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ABSTRACT

Microbial polysaccharides are widely used in many industrial and therapeutic
applications as bioactive compounds, drug release and encapsulation materials for
pharmaceuticals, and as natural ingredients or additives in food applications. To
increase the utilisation or to improve for the food and healthcare applications of
these polysaccharidesit is critical to have the detailed knowledge of
macromolecular properties and interactions with other polymers. In this study, to
properly understand the relationship between physical properties and functionality,
the microbial polysaccharides-namely xanthan, gellan, microbial hyaluronic acid
(HA) and schizophyllan, which have widely been used for many food and medical
applications, were investigated. Taking advantage of recent advances in
hydrodynamic techniques, including analytical ultracentrifugation (AUC) based on
sedimentation velocity and equilibrium, size exclusion chromatography coupled to
multi angle light scattering (SEC-MALS) and viscometry, the solution properties of
these polysaccharides were studied. Since conformation analyses are important for
macromolecular structure-function relationships, the conformation of these miicrobia
polysaccharides were examined using the accomplished method-Multi-
HYDFIT. For schizophyllan and gellan, the samples were depolymerised using heat
treatment to estimate the conformation. The results indicated that, the three microbial
polysaccharides (xanthan, gellan, schizophyllan) adapted the rigid rod conformation

whereas another polysaccharide-microbial HA adapted semi-flexible coil structure.

Then, the possible interactions of these polysaccharides were investigated with
chitosan of different degrees of acetylation using the principle of co-sedimentation in

AUC. Xanthan-chitosan mixture presented strong evidence by proving a clear



interaction on the basis of changes in the distribution of sedimentation coefficients in
the solution form of mixture whereas the mixture of chitosan-schizophyllan and
chitosan-HA did not show or prove any clear interactions at studied concergtration

and solution conditions.



ACKNOWLEDGEMENT

I would like to express my deepest gratitude and sincere appreciation to my
supervisors Professor Dr. Steve Harding and Dr. Gary Adams for their patience,
encouragement, support, and guidance over the last four years. Without their

assistance and help, this thesis would not be accomplished.

My special thanks go to Professor Dr. Arthur Rowe and Professor Dr. Tim Foster for
their advice and support for this project. Deep gratitude goes to D8aiil Kok

for his assistance and support.

| am also grateful to the whole NCMH team; Dr. Guy Channell, Dr. David Besong,
Dr. Richard Gillis, Dr. Fahad Almutairi, Dr. Shahwar Imran Jiwani and Qushmua

Alzahrani for their collaboratioradvice andsupport.

| also would like to express my gratitude and deepest appreciation to my family back
home. Without theirinvaluable prayers, suppognd encouragementl could not

complete this thesis.

| am indebted to all my friends who have supported me during these four years
Aytul Gokce, Seda Ozdemir, Ayse Sarihan, Rukiye Karadeniz, Zehra C. Araci,
Bahar Kayali, F. Fusun Kucukapan, Kubra Aktas, Agne Tilunaite, Esra Kaya and

Mehtap Aygun for their friendship and help.

Last but not least, | would like to thank Turkish Ministry of National Education who

funded my postgraduate education.



LIST OF ABBREVIATIONS

Ao —or B
Az —or C
AFM
AUC

DLS
DSC

dn/dc
Dt
Fe
Fo

fffo
FDA
HA

kDa

Is-g*(s)
MALS
MHKS

Mark-Houwink exponent of viscosity

Second virial coefficient

Third virial coefficient

Atomic Force Microscopy

Analytical Ultracentrifugation
Mark-Houwink-Sakurada power law exponent of sedimentation
Concentration

Dynamic Light Scattering

Differential Scanning Calorimetry

Diameter

refractive index increment

Diffusion coefficient (extrapolated to infinite dilution)
Centrifugal force

Buoyant force

Frictionall force

Frictional ratio

Food and Drug Administration

Hyaluronic Acid

lonic strength

kilo Daltons

Concentration dependence coefficient
Huggins coefficient

Kraemer coefficient

Gralén concentration dependence parameter
Wales-van Holde ratio

Low acyl gellan

Light Scattering

Persistence length

Least-square g*(s)

Multi-angle light scattering detector

Mark-Houwink-Kuhn-Sakurada



M,

My

M,
Muw,app
M
M*(r)
Na
PBS

SE
SEC
SEC-MALS

SV

Mass per unit length

Mass of particle

Weight average molecular weight

Number average molecular weight

z-average molecular weight

Apparent molecular weight

M-star function of molecular weight

M-star function of molecular weight at a certain radius
Avogadro‘s constant

Phosphate buffer saline

Rayleigh factor

Radial displacement

Radius of gyration

Revolution per minute

Scanning electron microscopy

Sedimentation coefficient

Svedberg units

Sedimentation coefficient achieved during experimental conditio
Sedimentation coefficient corrected frosp ;, in the form of
standard solvent of water at 20 °

S20wEXtrapolated to zero concentration and elimination of non-
ideality

Sedimentation equilibrium

Size exclusion chromatography

Size exclusion chromatography coupled with multi angle light
scattering

Sedimentation velocity

Absolute temperature

Scattering volume

Velocity

Mark-Houwink constant of viscosity

Mark-Houwink constant of sedimentation

Viscosity of the solution

Vi



Viscosity of the solvent
Inherent viscosity
Reduced viscosity
Relative viscosity
Specific viscosity
Intrinsic viscosity
Density of solution
Density of solvent
Partial specific volume
Centrifugal field

Angle of scattering light
Flory-Fox constant
Target (error) function

Differential pressure

vii



TABLE OF CONTENTS

AB S T R A T e aah e il
ACKNOWLEDGEMENT ...ttt Ivl.....
LIST OF ABBREVIATIONS ...ttt | Vv
TABLE OF CONTENTS ....oiiiiiiiiie ittt ... Viii
LIST OF FIGURES ......ooiiiiiiieiiiit ettt e Xiii
LIST OF TABLES ...ttt e e e XXi
CHAPTER 1 ..ottt e et e e et | e 1
INTRODUCTION ...ttt sttt e e e e snnne e e s nnnnee e faneeas 1
1.1, INTRODUCTION ...ciiiiiiiiiiiiiie ettt e e e e e e nnab e e 1
1.2. MICROBIAL POLYSACCHARIDES ......ccccvtiiiiiieeiiiee e "3
1.2.0. XANTNAN ..o e 4
1.2.2. GEIIAN .t a e e e e e e e e e | e 7
1.2.3. HyaluroniC ACId ........cooiiiiiiee e e 10
1.2.4. SChizOPNYIAN .....coviiiiiiiiiieee e e 13
1.3. INTERACTION WITH CHITOSAN ... .15
1.4, THE AIM OF THIS STUDY ..ottt ...16
(O I I P SRS 17
HYDRODYNAMIC METHODS......cei et 17
2.1. ANALYTICAL ULTRACENTRIFUGATION....ccoiiiiiieieeiiiii e 17
2.1.1. Sedimentation VEIOCITY ..........uuuuiiiiiiiiiiieieeeeeee e e 18
2.1.2. Sedimentation EQUIlIDIUM ... | s 24
2.2. SIZE EXCLUSION CHROMATOGRAPHY COUPLED TO MULTI
ANGLE LIGHT SCATTERING (SEC-MALS) ....ccevviiiiiiiiiiiieeee e .28
2.3. VISCOMETRY ..ttt e e e eeene | 34
2.3.1. Capillary VISCOMELIY .....ccoouiiiiiiiiiiiiiiieiiiiiiiieee et | 36
2.3.2 Pressure Imbalance Differential Viscometry ...........ccccoovvviiiiiiinnnnnifuvee 38
2.4. DYNAMIC LIGHT SCATTERING ..ottt ...40
2.5. COMBINED HYDRODYNAMIC APPROACHES AND THE
CONFORMATION OF MACROMOLECULES........ccoiiiieeiiiieeecee e .42
2.5.1. Wales-van Holde RAtIO ...........ccoevviiiiiiiiiiiiieeeeeecececeeeeiiiiine e e 42
2.5.2. Mark-Houwink-Kuhn-Sakurada (MHKS) or Power Law Relations ...|...43

