (3-8). Thus, it can be

determined from experimental data [1].

, qM_ 5 1q3ML[ _qML< B _(q%))]
RG__3ML q- + I 1 [ 1-e L (3-8)

M, is the mass per unit length, defined as in Equation (3-9), through M and the contour length,
L.

M, — M

Lo, (3-9)

The persistence length is determined by fitting of Equation (3-8) to experimental R; and
M,, data, systematically varying the unknown parameters. An illustration of the procedure of
finding q is presented in Figure 3.8 [11]. Here, various values of q are tested. ¢ = 120 nm have
the best fit to the R; and M,, data, and hence the persistence length of xanthan was determined

to be 120 nm.
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Figure 3.8: An illustration of the procedure finding the persistence length (q) for
xanthan [11].

3.4 Experimental Theory

3.4.1 Mechanical Degradation by High Shear Forces

Polymers with a rod-like conformation can be degraded by forcing a solution to flow at a high
shear rate [13]. Wet Jet Mill Star Burst Mini, referred to as Star Burst Mini is a wet-type
micronizing device to which high gauge pressure, up to 245 MPa, can be applied in order to
obtain high shear rates. When the desired pressure is set, the polymer solution is extracted into
a chamber, where a plunger acts and pressurises the solution. The solution is further sent
through a narrow nozzle, which increases the shear rate before it collides with a ceramic ball
[14]. The collision causes larger particles to be dispersed into smaller, more homogeneous
particles [43]. An overview of the events taking place inside the Star Burst Mini is presented in

Figure 3.9 [14].
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Figure 3.9: Overview of the mechanism of high shear rate degradation using Star
Burst Mini. A plunger pressurises the raw material solution, which is further sent
through a nozzle to increase the shear rate. The pressurised solution collides with a
ceramic ball, which causes dispersion of larger particles [14].

When a high shear rate is applied to a polymer, it degrades similar to when ultrasonic treatment
is applied, i.e. the glucosidic bonds in the main chain are broken, whereas carbon-carbon bonds
within sugars monomers, hydrogen bonding and other glucosidic bonds are left intact [13]. An
illustration of the mechanism of mechanical degradation and its effect on xanthan is presented

in Figure 3.10.
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Figure 3.10: A simplified overview of the effect of high shear stress on the xanthan

double strand. The double strand is fragmented into smaller fractions, however,
the hydrogen bonds between the double strands are kept intact.
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3.4.2 'H-NMR Spectroscopy

NMR spectroscopy is a non-destructive technique for identifying and analysing the structure of
organic compounds. The method is based on the magnetic nuclear properties of the atomic
nuclei. The atomic nuclei have a positive charge and a nuclear spin. The nuclear spin has an
associated spin quantum number (/) which depends on the nuclear mass and atomic number.
The I implies that each isotope of an element has different spin quantum numbers. However,
only nuclei with a non-zero spin number, such as 'H, *C and >N are active in NMR-

spectroscopy and yield a signal [44].

In '"H-NMR, the signals from the 'H isotope are measured. This isotope has a nuclear spin

quantum number, [ = %, and thus the proton has two different alignments in the presence of a

static magnetic field: + % and — % The different alignments are defined as the magnetic quantum

number (m) [44]. When the charged nucleus spins, it generates a magnetic field with a magnetic

moment () [1]. i can be linked to m through Equation (3-10) [44].

p=-—m (3-10)
In Equation (3-10), h is Planck’s constant and y,, is the proton gyromagnetic ratio. When a
magnetic field, B is applied to a dipole such as the 'H nucleus, the magnetic moment of the
protons will interact with the external magnetic field. The result is that some of the spins will
align parallel to the external field, while some become anti-parallel. Parallel spins have lower
energy compared to those oriented anti-parallel. The difference in energy (AE) between the two

levels is given in Equation (3-11) [44].

YphB

AE =2 — ;
5™ (3-11)

Spins can be transferred to a higher energy level by applying electromagnetic irradiation with

frequency (v) corresponding to AE, as shown in Equation (3-12) [1].
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| s

AE (3-12)

Combining Equation (3-11) and (3-12) yields an expression for the characteristic resonance

frequency for each nucleus, presented in Equation (3-13).

_nB
v_27r

(3-13)
Depending on their chemical environment, different protons have different resonance
frequencies due to nuclear shielding of the external magnetic field, caused by electrons in the

molecule. The shielding leads to a chemical shift (§) defined in Equation (3-14) [44].

Vsample — Vstandard

1%

o=

10° ppm (3-14)

spectrometer

Vsamples Vstandara @Nd Vspectrometer 18 the resonance frequency for the sample, a known
standard and the spectrometer used, respectively. The chemical shift causes different signals in
an NMR-spectrum and makes it possible to distinguish the different parts of the molecule from
each other. Integration of a signal reveals the relative number of protons responsible for the

particular signal [44].

The 'H-NMR Spectrum of Xanthan

Xanthan can be O-acetylated, and pyruvate substituted depending on both the Xanthomonas
stain and fermentation conditions. The substituents can be distinguished and quantified in a 'H-
NMR spectrum at elevated temperatures, i.e. > 80°C [45]. The signals arise from the CH3-group
found on both substituents; however, due to different chemical environment, their chemical
shift is different. The pyruvate signal is located around 1.5 ppm, while the acetate signal is
found close to 2.2 ppm. If free acetate is present in the sample, i.e. if acetate groups have been
cleaved off, a signal is expected around 2.0 ppm. A signal at approximately 5.2 ppm originates
from the anomeric proton at a-Man, the inner mannose unit in the xanthan side chain. This
signal is referred to as H-1 a-Man. A typical 'H-NMR-spectrum of xanthan is presented in

Figure 3.11 [46].
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Figure 3.11: A typical "TH-NMR spectrum of xanthan. The pyruvate signal is
expected to occur around 1.5 ppm, while the acetate signal is expected close to 2.2
ppm. The reference signal, H-1 a-Man should be located around 5.2 ppm [46].

The signals of acetyl, pyruvate and a.-Man can be integrated, and thus it is possible to quantify
the number of substituents relative to the number of RUs, known as the degree of substitution
(DS). H-1 a-Man is present of all xanthan samples, and thus serve as a reference signal
representing the number of RUs. The general relation for the DS of substituent i is presented in

Equation (3-15) [47].

Ny Nygrer 1

DS; = (3-15)

Nry NH,i ) Iref

In Equation (3-15), n; and ngy is the molar quantity of substituent i and repeating units,
respectively. Ny represents the number of hydrogen responsible for the signal, and I is the

Ceree
l

integral of the signal. The subscripts “ref” and refer to the reference signal, i.e. the
H-1 a-Man signal, and substituent i, respectively. As the signal from both acetyl and pyruvate
derive from three hydrogens (CHs), their integrals need to be divided by three to only represent

one hydrogen.

Pyruvate can only be substituted on 3-Man and with only one B-Man per repeating unit, the
maximal DS of pyruvate equals 1, indicating that all side chains of xanthan possess pyruvate.
Acetylation can, on the other hand, occur at both a.-Man and at 3-Man (if no pyruvate group is
present). Hence, the degree of acetate substitution can be higher than 1, maximum 2, depending

on the DS of pyruvate.
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3.4.3 Viscometry

Viscometry is a method used to determine the viscosity of a fluid. The viscosity of a fluid is
defined as the resistance the fluid has towards deformation by shear stress or tensile stress.
Shear viscosity, also known as dynamic viscosity, has the symbol 1 and is dependent on both

shear stress (7) and shear rate (y). The relation between these variables is presented in Equation

(3-16) [48].

(3-16)

=

I

|
SENE

The shear viscosity and thus, Equation (3-16) can be explained in terms of a liquid flowing

between two parallel plates, illustrated in Figure 3.12 [1].

Figure 3.12: Flow between two vertical and parallel plates. A force, F, is applied to
one of the plates with the area, A4, causing a shear stress 7. The liquid between the

. . d . . .
plates move with flow gradient, d—:, which represents the change in velocity, du,

relative to the change in distance, dz, from the fixed, lower plate.

A force (F) is applied to one of the plates with area (A) causing a shear stress. The shear stress
further causes the liquid between the plates to move with flow gradient (Z—Z). To describe du

and dz, laminar flow is considered, where the flowing liquid can be regarded as infinitely thin
and parallel layers. Between the layers, F acts and creates a flow gradient, explaining the change
in fluid velocity, du, relative to a distance dz from a fixed point on the lower and stationary

plate [1].
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From Equation (3-16), T increase proportionally with y, a property specific for Newtonian
fluids, indicating that the fluids internal resistance is independent of the force acting on the
liquid [48]. For non-Newtonian fluids like xanthan in aqueous solutions, however, T will not
increase proportionally with y. Instead, increasing shear rate causes the growth rate of t to
decline. As a consequence, n will also decline for increased y [49, 50]. The non-Newtonian
behaviour of xanthan is caused by its rigid structure in ordered conformation, which tend to

align more with the direction of flow as the shear rate increases [1].

Capillary viscometry is a type of viscometry, where the flow-through time in a capillary (t) is
measured. The flow-through-time can be linked to viscosity through Hagen-Poiseuille's Law,

Equation (3-17) [51].

B TAPT*t
T = 8v

(3-17)

In Hagen-Poiseuille's Law, AP is the pressure difference over the capillary, whereas r and [ is
the capillary radius and length, respectively. V' equals the volume of liquid that passes the
capillary in time t. Hence, 7 is proportional to t [51]. However, the flow-model in Hagen-
Poiseuille's Law is not ideal as it does not take into account pressure losses occurring at the in-
and outflow of the capillary. As a consequence, the measured flow-through time (t,,,) is greater
than the t from Hagen-Poiseuille's Law. To account for the pressure losses, the Hagenbach

Correction Time (ty) is introduced. The relation between the ty, t,, and t is presented in

Equation (3-18) [52].

t=t,—ty (3-18)

The Hagenbach Correction Time is dependent on the type of capillary viscometer. For funnel-

shaped capillary ends, ty is calculated as in Equation (3-21) [52].

E*
ty = H 2, (3-19)

Here, E* and K* are correction terms stated at the operating instructions of the capillary

viscometer or can be taken from relevant DIN standards [52].
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Furthermore, the relative viscosity (1,) and specific viscosity (75,) can be defined as in

Equation (3-20) and (3-21), respectively [1].

Ny =——=— (3-20)

=n—1=- -1 (3-21)

1o 1s proportional to t,, which represent the viscosity and flow-through-time of pure solvent,

respectively [1].

Both the relative- and specific viscosity are dependent on the mass concentration (c) of

dissolved polymers in the solution. The parameter n% is referred to as the reduced viscosity.

The limiting value of 17% when ¢ approaches zero is further defined as the intrinsic viscosity

([n]) as described in Equation (3-22). The intrinsic viscosity is an exclusive property for a

specific polymer/solvent system.

[7] = lim (nﬂ) (3-22)

c—0

When capillary viscometry is performed, a given volume of solution with known polymer

concentration is transferred to a viscometer, similar to the illustration in Figure 3.13 [51].
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Capillary

Figure 3.13: Illustration of a viscometer commonly used in capillary viscometry
[51].

The viscometer is placed into a water bath, controlled at the desired temperature. The solution
is pushed up from B to bulb ¢ by applying a pressure on stem A as column D is sealed. The
pressure is then released, and the flow-through time is measured as the time for the solution
meniscus to pass from mark a to mark b in bulb ¢ above the capillary, as illustrated in Figure
3.13. The flow-through time is measured for a set of known polymer concentrations, as well as

for pure solvent. The obtained data can then be used to find 7,., 75, and thus [n] for the given
polymer. One approach to obtain [1] is the Huggins' equation, where 11% is plotted against the

concentration, yielding [n] as intercept. The slope is k’[n]?, where k’ is Huggins’ constant.

Huggins’ equation is described in Equation (3-23) [51, 53].

Ns ,
— =[]+ K'[n)c (3-23)

3.4.4 Chiroptical methods

Chiroptical methods are based on chiral molecules possibility to affect the plane of linear
polarised light, i.e. the light whose oscillations are confined to a single plane [54, 55]. All
polarised light states can be described as the sum of two linearly polarised states, perpendicular
to each other, usually referred to as vertically and horizontally polarised light. Circularly
polarised light (CPL) arises when one of the polarised states is out of phase with the other by a

quarter-wave. Chiroptical methods include both optical rotation and circular dichroism (CD)
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spectroscopy, both in which will be described further in Section 3.4.4.1 and 3.4.4.2, respectively
[55].

3.4.4.1 Optical Rotation

The physical basis of optical rotation, also referred to as optical activity, is the different
refraction index of left (L) and right (R) CPL measured at a given wavelength [56]. The
difference between L- and R-CPL is presented in Figure 3.14 [55].

Figure 3.14: An illustration of the difference between left- (top) and right- (bottom)
circularly polarised light (CPL). The blue lines correspond to CPL, whereas red
and green waves represents vertically and horizontally plane polarised light,
respectively [55].
At the given wavelength, the optical rotation is the resultant of both short- and long-range
Cotton effects [57]. A drawback of optical rotation is, however, that the various optically active

groups of a compound generally have overlapping bands, which are difficult to separate [54].

A polarimeter measures the optical rotation of a sample, which represent the extent, measured
in degrees, to which the sample rotates the plane-polarised light irradiating the sample. In the
polarimeter, light of a specified wavelength (4) passes through a polariser, which only allows
light aligned in one direction to pass. The aligned light further transmits through the sample to
be studied. If the sample contains chiral molecules, the light will rotate and further be detected.
The detected optical rotation is referred to as a. An illustration of a polarimeter is presented in

Figure 3.15.
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Figure 3.15: An overview of the set-up and mechanism of a polarimeter used to
determine the optical rotation of a chiral molecule.

The optical rotation of a sample is dependent on the concentration, solvent, the temperature and
wavelength used, as well as the path length, i.e. the sample cell length. In order to be able to
compare the optical rotation of different samples, a is standardised. This standardisation is
referred to as specific rotation ([a]}) and is calculated by applying Equation (3-24) [58]. The
superscript and subscript refer to the temperature and the wavelength of the measurements,

respectively.

a

r__ %
[a]} = T C (3-24)

In Equation (3-24), [ is the optical path length, whereas ¢ represent the sample concentration.