viii



2.5.3 Estimation of the Persistence Lendih) @nd Mass Per Unit Length (M
........................................................................................................................... 45
2.5.4. Conformation ZONING ........cceuuuuuiuuuiiiiiaieeeeeeeeeeeeeeeeeiiriinans e e e e e eeeeeeeeabenenns 50
(O I S PSPPI SRS 52
HYDRODYNAMIC CHARACTERISATION OF XANTHANS OF
DIFFERENT PYRUVATE AND ACETATE CONTENT .....cccovviiiiiii e, 5P
3.1. INTRODUCTION .ottt e et e e e e e e e e e ena e henans 52
3. 2. MATERIALS ... e e et e enn e e e aeens 55
3.3 METHODS ... e e e e e e e e e e 56
3.3.1. Sedimentation VelocCity (SV) ... e 56
3.3.2. Sedimentation Equilibrium (SE) .........ccooiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee e 57
3.3.3. Dynamic Light Scattering (DLS) .......cccoovviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeee e 58
3.3.4. Capillary VISCOMELIY ......ccooviiiiiiiiiiiiiiiiiiiiieiieeeeeeeee e | 59
4. RESULTS oottt ettt e e e e et e e e e e e nnnraraeeesssnnnnabeaeaans 60
3.4.1. Sedimentation Velocity (SV) ......ccoovvririiiiiiiiiiieeee e e, 60
3.4.2. Estimation of Molecular Weight.............coovvviiiiiiiiiiieeeeeeeeeeeeee s 63
3.4.3. Dynamic Light Scattering ..........cccoeviiiiiiiiiiiiiiiieee e b, 69
3.4.4 INtrNSIC VISCOSILY ..eevvvvriiiiiiiiiiiii e e e e eeeeeeeeeeeeeaiisss s s s e e e e e e e e e e ereenennnnnnns o 71
3.4.5. Conformational ANAlYSIS .......cccceeeeeiiiiiiiiiceee e fe 74
3.5. DISCUSSION ...oiiiiiiiiiiiiiiiiiee ettt e e e et e e e e s s snnnaeeeaeessnnnnnees oeennns 77
3.6. CONCLUSION ....ottiiiiiiiiiiiiit ettt s e e e e s ssrree e e e e e snnrneeeeeessnnnnneaheeaans 80
CHAPTER 4 oottt e e e e e e e s e nnbannaeeesssnnnnsfanees 82
A STUDY ON SOLUTION PROPERTIES AND MOLECULAR
CONFORMATION OF LOW ACYL GELLAN GUM .......ccocvvveeeiiiiiiieee e, 82
4. 1. INTRODUCTION ....iiiiiiiie ettt e e e e ssteee e e e e e s sntaene e e e s s snnsneeaeessponens 82
4.2 MATERIALS ... ..ttt e e e e e e e e e s eeee s 85
4.3. METHODS ..ottt e et e e e e e e st e e e e e s annnrenaaees {onnnens 86
4.3.1. Partial Specific VOIUME ...t 86
4.3.2. Sedimentation VeloCity (SV) ......oooviiiiiiiiiiiiiiiiiieieeeeeeeeeeee e e 86
4.3.3. Sedimentation Equilibrium (SE) ..........oooiiiiiiiiiiiiiiiiiiieceeeeeeeeeeeeee e 87
4.3.4. Capillary and Differential Pressure ViSCOMetry ...........cccvvveeeeeeeeeee oo, 88
A4, RESULTS ..o e e e et eeenn e e ena e eanans 89
4.4.1. Partial Specific VOIUME ... f s 89
4.4.2. Sedimentation VeloCity (SV) .....ooovviiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeenee e 90




4.4.3. Estimation of Molecular Weight..............iiiiiiiiie 92
4.4.4, ININNSIC VISCOSILY .evvveiiiiiiiieeeiiiiiie et e e e e e | 95
4.4.5. Conformation ANAIYSIS .......cooviiiiiiiiiiiiiiieee e 98
4.5, DISCUSSION ..ot e et e e e et e e s et e e e e eeenn |eeen 105
4.6. CONCLUSION ...ttt e e e e eaans ...107
(O I = S ....109
MOLECULAR WEIGHT AND CONFORMATION STUDY OF SODIUM
HYALURONATE IN AQUEOUS SOLUTION ......coiiiiiiieiccee e 109
5.1. INTRODUCTION ..ottt e e e e e e e aan s ....109
5.2. MATERIALS ...ttt e e e e et ee e e e s nnnnns w112
5.3. METHODS ...ttt stee e e e s snaaee e e e e s snnnneeeaeesnnnne feeeas 112
5.3.1. Sedimentation VelocCity (SV) ......coooiviiiiiiiiiie e w112
5.3.2. Sedimentation EQUIlIBrium (SE) .........uvviiiiiiiiiiiieeeieeeeeen ...114
5.3.3. Size Exclusion Chromatography Coupled to Multi Angle Light Scattgring
(SEC-MALS) ..tiiiii ettt ettt ettt e e e et e e e e e s s e e e e e e e nnnnaeeeaeeans ...115
5.3.4. Capillary and Differential Pressure Viscometry .............ccccevvvvvvvvnnnnns ...116
5.4 RESULTS oottt ettt e e e et e e e e e e e nnntneaaeeessnnnnaheees 117
5.4.1. Sedimentation VelocCity (SV) .....ccooviiriiiiiiiiiiee e Wl 117
5.4.2. Estimation of Molecular Weight.............ooooviiiiiiiiiiie e, ....120
5.4.3. INtHNSIC VISCOSILY .eevveiiiiiiiiiiiiie e e e e e e e e e e e e e eeee e ...125
5.4.4. Conformation ANalYSIS ........cccooiiiiiiiiiiicie e ....128
5.5. DISCUSSION ....oiiiiiiiiiiiiiiiie ettt e et e e e e e srreee e e e s s nnnnnenaaeesssnnnenes aenns 139
5.6. CONCLUSION .....utiiiiiiiiiiiiiiit ettt e r e e e et ee e e e e s s nsbaeeeaeeeennnees ... 141
(O 1 I = S T ....143
A STUDY ON SOLUTION PROPERTIES AND MOLECULAR
CONFORMATION OF SCHIZOPHYLLAN ...cottiiiiiiiieee e 143
6.1. INTRODUCTION ....otiiiiiiiiiiiiiiiiee e ettt e e e e e stre e e e e s sisareeeaeaesnnnraeeeeeeannns ....143
6.2. MATERIALS ... e e e e e ean e eeed ....146
6.3. METHODS ... e e e e et e e e e e eandeeens 147
6.3.1. Partial Specific VOIUME ..o . 147
6.3.2. Sedimentation VEIOCItY (SV) ...ccuuuuiiiiiiiiiiiiiiiiieeeee e ....148
6.3.3. Sedimentation EqUIlibrium (SE) ......ccccouiiiiiiiiiiiiiieeeeees ...149
6.3.4. Size Exclusion Chromatography Coupled to Multi Angle Light Scattgring
(SECIMALS) oooeeeeeeeeeeeeeeeee e renen et s s en e s essas s nennnenenstnenenenenenened ....150