3.4.4.2 Circular Dichroism Spectroscopy

The physical basis of circular dichroism (CD) is the difference in the absorption of L- and
R-CPL. CD spectroscopy is a technique where the ellipticity of molecules is measured over a
range of wavelengths and is a widely used technique to study chiral molecules of all types and
sizes. A primary use is analysis of macromolecules sensitive to its environment, temperature or
pH [55]. Oppositely to optical rotation, which provides signals in a wide range of wavelengths,
CD only provides a signal around an optically active absorption band. This is an advantage
when analysing samples of diverse optical activity. A disadvantage is, on the other hand, that it

can be applied only in the absorption range of the samples studied [54].
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The circular dichroism spectrum of a sample is measured using a circular dichroism
spectrometer, equipped with a piezoelectric photo-elastic modulator (PEM) cemented to a block
of fused silica. When measurements are performed, the piezoelectric PEM oscillates at its
resonance frequency and induces alternating stress in the silica element, which further turns the
silica into a dynamic quarter-wave, turning the vertical and horizontal linearly polarised light
into L-CPL and R-CPL at the given drive frequency. A light detector on the other side of the
sample position detects the difference in the intensity between the two circular polarisations. If
the sample studied is found to be chiral, one of the two states of the CPL will be absorbed to a
greater extent than the other, and thus the ellipticity at the specific wavelength is obtained. If
the L-CPL is absorbed to a greater extent than the right, the ellipticity would be positive.
Oppositely, the ellipticity becomes negative if R-CPL is absorbed to a greater extent [55].

CD measurements are also standardised by applying Equation (3-24). However, instead of [a],

the measured values is usually referred to as [] for ellipticity [55].

3.4.5 Light Scattering

Light scattering (LS) is a tool for characterising various molecules as it provides the z-average
radius of gyration (R;) hydrodynamic radius (Ry) and the weight average molecular weight
(M,,) The physical basis of LS is interactions between light and electrons in the irradiated
molecule. Light contains an oscillating electric field, which in contact with a macromolecule
creates an oscillating dipole moment around the molecule. The oscillating dipole is a source of
electromagnetic radiation which will re-radiate or emit light in all direction. The intensity of
emitted light (i) is dependent on both the intensity of incoming light (/,) and the polarizability
of the macromolecule [1]. An illustration of the scattering of light is presented in Figure 3.16.

Y
(—

Figure 3.16: The scattering of light (i) relative to the incoming light (I,) at
scattering angle 0.
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LS can further be divided into dynamic light scattering (DLS) and static light scattering (SLS).
SLS refers to the analysis of the absolute mean scattered intensity of the reradiated light as a
function of the scattering angle, whereas DLS analyses the time-fluctuations of the scattered
intensity at a specific scattering angle [59]. DLS and SLS are further elaborated in Section
3.4.5.1 and 3.4.5.2, respectively.

3.4.5.1 Dynamic Light Scattering

In DLS, the motion of particles is investigated by analysing the correlation of intensity
fluctuations. When light irradiates small particles, the light scatters in all directions; a
phenomenon called Rayleigh scattering. The scattering does, however, fluctuate over time, due
to Brownian motion of particles, causing the distance between scatters in the solution to change
with time constantly. The change in scattering can either be constructive or destructive
interference by surrounding particles, providing an intensity of the fluctuations, known as the
scattering intensity correlation function, g,(z’,q"). For an ergodic system g,(z’,q*) can be
written in terms of the field correlation function g,(7’,q*) through the Siegert relation,
expressed in Equation (3-25) [60, 61].

IRUCHLCN )¢

gZ(q*’T,) (I(q*,1))? =1 +ﬁ|gl(q*:‘[’)|2 (3-25)

In Equation (3-25), 1(q*,t) represent the net scattered light intensity at time t, T’ is the
correlation time, whereas f is an intercept from the Siegert correlation between the scattering
intensity correlation function and the electric field correlation function. The scattering vector
module (g*), i.e. the vector between the scattered and the incoming light, can further be
expressed through the refractive index of the solution solvent (n), the laser wavelength in

vacuum (4,) and the scattering angle (8) as expressed in Equation (3-26) [62].

, 4mny, (0

For diffusive, strictly monodisperse suspensions, g,(7,q*) decays exponentially with 7', as

expressed in Equation (3-28) [60, 61].
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9:1(q",7') = exp(-T7') (3-27)

From the definition of the decay rate (I'), presented in Equation (3-28), the diffusion coefficient
(D) of solutes can be determined [61].

[=q’D (3-28)

D is further used to determine the hydrodynamic volume (Ry) of the molecules in solution, by

applying the Stokes-Einstein relation, Equation (3-29) [61, 62].

o kT kgTq™?
B 6mu,D ~ 6mu,l

(3-29)

In the Stokes-Einstein relation, kg is the Boltzmann-constant, T is the temperature and p,, is the

viscosity of the solvent.

In the case of analysing polydisperse solutions, the decay rate can no longer be represented as
an exponential function. As a consequence, g;(q* t") must be expressed by an integral over

the decay rate, instead of a function of a single exponential. If Rayleigh scattering, i.e. when

q* Ry < %, 91(q*, ") can be expressed as in Equation (3-30) [63].

[ee]

9:(q", 1) = f dre(Mexp(-Tt') (3-30)

0

G(I) corresponds to the decay distribution function, which is normalised so that
) 000 G(I)dI’ = 1. The CONTIN computer program has a built-in algorithm for solving Equation

(3-30), which allows for a good approximation of the actual size distribution in the solution
analysed. In short, the CONTIN program analyses of the field correlation function, acquired
during DLS analysis by assuming initial parameters. The algorithm is run so that optimal
regulation parameters can be obtained. These are further used to rerun the algorithm, obtaining
a I' which is substituted into Equation (3-29) to attain an expression for Ry, which is further
substituted into Equation (3-30). The resulting equation is presented in Equation (3-31), where

A* includes all the constants and parameters from Equation (3-29) [63].
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0]

AT’
F(Ry)exp — & |dRu (3-31)

H

9:(q",7) = f

0

F(Ry) = (A*/R%)G(T) equals the size distribution function, which is also normalised so that

J,” F(Ry)dRy = 1[63].

Then DLS is performed, a laser beam passes through a beam splitter, allowing for the monitor
diode to detect the reference intensity of the light. The light further impinges a glass cuvette
immersed in a toluene or xylene bath set at the desired temperature, which also avoids reflexes
around the sample under investigation. The light scattered from the sample is detected at an
angle 6 by an avalanche photodiode (APD), which logs the signal on a computer [60, 61]. A
high-quality DLS analysis should always be performed at several scattering angles. The
proposed setup of DLS is illustrated in Figure 3.17 [60].

He-Ne LASER: A = 633 nm

SAMPLE HOLDER

MONITOR DIODE S
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!
// DETECTOR

BEAM SPLITTER
ATTENUATOR

TOLUENE BATH
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Figure 3.17: A proposed setup of dynamic light scattering (DLS) at 633 nm [60].

3.4.5.2 Static Light Scattering

Static light scattering (SLS) is an optical technique where the intensity of the scattered light in
dependence of the scattering angle is measured to obtain information on the molecule studied,
i.e. the radius of gyration and molecular weight [64]. For a disperse sample, the z-average radius

of gyration (R; ;) and weight average molecular weight (M,,) are determined.

31



Theory

The main quantities influencing the SLS intensity are the concentration, molecular weight and
the size of the particles in solution. For a large number of "small" macromolecules moving

independently in solution, the total scattering intensity equals the sum of intensities from each

particle. In the category "small", R; should be less than %, where A is the wavelength of the

: o . . y y
incoming light. However, for larger macromolecules, i.e. molecules with R; between % and >

independent and interfering scattering elements need to be considered. The interference from
such particles is strongly dependent on the scattering angle, £ and is always destructive, except
at = 0°. Nevertheless, for lower concentrations, it is possible to condense all the dependencies

into Equation (3-32) [1, 65].

K*c 16m?R%, ., (6 1
7= (1 (5) ) (5 + 240 (3-32)

In Equation (3-32), A,-term is a thermodynamic parameter reflecting the interactions between
polymer and solvent in the solution and c¢ is the concentration of polymer. Note that a
concentration series needs to be analysed by light scattering in order for 4, to be determined.
The optical constant, K*, of Equation (3-32) can be expressed as in Equation (3-33) for
vertically polarized light [1].

on\ 2
4m2n2 (5=
K = 0 (aC)u (3-33)
4
NAvoﬂ“O

In Equation (3-33), n, represents the refractive index of the sample solvent, and N, is

d : . . . .
Avogadro's number. (a_:) is the differential refractive index increment of the polymer at
u

constant chemical potential [1, 66].

The Rayleigh ratio (Ry) is introduced as a quantity independent of the experimental setup and
is used to normalise the scattering intensity. Normalisation is needed to overcome scattering
from the solvent due to thermally induced density fluctuations in the liquid. Also, the surface

of the sample cuvette unavoidably scatters some light [65]. Ry is expressed as in Equation

(3-34).
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lsoin — lsolv [ Mo 2
Rg = , < ) Rior (3-34)
ltol

isoin> Lsory and iz, refer to the scattering intensity of the solution analysed, its solvent and the
calibration substance toluene, respectively. R;,; and n;,; is the Rayleigh ratio and refractive

index of pure toluene, respectively [67].

Analysis of SLS data and thus solving Equation (3-32) can be done by applying one out of

many analysis models. However, for larger molecules, the Berry fit model is recommended and
will be described further. In the Berry fit model, /% is plotted against sin? (g) so that M,,
[

and R; , can be determined from the intercept and slope, respectively [68].

If only one concentration is analysed by light scattering, A, cannot be determined, and thus
have to be assumed. Calculations without assuming A,, due to negligible concentration, results

in apparent M,, and R;; ,, referred to as M,

w,app a0 Rg 7 app, TESPECtively.

3.4.6 Differential Refractometry

In order to perform calculations on light scattering data, the differential refractive index

. . . ] o ]
increment at constant chemical potential ((6—7:) ) has to be known. Determination of (a—rcl) can
" I

be done through differential refractometry, a method that allows for measurement precision up
to + 3-10° [69]. The basis of differential refractometry is the difference in refractive index

between the sample studied and the sample solvent [70].

When differential refractometry is performed, a sample of known concentration and its solvents
is transferred to different compartments of a cell designed for differential refractometry
determination [69]. An illustration of a cell used for measurements in a Schulz-Cantow

refractometer is presented in Figure 3.18.
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Right side
[_ISolvent Light

B Sample Left side

Figure 3.18: A top view of the cell used for differential refractive index increment
measurements in a Schulz-Cantow differential refractometer. The sample is filled
in two compartments, and measurements are performed on the left- and right-hand
side, with the opposite side, covered.

Light is immersed through a filter of known wavelength before it impinges upon a slit and forms
a slit image which is transmitted down a blackened light tube, where it passes through the cell
and is reflected by a mirror. The mirror-image is sent back down the tube before it strikes a new
mirror, which reflects the light downward by 90°. The light further impinges a circuit, to which
two oppositely polarised photoelectric cells are mounted with a gap between them. A
micrometre screw, which controls the position of the circuit, is further rotated until the
illumination is acknowledged by an attached voltmeter [71]. The micrometre screw is further
rotated until its arrow stops increasing, i.e. when the maximum voltage is observed. The screw
is then rotated back until the voltmeter shows half of the maximum voltage and the number of
the micrometre screw is read off. Numbers are also noted for £ 10 pA of half of maximum
voltage, from both sides of the peak the electrical circuit causes. The average of each parallel
is furthermore calculated, and thus represents the centre of the peak. The curve and the

sampling points are illustrated in Figure 3.19.
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Figure 3.19: An illustration of the voltage peak arising from differential
refractometry. Measurements are made at half of the maximum voltage + 10 pA at
both sides of the peak, and the average between each parallel is calculated. The
average thus represents the centre of the peak.
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Measurements should be performed on both the left- and right-hand side of the sample cell,
covering the opposite side for both the solvent and the sample. Equation (3-35) is further applied

to determine the distance (AD) between pure solvent (Ngypen:) and the sample (Ngampie)

measured at both the left- and right-hand side (n; and n, respectively).
AD = (nr - nl)sample - (nr - nl)solvent (3-35)

AD is multiplied with a constant of the filter of known wavelength to provide the difference in
refractive index between the sample and pure solvent (An). (%) is obtained as the slope of
u

An measurements performed at different concentrations, plotted against the respective
concentration. If a filter of the light scattering wavelength is not available, measurements should
be performed at a minimum of three other wavelengths and extra- or interpolated towards the

desired wavelength.

3.4.7 SEC-MALS

SEC-MALS is an analytical tool that combines size-exclusion chromatography (SEC) with on-
line multi-angle light scattering (MALS). It is a commonly used method to determine the
different molecular weight averages and the molecular weight distribution, as well as the
different averages radius of gyration for a polymer [1]. A SEC-MALS system consists of one
or more size-exclusion chromatography columns, usually in a high-performance liquid
chromatography (HPLC) system, which fractionates solvated polymer molecules according to
their hydrodynamic volume and thus molecular weight [72]. Each eluted volume from the SEC-
column runs through a concentration sensitive detector, either a refractive index (RI)- or a UV-
detector. A light scattering detector is connected in series to the concentration detector and
monitors scattering at up to 18 angles simultaneously [1]. A typical set-up for SEC-MALS is
illustrated in Figure 3.20 [73].
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Figure 3.20: A basic set-up for SEC-MALS.

The separation mechanism of SEC is based on hydrodynamic volume. The stationary phase of
the column is a porous material and separation is a result of the solute molecules passively
diffusing into the pores [72]. Molecules that are larger than the pores will not, or to a lower
degree diffuse in and out of the pores and thus be eluted first. Smaller molecules will be retained
in the stationary phase for a longer time. The retention time in the column separates the
molecules from largest to smallest. The mechanism of MALS is identical to SLS (section

3.4.5.2) however, the detector monitors up to 18 angles simultaneously [1].

When performing SEC-MALS, data is collected in a matrix for 1000-5000 elution volumes and
¢, M and R are determined for each of these. The result is the molecular weight distribution
and the distribution of R;, which can be used to calculate various averages and generate
conformation plots to evaluate chain stiffness and thus conformation. A,, on the other hand, has

to be known when performing SEC-MALS analyses [1].