6.3.5. Capillary and Differential Pressure Viscometry ............ccccoevvvvinnennn. ....150
6.4. RESULTS ..o e e e s e e e e e ean e e eashaeees 152
6.4.1. Partial Speciﬁc VOIUME . .. 152
6.4.2. Sedimentation VeloCity (SV) .....coooiiiiiiiiiiiiieee e ....153
6.4.3 Estimation of Molecular Weight ... ....155
6.4.4. INNNSIC VISCOSITY ...coiiiiiiiiiiiiittt ettt ....159
6.4.5. Conformation ANAlYSIS ........cccoviiiiiiiiiiccr e ....160
6.5. DISCUSSION ....uiiiiiiiiiiiiiiiiee ettt e e et ee e e e s s snnnneeaaesssnsnneees aenns 169
6.6. CONCLUSION .....utiiiiieiiiiiiiiii ettt e e e e s e e e e e e st e e e e e e snsbaeeeeeeeannees 2171
CHAPTER 7 ittt e e e e e e et e e e e e e e st eeeeeesnnnnes w172
HYDRODYNAMIC CHARACTERISATION OF CHITOSAN AND ITS
INTERACTION WITH TWO POLYANIONS: DNA AND XANTHAN ........ 172
7.1 INTRODUCTION ....uttiiiiieiiiiiiiiite e esiireee e e e asiteee e e e s s sisaaeeeaeaasnsrneeeeesaanns ...173
T.2. MATERIALS ...ttt e e e e e e e e e e e ennnns ...176
T.3. METHODS ...ttt e e e e s e snraan e e e e s snsnneeeeeesennne feees 177
7.3.1. Sedimentation VelocCity (SV) .....ccooviiiiiieiiiie e W 177
7.3.2. Sedimentation EQUIlIBrium (SE) .........uvviiiiiiiiiiiieieeeeen ...178
7.3.3. Size Exclusion Chromatography Coupled to Multi Angle Light Scattgring
(SEC-MALS) ..itiiii ettt ettt e e e e st e e e e e s st e e e e e e ennrneeeaeeans ...178
7.3.4. INtHNSIC VISCOSILY .oeveeiiiiiiiiiiiie e e e e e e e e e e e e e e e ennaaaaaes . 179
T4 RESULTS oottt a e et e e e e e e naan e e e e s s nnnnnaheees 181
7.4.1. Sedimentation VelocCity (SV) .....coooiiiiiiiieciiiieee e ...181
7.4.2. Estimation of Molecular Weight.............cviiiiiiiiiiie e, ....184
7.4.3. INTMNSIC VISCOSITY ...coiiiiiiiiiiiiiit ettt ....190
7.4.4. Conformational ANAIYSIS ..........uuuuiiiiiiiiiiiiiieie e ...192
7.4.5. Interaction with Two Polyanions: DNA and Xanthan ...................... ..201
7.5. DISCUSSION ...t e e e e e e e e e eaa e ea e 204
T.7. CONCLUSION ..o e e e e e e e e eaa e eees ...207
(O o e I ....209
CONCLUDING REMARKS AND SUGGESTIONS FOR FUTURE WORK 209
8.1. Characterisation of Xanthans ............cccccvvvvvviiiiiiiiiiiiiee e o 209
8.2. Characterisation of Gellan ...........ccccoiiiiiiiiiiiiiiiieer e s 210
8.3. Characterisation of Microbial Hyaluronic ACid..........cccccccceeiiiiiiiiiiiinns ..211
8.4. Characterisation of Schizophyllan ... L 212




8.5. Characterisation of chitosamsed as an interactant with xanthan and DNA

............................................................................................................................. 213

8.6. Suggestion for FUtUre WOrK............oeiiiiiiiiiiiiiiiiiiieeeee e e 215
REFERENGCES ... .o e s ...216
APPEND X L ...240

Xii



LIST OF FIGURES

Figure 1.1
Figure 1.2

Figure 1.3

Figure 1.4
Figure 2.1
Figure 2.2

Figure 2.3

Figure 2.4
Figure 2.5

Figure 2.6
Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12
Figure 2.13

Chemical structure of xanthan 5
Chemical structure of (a) native and (b) deacetyl: 8
gellan gum

Chemical structure of repeating disaccharide unit 11
hyaluronic acid.
Chemical structure of repeating unit of schizophyllan 13
Diagram of a macromolecule in the sedimentation pro 19
Boundary movement of sodium hyaluronate (HAV1) 21
sedimentation velocity experiment at 0.1 mg/ml. Sc
recorded every 2 min. Rotor speed = 40000rpm
Profile of sedimentation equilibrium process for sodi 25
hyaluronate (HAV4) at 0.1M PBS and (loadin
concentration 1.0 mg/ml. Rotor speed = 13000rpm
Schematic presentation of SEC-MALS components 29
Separation of two fractions (Samplel and 2) through 30
SEC column. Sample 2 eluted out first being the hig
molecular weight fraction followed by Sample 1
Events in the process of light scattering 32
A schematic representation of the shearing of a lic 35
between 2 parallel plates. The parallel arrows repre
fluid velocities at different values of y
The Huggins (black squares), Kraemer (red circles) 38
Solomon- Ciuta (green triangles) plots for depolymeri
gellan (45sec microwaved) (see Chapter 4)
Schematic diagram of four capillary bridge design ¢ 39
classical pressure imbalance viscometer
Example of a MarkHouwink-Kuhn-Sakurada (MHKS) 43
power law double logarithmic plot for chitosan HA\
(see Chapter 5) from an on-line differential press
viscometer ViscoStar coupled to SEC-MALS. The
value from the slope (0.20 + 0.01)
Example of MarkHouwink-Kuhn-Sakurada (MHKS) 44
power law double logarithmic plot of), ,vs Mw for
gellan samples (see Chapter 4). The b value fromrr
slope (0.22 £ 0.04)
HAUG Triangle 45
Contour plots of the CHITI1. The target function, A 49
calculated based on variables values odhd M, and are
represented on the full colour spectrum from blue (A =
0.005) to red (A>0.65) L, = (16 + 0.2), M = (500 * 30)

Xiii



Figure 2.14

Figure 3.1
Figure 3.2a

Figure 3.2b

Figure 3.3a

Figure 3.3b

Figure 3.4

Figure 3.5a

Figure 3.5b

(see Chapter 7)

The sedimentation conformation zoning plot; A: ex 51
rigid rod, B: rigid rod, C: semi-flexible coil, D: rando
coil, E: globular/heavily branched structure

Chemical structure of xanthan 53
Sedimentation coefficient distribution profiles (lei 61
squares g(s) vs. s plots) of xanthan samples at diffe
concentrations in pH= 7.0, | = 0.1 M buffer. (A) Stand
LMW (B) Standard HMW, (C) High pyruvate, (D) Lo
pyruvate

Sedimentation coefficient distribution profiles (lei 62
squares g(s) vs. s plots) of xanthan samples at diffe
concentrations in pH= 7.0, | = 0.3 M buffer. (A) Stand
LMW (B) Standard HMW, (C) High pyruvate, (D) Lo
pyruvate

Concentration  dependence  (reciprocal)  of 63
sedimentation coefficient plot (after correction
standard solvent conditions) for xanthan samples
7.0, 1 = 0.1 M buffer. (A) Standard LMW (B) Stands
HMW, (C) High pyruvate, (D) Low pyruvate
Concentration  dependence  (reciprocal)  of 64
sedimentation coefficient plot (after correction
standard solvent conditions) for xanthan samples
7.0, I = 0.3 M buffer. (A) Standard LMW (B) Standa
HMW, (C) High pyruvate, (D) Low pyruvate
SEDFIT-MSTAR analysis of Low Pyruvate in 0.3 M Pt 66
at a loading concentration of 0.35 mg/ml (A) molect
weight distribution, c(M) vs. M plot; (B) log
concentration In c(r) vs.?rplot, where r is the radic
distance from the centre of rotation; (C) M* vs. r plot: -
value of M* extrapolated to the cell base =,M,the
apparent weight average molecular weight for the wl
distribution. (D) Point or local apparent weight aver:
molecular weight at radial position r (open circle) plot
against the local concentration c(r).

Concentration dependence of apparent diffus 69
coefficient (BDow VS concentration plot of xanthe
samples; pH= 7.0, | = 0.1 M buffer. (A) Standard LM
(B) Standard HMW, (C) High pyruvate, (D) Lo
pyruvate

Concentration dependence of apparent diffus 70
coefficient (Do VS concentration plot of xanthe
samples; pH= 7.0, | = 0.3 M buffer. (A) Standard LM

Xiv



Figure 3.6a

Figure 3.6b

Figure 3.7

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

(B) Standard HMW, (C) High pyruvate, (D) Lo
pyruvate

The intrinsic viscosity plots from capillary viscomett 72
Huggins, Kraemer and Solomon-Ciuta extrapolations
xanthan samples; pH= 7.0, | = 0.1 M buffer. (A) Stanc
LMW (B) Standard HMW, (C) High pyruvate, (D) Lo
pyruvate

The intrinsic viscosity plots from capillary viscomett 73
Huggins, Kraemer and Solomon-Ciuta extrapolations
xanthan samples; pH= 7.0, | = 0.1 M buffer. (A) Stanc
LMW (B) Standard HMW, (C) High pyruvate, (D) Lo
pyruvate

The conformation zoning plot for xanthan samples 77
both ionic strengths (I=0.1M and 1=0.3M) which &
adopted extra rigid rod structures (Zone A)

Chemical structure of (a) native and (b) deacetyl: 83
gellan gum adapted from

Determination of partial specific volume of LAG usii 89
density measurement in Nal at’@0

Sedimentation coefficient distribution profiles using le 91
squares g*(s) method of SEDFIT obtained fr
sedimentation velocity experiment for gellan sample:
0.25mM Nal; (A) LAG, (B) LAG1, (C) LAG2, (D)
LAG3, (E) LAG4, (F) LAG5

Concentration  dependence  (reciprocal)  of 92
sedimentation coefficient plot (after correction
standard solvent conditions) for gellan samples
0.25mM Nal (A) LAG, (B) LAG1, (C) LAG2, (D)
LAGS3, (E) LAG4, (F) LAG5

SEDFIT-MSTAR analysis of LAG in 25mM Nal at 93
loading concentration of 0.3 mg/ml (A) molecular wei
distribution, c(M) vs. M plot; (B) log concentration In c(
vs. P plot, where r is the radial distance from the centr
rotation; (C) M* vs. r plot: the value of M* extrapolatt

to the cell base = \kyp the apparent weight averay
molecular weight for the whole distribution. (D) Point
local apparent weight average molecular weight at re
position r (open circle) plotted against the Io
concentration c(r).