In addition to a RI- or UV-detector, an on-line viscosity detector can be added to SEC-MALS
set-up. The method is then referred to as SEC-MALS-VISC. A viscosity detector uses the

principles of capillary viscometry and determines the pressure difference over a capillary. As
the concentration is known from the RI- or UV-detector, n% can be calculated from each elution

slice and thus [n] can be calculated using Huggins’ equation, Equation (3-23). This method

does, however, require knowledge of Huggins’ constant unless the concentration is low so that

k'[n)%c <« [n]. Then [n] = =2 [1],
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Data-Processing in ASTRA

After performing SEC-MALS or SEC-MALS-VISC, the collected data can be analysed by the
data program ASTRA. In general, ASTRA solves Equation (3-32) for each elution slice, which
is assumed to be monodisperse. Under the parameter “Fit method/model", a regression model
is chosen, allowing for optimal fit of the angular dependency, extrapolated towards zero angle.
R and M can be determined from the slope and the intercept, respectively [68]. In the work of
this thesis, the Berry fit model, described in Section 3.4.5.2, was applied. Once R; and M of
each monodispersed elution slice are determined, ASTRA calculates all the molecular weight

averages by applying Equation (3-2) to (3-4).
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4 Materials and Methods

4.1 Xanthan Samples

Measurements and analyses were performed on purified xanthan (MX) and Kelzan XCD
(XCD). XCD is a commercial product by CP Kelco and is dried fermentation broth in a powder
form. MX is xanthan purified from a fermentation broth without formaldehyde, purchased from
IRIS (research institute), November 2016. The purification of MX had been performed by
Marianne Qksnes Dalheim (IBT, NTNU Trondheim, 2016). In short, the fermentation broth
was diluted 1:25 using 10 mM NaCl solution. The diluted solution was centrifuged, followed
by rinsing of the supernatant by filtration. A two-step filtration was performed using filters of
pore size 1.6 um followed by 0.7 um. Optical density was measured at a wavelength of 600
nm, using Milli-Q (MQ) water as a blank in order to estimate the bacterial cell concentration.
Xanthan was precipitated by addition of solid NaCl to a concentration of 0.1 M NaCl, followed
by addition of isopropanol to a final concentration of 60 v/v%. The precipitate was collected by
a glass rod and washed two times using 80 v/v% isopropanol followed by one time using 100
v/v% isopropanol before it was left to dry in a heating cabinet at 37°C. The MX was further

stored at room temperature.

4.1.1 Preparation of 0614-3 XCD: Sonication

The XCD used is referred to as 0614-3 XCD and had previously been prepared by Ina Beate
Jenssen during her master thesis work (IBT, NTNU Trondheim 2013/2014). The powdered
XCD had been dissolved in MQ-water and sonicated for 30 minutes, before centrifugation,
filtration and dialysis against NaNOs/EDTA at pH 7 took place. The final sample was freeze-
dried and further stored cold in a freezer [12]. The 0614-3 XCD showed MHS- and RMS-
conformation plots in good accordance with published data and was thus included as a reference

for the MX samples.

To prepare 0614-3 XCD on the H*-form, the original sample was dissolved in MQ-water to a
final concentration of 5 mg/mL. The sample was left at stirring until completely dissolved,
minimum overnight. The sample was further dialysed against MQ-water adjusted to pH 3 using
HCI at room temperature, using Spectra/Por membrane tubing with a molecular weight cut off
(MWCO) of 12-14 kDa. The membranes were soaked in MQ-water for 10-20 minutes and

washed with distilled water 2 times before the samples were introduced. Five shifts of acidic
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water were performed; two of them were overnight. The acidic dialysis was followed by dialysis

against MQ-water to a conductivity below 2 uS was observed.

The DS of acetate and pyruvate of 0614-3 XCD had previously been determined to be 0.58 and
0.85, respectively, by Christian Holmvik (IBT, NTNU Trondheim 2017/2018) [47].

4.1.2 Preparation of MX; and MXjo: Mechanical degradation

In preparation of mechanical degradation, MX was dissolved in MQ-water to a concentration
of 5 mg/mL and stirred in room temperature until dissolved, minimum overnight. When
dissolved, MQ-water was added to a concentration of 2 mg/mL MX, before the sample was
diluted 1:1 with 1 M MgSQs, obtaining a final concentration of 1 mg/mL MX, 0.5 M MgSOa.
The ionic strength during mechanical degradation was determined based on results from the

specialisation project in the autumn of 2018 [21].

Mechanical degradation was performed using Star Burst Mini. The Star Burst Mini was warmed
up and washed with approximately 500 mL MQ water at 100 MPa following the procedure
described in Wet Jet Mill Star Burst HJP-25001CE Instruction manual. The operational
pressure of was set to 220 MPa, based on results from the master thesis of Christian Holmvik
(IBT, NTNU Trondheim 2017/2018) [47]. After the first round, 50% of the sample was
separated from the rest and stored cold. This fraction is further referred to as MX;i. The
remaining part was further run through Star Burst Mini ten times, including sufficient cooling
on ice between each run, in order to prevent overheating of the xanthan and thus unwanted
dissociation of the double helices. The fraction of the original MX sample run through Star
Burst Mini ten times is referred to as MXio. The separation into two fractions after one run

through Star Burst Mini was done to obtain samples of various molecular weight.

After degradation, both samples with MX; and MXi¢ were up-concentrated to about 2 mg/mL
MX using a Biichi rotary evaporator at 35°C, in order to obtain volumes more suitable for
dialysis. MX; and MXio were further split into approximately three equal portions, in order to
be able to prepare different salt-forms of xanthan. All portions were first dialysed against MQ-
water at room temperature using Spectra/Por membrane tubing with an MWCO of 12-14 kDa
in order to remove most of MgSOs. The membranes were soaked in MQ-water for 10-20
minutes and washed with distilled water 2 times before the samples were introduced. The water

was changed every three hours, followed by one night. After dialysis against pure MQ-water,

40



Xanthan Samples

one portion of both the MX; and MXo samples were dialysed against MQ-water adjusted to
pH 3 with HCl in order to obtain H"-xanthan. To obtain Na*-xanthan, the second portion where
dialysed against 0.05 M NaCl. The HCI and NaCl dialysis was performed five times, including
two nights, before the portions were dialysed against MQ-water until a conductivity below 2
uS was observed. The last portion of both MX; and MXo were only dialysed towards MQ-
water until a conductivity below 2 uS was observed, yielding Mg?*-xanthan. The samples were
further freeze-dried to obtain a dry MX, further stored at room temperature. In total, six samples

were prepared: H'-MX; and MXo, Na*-MX; and MX,¢ and Mg?"-MX; and MX.free

In the project thesis, the DS of acetate and pyruvate of MX were determined to be 0.52 and
0.70, respectively. These values are assumed to be valid for both MX; and MXjo, due to no
observation of free acetate in neither of the "H-NMR spectra of MX [21].

4.1.3 Acetate- and Pyruvate-Free Xanthan

Removal of acetate and pyruvate of xanthan was performed after a procedure described by
Christensen and Myhr [35]. In preparation of removal of substituents, Mg?**-MX; and MXio
and 0614-3 XCD were dissolved in MQ-water to a concentration of 5 mg/mL and left at stirring
at room temperature until dissolved, minimum overnight. To remove the pyruvate groups
concentrated HCI was added to a final concentration of 0.1 M. The samples were bubbled with
nitrogen gas for seven minutes each and placed in a water bath preheated to 80°C for 8 hours,
based on unpublished kinetics calculations from prof. Christensen. This procedure has been
shown to not to reduce the molecular weight much, i.e. only 1.1-1.5 times reduction [74]. The

samples further cooled to room temperature and neutralised using 5 M NaOH.

To remove the acetate groups, 5 M NaOH was added to a final concentration of 0.025 M,
resulting in a pH between 12 and 12.5. The samples were bubbled with nitrogen gas for seven
minutes each and left at stirring in room temperature for 3 hours. The samples were then
neutralised slowly, using 1 M HCI. In order to obtain acetate- and pyruvate-free MX, suitable
for 'TH-NMR spectroscopy, one third was taken out from the original sample before adjusting

to pH 3 using 5 M and 1 M HCIl.

All samples were dialysed using Spectra/Por membrane tubing with an MWCO of 12-14 kDa.
The acidic xanthan samples were dialysed against MQ-water adjusted to pH 3 with HCI at 4°C,

where five shifts were performed. Two of the shifts were overnight. The acidic dialysis was
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followed by dialysis against MQ-water at 4°C until a conductivity below 2 uS was observed.
The dialysis bags with neutral xanthan samples were dialysed against MQ-water directly at 4°C.
The water was changed two times each day until a conductivity below 2 uS was reached. The

samples were further freeze-dried to obtain dry xanthan, further stored at room temperature.

4.2 Analysis of Acetate- and Pyruvate free Samples by 'H-NMR
Spectroscopy

To confirm the removal of acetate and pyruvate from the various xanthan samples, 'H-NMR
was conducted. In preparation of 'H-NMR, acetate- and pyruvate-free xanthan samples were
dissolved in DO to a concentration final concentration between 10 and 20 mg/mL, depending

on their solution viscosity. The exact concentration of each sample is presented in Table 4.1.

Table 4.1: Concentration of the three different samples subjected to 'H-NMR

spectroscopy.
Sample name Concentration [mg/mL]
MXi, ActPyr free 12.71
MXio, Act+Pyr free 19.27
0614-3 XCD, Ac+Pyr free 11.47

When dissolved, 500 pL of each sample were transferred to NMR tubes, and all samples were

analysed with a Bruker Avance III HD at a frequency of 400 MHz, at 80°C.

4.3 Determination of Macromolecular Properties by SEC-MALS-
VISC

Molecular weight distributions, intrinsic viscosity and thus conformation of both regular and
acetate- and pyruvate-free MX1, MXio and 0614-3 XCD were investigated using SEC-MALS
with connected viscometry detector. The set-up used, consisted of Agilent Technology 1260
Infinity and 1260 Infinity Il HPLC columns, a Shodex RI-501 RI-detector connected to a Wyatt
Technology DAWN Heleos-II multi-angle light scattering detector, further connected to a
Wyatt Technology ViscoStar III viscometry detector.
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All samples were first dissolved in MQ-water to a concentration of 2x the analysis
concentration. When dissolved, the samples were diluted 1:1 with 2x buffer (0.3 M NaNO3/0.02
M EDTA, pH 6), i.e. the mobile phase of the set-up. The measurements of MX; and 0614-3
XCD were performed at a final concentration of 0.5 mg/mL, due to high molecular weight. The

MX0 samples had a final concentration of 1 mg/mL.

All samples were filtered using PALL 5 pm Acrodisc Syringe filters with Versapor membrane
before transferred to SEC-MALS vials. Senior engineer at IBT, NTNU Trondheim Ann-Sissel

T. Ulset ran all analyses. The differential refractive index increment and the second virial
coefficient were set to Z—: = 0.15mL/g and A, = 1.0 - 10~* mol'mL/g, respectively, based on

literature [1].

4.4 Analysis of Acidic Xanthan in Water and DMSO

4.4.1 Circular Dichroism

Circular dichroism (CD) spectroscopy was applied to compare the behaviour of xanthan in
DMSO compared to aqueous solvent and determine the melting temperature. In preparation for
circular dichroism, all xanthan samples were dried overnight in a desiccator connected to a
vacuum, before dissolved in two different solvents to a final concentration of 1 mg/mL, based
on initial concentration analysis performed on MXjo samples. This analysis is presented in

Appendix A. All samples were left at stirring overnight to allow for complete dissolution.

It has previously been reported by Fantou ef al. that xanthan needs to be heated to be dissolved
in DMSO [19]. However, all samples were completely dissolved in DMSO at room temperature

overnight; thus, no heating was needed.

Before performing temperature scans at a fixed wavelength, a wavelength scan of all MX-
samples dissolved in water was conducted. The scan was performed from 210-270 nm at both
20°C and 90°C using a Jasco J-720WO Spectropolarimeter. Lower wavelengths could not be
applied due to equipment limitations. The quartz cell used had an optical wavelength of 0.5 cm
at room temperature. The spectra obtained were averaged over 10 scans with a bandwidth of 1
nm. Based on the obtained spectra and discussion with prof. Sato, the temperature scans were
performed at 215 nm, from 20-90°C. The bandwidth of the measurement was set to 1 nm and

the rate of heating to 2 °C/min.
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The ellipticity of the MQ-water was measured by the same approach, both wavelength and

temperature scans were performed. These spectra serve as a baseline for further calculations.

Fantou et al. have previously studied xanthan in DMSO and water by CD, by performing a
wavelength scan from 200-270 nm [19]. However, when performing a wavelength scan of
DMSO from 210-270 nm in a 0.5 cm quartz cell, voltage > 1000 V was observed, indicating
that light is not able to pass through the sample. To overcome this quartz cell of shorter optical
wavelength, i.e. 0.2 cm, 0.1 cm and 0.1 mm was tested for DMSO measurements, but still high

voltage was observed. CD of DMSO and xanthan in DMSO was thus not possible to perform.

4.4.2 Optical Rotation

Optical rotation was conducted in order to investigate a possible order-disorder transition as a
function of w/w% DMSO. In preparation of optical rotation, solvents of 0-100 w/w%
DMSO/MQ-water were prepared. 0614-3 XCD and MXjo were dissolved directly in each
solvent, to a final concentration of 0.5 mg/mL and 1 mg/mL, respectively. All samples were
left at shaking overnight for complete dissolution. No heating was needed for complete

dissolution in DMSO.

Optical rotation was performed using an Anton Paar Modular Circular Polarimeter at 486 nm,
using a 10 cm quartz cell at 25°C. Between each measurement, the quartz cell was washed two
times with the solvent of the next sample, discarding the solvent used for washing. Optical
cleaning of the samples was not performed to avoid adsorption of xanthan to the filter and thus

change the concentration.

4.4.3 Capillary Viscometry

In preparation of capillary viscometry, the H*-forms of MXio, 0614-3 XCD and acetate- and
pyruvate-free 0614-3 XCD were weighed out and dissolved directly in each solvent. The
solvents prepared under preparation of optical rotation were used. The final analysis

concentration of each sample is presented in Table 4.2.
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Table 4.2: Overview of the samples analysed by capillary viscometry.

Sample name Concentration [mg/mL]

H*-0614-3 XCD
H*-0614-3 XCD, Ac+Pyr free

0.5

H*-MXio 1

All samples were left at shaking overnight to dissolve. No heating was needed to dissolve the

samples in DMSO.

Capillary viscometry was performed at 25+0.01°C in a Julaba water bath with AVS measuring
stand and Julaba MB temperature regulation. To determine the flow-through time of the
solvents and the samples, t, and t, respectively, 4 mL of the samples were transferred into an
AVS 33610/ Schott Geate viscometer. The flow-through times were measured five times for
each sample. The viscometer was washed with 10 v/v% deconex, MQ-water and dried with
acetone and compressed air before a new measurement was started. No filtration was performed

in order to avoid adsorption of xanthan to the filter and thus change the concentration.

4.4.4 Light Scattering — DLS and SLS

LS was applied to obtain more information on the behaviour of xanthan in DMSO compared to
in aqueous solution. In preparation of LS, all MX samples (MXi, MXio and acetate- and
pyruvate-free MX; and MX0) were dried in a desiccator connected to vacuum overnight before
dissolved in MQ-water and pure DMSO to a final concentration of 1 mg/mL. The samples were
left overnight to allow for complete dissolution. No heating was needed to dissolve the samples

in DMSO.