The reciprocal plots of the apparent weight aver 94
molecular weight (Mapy against concentratioa (g/ml)

for gellan samples in 0.25mM Nal (A) LAG, (B) LAG:
(C) LAG2, (D) LAG3, (E) LAG4, (F) LAG5S

XV



Figure 4.7 The intrinsic viscosity plots from capillary viscometi 97
Huggins, Kraemer and Solomon-Ciuta extrapolations
gellan samples in 25mM Nal; (A) LAG, (B) LAG1, (C
LAG2, (D) LAG3, (E) LAG4, (F) LAG5

Figure 4.8 Mark—-Houwink-Kuhn-Sakurada (MHKS) power lav 99
double logarithmic plot of9, ,, vs M, for gellan sample:

Figure 4.9 Mark-Houwink-Kuhn-Sakurada (MHKS) power lav 100
double logarithmic plot for gellan samples

Figure 4.10 Contour plots for gellan samples. The target functibr 103
calculated based on variables valuesodhd M, and are
represented on the full colour spectrum from blde=(
0.17) to red4>0.95)

Figure 4.11 The conformation zoning plot for gellan samples wh 105
are adapted rigid rod structures (Zone B)

Figure 5.1 Chemical structure of repeating disaccharide unit 109
hyaluronic acid

Figure 5.2 Sedimentation coefficient distribution profiles using ' 118
least squares g*(s) method of SEDFIT obtained fi
sedimentation  velocity experiment for sodit
hyaluronate samples (A) HAV1, (B) HAV2, (C
MHAV1, (D) MHAV2, (E) HAV3, (F) HAV4, (G)
HAV5, (H) HAV6

Figure 5.3 Concentration  dependence  (reciprocal)  of 119
sedimentation coefficient plot (after correction
standard solvent conditions) for sodium hyaluror
samples in 0.1IM PBS (A) HAV1, (B) HAV2, (C
MHAV1, (D) MHAV2, (E) HAV3, (F) HAV4, (G)
HAVS5, (H) HAV6

Figure 5.4 SEDFIT-MSTAR analysis of HAV4 in 0.1 M PBS at 121
loading concentration of 1.0 mg/ml (A) molecular wei
distribution, c(M) vs. M plot; (B) log concentration In cf
vs. I plot, where r is the radial distance from the centr
rotation; (C) M* vs. r plot: the value of M* extrapolatt
to the cell base = \hyp the apparent weight avera
molecular weight for the whole distribution. (D) Point
local apparent weight average molecular weight at re
position r (open circle) plotted against the lo
concentration c(r)

Figure 5.5 Plots of M,app @against concentration for (A) conventior 123
plot of HAV3 (B) reciprocal plot of MHAV1 anc
MHAV2 (C) reciprocal plot of HAV4, HAV5 and HV6

Figure 5.6a Elution profiles of the sodium hyaluronate sampl 124
HAV1 (black line), HAV2 (red line), HAV3 (green line

XVi



Figure 5.6b

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12
Figure 6.1
Figure 6.2

Figure 6.3

Figure 6.4

at concentration 0.5 mg/ml, MHAV1 (blue line) al
MHAV2 (purple line) at concentration 1.0mg/r
examined by SEC-MALS.

Elution profiles of the sodium hyaluronate sampl
HAV4 (black line), HAV5 (red line), HAV6 (green line
at concentration 5.0 mg/ml examined by SEC-MALS
The intrinsic viscosity plots from capillary viscometi
Huggins, Kraemer and Solomon-Ciuta extrapolations
sodium hyaluronate samples; (A) HAV1, (B) HAV2, (
MHAV1, (D) MHAV2, (E) HAV3, (F) HAV4, (G)
HAV5, (H) HAV6

Mark—-Houwink-Kuhn-Sakurada (MHKS) power lav
double logarithmic plot of?,, vs M, for all sodium
hyaluronate samples

Mark-Houwink-Kuhn-Sakurada (MHKS) power lay
double logarithmic plot from on-line differential pressi
viscometry coupled to SEC-MALS for sodiu
hyaluronate samples; (A) HAV1, (B) HAV2, (C
MHAV1, (D) MHAV2, (E) HAV3, (F) HAV4, (G)
HAVS5, (H) HAV6

Bushin-Bohdanecky plot for sodium hyaluronate samp 133
where L, = (9.4 + 0.03) nm from the slope

Contour plots for sodium hyaluronate samples
HAV1, (B) HAV2, (C) MHAV1, (D) MHAV2, (E)
HAV3, (F) HAV4, (G) HAV5, (H) HAV6. The targe
function, 4 calculated based on variables values pahd
M., and are represented on the full colour spectrum 1
blue ¢ = 0) to red 4>0.95)

The conformation zoning plot for sodium hyaluron 139
samples. All samples fall in the zone for which
adapted senfi-exible coil structures (Zone C)

Chemical structure of repeating unit of schizophyllan 144
Determination of partial specific volume of schizophyll 152
using density measurement in 0.1M PBS €20
Salimentation coefficient distribution profiles using lei 154
squares g*(s) method of SEDFIT obtained fr
sedimentation velocity experiment for schizophyl
samples (A) GM1, (B) INV1, (C) GM2, (D) INV2
Concentration  dependence  (reciprocal) of
sedimentation coefficient plot (after correction
standard solvent conditions) for schizophyllan sam
(main component) in 0.1M PBS at pH 7.0 (A) GM1, (
INV1, (C) GM2, (D) INV2

125

126

129

130

137

155

XVil



Figure 6.5 As (Figure 5.4) but the analysis of GM1 at a load 156
concentration of (0.6 mg/ml). Mppfrom extrapolation of
M* to cell base = 2043 kDa, and the meaning of the fi
lines in “c” and “d” are explained in the legend Figure 6.4

Figure 6.6 The reciprocal plots of the apparent weight aver 157
molecular weight (Mappy against concentratioa (g/ml)
for schizophyllan samples (A) GM1, (B) INV1, (C) GM
(D) INV2

Figure 6.7 Molecular weight distribution for all schizophylle 158
samples in 0.1 M PBS buffer obtained frc
transformation of the g(s) versus s distribution using
Extended Fujita method of Harding et al., (2011)
GM1 at c=0.2mg/ml, (B) INV1, (C) GM2, (D) INV2 ¢
c=0.4mg/ml

Figure 6.8 Intrinsic viscosity plots from capillary viscometr 160
Huggins, Kraemer and Solomon-Ciuta extrapolations
schizophyllan samples (A) GM1, (B) INV1, (C) GM
(D) INV2

Figure 6.9 Mark-Houwink-Kuhn-Sakurada (MHKS) power lav 161
double logarithmic plot ofs3,, vs M, for all
schizophyllan samples

Figure 6.10 Mark-Houwink-Kuhn-Sakurada (MHKS) power lav 162
double logarithmic plot from on-line differential pressi
viscometry coupled to SEC-MALS for schizophyll
samples (A) GM1, (B) INV1, (C) GM2, (D)INV2

Figure 6.11 Yamakawa-Fujii plot for schizophyllan samples, whege 165
= (134 = 4) nm from the slope and the an assumed \
for M= 2150 g.mot.nm*

Figure 6.12 Contour plots of schizophyllan samples; (A) GM1, ( 167
INV1, (C) GM2, (D) INV2. The target functiory is
calculated based on the variables values,@ind M, and
is represented on the full colour spectrum from blue (