The cylindrical light scattering cuvettes used were washed using 10% deconex, followed by
extensive rinsing with water. Further, the cuvettes were washed with acetone under pressure at
79°C for four hours, covered in alumina foil which was washed the same way and dried in

vacuum for 30 minutes.

All MX samples were optically cleaned by filtration before analysis. Due to limited availability,

0.8 um DISMIC-25CS sterilised cellulose acetate syringe filters were used for the MX samples
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dissolved in MQ-water, whereas the MX in DMSO samples were filtered using 5 pum Membrane
Solution Nylon syringe filters. Pure MQ-water and DMSO were both filtered using 0.22 um
Membrane Solution PTFE syringe filters. Optical cleaning and transfer to light scattering

cuvettes were performed in an inert atmosphere.

Simultaneous static and dynamic light scattering (SLS and DLS) measurements were performed
using an ALV/SLS/DLS-5000 light scattering instrument equipped with an ALV-5000 multiple
T digital correlator. Vertically polarized light with the wavelength in vacuum 4, = 532 nm
emitted from an Nd:YAG laser was used as the incident light. Before starting each
measurement, the filled cuvette was immersed into the thermostatic xylene bath of the light
scattering instrument for approximately five minutes in order to reach the set temperature of

the xylene bath.

The light scattering system was calibrated using toluene as the reference substance. Before each
MX-sample, the scattering intensity of toluene, i;,;, at each § was measured. The scattering
intensity and its time correlation measurements were initiated from low to high scattering angle
6. The measurements were made at 6 = 30°-50° with step 5° and € = 60°-135° with step 15°.
The dark current of the light scattering system was also measured in order to correct the
scattering intensities of toluene, the solvent water, and solutions. The scattering intensity of the
sample solvents, MQ-water and DMSO were also measured at each 6. In total, 11 angles (40°-
135°, step 5° and 15°) and four temperatures (20-50°C, step 10) were measured for each MX-

sample, solvents and toluene.

Analysis of the SLS measurements was made by applying Equation (3-34) to determine the
Rayleigh ratio for each sample. The Rayleigh ratio and refractive index of toluene were set to
be 2.715-107° cm™ and 1.497 respectively, while the refractive index of DMSO and MQ-water
were set to be 1.477 and 0.1335, respectively. Equation (3-32) was further solved by a Berry

regression.

DLS measurements were analysed by the computer program CONTIN, providing the field
correlation function and thus the final decay rate distribution function. The size distribution was
analysed by the function “Regularized Fit Set-up”, using 150 data- and grid points. The

minimum and maximum decay time were set to 0.0001 ms and 100 000 ms, respectively.
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4.4.5 Differential Refractometry

: : . . . ]
In order to perform calculations on light scattering data, the refractive index increment, =, at

9 aC7
the light scattering wavelength (532 nm) has to be known. The refractive index increment was
measured using a Schulz-Cantow photoelectric differential refractometer. Before analysis, a
concentration series of both MXio and acetate- and pyruvate-free MXio in MQ-water and

DMSO were prepared and dissolved overnight. The MX; samples were not measured, based on
: . : on . .

discussions with prof. Sato, who stated that a—: is not so dependent on molecular weight. Note

that the samples were not dialysed against their solvent to obtain a constant chemical potential

and thus (Z—:) , in order to prevent absorption of water into DMSO [75].
u

The MX concentrations in MQ-water was 3, 5 and 10 mg/mL, whereas DMSO solutions were
prepared to 1, 3 and 5 mg/mL. Before measurement, the samples and their solvent were
optically cleaned using syringe filters of the same type as for light scattering experiments.
Measurements were performed at 436, 488 and 546 nm at both 20°C and 50°C, six
measurements at each wavelength and on both left and right side on the sample cell, as
described in section 3.4.6 and Figure 3.18. Between each sample, the sample cell was washed

thoroughly with distilled water, followed by acetone and drying in a vacuum.
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5 Results and Discussion

The experimental work of this thesis involves a wide range of various samples and experimental
pathways. Thus, an overview of the preparation of the samples and analytical methods is

provided in Figure 5.1.

Mechanical
degradation of
MX by High Shear
Forces
(Star Burst Mini)

Mechanical
degradation

of Kelzan XCD
by Sonication

v
0614-3 XCD

v

SEC-MALS-VISC

10 runs through 1 run through 10 run through
Star Burst Mini Star Burst Mini in Star Burst Mini in
Sample name by 0.5 M MgSO, and 0.5 M MgS0O, and v
ionic strength: 0.1 desalting by desalting by Optical rotation
M Nacl, 0.5 M NacCl dialysis dialysis Viscometry

and 0.5 M MgSO, / l \ / ! i

/ ' \ R Acetyl and

v Mg2*-MX, / AN Pl pyruvate removal
SEC-MALS-VISC / \ and dialysis

/ \

R - (- .- N
/ / \

SEC-MALS-VISC

. N\
cD SEC-MALS-VISC < \d
LS Ac+Pyr free Ac+Pyr free Ac+Pyr free H*-
CD
Optical rotation \ /
Viscometry

LS TH-NMR
TH-NMR
SEC-MS:SS'V'SC SEC-MALS-VISC
Uo Viscometry

Figure 5.1: Flow-chart of the preparation methods and experimental pathways for
the various xanthan samples. The grey colour indicates that the procedure was
performed in the master work of Ina Beate Jenssen (IBT, NTNU Trondheim
2013/2014). MX is xanthan purified from fermentation broth, and Kelzan XCD is
commercial xanthan from CP Kelco.

5.1 Mechanical Degradation by High Shear Forces
5.1.1 Effect of Ionic Strenght During Degradation

Mechanical degradation in Star Burst Mini is performed at high pressure (220 MPa) which is
likely to cause a high, but yet unknown temperature at the site of depolymerisation. The high
temperature could drive xanthan to its disordered state, causing random coil behaviour in

solution and undesirable properties. When MX was mechanically degraded with 0.1 M NaCl in
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the project work, random coil-like conformation was detected by SEC-MALS-VISC. The effect
of ionic strength on the conformation during mechanical degradation on the conformation was
therefore further investigated. The results are included here to demonstrate the choice of ionic

strength in subsequent sample preparations.

MX in different ionic strengths, i.e. 0.1 M (0.1 M NacCl), 0.5 M (0.5 M NaCl) and 2 M (0.5 M
MgS0O4) were mechanically degraded by ten runs through Star Burst Mini. The number of runs
was chosen based on the master thesis of Christian Holmvik (IBT, NTNU Trondheim
2017/2018) [47]. The samples were further analysed directly, without any purification step, by
SEC-MALS-VISC. A flow chart of the sample handling and analyses is shown in Figure 5.2.

Dilution with
2xbuffer
0.1 M NaCl 1:1

Room temp.

Mechanical

' . Dilution and degradation at
Dissolve MX in addition of salt 220 MPa

[n] and M,, by
MQ-water. 1 mg/mL MX,

SEC-MALS-VISC

Room temp.

Sample after 10

5 mg/mL 0.1and 0.5 M NaCl, G5
0.5 M MgsO, Effluent is

Room temp. immediately
cooled on ice

Room temp.

0.5 M NaCl and MgSO,
Dilution

with MQ-water
1:1

Room temp.

Figure 5.2: Procedure and handling overview for MX samples degraded at different
ionic strengths to study of effect of ionic strength during mechanical degradation.

ASTRA 7.1.4 was used to process the data obtained by SEC-MALS-VISC, using Berry to the
second power as regression model. The conformation of the degraded samples were evaluated

from RMS conformation- and MHS-plots, presented in Figure 5.3 and Figure 5.4, respectively.
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Figure 5.3: RMS conformation plots (R; as a function of M) of MX mechanically
degraded at different ionic strengths (10 runs through Star Burst Mini). The box in
the lower right corner shows the regression slopes, corresponding to the exponent
a in Equation (3-6).
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Figure 5.4: MHS-plots (double logarithmic plot of [n] as a function of M,,) of MX
mechanically degraded at different ionic strengths (10 runs through Star Burst
Mini). The box in the lower right corner shows both the MHS constant (K) and the
regression slopes (here, a), corresponding to the exponent b in Equation (3-7).
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The RMS conformation- and MHS-plot (Figure 5.3 and Figure 5.4, respectively) show different
slopes in the low and high regions of molar mass. Different shape parameters are expected
depending on the shape of the polymer. Hence, the observation suggests variations in
conformation within each sample. This is, however, an expected result, independent of the
conformational state of the helix, which reflects the rigidity of shorter chains compared to
longer chains, which are more flexible. A vertical line was drawn from the molar mass axis to
illustrate the conformational variations for low and high molecular weight. Region I represent
the lower molecular weights of the molecular weight distribution, Region II the higher. The
shape parameters of the two regions, as well as the overall shape parameters, are presented in

Table 5.1.

Table 5.1: Shape parameter (a and b) from the RMS conformation- and MHS-plot
of MX mechanically degraded through Star Burst Mini 10 times at different ionic

strengths.
Region I Region II Overall
0.1 M NaCl 0.2 0.0 0.05
a 0.5 M NaCl 0.6 0.1 0.07
0.5 M MgSO4 0.5 0.1 0.11
0.1 M NaCl 1.4 0.3 0.8
b 0.5 M NaCl 1.3 0.6 1.03
0.5 M MgSO4 1.2 0.8 1.06

From both Figure 5.3 and Figure 5.4 (Table 5.1 for shape parameters), the overall shape
parameter of 0.1 M NaCl is lower compared to both 0.5 M NaCl and 0.5 M MgSOQ4, suggesting
a less rigid conformation. It can furthermore be seen (Figure 5.4) that 0.1 M NaCl has most
narrow Region I, an observation which implies that a smaller fraction of the molecular weight
distribution of 0.1 M NaCl is found to have a rigid conformation. The overall MHS shape
parameter of the 0.1 M NaCl sample is found to be 0.8, i.e. a slope which is only slightly higher
than expected for a random coil (0.6). The findings thus may suggest that the sample has

undergone order-disorder transitions during mechanical degradation and that the original
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structure is not entirely reformed during renaturation upon cooling, rendering the properties of

xanthan.

The sample degraded with 0.5 M MgSO4 shows a broader Region I and a significantly higher
shape parameter in Region II compared to both 0.1 M and 0.5 M NaCl, suggesting a more rigid
conformation on both sides of the molecular weight distribution. The findings suggest that
denaturation has been avoided and thus that the degraded sample is in the native, ordered state.
Its overall MHS shape parameter is found to be 1.06, which still is below the ideal shape
parameter of 1.8 for rigid rods. However, the results clearly illustrate the importance of
performing mechanical degradation at high ionic strength. When it is desired to keep the

ordered conformation of xanthan, high ionic strength should be applied.

5.1.2 Preparation of Xanthan Samples

MX was mechanically degraded with 0.5 M MgSO4 by high shear forces and further
desalted/purified to produce samples of different molecular weight for subsequent analyses.
One and ten runs through Star Burst Mini were performed, producing the samples referred to
as native MX; and MXjo, respectively. Acetate and pyruvate were further removed from a
fraction of MX;, MXj and the sonicated sample 0614-3 XCD, which had been prepared by Ina
Beate Jenssen (IBT, NTNU Trondheim 2013/2014). An overview of the preparation procedure
of MX; and MXjo, as well as the procedure for obtaining acetate- and pyruvate-free xanthan
samples are presented in Figure 5.5 and Figure 5.6, respectively.
Na*-MX: Dialysis
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5 me/ml e ¢ and 10 runs most of MQ-water
focmitene 0.5 M Mgso, Effluent is MgSO,
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Freeze
drying
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5 water
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Figure 5.5: Procedure and handling overview of MX-samples mechanically
degraded and purified for further analysis.
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x5 water Freeze-drying
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Figure 5.6: Procedure and handling overview of preparation of acetate- and
pyruvate-free xanthan.

5.1.3 Characterisation of Samples by 'H-NMR

Acetate and pyruvate were removed from MXi, MXio and 0614-3 XCD by mild acid- and
alkaline hydrolysis to rule out any effect of pyruvate and acetate content on subsequent
analyses. It was also desired to investigate a possible effect of structural chemistry on order-
disorder transitions. The assumed acetate- and pyruvate-free xanthan samples were analysed by
"H-NMR at 80°C to confirm the removal of substituents. The chemical shifts of the spectra
were calibrated relative to the water peak set to 4.25 ppm (at 80°C) The obtained spectra are
shown in Figure 5.7, which also includes a reference spectrum of xanthan where both

substituents are present.
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Figure 5.7: '"H-NMR spectra of various xanthan samples obtained at 400 MHz and
80°C in order to confirm the removal of acetate and pyruvate. In the reference
spectrum, the peaks of acetyl, pyruvate, Hl a-Man and water are annotated
according to the literature [76].

The spectra presented in Figure 5.7 are all in good correlation with the expected reference
spectrum. When comparing the upper three spectrums of Figure 5.7 with the annotated
reference spectrum, it can readily be observed that the characteristic two peaks of acetate and
pyruvate, located around 2.1 and 1.45 ppm, respectively, are missing. Thus, it is confirmed that

both substituents successfully have been removed from all three samples.
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5.1.4 Characterisation of Samples by SEC-MALS-VISC

Characterisation of mechanically degraded and purified samples were performed using SEC-
MALS with on-line viscometry detector. SEC-MALS-VISC has previously analysed MX; and
MXo degraded in 0.5 M MgSO4 during the project work [21]. However, as new samples were
prepared and purification by dialysis was included in the procedure, it was of interest to test the
reproducibility of mechanical degradation in terms of M,,, [n],, and R;,,, in addition to
evaluate the effect of purification on conformation. Acetate- and pyruvate-free xanthan samples

(MXi, MXjoand 0614-3 XCD) were also analysed.

ASTRA 7.1.4 was used to process the data obtained by SEC-MALS-VISC, using Berry to the
second power as regression model. Each sample was analysed two times, and the average was
calculated. In general, the variance between the two measurements was between 1 and 10% for
all parameters. The results are presented in Table 5.2 in terms of molecular weight, intrinsic
viscosity and radius of gyration. All presented values are weight averages and thus denoted by
a subscript w. The elution profiles and molecular weight distributions of each analysis are
presented in Appendix B. The salt-form ahead of analysis is indicated by the counterion in
parenthesis. Although SEC-MALS-VISC did not determine DS of acetate and pyruvate, these
values are also included in Table 5.2 to provide a full overview of the characteristics of each

sample.
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Table 5.2: Weight average molecular weight (M,,), intrinsic viscosity ([n],,) and
radius of gyration (R, ) obtained by SEC-MALS-VISC. The eluent used was 0.15
M NaNOs and 0.01 M EDTA. The presented numbers are calculated as an average
of two analyses. Degree of substitution (DS) of acetate and pyruvate are included to
provide a full overview of the characteristics of each sample.