0) to red 4>0.95)

Figure 6.13 The conformation zoning plot for schizophyllan samg 169
which are adapted rigid rod structures (Zone B)

Figure 7.1 Chemical structure of chitosan 173

Figure 7.2 Sedimentation coefficient distribution profiles using le 182
squares g*(s) method of SEDFIT obtained fr
sedimentation velocity experiment for chitosan sam
(A) CHIT1, (B) CHIT2, (C) CHIT3, (D) CHIT4, (E
CHIT5, (F) CHIT6

Figure 7.3 Concentration  dependence  (reciprocal)  of 183
sedimentation coefficient plot for chitosan samples

XVili



Figure 7.4

Figure 7.5a

Figure 7.5b

Figure 7.6

Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.10

Figure 7.11

Figure 7.12

Figure 7.13

CHIT1 (B) CHIT2 (C) CHIT3 (D) CHIT4 (E) CHIT5 (F,
CHIT6

As (Figure 5.4) but the analysis of CHI'B4 a loading
concentration of (0.5 mg mL-1). Myp,from extrapolation
of M* to cell base = 80 kDa, and the meaning of the fit
lines in “c” and “d” are explained in the legend Figure 4.9
The conventional plot of the apparent weight aver
molecular weight (Mapy against concentration ¢ (g/ir
(Muw, appV's €)

The reciprocal plot of the apparent weight aver
molecular weight (Mapy against concentration ¢ (g/ir
(Mw, appVs €)

Elution profile of commercial and laboratory-prepal
chitosan samples in 0.2 M, pH 4.3, acetate buffer,
CHIT1 (B) CHIT2 (C) CHIT3 (D) CHIT4 (E) CHITS5 (F
CHIT6 (black line) examined by SEC-MALS
concentration 0.5 mg/ml. The open squares correspo
molecular weights calculated from SEC-MALS
Molecular weight distribution for all chitosan samples
0.2 M, pH 4.3, acetate buffer obtained frc
transformation of the g(s) versus s distribution
concentration (0.2 mg/ml), using the Extended Fu
method of Harding et al., (2011) (A) CHIT1 (B) CHI1
(C) CHIT3 (D) CHIT4 (E) CHIT5 (F) CHIT6

The intrinsic viscosity plots from capillary viscometi
Huggins, Kraemer and Solomon-Ciuta extrapolations
chitosan samples (a) CHIT1 (b) CHIT2 (c) CHIT3 |
CHIT4 (e) CHITS5 (f) CHIT6
Mark—-Houwink-Kuhn-Sakurada (MHKS) power lay
double logarithmic plot o£3,, Vvs M, for all chitosan
samples

Mark-Houwink-Kuhn-Sakurada (MHKS) power lay
double logarithmic plot for chitosan samples (A) CHI
(B) CHIT2 (C) CHIT3 (D) CHIT4 (E) CHIT5 (F) CHIT6
Bushin-Bohdanecky plot for commercial (CHIT1
CHIT4) and laboratory-prepared (CHIT5 and CHI1
chitosan samples, wherg £ (10 = 1) nm from the slope
Yamakawa-Fujii plot for commercial and laborato
prepared chitosan samples, whepe=L(18 + 1) nm from
the slope

Contour plots of chitosan samples (A) CHIT1, (
CHIT2, (C) CHIT3, (D) CHIT4, (E) CHIT5 and (F
CHIT6. The target function, A calculated based on

185

186

186

187

189

191

192

194

196

197

199

XiX



Figure 7.14

Figure 7.15

Figure 7.16

Figure 7.17

variables values ofJand M, and are represented on t

full colour spectrum from blue (A = 0) to red (A>0.95)

The conformation zoning plot for chitosan samp! 200
commercial (CHIT1 to CHIT4) which have rigid rc
structures, and laboratory-prepared (CHITS and CHI
which have semi-flexible coil structures

Normalized sedimentation coefficient distributi 202
profiles obtained from sedimentation velocity experim

for unmixed controls and mixture for chitosan samy
(CHIT5 and CHIT6) with DNA

Normalized sedimentation coefficient distribution profi 204
obtained from sedimentation velocity experiment
unmixed controls and mixture for chitosan samg
(CHIT5 and CHIT6) with xanthan-STD

Multi-Gaussian fit using MULTIG (locally writter 206
software, run under pro Fit™, interactive Preview
Window, floating the positions(value), area and standa
deviation of each peak Quansoft, Zurich) (A) Mu
Gaussian fit to the CHIT5-DNA mixture and (B) Muli
Gaussian fit to the CHIT6-DNA mixture. With the routi
MULTIG fitting was initially performed manually via th
interactive Preview Window, floating the position
value), area and standard deviation of each peak

XX



LIST OF TABLES

Table 1.1

Table 3.1
Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Classification of polysaccharides considering 2
source

Pyruvate and acetate content of the xanthans 56
Summary of sedimentation coefficiens%,) and 62
concentration dependence of sedimentatignf¢k all
xanthan samples

Estimated molecular weight of xanthan from the Me 68
Houwink-Kuhn-Sakurada equatig= xs. M)

Summary of diffusion coefficient Dg,,) for all 70
xanthan samples

Summary of Intrinsic viscosity values of xanth 74
samples obtained from capillary viscometry

Wales-van Holde ratio (R) determined from intrin 75
viscosity and concentration dependence coeffic
results for xanthan samples

Summary ofs?, ,and k for original low acyl gellan 90
and depolymerised gellan samples

Summary of weight average molecular weightsXI 95
results for original low acyl and depolymerised gel
samples

Summary of intrinsic viscosity values of gelli 96
samples obtained from capillary viscometry
Mark-Houwink-Kuhn-Sakurada (MHKS) Power La 98
exponents

Wales-van Holde ration, R, for original low acyl a 101
depolymerised gellan samples

Summary of s, ,and k for sodium hyaluronat 120
samples

Summary of weight average molecular weights,XI 122
results for sodium hyaluronate samples fr
sedimentation equilibrium and SEC-MALS

Summary of Intrinsic viscosity values of sodit 127
hyaluronate samples obtained from capilli
viscometry and differential pressure viscometry
Mark-Houwink-Kuhn-Sakurada (MHKS) power la 131
exponent a, from SEC-MALS and Wales-van Ho
ratio R, for sodium hyaluronate samples

Summary of the persistence length, dnd the mas: 136
per unit length, M values for sodium hyalurona
samples

XXi



Table 6.1

Table 6.2
Table 6.3

Table 6.4

Table 6.5

Table 6.6

Table 7.1
Table 7.2

Table 7.3

Table 7.4

Table 7.5

Table 7.6

Persistence length, and mass per unit lengi; of 145
schizopyhyllan

Summary ofs9, ,and k for schizophyllan samples 153
Summary of weight average molecular weights,XI 156
results for schizophyllan samples from sedimenta
velocity, equilibrium and SEC-MALS

Summary of intrinsic viscosity values of schizophyll 159
samples obtained from capillary viscometry &
differential pressure viscometry
Mark-Houwink-Kuhn-Sakurada (MHKS) power la 163
exponent a, from SEC-MALS and Wales-van Ho
ration, R, for schizophyllan samples

Summary of the persistence lengthand the mass pe 167
unit length M values for schizophyllan samples
Summary ofs9, ,and k for chitosan samples 182
Summary of weight average molecular weights)I 187
results for chitosan samples from sedimenta
velocity, equilibrium and SEC-MALS

Intrinsic  viscosity values of (Commercial) a1 189
(Laboratory-prepared) chitosan samples obtained 1
capillary viscometry and differential presst
viscometry

Mark-Houwink-Kuhn-Sakurada (MHKS) power la 192
exponent a, from SEC-MALS and Wales-van Ho
ration, R for chitosan samples

Summary of the persistence lengthdnd the mass pe 197
unit length M values for chitosan samples obtair
from global HYDFIT analyses

Sedimentation coefficients ats,y,, at a total 201
concentration of 1.0 mg/ml, for chitosan, DN
xanthan and chitosan-DNA and chitosan-xant
complexes

XXil



CHAPTER 1

INTRODUCTION

1.1. INTRODUCTION

Carbohydrates are the most abundant class of natural organic compound, which have
different functions in both plant and animal tissues. The carbohydrates are classified

into three groups according to their chemical structure: monosaccharides,

disaccharides and polysaccharidg¢s (Patel, 2007). Polysaccharides consist of

monosaccharide units linked with glycosidic bonds. The variety and complaxity i

polysaccharides originate from different types of monosaccharides in the backbone
and the variety of glycosidic linkage between them. This diversity leads to many
potential industrial applications, particularly, cosmetics, pharmaceuticals and food
applications. Ubiquitously availability and renewable properties of polysaccharides

make them useful in almost all sectors of human activities (e.g. materials science,

nutrition, health care and energy) (Persin et al., p011).