Sample name DSac DSeyr M, [kDa] [n],, [mL/g] Rg, [nm]
0614-3 XCD 0.85* 0.58°* 820" 706" 109°
(H")-0614-3 XCD, Ac+Pyr free - - 633 872 95
(Mg*) MX; 909 763 101
(H") MX;, 0.70*  0.52% 938 761 106
(Na*) MX| 1021 525 98
(H") MXi, Act+Pyr free - - 688 832 96
(Mg?*) MX1o 416 320 46
(H") MXjo 0.70*  0.52% 507 322 49
(Na*) MX 641 364 63
(H") MXi0, Act+Pyr free - - 230 279 38

The general variance between the two measurements was between 1 and 10% for all parameters.
* Analysis performed by Ina Beate Jenssen (IBT, NTNU Trondheim, 2013/2014) [12].
*Determined by Christian Holmvik (IBT, NTNU Trondheim, 2017/2018) [47].

* Determined in the project thesis [21].

From Table 5.2, it can be observed a significant difference between MX; and MXo. In general,
all the values presented for MXio, i.e. My, [n],, and R;,,, are roughly half of the values
presented for M X1, which is similar to what was found during the project work and in Christian
Holmvik’s (IBT NTNU Trondheim 2017/2018) master thesis [21, 47]. This serves as a clear
indication of mechanical degradation being successful and reproducible in terms of reducing

molecular weight, the radius of gyration and intrinsic viscosity.

5.1.4.1 Effect of Acetate and Pyruvate Removal

Removal of acetate and pyruvate causes the molecular weight of both MX;, MXjo and
0614-3 XCD to drop, which could be explained by the removal of substituents. The most
substantial percent-wise in M,, is found in MXio (H'-form), decreasing from 507 kDa to 230
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kDa, which might be explained by MXio having the lowest initial molecular weight, compared
to both MX; and 0614-3 XCD. Xanthan samples of lower molecular weights have previously
been found to be more susceptible to order-disorder transitions [5]. This may have caused MXio
to be in the disordered state ahead of and/or during acetate and pyruvate removal, which further
could have made the sample more susceptible towards acid- and/or alkaline hydrolysis of the
glucosidic bonds under the conditions required to remove the substituents. However, to confirm
this hypothesis and evaluate which step that potentially causes the decrease in molecular
weight, acetate and pyruvate should be removed in two steps, including a SEC-MALS-VISC
analysis in-between, which would provide valuable information on the direct effect of each

step.

The intrinsic viscosity and radius of gyration of the different samples are also shown to be
influenced by the removal of acetate and pyruvate. Both MX; and 0614-3 XCD show increased
[n],, when the substituents are removed, which is expected as long as the hydrodynamic radius
is kept constant, i.e. the backbone conformation. The observed increase thus suggests that the
conformation of MX; and 0614-3 XCD is little or not at all affected by the acidic and alkaline
conditions when removing acetate and pyruvate. It could also explain why the radius of gyration

of the two samples remains almost unchanged when the substituents are removed

The [n],, and R;,, of MXio does, on the other hand, decrease when acetate and pyruvate are
removed. Similar results have also been published for other xanthan samples [77]. The
reduction in [n],, may suggest that the conformation of MXy is affected by the removal of
acetate and pyruvate and might be linked to the substantial reduction in M,, observed for the
same sample. As lower molecular weight xanthan samples are more susceptible for denaturation
and renaturation to occur, the decreased [n],, and R;,, could be explained by intra-dimer
renaturation taking place, e.g. by a hairpin formation [5, 31]. Formation of a hairpin structure
would leave the renatured molecules more compact compared to the original molecule and thus

the intrinsic viscosity and radius of gyration decreases.

5.1.4.2 Effect of Salt-Form

The different salt-forms of the MX; and M X samples, obtained through dialysis, are converted
to the sodium form after analysis due to the sodium containing SEC-MALS-VISC eluent. Thus,
all samples should theoretically give similar macromolecular properties as they were prepared

in the same way. The obtained SEC-MALS-VISC results in Table 5.2 do, however, suggest
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otherwise, as M,,, [n],, and R, ,, MXi0 show to be dependent on the initial salt-form. For MXio,
the sample whose counterions were Mg?*, has the lowest molecular weight, while H*-MX o and
Na*-MXio show increasing values for M,,, respectively. A similar trend can be observed for
both [n], and R;,,. Xanthan in acidic solution is known to have reduced [n],, and R;,,
compared to sodium xanthan in neutral, aqueous solution at approximately similar M,,, and
might explain the lower characteristics of H"-MXio compared to Na"™-MXio[33]. The findings
does, however, suggest that the double helical structure becomes more flexible rather than

denaturated.

The macromolecular properties of MX; are also dependent on the salt-form. The trend of the
molecular weight is similar as for MXio, whereas the trend of both [n],, and R;; ,, is opposite,
leaving Na*-MX, with the lowest [n],, and R;,,, Mg*-MX with the highest. The different
trends for MX; and MXio may suggest that the conformation of the samples is dependent on

the salt-form.

5.1.4.3 Effect of Salt-Form and Structural Chemistry on Conformation

To evaluate the effect of the salt-form and acetate and pyruvate removal on conformation, RMS
conformation- and MHS-plots were generated from the M,,, [n],, and R; ,, presented in Table
5.2. Data from Sato et al. for xanthan in aqueous sodium solution as a reference for optimal
conformation over a wide range of molecular weights [11]. Its data are presented in Appendix

C. Note that the reference data are the z-averages. However, as the reference sample is almost

monodisperse, i.e. has % = 1.1, the z-average equals the number- and weight average, making
n

it possible to compare the data [41]. The RMS conformation- and MHS plots are presented in
Figure 5.8 and Figure 5.9, respectively. The different samples are annotated according to their

counterion before analysis by SEC-MALS-VISC or lack of acetate and pyruvate.
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Figure 5.8: RMS-conformation plot of the xanthan samples analysed by SEC-
MALS-VISC compared to reference data for xanthan in aqueous sodium solution
published by Sato ez al [11].
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Figure 5.9: MHS plot of the xanthan samples analysed by SEC-MALS-VISC
compared to reference data for xanthan in aqueous sodium solution published by
Sato ef al [11].
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From Figure 5.8 and Figure 5.9, it can be observed that the sonicated sample, 0614-3 XCD, is
in good accordance with the reference data from Sato et al. Thus, it is confirmed to be an ideal
reference sample for mechanically degraded MX. Evaluating the conformation of the
mechanically degraded MX samples, both Na"™-MX and H"-MX have lower R;,, and [7n],,,
compared to the Sato reference sample at similar molecular weight, which may suggest a less
ideal and looser helical conformation. A looser conformation is expected for H"-xanthan but
not for Na*-xanthan, which further may suggest that denaturation has occurred in the latter
sample [33]. Another explanation could be the formation of aggregates during desalting by
dialysis, which may not be entirely solved by the shear forces in the SEC-column. R;,, and
7], of Mg*-MX are closer to the Sato reference sample at similar molecular weight,
suggesting that presence of Mg?" as a counterion results in more ideal and rigid double helical

conformation compared to the presence of Na* and H".

Both R ,,, and [n],, of the acetate- and pyruvate-free xanthan samples are higher than the values
of the Sato reference sample at similar molecular weight, which suggests an even more rigid
conformation of these samples. Hence, removal of acetate and pyruvate, which is performed
after mechanical degradation, seems to recover a more favourable conformation. The improved
conformation might be explained by the mild acid- and/or alkaline conditions in the preparation

procedure of acetate- and pyruvate-free xanthan, dissolving potential aggregates.

5.1.4.4 Effect of Purification on Conformation

In the project work, MX degraded with 0.5 M MgSO4 were analysed directly by SEC-MALS-
VISC without any purification step. However, to obtain mechanically degraded samples of
lower molecular weight suitable for other analyses, desalting by dialysis followed by freeze-
drying was performed. To evaluate the effect of the purification procedure on conformation,
the SEC-MALS-VISC data obtained for the non-purified MX degraded with 0.5 M MgSO4 (10
runs through Star Burst Mini) during the project work were plotted in RMS conformation- and
MHS-plots together with the data of purified (Mg?*)-MX 0. The resulting plots are presented in
Figure 5.10 and Figure 5.11, respectively.
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From the RMS conformation- and MHS-plots it can readily be observed that the conformation
of purified and non-purified MXio are similar, as their plots are closely associated and have
similar regression slopes, especially in the RMS conformation-plot. In the MHS-plot, the
purified sample is found to have a shape parameter of 0.982, while the non-purified sample
shows a shape parameter of 1.14. The slightly higher shape parameter of the non-purified
sample might be explained by the low amount of handling taking place before analysis
compared to the purified samples. The latter sample has undergone dialysis to remove the
excess of MgSO4. Hence, a reduction in ionic strength occurs, lowering Tm. As dialysis was
performed at room temperature, the purified MXio samples may have started some transition
towards disorder, making the molecules more flexible. Nevertheless, dialysis seems to be an
appropriate method to remove excess salt after mechanical degradation without introducing
substantial changes in conformation. However, dialysis at lower temperatures might be
considered to further optimise the complete procedure for obtaining mechanically degraded and

purified xanthan.

5.2 Conformation of Acidic Xanthan in Water and DMSO

It has previously been reported by Fantou ef al. that acidic xanthan needs to be heated to be
fully dissolved in DMSO [19]. However, all xanthan samples, i.e. both native and acetate- and
pyruvate-free MXi, MXio and 0614-3 XCD, were found to be completely dissolved in DMSO
after one night at stirring. Thus, it was found that heating is needed to dissolve acidic xanthan

in DMSO.

5.2.1 Conformational Study by Circular Dichroism

The conformational state of H-MX; and MXio, both native and acetate- and pyruvate-free,
were studied by CD in order to confirm the results published by Fantou et al., claiming xanthan
to be disordered in DMSO when on its acid form [19]. Another objective was to determine the

Twm of the different samples in both water and DMSO by increasing the temperature.

5.2.1.1 MQ-Water as Solvent

CD was performed at wavelengths from 210 to 270 nm at both 20 and 90°C in a 5 mm cell.
Each spectrum was determined as an average of 10 spectra, baseline-corrected and further

normalised by applying Equation (3-24). The resulting spectra are shown in Figure 5.12.
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Figure 5.12: Circular dichroism spectra of native and acetate- and pyruvate-free
H*-MX; and MXjy in MQ-water at both 20 and 90°C.

The CD spectra presented in Figure 5.12 resembles CD spectra of xanthan previously published,
by having two main absorption band: A positive peak at 205 nm and a negative, defined as a
trough from literature, located around 220 nm [45]. The peak represents the ordered state of

xanthan, whereas the trough represents the disordered state [31, 78].

Both absorption bands of native MX; and MXj are found to change when the temperature is
risen from 20 to 90°C, indicating changes in structural conformation. The peaks at 205 nm show
a linear decrease in ellipticity with increasing temperature, suggesting that a non-cooperative
transition takes place, lowering the fraction of ordered structure. In contrast, the amplitude of
the trough increases cooperatively when the temperature rises, suggesting that xanthan becomes
more disordered, as such behaviour would not be expected if increasing temperature only
caused the levelling of vibrational and rotational energy states [45]. Similar behaviour of the
peak and trough with increased temperature has also been shown by Morris ef al., illustrated in

Figure 5.13.
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Figure 5.13: Circular dichroism spectra showing the temperature dependence of
xanthan [45]. The number on top of each positive peak corresponds to the
temperature the spectrum was obtained.

The 205 nm peak of acetate- and pyruvate-free MX1o behave similarly (and non-co-operatively)
to that of native MXjo, suggesting that the ordered conformation becomes less abundant at
90°C. The ellipticity of the 220 nm trough, on the other hand, seems less temperature dependent.
For acetate- and pyruvate-free MXi, both absorption bands, are almost independent of
temperature, which may imply that the conformation is unaffected by increasing temperature.

The observations may suggest that removal of both acetate and pyruvate stabilises the ordered

structure of xanthan, preventing order-disorder transitions.

To further study the effect of temperature, temperature scans from 20 to 90°C at a fixed
wavelength of 215 nm, were performed. Measurements at this wavelength allows for
investigation of changes in the absorption band of the ordered state of xanthan. The CD spectra
of each sample were baseline-corrected and further normalised by applying Equation (3-24).

The results are presented in Figure 5.14.
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Figure 5.14: The temperature dependency of native and acetate- and pyruvate-free
H*-MX; and MXjo in MQ-water at 215 nm.

From Figure 5.14, all samples have a linear decrease in ellipticity with increasing temperature,
independent of molecular weight and presence substituents. Nevertheless, the acetate- and
pyruvate-free MX; and MXio provide higher ellipticity throughout the temperature range,
suggesting that these samples have a more ordered, rigid conformation, even from the
beginning. Similar observations were also found when analysing the characteristics of the
samples by SEC-MALS-VISC. If an order-disorder transition took place in the given
temperature interval, a sigmoidal shaped curve with a negative slope are expected. The results
therefore imply that no complete order-disorder transition in the given temperature interval and
that the ordered state is obtained for all temperatures measured. The lack of an observed
transition might be explained by the increased stability of H'-xanthan at higher temperatures
compared to Na“-xanthan [34]. However, a similar, linear decrease in ellipticity at 215 nm with
increasing temperature has, also been found by Morris et al. for deacetylated, sodium xanthan

(Figure 5.15).
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Figure 5.15: Wavelength dependence of circular dichroism of deacetylated xanthan
in water, obtained by Morris et al [45]. The red, bold line corresponds to the same
wavelength, 215 nm, used for the temperature scan of H'-MX in MQ-water.

As no order-disorder transition was observed in the measured temperature interval, T could
not be determined for any of the mechanically degraded MX samples analysed, but is suggested
to be > 90°C.

5.2.1.2 DMSO as Solvent

Fantou et al. have previously studied xanthan in DMSO and water by CD spectroscopy and
performed a wavelength scan from 200 to 270 nm [19]. However, when attempting to reproduce
the spectrum in a 0.5 cm quartz cell, voltage > 1000 V was observed, indicating that light is not
able to pass through the sample, causing no signal to be obtained. In an attempt to overcome
this, quartz cells of shorter optical wavelengths, i.e. 0.2 cm, 0.1 cm and 0.1 mm were tested.
However, the high voltage was still observed. The high voltage might be caused by the
absorbance of DMSO, which increases for wavelengths below 250 nm, i.e. the range where the
peaks of xanthan are visible [79]. The CD spectra of xanthan in DMSO was thus not possible
to reproduce, which of course raises a question to the CD spectrum of xanthan in DMSO

obtained by Fantou et al. (Figure 1.1).
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5.2.2 Order-Disorder Transitions in Water/DMSO Mixtures

As CD provided little information on the state of acidic xanthan in DMSO, optical rotation was
considered, which contrary to CD, provide a signal at a wide range of wavelengths. A
Photophysics Chirascan Series with optical rotatory dispersion accessory was considered for
the measurements due to its ability to include temperature scans, allowing for detection of
thermal order-disorder transition and determination of Tn,. However, the Photophysics
Chirascan optical rotation failed to be adequately calibrated, and thus, initial test results were
off limits. Time was put into trial and error, making the calibration right, however without any

success. The trial and error attempts are further elaborated in Appendix D.

Given the issues with both CD spectroscopy in DMSO and optical rotation with temperature
scans, it was decided to study whether a (cooperative) change in optical rotation and/or solution
viscosity could be observed when the concentration of DMSO was gradually increased from 0
to 100%. The aim was to detect a possible conformational transition at a critical fraction of
DMSO, fbmso. Similar studies have previously been done on the polysaccharide Schizophyllan

[54, 80].

5.2.2.1 Optical Rotation

Optical rotation was performed in a 10 cm quartz cell at a fixed temperature of 25°C on acidic
xanthan samples (native MXjo and 0614-3 XCD) in water containing different weight fractions
of DMSO. The optical rotation of each sample was corrected for the cell length and
concentration by applying Equation (3-24). The specific optical rotation is presented as a

function of w/w% DMSO in Figure 5.16.
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Figure 5.16: Specific optical rotation ([a]436) of H'-xanthan at 25°C as a function of

w/w% DMSO.
Figure 5.16 shows that 0614-3 XCD and MXjo follow the same trend; the optical rotation is
stable around -4 mdeg cm?/g for low weight fractions of DMSO, before an increase can be
observed between 70 and 80 w/w% DMSO. From 80 to 100 w/w% DMSO, the optical rotation
is stable at around -2 mdeg cm?/g. The increase in optical rotation may suggest structural

changes around 80 w/w% DMSO, possibly caused by an order-disorder transition.

An increase in optical rotation can also be observed around 40 and 50 w/w% DMSO, especially
for H*-MXo. However, as the optical rotation drops back to approximately the initial values
when measured at 60 w/w% DMSO. This may suggest that the observed increase is a result of

noise in the measurements.

5.2.2.2 Capillary Viscometry

Due to the observed scattering of data from optical rotation, capillary viscometry was applied
to confirm the anticipation of an order-disorder transition taking place around 70 and 80 w/w%
DMSO. Capillary viscometry was performed at 25°C on H-xanthan samples (native MX;o and
0614-3 XCD, both native and acetate- and pyruvate-free) in water containing different weight

fractions of DMSO. The flow-through times was measured five to six times and corrected by
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Hagenbach Correction Time by applying Equation (3-18). The measured flow-through times,
calculated averages and Hagenbach Correction Times are presented in Appendix E. The 7, and
Nsp Was calculated by applying Equation (3-20) and Equation (3-21), respectively. Appendix E

also includes an example calculation for obtaining the reduced viscosity. The reduced viscosity

(n%) was then plotted as a function of w/w% DMSO, as shown in Figure 5.17.
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In Figure 5.17, native 0614-3 XCD show a gradually and linear decrease in reduced viscosity
until about 80 w/w% DMSO, where a sudden drop is observed. A reduced solution viscosity is
known to be characteristic for the disordered state of xanthan. Hence, the drop at around 80
w/w% DMSO suggests that an order-disorder transition occurs around this fraction of DMSO.

The observation, connected to the results obtained by optical rotation, suggests that fpmso = 0.8.

The gradual decrease in reduced viscosity is also seen for acetate- and pyruvate-free 0614-3
XCD, however, with a flatter slope, and no apparent drop. Removal of substituents thus seems
to make xanthan less dependent of the DMSO content. A linear decrease can also be observed
of lower molecular weight xanthan, i.e. MXi0, however at lower values of reduced viscosity.

The lack of a defined drop in reduced viscosity of acetate- and pyruvate-free 0614-3 XCD and
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MXo suggests that fpmso and thus the ability of order-disorder transitions taking place when
DMSO is introduced, is dependent of both the acetate and pyruvate content, as well as the

molecular weight of the sample.

From Figure 5.17, it can also be observed that the viscosities obtained for 0 w/w% DMSO by
capillary viscometry are significantly higher than those obtained by SEC-MALS-VISC (Table

5.2). The difference could be explained by the lack of correction of T% by Huggin’s constant

(Equation (3-23)), as only one concentration was analysed by capillary viscometry. Thus, exact
extrapolation towards zero concentration (Equation (3-22)) was not possible. Another
explanation could be the difference in shear forces between the two analytical tools, which

could have impacted the viscosity as xanthan is known to have shear-thinning behaviour.

5.2.3 Characterisation by Light Scattering

As a last attempt to possibly obtain a better understanding of xanthan in DMSO, acidic native
and acetate- and pyruvate-free MX; and MXo was analysed in pure DMSO and MQ-water by
light scattering. The effect of temperature was also investigated, analysing temperatures from
20 to 50°C, to evaluate possible thermal order-disorder transitions. Only one concentration was
analysed due to time limitations connected to the availability of the equipment and data
analysis. As a consequence of analysing only one concentration, A, was not determined. Hence,

the parameters obtained by SLS and DLS are apparent values, denoted by the subscript “app”.

5.2.3.1 Refractive Index Increment

To analyse light scattering data, on of each sample at the light scattering wavelength has to
yse lig g o), p g g g

be known and were consequently determined at 532 nm. Note that the samples were not
dialysed against their solvent to obtain a constant chemical potential in order to prevent

absorption of water into DMSO [75]. Thus, the refractive index increments presented are
] L . .
referred to as a—’:, to signify the lack of constant chemical potential.

on

5c Was measured at both 20 and 50°C, whereas a linear regression model was used to calculate

Z—Z for 30 and 40°C. Z—Z of samples in DMSO were measured at 20°C and attempted measured

at 50°C, however without success due to rapid absorption of water to DMSO when exposed to
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. 2 . .
air [75]. For these samples, a—’: at elevated temperatures were therefore determined by regression

models, using the same slope as for the respective sample in MQ-water. The regression models

and calculations are presented in Appendix F.

The values of Z_Z are presented in Table 5.3. Note that % were determined for H*-MXo samples
only, due to discussions with prof. Sato, stating independency of molecular weight on Z—:. Thus,

?3_: measured for any sample of M X0 should also apply for MX; with the same chemistry in the

same solvent.

Table 5.3: The refractive index increment (‘;—1:) of native and acetate- and pyruvate-

free H-MX;9 in MQ-water and DMSO at different temperatures at wavelength 532
nm in vacuum.

an
5. ImL/g]

20°C 30°C 40°C 50°C

MXo in MQ-water 0.135 0.136°  0.136 0.136
Ac+Pyr Free MXo in MQ-water 0.137  0.136° 0.135°  0.134
MXio in DMSO 0.034 0.034* 0.034* 0.034*

Ac+Pyr Free MX0 in DMSO 0.022 0.021* 0.019* 0.018*

* Obtained from regression model between 20 and 50°C
*Obtained from regression model using the same slope as the respective MX sample in MQ-water.

From Table 5.3 it can be observed that % of native H*-MXo in MQ-water increases marginally

o . ] .
with increasing temperature, whereas a—: of acetate- and pyruvate-free H*-MXo show a slightly

decreasing trend. The obtained values for both native and acetate- and pyruvate-free H'-MXi¢

in MQ-water are in good accordance with other reported values for xanthan samples in dilute
salt solutions: Stahl and Schultz determined (;_: to be 0.129 mL/g, although Christensen has

reported 0.150 mL/g [1, 81].

Native and acetate- and pyruvate-free H*-MXo in DMSO show similar trends with increasing

: a
temperature as the samples in MQ-water because the same slopes were used to calculate a—rcl.
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The values are, however, significantly lower in DMSO. To the best of knowledge, 3—: of xanthan
in DMSO has not been studied and published previously. Thus, the values in Table 5.3 cannot
be compared directly to a specific number. However, Tao and Zhang reported Z—Z of the
polysaccharide (1-26),(12>4),(1-2>3)-B-D-glucan in DMSO to be 0.03 mL/g, while g—: of the
polysaccharide curdlan was reported to be 0.043 mL/g by Tada et al. [82, 83]. The obtained

values of 3—: in DMSO are thus in the same range of what has been reported previously for other

polymers in DMSO, and it is, therefore, reasonable to apply them in further light scattering

calculations.

5.2.3.2 Static Light Scattering

) / . . . . (6
To determine My, 4p,,, and Rg qpp» % obtained from SLS data were plotted against sin (E)
7]

and the slope and intercept were determined. Note that the two lower and the two higher angles

were neglected in the Berry plot due to deviation from linearity. The M,, 4,,s obtained for

native and acetate- and pyruvate-free mechanically degraded MX samples are presented as a

function of temperature in Figure 5.18A and B, respectively.
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Figure 5.18: Apparent molecular weight (M,, ,,,) determined by light scattering as

a function of temperature for native (A) and acetate- and pyruvate-free (B)
mechanically degraded MX samples.
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From Figure 5.18A and B it can readily be seen that the apparent molecular weights obtained
by LS are far more extensive than the molecular weights obtained by SEC-MALS, an issue
which will be discussed in section 5.2.4. Further, it can be observed that the molecular weights
of all samples are almost independent of temperature in the measured temperature range,
independent of the solvent. This may suggest that a thermal order-disorder transition has not
occurred in the measured temperature range, as lower molecular weights thus would be

observed.

Comparing the effect of the two solvents in general; dissolution in DMSO provides a higher
My, 4pp compared to the same sample dissolved in MQ-water, indifferent of the acetate- and
pyruvate-content. If xanthan was disordered in DMSO, a lower, rather than a higher molecular
weight would be expected. Thus, xanthan does not seem to be disordered in DMSO. DMSO
does, however, seems to increase the tendency of aggregation, causing the molecular weight of
xanthan to be larger compared to dissolution in MQ-water. The tendency of aggregation in

DMSO seems to be more significant for acetate-and pyruvate-free xanthan samples.

Similar observations are also made from the apparent radii of gyration of all samples, presented
in Figure 5.19A and B as a function of temperature for native and acetate-and pyruvate-free

samples.
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Figure 5.19: The apparent z-average radius of gyration (Rg , qpp) determined by
light scattering as a function of temperature for native (A) and acetate- and
pyruvate- free (B) mechanically degraded MX samples.
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From Figure 5.19A and B, the apparent molecular weight, the R , 45, 0f all samples seems to
be independent of temperature, similar to what was seen for the apparent molecular weight.
This observation strengthens the anticipation that no thermal order-disorder transition takes
place in the measured temperature range, despite no presence of additional salt in the sample.
T of sodium xanthan in pure aqueous solution has previously been shown to be around 36°C
[84] Thus, order-disorder was expected to take place in the measured temperature range.
However, thermal order-disorder transition could have been prevented by the ionic strength of
xanthan itself, which is known to influence T for high xanthan concentrations [31]. The
increased stability of H-xanthan towards higher temperatures compared to Na*-xanthan could

also explain the lack of an order-disorder transition [34].

Figure 5.19A furthermore shows that dissolution in DMSO results in larger R ; 4p,,, compared
to dissolution in MQ-water, indicating larger molecules. These findings show no sign of
xanthan being in its disordered state in DMSO as lower radii would be expected due to more

compact molecules. The sizable values of R;; ; 4,,p suggest that aggregation taking place in the

samples. As an attempt to overcome the potential formation of aggregates, SLS could be

performed at a lower concentration.

5.2.3.3 Dynamic Light Scattering

The hydrodynamic radii were determined by applying Equation (3-29) on data obtained from

CONTIN. The results are presented in Figure 5.20 as a function of temperature.
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Figure 5.20: The hydrodynamic radius (Ry) for all samples analysed by light
scattering, presented as a function of temperature.

From Figure 5.20, the hydrodynamic radius of both native MX; dissolved in MQ-water and
DMSO show a temperature dependency, decreasing linearly with increasing temperature. Ry
of acetate- and pyruvate-free MX; in MQ-water, also shows a temperature dependency.
However, it decreases first after 40°C. The decreasing hydrodynamic volume may suggest that
a thermal order-disorder transition occur. This anticipation is, however, rather unlikely given
the SLS results. The temperature dependency might be explained by the formation of
aggregates, which are known to resolve as temperature increases. Hence, a decrease in Ry is
observed. Another explanation for the temperature dependency might be the delimitation of
DLS, which is a recommended method if Ry is found to be between 1 and 1000 nm [65]. The
high values obtained for MX; could thus be overestimated with a significant error, which might
introduce the observed temperature dependency. Thus, DLS might not be suitable for analysing

Ry for higher molecular weight samples such as MX.

The Ry obtained for the remaining samples, show no sign of temperature dependency
throughout the measured temperature range, suggesting that no order-disorder transition occur.
The obtained values of Ry for these samples are also significantly lower, i.e. between 200 and

700 nm, compared to the Ry 45, of the MX; samples showing temperature dependency, which
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have values ranging from 1100 to 4500 nm. This observation also strengthens the suggestion

that the temperature dependency is caused by an overestimation of the Ry of the MX.

5.2.34

Evaluation of Conformation

In order to get a better understanding of the conformation of the MX samples analysed by LS,

a RMS conformation-plot were constructed from the apparent R , and M,, values. LS data for

xanthan in aqueous sodium solution obtained by Sato et al. were included as a reference for

optimal conformation [11]. The RMS conformation-plot is presented in Figure 5.21.
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Figure 5.21: RMS-conformation-plot of the data obtained for the different
mechanically degraded MX samples by light scattering (LS). Data published for
xanthan in 0.1 M NaCl by Sato et al is included as a reference for optimal

conformation [11].

From Figure 5.21 it can readily be observed that all mechanically degraded MX samples have

a lower radius of gyration compared to the corresponding molecular weight of the reference

sample, suggesting that they obtain a more flexible conformation compared to rigid rods in both

water and DMSO. However, due to the high molecular weight independent of the solvent used,

the samples are likely not to be disordered. Instead, aggregation might be the cause of the high

molecular weights.
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5.2.4 Comparison of Light Scattering- and SEC-MALS Data

Analysis of M,, and R;, by LS showed values significantly different from M,, and R;,,
obtained by SEC-MALS. The molecular characteristics obtained by the two analytical methods
are summarised in Table 5.4 to provide an overview for comparison. The LS data presented
were extracted from measurements performed in MQ-water at 20°C. Note that these values also

are apparent values as only one concentration was analysed.