Polysaccharides, in many forms, play an important role as an energy provider or
storagea structural unit and as a protector for cells in all living organisms. They can

be classified according to their molecular structure (homopolysaccharide or
heteropolysaccharide), their molecular shape (e.g. linear, branched, alternating
repeat), their properties (e.g. gelling, non-gelling) and their electrostatic charge (e.g.

anionic, cationic or neutral). However, categorisation by their origin (e.g. higher



plants, microorganisms, marine plants) is the most commonly used (Table 1.1

Huber et al., 2005).

Among all types of polysaccharides (e.g. animal, marine), microbial polysaccharides

promise more benefits as compared to other polysaccharides that have the same

functions in terms of availability, well-manageable process conditions and stable

chemical characteristigs (Giavasis and Biliaderis, 2D07a). Since microorganisms are

Tablel.1: Classification of polysaccharides considering the source

Source/Origin

Polysaccharide Examples

Higher Plants

Cell wall associated

cellulose, hemicellulose, pectin

Energy stores (seeds, roots, tubers)

starch, guar gum, locust bean gy

Exudates

gum arabic, gum karaya

Marine plants (seaweed extracts)

carrageenan, alginate, agar

Microorganisms

xanthan, gellan

Animal

glycogen, glycosaminoglycans,

chitin, chitosan

Chemical derivatives (of varied native

hydroxypropy starch, starch

origin) acetate, starch phosphate,
carboxymethylcellulose,
hydroxyproply methylcellulose,
methylcellulose

Synthetic polydextrose

Tadapted fron

(Huber et al., 2905) 1nd (Izydorczyk,

D005).




also more susceptible for genetic manipulation than higher organisms, the

biosynthetic or degradation pathways by manipulation of enzymes can be improved.

Thus, the production of polysaccharides can be improved indirgctly (Tombs and

Harding, 1997).

1.2. MICROBIAL POLYSACCHARIDES

Microbial polysaccharides produced by microorganisms show particular diversity in
structural and functional properties. These polysaccharides may be produced for
different purposes such as (i) cell defence, (ii) prevention phagocytosis, (i)

protection from dehydration, (iv) adhesion to the surfaces or the other cells, (v)

energy reserve and part of the cell wall (Giavasis, R013). According to their

functions, there are three types of polysaccharides: intracellular polysaccharides
(carbon or energy supplier for organism), structural polysaccharides (constituent for
cell wall and structure) and extracellular polysaccharides that are also called
“exopolysaccharidés (EPS). Since isolation and purification of cell wall

polysaccharides are difficult, exopolysaccharides are widely used in many industrial
applicationsas bioactive compounds, drug release and encapsulation materials for
pharmaceuticals, as natural ingredients or additives in food applications. For

industry, they have been used for oil drilling and recovery and biodegradable plastics

Kumar and Mody, 2009). The Gram negative bacteria (Xanthomonas,

Sphingomonas, Streptococcus etc.) and the fungi from the Basidiomycetes
(Schizophyllum, Sclerotium etc.) family are popularly used to obtain microbial
polysaccharides for many biotechnological applications. For example, xanthan
produced from Xanthanonas campestris has been used as a thickener, viscosifier,

emulsifier and stabiliser for food industry and an encapsulation agent with chitosan



for pharmaceutical applications whereas schizophyllan from Schizophyllum

commune is used for medicapplications due to its antitumor, antinflammatory and

immunostimulating propertigs (Zhang et al., 2013).

Although several microbial polysaccharides have already been discovered, this study
will only focus on just xanthan, gellan, bacterial hyaluronic acid and schizophyllan

in terms of their properties and applications.

1.2.1 Xanthan

Xanthan gum is a natural polysaccharide discovered in 1950s by American scientists
at the Northern Regional Research Laboratories (NRRL). After safety and
toxological research studies, xanthan was approved by United States Food and Drug
Administration (FDA) and European Economic Community respectively. It is

widely used as a thickening agent, dispersant agent and stabiliser in food,

pharmaceutical, cosmetic and agricultural applicatjons (Rosalam and England, 2006

Garcia-Ochoa et al., 20P0) since its transformation from substrate to macromolecule

is comparatively higher (~70%) and less expensive than any other microbial

polysaccharide (Sutherland, 1998).

Xanthan is an anionic, extracellular microbial polysaccharide produced by

Xanthomanas campestr|s (Rodd et al., 2D00, Berth et al. [{1996, Khouryieh| et al.,

2007). The primary structure of xanthan consistsadfnear B-(1—4) p-glucan

backbone with trisaccharide chains contaimnAgjucoronic acid unit between twe
mannoses. These trisaccharide chains are linked to a backbone at C-3 on every

second unit (Figure 1.1). Approximately half of the termiralannose units contain



a pyruvic acid residue linked via a keto group to the 4 and 6 positions, whose

distribution patterns are described (Kool et al., 2014).

The annual worldwide production of xanthan is 30000

approximately US$270 million (Kalogiannis et al., 2003,

2009).

CH,0H CH,0H

CH, OCCH

/O
i

\\o OH ’ o\@\

tons and its market is

Phillips and Williams,

n

Figure 1.1: Chemical structure of xanthan adapted from (Tombs and Harding,

1997)

Xanthan molecules are very large, anionic heteropolysaccharides with high

molecular weights (M) (~ 2.80-7.40 x 10Da) (Sato et al., 198/Berth et al., 199|6)

and high viscosity at low concentratio[s (Dhami, 1996).

The approval of xanthan from US Food and Drug Administration and European

Economic Community makeas not only attractive as a food additive, but also for
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use in biomedical and pharmaceutical application. Due to the ability of dissolution in

both cold and hot water, stability over a wide range of pH values and tempeiatures,

is favourable for many applicatior]s (Sutherland, 2006). For instamdée food

industry, it has been used as a stabiliser in syrups, sauces and dressings, which
enables the emulsion stability salt and acid, which contributes the texture and

pourability and increases the flavour release while stabilising the viscosity at wide

range of temperatures and pH ranges (Giavasis,|2013). Xanthan has also been used

for bakery products to bind water and enhance the texture, for beverages to improve
mouthfeel and solubility at even low pH and, for dairy products to reduce syneresis

stabilize the emulsions and control ice crystals formation, and for meat products to

bind water and inhibit syneres‘is (Palaniraj and Jayaraman| 2011).

Xanthan generates synergistic gels with gluco and galactomannans by heating above
its conformation transition temperature then cooling so that the total required amount
of polysaccharide is reduced. Besides that, this synergistic gel is also used to
enhance the functionality of foods related to health concern such as prevention of
obesity. The study on mixtures of konjac glucomannan-alginate-xantham as
additive tablets (PGX) for control satiety has demonstrated that addition of 5g PGX

tablet to meal decreased the anticipatory consumption and increased the satiety

feeling along withalow calorie diet|(Kacinik et al., 2011).

Xanthan has gained interest from other industries. In the oil industry, it is used for oil
recovery as an additive, for oil drilling, pipeline cleaning and fracturing since it has
good stability against salt and temperature. In paper, paints and wallpaper-adhesive
industry, it controls rheological behaviour and aids the suspension. In textile and
carpet printing, it enhances processing and regulates the colour migration. Xanthan is

also used for personal care products such as shampoos, creams, toothpastes, where it

6



improves the pumpability and stabilises the emulsifﬁalaniraj and Jayaramgn,

20117).

For medical and pharmaceuticapplications, xanthan has also been used as an
encapsulation agent along with modified starches, polyvinyl alcohol, cellulose esters,

kappa-carrageenan, guar gum and mostly chitésananoparticle, microsphere,

hydrogel and matrix systenrs (Benny et al., 2084#)ce xanthan-chitosan can form a

gel under lower pH, the complex has been considered as a continuous release matrix
for drugs. For example, Popa et al. worked on chitasathan hydrogel to
encapsulate theophylline (THP) and concluded that THP inclusion into drug has
confirmed higher bioavailability than raw complex. Therefore, this chitosarhan

complex was recommended for the application of oral drug delivery systems such as

chronic pulmonary obstructive diseage (Popa et al., [2010). This xanthan-chitosan

hydrogel system is also used to encapsulate vitamins, polyphenols, enzymes and

probiotic bacteria see e.p. (Liu et al., 20L1a, Argin-Soysal et al.|[2009, Dragan|escu et

al., 2013).

1.2.2.Gellan

Gellan gum, an extracellular polysaccharide, was first discovered and produced in
1978 by Kelco (San Diego, USA}.Wwas approved as a food additive firstly in Japan
(1988) then in USA and EU (1992), respectively. Now, it is added as a commercial

gelling agent for food usage in many countries e.g. Canada, Australia and Southeast

Asia (Morris et al.,, 2012). It is an anionic heteropolysaccharide produced by

Sphingomanas elodep (Kumar and Mody, 2009). The linear molecular structure

consists ofa repeating tetrasaccharide of two substituefif$- p-glucose, one of B-

p glucoronate and one of a-L-rhamnose. The native form of gellan has two types of

7



acyl residues: an-glyceryl residue on O(2) of the 3-linked glucose substituent of the

tetrasaccharide chain and an acetyl group at O(6) of the same residue (Figure 1.2).

Both these residues are removedamalkaline process and this deacetylated gellan

is called ‘low acyl gellan’ and ‘high acyl gellan’ according to mildness of the process

Morris et al., 201“, Prajapati et al., 2013).

.

r

OH

0.5

cooMm* CH,0H l
0 0
0] S
OH o CHs N
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OH OH OH OH
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COOM* CH,0OH =
o] 8]
(@] A
OH OH CHa \
OH CH OH OH
(b) .

Figure 1.2. Chemical structure of (a) native and (b) deacetylated gellan gum

adapted from [Prajapati et al., 2013)

Gellan gumis in the GRAS (Generally Recognised as Safe) list for food

applications. Gellan gum forms thermoreversible, brittle and rigid gels in the

presence of mono and divalent cations, which enables its use in many applications

Morris et al., 201

P). Due to its ability to form clear gels, it can be usethny food

applications as a viscosifier, gelling agent and texture modifier for the products such



asdessert gels, confectionery products, pie fillings, processed meats and milkshakes.

Gellan gum can be also used asagar substitution for Japanese food applications

such as hard bean jelly, mitsumame, tokoroten noogdles (Morris,| 2006). It was

proposed as a gelatine alternative due to its textural and rheological properties

Morrison et al., 199|9). Like xanthan, gellan showed synergistic interactions when

blended with other polysaccharides such as carrageenan, xanthan, konjac

glucomannan, xyloglucafR6driguez-Herndndez and Tecante, 1999, Miyoshi etfal.,

1994, Nitta et al., 2003). Valli and Miskiel suggested that using gellan gum with

agar, gelatin and carrageenan increased the acid and thermal stability and enhanced
the texture and releasing flavour of the food products such as desserts. Because of

the functionality at wide range of pH, low acyl gellan gum banusedin fruit

fillings for pastry products and pigs (Valli and Miskiel, 2p01). Xu et al. examined

the interaction of gellan-glucomannan blend and its usage as a film for food
packaging where the nisin (natural antimicrobial agent) was added into film to assess

the antimicrobial activity. Results indicated that increasing the amount of gellan in

the blend improved the antimicrobial activity for releasing the r‘isin (Xu et al.,

2007).

The nontoxic, biocompatible and biodegradable properties make gellan an attractive

substance for medicinal and pharmaceutical applications (Picone and Cunha, 2013).

The gellan based materials for these areas were investigated over the last twenty

years for different applications such as tissue engineering, dental care, bone repair,

gene delivery and drug delivery by many research@ssmgtek et al., 2014). For

drug delivery, it has considered for different delivery methods such as for oral and
nasal deliveries, solid dosage forms, beads and microcapsule forms while it was

investigated for tissue engineering, wound healing, artificial vein design and gene



delivery purposes for medicinal applicati

(Dsfnalek et al.,

2014). Moreover, Li et

al. studied the Ca-activated three dimensional gellan films for insulin delivery by in

vivo and in vitro studies post characterisation of optimum film conditions. The in-

vivo studies proved that the bioviability of insulin was maintained in gellan film,

which indicated an evidence of possible application of gellan in protein delivery (Li

etal., 2001).

Since gellan is considered to bésaluble dietary fibre’, it can be considered for

human healthcare applications and nutritional perspeg

tives (Valli and Miskie|, 2001)

While acid gelation of low acyl gellan can be used for controlling satiety (Norfon e

al., 2011), it also demonstrated serum cholesterol levels lowering effect (Kogan et

al., 2007).

1.2.3 Hyaluronic Acid

Hyaluronic acid or hyaluronan (HA) is a linear, negatively charged and unbranched

polysaccharide, which was first discovered in 1934 in the vitreous humor of cattle

eyes|Lapcik et al., 1998). It is chemically classified aa glycosaminoglycan and

consists of repeating disaccharide unit of B-(1—4) N-acetylp-glucosamine and -

(1—3) linked p-glucuronic acid (Figurel.3

) (Hokputsa, 2

03).

HA is found in the skin (dermis, epidermis), umbilical cord and vitreous body of the

eye as sodium hyaluronate in the human body (Kogan

et al.} 2007). It is also present

in other mammalian synovial fluids and connective tissues such as rooster comb

where commercial HA is obtained by extraction using protease digestion, HA ion-

pair precipitation (with e.g., cetylpyridinium chloride), and membrane ultrafiltration.

Kogan et al., 200y, Hokputsa et al., 2003a).
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HA is produced by Streptoccocus species e.g. Streptococcus zooepidemicus.

Haxaire et al., 20Q0).

HOOC

Figure 1.3: Chemical structure of repeating disaccharide unit of hyaluronic

acid. Figure reproducedfrom (Hokputsa, 2003).

The unique physicochemical and rheological characteristics have been extensively
investigated and attracted for possible medical and pharmaceutical applications. The

molecular weights of HA preparations have been previously determined to be

between 7.3 x 10- 3.3 x 1§ Da {Hokputsa et al., 2008a, Rinaudo, 2[J08, Prekton

and Wik, 1992) anit is an important property, which governs the characteristics and

applications of HA. For example, HA with high molecular weight can be used for
ophthalmology, orthopaedics, wound healing and cosmetics, whereas HA with low

molecular weight can be used for the inhibition of tumour growth, initiating the

expression of inflammatory moderators and promotion of angiogepesis (Liu |et al.,

2011H).

The current worldwide HA market is anticipated to be worth over $1 billion with

more than a ton being produced in the medical mafket (Chong et al} 2005).

Reflecting the extensive applications in medical and cosmetic applications, microbial

fermentation has appeared as an alternative for bulk production of HA to provide the
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adequate production. Furthermore, the price is also decreased and the degree of

purity is enhanced by microbial production of the polysaccharide (Milag and

Rinaudo, 200|4). HA has been used widely in the medical industry since the 1970s

due to the distinctive properties including biodegradable, biocompatible, non-

immunogenic and non-inflammatoty (Jin et al., Zﬁ)lo, Chong et al.| 2008 used

as a visco-supplement for osteoarthritis to replace synovial fluids in arthritis and

relieve the pain in the knee (Hochberg, ZI(YDﬁ)smoglu and Oner, 2003||Altman,

200Q). In ophthalmology, it is used in eye surgery to aid the implantation of artificial

lens and improve the corneal wound hea‘ing (Miyazaki et al.,[1996). It has also been

used for aqueous eye drops to improve their viscosity and ste1bi|ity (Gurny et al.,

1987,|Lapcik et al., 1998). To prevent post-surgical adhesion, HA is an attractive

material since it is naturally found in the human body. HA is used as a mucoadhesive

to modulate the wound healing process by mending the sliding function of the

tendonsby injection of auto-crosslink HA (Renier et al., 20{inaudo, 200B).