Table 5.4: Comparison of the molecular characteristics obtained by SEC-MALS
and light scattering (LS). Both methods provide the weight average molecular
weight, M,,, while SEC-MALS and LS provide the weight average and the z-
average radius of gyration, R ,, and R, ,, respectively. The SEC-MALS eluent used
was 0.15 M NaNO; and 0.01 M EDTA, pH 6, and measurements were performed at
room temperature. The presents LS data is extracted from measurements
performed in MQ-water at 20°C and are apparent values as only one concentration
was analysed.

SEC-MALS Light Scattering
Sample name M, [kDa] Rg, [nm] M, ., [kDa] Rg,.,p [nm]
H*-MX, 938 106 12 600 180
H*-MXi, Ac+Pyr free 688 96 6 400 118
H*-MXio 507 49 9900 108
H*-MXi0, ActPyr free 230 38 6 700 117

From Table 5.4 it can be observed that the molecular weights obtained by LS are, in most cases,
ten times larger than M,, obtained by SEC-MALS, while R , qpp 1s almost twice the values
presented for R; ,,. The values from LS are apparent; however, the significant difference is
likely not caused by this, as extrapolation towards zero concentration, i.e. inclusion of A4,,
would cause both R;, and M,, to become even greater. The vast difference in the values
obtained by LS and SEC-MALS may suggest that aggregation occurs during light scattering,
an issue that might be overcome by reducing the polymer concentration analysed. Aggregation
may not occur to the same degree during SEC-MALS due to the high shear forces of the SEC-
column. Thus, the values obtained by SEC-MALS most certain represent the correct molecular

weight and radius of gyration of each sample.
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The difference in the radius of gyration could also be explained by the average they represent.
LS provides the z-average radius of gyration, which is known to be more affected by larger
molecules, compared to the weight average radius of gyration obtained by SEC-MALS [40].

Thus, if aggregation occurs, R; , would increase to a greater extent than Ry ,,,.
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6 Conclusion

In this work, MX, mechanically degraded by high shear forces, were characterised to establish
a protocol of mechanical degradation that prevents order-disorder transitions during
degradation from taking place. Characterisation of the mechanically degraded samples by SEC-
MALS-VISC indicated a higher shape parameter for samples degraded with 0.5 M MgSO4
compared to samples degraded with 0.1 M NaCl and 0.5 M NaCl and thus lower ionic strength,
which implies a more rigid conformation of the 0.5 M MgSO4 sample. Hence, when it is desired
to keep the ordered conformation of xanthan intact during mechanical degradation by high shear

forces, high ionic strength should be applied.

Given the findings of the effect of ionic strength on conformation during mechanical
degradation by high shear forces, new samples were prepared, and desalting by dialysis was
initiated to purify the samples. Different salt-forms were prepared, depending on the dialysis
media, i.e. pure water, aqueous sodium solution and acidic water. By SEC-MALS-VISC
analysis, it was found that mechanical degradation by high shear forces is reproducible in terms
of reducing molecular weight, the radius of gyration and intrinsic viscosity, as the results were
similar to previously obtained values. The SEC-MALS-VISC analysis also indicated that the
different salt-forms obtained by dialysis influences the conformation of the samples: Mg?* as
counterions give a more ideal, rigid conformation compared to Na* and H". Comparison of the
characteristic of purified Mg?*-xanthan with the non-purified sample degraded with 0.5 M
MgSO4 implies a slightly less rigid conformation after desalting. The conformation is, however,
not substantially changed, i.e. full order-disorder transitions are not introduced, suggesting

dialysis to be an appropriate method for desalting.

Acetate and pyruvate were removed form a fraction of the mechanically degraded MX and
0614-3 and '"H-NMR confirmed the removal of substituents. Analysis of their characteristic by
SEC-MALS-VISC, implied samples with improved, rigid conformations compared to their
native samples. The improvement of conformation might be explained by the mild acid- and/or
alkaline hydrolysis step in the preparation procedure of acetate- and pyruvate-free xanthan,

dissolving potential aggregates in the sample.

The mechanically degraded samples were further used to study the conformation of acidic

xanthan in water, pure DMSO and water/DMSO mixtures, to confirm a possible disorder in
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DMSO and determine at which fraction of DMSO the disorder occur. Acidic xanthan (both
native and acetate- and pyruvate-free) was found to be directly soluble in DMSO. No heating

was needed for dissolution, which previously has been reported.

The ellipticity of both native and acetate- and pyruvate free mechanically degraded MX in MQ-
water was found to decrease linearly with increasing temperature, from CD. A negative
sigmoidal curve would have been expected for the ellipticity with increasing temperature if
order-disorder transitions occurred. Hence, the findings suggest that neither of the samples
undergoes full order-disorder transitions in the measured temperature interval, 20 to 90°C and
are thus not it the disordered state for any of the temperatures. The increased stability of H'-
xanthan towards higher temperatures compared to Na*-xanthan, likely explains the lack of
order-disorder transitions. CD in DMSO was found to be impossible, likely due to the high
absorption of light into DMSO at the analysed wavelength. The issue raises a question to the
CD spectra of xanthan in DMSO obtained by Fantou ef al., and their conclusion that xanthan is

in its disordered state in DMSO.

Nevertheless, structural changes of xanthan were detected 80 w/w%, DMSO by optical rotation
and solution viscosity. An order-disorder transition might have caused the detected changes.
Hence, fpmso was determined to be 0.8; however, it might be dependent on both the acetate and

pyruvate content, as well as the molecular weight of the sample.

Given the finding of fpmso, further analysis of xanthan in DMSO was done by light scattering.
Neither the molecular weights nor the radii of gyration of the samples analysed were found to
be dependent on temperature, indicating that no thermal order-disorder transition takes place in
the measured temperature range, 20-50°C. A thermal order-disorder transition might have been
prevented by the ionic strength of xanthan itself or by the increased stability of H-xanthan
compared to Na'-xanthan. The samples dissolved in DMSO, in general, have higher apparent
molecular weights and radii of gyration compared to samples dissolved in MQ-water. As lower
molecular weights would be expected for disordered structures, this finding may suggest that

xanthan does not become disordered in DMSO.
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7 Recommendations

To further optimise the procedure for mechanical degradation, it could be attempted to
investigate the effect on conformation of lowering the gauge pressure and increase the number
of runs through Star Burst Mini. This may also allow for the ionic strength during mechanical
degradation to be reduced, as the temperature at the site of depolymerisation would likely
become lower. The effect on conformation of performing purification by dialysis in a cold

environment might also be further investigated.

In order to get a better understanding of the behaviour of xanthan in DMSO, light scattering
measurements at lower concentration should be initiated. This would likely decrease the
tendency of aggregation and thus provide more correct values of the molecular weight and
radius of gyration. SEC-MALS-VISC could also be used to evaluate xanthan in DMSO,

however, another SEC-column might be needed.

Instead of circular dichroism, optical rotation, which is independent of the absorption
wavelength, in DMSO should be applied with temperature scan. This could provide a better
understanding of the behaviour of xanthan in DMSO and thus possible order-disorder
transitions. Capillary viscometry at elevated temperatures should also be performed, as
increased temperature makes xanthan more susceptible for disorder to occur. Measurements at
a narrower step length of w/w% DMSO should also be performed to determine fpmso more

specifically.
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A Concentration Testing, Circular Dichroism

In order to find the optical concentration for circular dichroism, solutions of 0.1, 0.3, 0.5 and 1
w/w% H'-MX;0/MQ-water was prepared and analysed at a wavelength of 215 nm from 10-
90°C using a Jasco J-720WO Spectropolarimeter. Quartz cells of 5 mm were used for 0.1 and
0.3 w/w% samples, whereas the 0.5 and 1 w/w% solutions were measured in 2- and 1-mm
quartz cells, respectively, in order to avoid high voltage and thus poor signal. The same quartz
cells were used to determine the baseline, i.e. CD of pure solvent. The bandwidth was set to 1

nm and the rate of heating to 2°C/min for all measurements.

The measured ellipticity at each temperature corrected for concentration and optical pathlength
by applying Equation (3-24), and plotted as a function of temperature. The baseline was

subtracted before the correction. The plot is presented in Figure A.
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Figure A: Circular dichroism temperature scan of H-MX;o in MQ-water for
determination of optimal concentration for further analysis

From Figure A it can be observed that all concentrations follow approximately the same trend
as a function of temperature. Given this observation all further CD measurements were

performed at 0.1% xanthan/solvent.

93



B SEC-MALS-VISC Elution Profiles

To obtain samples of various molecular weight, MX were mechanically degraded by high shear
forces at 1 mg/mL MX, 0.5 M MgSO4 by Star Burst Mini one and 10 times. The degraded
samples were purified by dialysis, which generated various salt forms, depending on the dialysis
media. This appendix presents the elution profiles and molecular weight distribution obtained
by SEC-MALS-VISC of the different salt-forms of MX; and MXio. The elution profiles and
molecular weight distribution of the acetate- and pyruvate-free versions of the samples are also
included.
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Figure B: Elution profiles and molecular weight distributions of the different
salt-forms and acetate- pyruvate-free MX;. Dashed lines correspond to the
differential refractive index signal, scaled relatively against their respective
magnitudes. The squared dotted lines represent molecular weight.
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Figure C: Elution profiles and molecular weight distributions of the different
salt-forms and acetate- pyruvate-free MX;o. Dashed lines correspond to the
differential refractive index signal, scaled relatively against their respective
magnitudes. The squared dotted lines represent molecular weight.
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C Macromolecular Properties From Literature

The macromolecular properties of Na"-xanthan published by Sato et al are presented in Table
A [11]. The values were used to evaluate the conformation of MX and 0614-3 XCD studied by
SEC-MALS-VISC and light scattering.

Table A: Weight average molecular weight (M,,), intrinsic viscosity ([n7]) and z-
average radius of gyration R ,from article by Sato et al [11].

Sample name M, [Da] [n] [mL/g] Rg, [nm]

X4-5 7400000 9000 378
X5-6 3940000 5110 257
X5.8 2560000 3580 208
X-3.5 1420000 1800 142
X9-3 994000 1010 108
X7-3h 603 000 575 74.8
C6-3-7 362 000 320 50.8
X6-4-4 240 000 181 36.3
X10-4 209 000 152 34

X6-4-7 164 000 106 25.1
X8-3-5 112 000 61 16.6
X8-3-8 74 000 35 10.8
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D Trial and Error - Chirascan Optical Rotation

Originally, a Photophysics Chirascan Series with optical rotatory dispersion accessory was
supposed to be used for the optical rotation measurements, due to its ability to include
temperature scans and thus detect the melting temperature, Tr. However, the Chirsacan Optical
rotation device had not been used in several years and provided a lot of noise in the initial test
measurements, giving an indication that something was wrong. Not knowing the exact optical
rotation spectrum of the xanthan samples, scans were conducted using a solution of bovine
serum albumin (BSA), a protein with a wide known optical rotation spectrum, in order to
confirm the noise detected in the xanthan samples. Optical rotation of the BSA solution also
proved to have a lot of noise, and the obtained spectra was not as expected, suggesting that
calibration was of. The Chirascan device was attempted calibrated using a 100 mg/mL sucrose-
water solution at 663°, as described in the Chirascan optical rotation manual, yet without any
improvements in the measurements. At last, the support service at Photophysics Chirascan was
contacted and provided a new method for zero setting and calibration. Unfortunately, the
obtained spectra after calibration were similar to the initial ones, suggesting that there might be
something wrong with the optical rotation device. Optical rotation was thus further performed

using an Anton Paar Modular Circular Polarimeter fixed at 25°C.
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E Capillary Viscometry Raw Data

To determine the reduced viscosity of xanthan samples in mixtures of MQ-water and DMSO,
capillary viscometry. Purified H"-MX;o and native and acetate- and pyruvate-free H*-0614-3
XCD were dissolved directly in solvents containing different fractions of DMSO and stirred
overnight. The samples were transferred directly to the capillary viscometer without filtration

in order to avoid a possible change in concentration due to absorption of xanthan to the filter.

The flow-through times was measured five to six times for each the xanthan sample and its
solvent, before the average was calculated. The flow-through times for the solvents are
presented in Table B. The flow-through times of the samples are presented in Table C to Table
E. The calculated arithmetic average and Hagenbach Correction Time (ty) are listed below the
measured flow-through times. t; were calculated by applying Equation (3-19). The correction
parameter of the capillary viscometer used (E*/H™) were 1000, determined form the operation
instruction of the viscometer. MX o were measured at a concentration of 1 mg/mL, while native

and acetate- and pyruvate free 0614-3 XCD samples were measured at 0.5 mg/mL.
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Table B: Flow-through times for solvents used to determine the reduced viscosity.
The arithmetic average and the Hagenbach Correction Time () are presented in

the two lower rows.

Measured low-through time [s]

w/w% DMSO 0 10 20 30 40 50 60
82.02 108.04 132.63 153.73  193.75 262.14 29143
81.97 108.23  132.79 153.6 193.88 2624  292.44
81.99 108.19 132.22 153.55 193.63  262.77 291.77
82.01 108.63  132.81 153.57  193.55 26237 29233
81.99 108.22 13293 153.65 193.62 26231 2915
82.03 108.22  132.82 153.55 19349 261.83 29238
Average 82.00 108.26 132.70 153.61 193.65 262.30 291.96
ty 0.149 0.085  0.057 0.042 0.027 0.015 0.012
Measured flow-through time [s]
w/w% DMSO 70 80 85 90 95 97.5 100
3132 30586  253.73 22091 206.57 177.15 179.17
313.18 30598 25342 22095  206.57 177.82 179.11
31333 305.61 253.41 2209 206.61 177.36 179.42
313.16  305.65 25338 22091 206.58 177.28 179.47
313.11 30579 25345 22085  206.59 177.24 179.28
313.13  305.65 220.81 177.58 17943
Average 313.19 305.76 25348  220.89 20658 17741 179.31
ty 0010 0011 0.016 0.020 0.023 0.032 0.031
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Table C: Flow-through times for H'-MXjy in solvents containing various fractions
of MQ-water and DMSO. The arithmetic average and the Hagenbach Correction
Time (ty) are presented in the two lower rows. The flow-through times were
measured at 1 mg/mL.

Flow-through time [s]

w/w% DMSO 0 10 20 30 40 50 60

147.86  190.54 218.5 259.52 31642  419.58  433.6
147.21  190.54 21849  259.54 3156 419.84  433.38
147.25  190.35 218.18  259.51 315.14 419.75  433.43
147.94  190.37 218.08  259.55 316.59  419.4  433.36

148.12 19046  218.05 259.54 31543 41926  433.26

Average

ty

147.676 190.452 21826  259.532 315.836 419.566 433.406

0.046 0.028 0.021 0.015 0.010 0.006 0.005

Flow-through time [s]

w/w% DMSO 70 80 90 100

467.74 45149  306.22 238.1
467.47  451.57  306.24 237.62
472.21 451.6 306.25 238.51
461.79  451.69  306.24 238.18

463.81  451.55  306.15 237.14

Average 466.604 451.58  306.22 23791

ty 0.005 0.005 0.011 0.018
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Table D: Flow-through times for H-0614-3 XCD in solvents containing various
fractions of MQ-water and DMSO. The arithmetic average and the Hagenbach
Correction Time (ty) are presented in the two lower rows. The flow-through times

were measured at 0.5 mg/mL.
Flow-through time [s]
w/w% DMSO 0 10 20 30 40 50 60
349.34 430.53  352.02 537.06  521.74  700.07 713.24
349.36 430.74 35045 538.49 521.9  700.09  713.7
354.17 430.84 354.32 5384  521.66  699.51 713.08
353.32 432.41  360.8 537.71  521.52 69938  713.12
352.95 432,49  354.65 538.24 52129  698.51  712.37
Average 351.83 431.40 35445 53798  521.62 699.51 713.03
ty 0.008 0.005  0.008 0.003 0.004 0.002 0.002
Flow-through time [s]
w/w% DMSO 70 80 85 90 95 97.5 100
676.77 590.42  401.81 305.86  304.84  254.12 233.04
676.24 589.92  402.83 305.83 304.86  256.43 233.24
676.13  590.5 401.88 30594  304.47 25393 233.26
675.78  590.27 401.8 305.81 305.27  253.78 233.73
674.16 589.19  401.86  305.73 304.79  253.67 233.53
Average 675.82 590.06  402.04  305.83 304.85  254.39 233.36
ty 0.002  0.003 0.006 0.011 0.011 0.015 0.018
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Table E: Flow-through times for acetate- and pyruvate-free H-0614-3 XCD in
solvents containing various fractions of MQ-water and DMSQ. The arithmetic
average and the Hagenbach correction factor (HCF) are presented in the two lower
rows. The flow-through times were measured at 0.5 mg/mL.

Flow-through time [s]

WW% DMSO 0 20 40 50
25263 37156 45227 51517  669.8
25265 38128  452.68 51553  668.57
25294 381.89 45253 51506  668.54
25292 3819 45245 51502  669.84
25294 3817 45239 51515  668.97

Average 252.82  379.67 45246 51519  669.14

ty 0016  0.007 0.004  0.002

Flow-through time [s]

gﬁgg) 70 80 90 100
649.01 620.11  413.88  329.48
654.92 62250 41353 32937
652.88 621.85  413.62  329.95
649.01 621.88 4133 329.76
650.44 62156 41548  329.29

Average 651.25 62158  413.96  329.57

th 0.002 0.003 0.006 0.009
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Calculation of Reduced Viscosity

When the flow-through time of both the sample and the sample solvent is known, the relative
viscosity can be calculated by applying Equation (3-20). An example calculation is shown
below for H"-MX dissolved in 100% DMSO. This sample have an average flow-through time
of 237.91 s, while the solvent has an average flow-through time of 179.31 s. The Hagenbach
Correction Time of the solvent and sample were determined to be 0.031 s and 0.018 s,

respectively. Thus, the relative viscosity with Hagenbach correction becomes

t—ty _ 237.91s— 0.018s
to—ty  179.31s—0.031s

Nr =

7, = 1.33

With 5, know, the specific viscosity, can be calculated by applying Equation (3-21). For the

sample above.
Nep =My —1=133-1
Nsp = 0.33

The reduced viscosity is found by dividing 7, by the analysis concentration. The unit of the

concentration should be g/mL. For the sample above:

Nep 0.33

¢ 0.001g/mL

77% =3269mL/g
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F Refractive Index Increment

. . . . : d
In order to perform calculations on light scattering data, the refractive index increment (a—rcl) at

the light scattering wavelength (532 nm) has to be known. The refractive index increment was
determined using a Schulz-Cantow photoelectric differential refractometer, where the
difference between the refractive index of the solvent and sample is determined. Measurements
should be performed on both left- and right-hand side of the sample cell, covering the opposite
side for both the solvent and the sample. The maximum electrical current flowing through the
sample were noted and measurements were performed at the half of the maximum voltage + 10
HA. The electrical current was read of a voltmeter, and had a corresponding number reflecting
the amount of light passing through the sample, n. The distance between pure solvent and the
sample, both measured at both left- and right-hand side (n; and n, respectively) were further

determined.

AD was multiplied with a constant of the filter of known wavelength to provide the difference
in refractive index between the sample and pure solvent (An). % was obtained as the slope of

An measurements performed at different concentrations plotted against the respective

concentration. These regression models are presented in section F.1, while section F.2
. ] : :
demonstrate the calculation of a—: at the temperatures that were not measured by differential

refractometry.
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F.1 Regression Models
F.1.1 H"-MXj9 in MQ-water, 20°C
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Figure D: The regression model of the difference in refractive index between
H*-MX;9 in MQ-water and pure MQ-water (An) as a function of the MX
concentration. Measurements were made at 436 nm and 20°C. The regression
equation was determined to be y = 0.1374x + 7E-06, R* = 0.9999
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Figure E: The regression model of the difference in refractive index between
H*-MX;9 in MQ-water and pure MQ-water (An) as a function of the MX
concentration. Measurements were made at 488 nm and 20°C. The regression
equation was determined to be y = 0.1361x + 2E-06, R* =1
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Figure F: The regression model of the difference in refractive index between
H*-MX;9 in MQ-water and pure MQ-water (An) as a function of the MX
concentration. Measurements were made at 546 nm and 20°C. The regression
equation was determined to be y = 0.1355x + 5E-06, R* = 0.9999

F.1.2 H"-MXj9 in MQ-water, 50°C
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Figure G: The regression model of the difference in refractive index between
H*-MX;9 in MQ-water and pure MQ-water (An) as a function of the MX
concentration. Measurements were made at 436 nm and 50°C. The regression
equation was determined to be y = 0.1374x - 1E-05, R*> = 0.9995
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Figure H: The regression model of the difference in refractive index between
H*-MX;9 in MQ-water and pure MQ-water (An) as a function of the MX
concentration. Measurements were made at 488 nm and 50°C. The regression
equation was determined to be y = 0.1368x - 1E-05, R*> = 0.9994
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Figure 1I: The regression model of the difference in refractive index between
H*-MX;9 in MQ-water and pure MQ-water (An) as a function of the MX
concentration. Measurements were made at 546 nm and 50°C. The regression
equation was determined to be y = 0.1354x - 1E-05, R*> = 0.9994
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F.1.3 Acetate- and Pyruvate-Free H-MX;o in MQ-water, 20°C
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Figure J: The regression model of the difference in refractive index between
acetate- and pyruvate-free H'-MX;o in MQ-water and pure MQ-water (An) as a
function of the MX concentration. Measurements were made at 436 nm and 20°C.
The regression equation was determined to be y = 0.1392x + 2E-06, R* =1
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Figure K: The regression model of the difference in refractive index between
acetate- and pyruvate-free H'-MX;o in MQ-water and pure MQ-water (An) as a
function of the MX concentration. Measurements were made at 488 nm and 20°C.
The regression equation was determined to be y = 0.1378x + 2E-06, R =1
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Figure L: The regression model of the difference in refractive index between
acetate- and pyruvate-free H'-MX;o in MQ-water and pure MQ-water (An) as a
function of the MX concentration. Measurements were made at 546 nm and 20°C.
The regression equation was determined to be y = 0.1372x + 1E-06, R*=1

F.1.4 Acetate- and Pyruvate-Free H-MX;9 in MQ-water, 50°C
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Figure M: The regression model of the difference in refractive index between
acetate- and pyruvate-free H'-MX;o in MQ-water and pure MQ-water (An) as a
function of the MX concentration. Measurements were made at 436 nm and 50°C.
The regression equation was determined to be y = 0.1355x + 3E-07, R*=1
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Figure N: The regression model of the difference in refractive index between
acetate- and pyruvate-free H'-MX;o in MQ-water and pure MQ-water (An) as a
function of the MX concentration. Measurements were made at 546 nm and 50°C.
The regression equation was determined to be y = 0.1334x + 3E-07, Rz =1
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Figure O: The regression model of the difference in refractive index between
acetate- and pyruvate-free H'-MX;o in MQ-water and pure MQ-water (An) as a
function of the MX concentration. Measurements were made at 488 nm and 50°C.
The regression equation was determined to be y = 0.1348x - SE-07, R*=1
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F.1.5 H-MXj in DMSO, 20°C
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Figure P: The regression model of the difference in refractive index between H'-
MXjp in DMSO and pure DMSO (An) as a function of the MX concentration.
Measurements were made at 436 nm and 20°C. The regression equation was
determined to be y = 0.03x + 2E-05, R* = 0.8952
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Figure Q: The regression model of the difference in refractive index between H*-
MXjp in DMSO and pure DMSO (An) as a function of the MX concentration.
Measurements were made at 488 nm and 20°C. The regression equation was
determined to be y = 0.0328x + 1E-05, R>=0.9611
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Figure R: The regression model of the difference in refractive index between H'-

MXjp in DMSO and pure DMSO (An) as a function of the MX concentration.

Measurements were made at 488 nm and 20°C. The regression equation was
determined to be y = 0.0342x + 7E-06, R* = 0.9639

F.1.6 Acetate- and Pyruvate-Free H-MX;9 in DMSO, 20°C
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Figure S: The regression model of the difference in refractive index between
acetate- and pyruvate-free H-MX;9 in DMSO and pure DMSO (An) as a function
of the MX concentration. Measurements were made at 436 nm and 20°C. The
regression equation was determined to be y = 0.0178x - 4E-07, R>=0.9716
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Figure T: The regression model of the difference in refractive index between
acetate- and pyruvate-free H-MX;9 in DMSO and pure DMSO (An) as a function
of the MX concentration. Measurements were made at 488 nm and 20°C. The
regression equation was determined to be y = 0.0208x - 1E-05, R* = 0.9289
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Figure U: The regression model of the difference in refractive index between
acetate- and pyruvate-free H-MX;9 in DMSO and pure DMSO (An) as a function
of the MX concentration. Measurements were made at 546 nm and 20°C. The
regression equation was determined to be y = 0.022x + 2E-05, R* = 0.8658
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F.2 Calculation of Refractive Index Increment

F.2.1 MQ-Water as Solvent

For native and acetate-and pyruvate-free H'-MXjo samples dissolved in MQ-water, the
refractive index increments were determined from the regression slope of the difference in

refractive index between the sample and pure MQ-water as a function of concentration. As

] . :
measurements were performed at both 20 and 50°C, a—: were obtained directly for these
. : ] : :
temperatures. However, to obtain information on a—: at 30 and 40°C, which also were studied
: : : d :
by light scattering, a regression model of a_: as a function of temperature was constructed for

. . . ]
both native and acetate- and pyruvate-free MXo. From the regression equations, 6—7; at 30 and

40°C were determined. The regression model of native and acetate- and pyruvate-free MXio

are presented in Figure V and Figure W, respectively.

0.2
@ oceeterciatentitctactactacncnncnacerenssntontonttatonctetescsttescstesanttnsstssetorssens 9
RS,
=01 r
o
O 1 1 1 1 1
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Temperature [°C]

. . .. . a .
Figure V: The regression model of the refractive index increment (a—:)of native

MXjp as a function of temperature, constructed to determine 3—1: at 30 and 40°C. The
regression equation was determined to be y = 1.23E-05x + 0.1352
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Figure W: The regression model of the refractive index increment (a—:)of acetate-
. .0
and pyruvate free MXyo as a function of temperature, constructed to determine 6—1:
at 30 and 40°C. The regression equation was determined to be y =-0.0001x + 0.1397

An example calculation of % for native MXo at 30°C is presented below:

. on . .
The regression model of P for native MXio as a function of temperature were

determined to be

y = 1.23E—-05x + 0.1352

Inserting 30°C for x results in the following expression

y = 1.23E—-05-30 + 0.1352
y=0.136

F.2.2 DMSO as Solvent

For native and acetate-and pyruvate-free H-MXj dissolved in DMSO, % were only measured

at 20°C due to high absorption of water when temperature was increased. This was observed
through a fluctuating electrical current on the voltmeter attached to the refractometer. Thus,

was not possible to obtain regression models similar to those presented for MX in MQ-water.

.2 ) )
To determine a—: at the other temperatures, i.e. 30, 40 and 50°C, regression models were
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constructed using the slope of the respective MX sample in MQ-water, assuming that the same

MX sample show similar temperature dependency in both MQ-water and DMSO. The

: . . . d
intercepts were determined by calculating the difference between the value of a_: at 20°C and

the intercept of the MX sample in MQ-water and subtracting this value from the value of ?3_:

obtained at 20°C for the MX sample in DMSO. An example calculation of the procedure is

presented below for native MXo:

The Z—Z at 20°C for native MXjo dissolved in DMSO were determined to be 0.03398.

The slope to construct the regression model was obtained from the regression equation

of native MX dissolved in MQ-water, i.e. 1.23-10 °C!,

The intercept of the regression model was calculated by difference between the value

of 2—7: at 20°C and the intercept of the MX sample in MQ-water:

_an

— 6_ — Intercept(MQ_Water)
CMQ-water,20°C

A =0.13541 - 0.13517 = 0.00025

The value obtained for A were subtracted from the g—: obtained for MX in DMSO at

20°C:
Interceptpysoy = 0.03398 — 0.00025
Interceptpusoy = 0.03373

Combining the slope and the calculated intercept, the regression model for MXio in

DMSO becomes y = 1.23-10x + 3.37-1072

The regression models of native and acetate- and pyruvate-free MX;oin DMSO are presented

in Figure X and Figure Y, respectively.
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Figure X: The regression model of the refractive index increment (a—:)of native

MXjo in DMSO as a function of temperature, constructed to determine Z—: at 30, 40
and 50°C. The regression equation was determined to be y = 1.23-10"x + 3.37-10°?
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Figure Y: The regression model of the refractive index increment (Z—:)of acetate-
and pyruvate-free MX;o in DMSO as a function of temperature, constructed to
determine 3—: at 30, 40 and 50°C. The regression equation was determined to be
y =-0.0001x + 0.0242
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