Stabilised or cross-linked forms of HA are considet@danoisturise the skin and

repair the elasticity for skin products in cosmetics, and as dermal filling compounds

to achieve reduction of facial lines and wrinkles (Brown and Jones||R@DibS ef]

al., 2003| Bergeret-Galley et al., 2001). The therapeutic effects of HA hawme bee

e

studied in cancer. In cancer tissues, HA supports tumour cell migration by

dehydration, which opens a space and interaction with surface cell receptor

Lokeshwar et al., 20Q0). HA has extensively been used in tissue engineering with

other polymers such as chitosan. Tan et al. concluded that the clitAsaydrogel
enhanced cell adhesion and encapsulation, and supported the survival of the cells and

maintained cell morphology, thereby the possible use of this hydmggssue

engineeed cartilage|(Tan et al., 20p9). HA has already been added in the list of drug
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delivery systems to be considered for dermal, nasal, pulmonary, parental, liposomal,

implantable drug delivery and gene deliveffgr drug delivery, chitosan is the main

polysaccharide that is mostly chosen for polyelectrolyte complex with HA (Lipo et

al., 200%).

1.2.4.Schizophyllan

Schizophyllan is a non-ionic, water-soluble homopolysaccharidaestpabduced by
fermentation from filamentous fungi Schizophyllum commune. It consists of a linear

chain of B-D-(1-3)-glucopyranosyl groups, to whichp-D-(1-6)-glucopyranosyl

groups are attached (Figure 1}4) (Kumari et al., 4008, Bot et al.; 2001). Due to these

glucosyl side-chains being on the outsideadfiple helical structure, it is readily

dissolved in wate[ (Bot et al., 2001).

OH OH

OH OH OH

Figure 1.4: Chemical structure of repeating unit of schizophyllan (reproduced
from (Takedatsu et al., 2012)

13



Owing to its high capacity for binding water (in cosmetics-skin and hair products),
high heat stability (petroleum recovery) and bioactivity characteristics (antitumor,

anti-inflammatory, antibacterial activities), it has been considered for many potential

application in industrial and pharmaceutical applications (Leathers et al.| 2006,

Tombs and Harding, 1997).

Schizophyllan was firstly discovered by Japanese researffigang et al., 2013)

and approved for @sin Japan in 1986 for drug administration. Schizophyllans are
also referred tas ‘Biological Response Modifiers’ (BRMs) with other bioactive
fungal polysaccharides such as lentinan, scleroglucan through the capability of

inducing an immune response against viral and bacterial infections, inflammation

and tumour cells| (Giavasis, 2(014). Schizophyllan has been investigated as an

immune enhancer against the Sendai virus, which is lethal for mice and results

indicated schizophyllan has an effect on antiviral activity and increased immune

responsqg (Hotta et al., 1993). Kakumu et al. also observed that sizofiran, swich i

commercial form of pharmacological schizophyllan, regulated the cellular immune

responses of patients with hepatitis B vifus (Kakumu et al.,[1991). Schizophyllan

has been found to have a therapeutic effect on gastric, breast, lung, cervical, head

and neck cancers with anticancer drugs. It has also helped in the inhibition of

metastasigBohn and BeMiller, 199|E, Giavasis and Biliaderis, ZCTGﬁHvasis,

2014). Kimura et al. showed schizophyllan acted as an assistant immunotherapeutic

agent and supported recovery of damaged cellular immunity after chemotherapy,

radiation and surgery on patients with head and neck cahcers (Kimura et gl., 1994)

The use of schizophyllam cancer treatment was found efficient together with

chemotherapy and radiation (Giavasis and Biliaderis, 2007b). Kojima et al. indicated

the relationship between molecular weight and antitumor activity of schizophyllan
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and observed that the antitumor activity has reduced when the molecular weight

decreased and the conformation was of the random coil type (Kojima et al., 1986).

1.3. INTERACTION WITH CHITOSAN

It has been proven that microbial polysaccharides can interact with other
polysaccharides such as gluco-and-galactomannans, guar gum, carrageenan and most

commonly chitosan which is a nontoxic, bioadhesive and biocompatiblemadthic

(€

polysaccharides (Rinaudo et al., 1§99, Casas and Gacti@a, 199gRodriguez-

Herndndez and Tecante, 1999). Since chitosan is a cationic polysaccharide, it has

been considered for interaction studies with anionic polysaccharides such as xanthan,

gellan and hyaluronic aciri (Argin-Soysal et al., 2”)09, Luppi et al.,|R009, Picone and

Cunha, 201B). For example, since xanthan-chitosan and gellan-chitosan can form

gels at lower pH values, the complex has been considered as a potential for

controlled drug release from drug delivery systems (Phaechamud and Rifthidej,

2008/ Vilela et al., 2015), whereas chitosan-hyaluronic has been considered for gene

delivery and tissue engineerinF (Tan et al.,, 2009). However, knowledge and

understanding the behaviour of these interactions is needed for developing new
applications in the food, cosmetics, medical and pharmaceutical industries. To
achieve this, the hydrodynamic techniques such as sedimentation velocity can be
useful to investigate these interactions, which previously provided information about

the synergistic interaction between xanthan-konjac glucomannan-alginate

Abdelhameed et al., 20[L0) and mucin-chitosan mixtures (Fiebrig et al{, 1995).
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1.4. THE AIM OF THIS STUDY

To properly understand the relationship between physical properties and
functionality of microbial polysaccharides, the physical characteristics such as
homogeneity, molecular weight, conformation and interaction conditions are
required for the targeted applications of these polysaccharides. Therefore, the aim of
this study is firstly to examine the solution properties of microbial polysaccharides-
namely xanthan, gellan, hyaluronic acid and schizophyllan- in terms of
sedimentation coefficient, molecular weight, distribution of molecular weight
intrinsic viscosity and the conformation. To investigate these biophysical properties
and to take advantage of development in instrumentation and data analysis methods,
analytical ultracentrifugation (AUC), Size Exclusion Chromatography Coupled to
Multi Angle Light Scattering (SEC-MALS), Dynamic Light Scattering (DLS) and
viscometry techniques were used. Hydrodynamic parameters derived from these
techniques were then used to assess the gross conformation of polysaccharides by
power law, conformation zoning, Wales-van Holde methods and Multi-HYDFIT
program. After the determination of hydrodynamic properties of microbial
polysaccharides in solution, the possible interactions of xanthan with chitosan as a
mixture were then investigated. Thus, this knowledge can hopefully help to improve
food and healthcare applications of these polysaccharides by increasing the

understanding of these types of systems.
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CHAPTER 2

HYDRODYNAMIC METHODS

2.1. ANALYTICAL ULTRACENTRIFUGATION

Analytical ultracentrifugation (AUC)is a powerful separation technique for
characterising the hydrodynamic properties of macromolecular solutions and has a

wide applicability to assess the solution behaviour in a broad range of solvents.

Cole et al., 2008)This method was firstly developed by Svedberg and co-workers

in the 1920s and it was very popular until the 1970s. With the introduction of new
methods such as light scattering, electron microscopes (EM), polyacrylamide gel
electrophoresis (PAGE) and size exclusion chromatography (SEC), which provide

rapid determination of molecular weight for macromolecules, this technique lost its

popularity— see for examplé (Machtle and Bérger, 2006). However, many of these

other techniques require calibration using standards and rely on a series of

assumptions that are frequently inva||id (Ralston, 1993) and also have limitations for

determination of the molecular weight especially polydisperse and interacting

macromolecules. Regarding new instrumentation (Beckman XL-1 and XL-A) and
numerical data analysis methods in the 1980s, the AUC became popular once again

for protein and protein interactions in solutions and polysaccharide solutions

Harding, 1992). The analytical ultracentrifuge technique has considerable

advantages over other methods such as gel permeation chromatography and light

scattering, since there is no need to use membranes, columns other separation media

17



or immobilisation materials (unlike electrophoresis, chromatography and Surface

Plasmon Resonance)which can cause problems due to anomalous interactions.

Basically, an analytical ultracentrifuge is a centrifuge with a detection systeni, whic

obsenres the distribution of sedimenting macromolecules in a centrifugal field by

centrifugal force| (Harding et al., 1993cott et al., 2005). It consists of centrifuge

housing (motor, safety chamber, temperature control), rotor, measuring cells and

optical detectors (absorbance, interference, fluorescence) -see for example (Méachtle

and Borger, 2006).

With AUC, two main experiments can be performed, namely; sedimentation velocity
where the velocity and shape of a sedimenting boundary are examined, and

sedimentation equilibrium where slower speeds are applied to produce equilibrium

between diffusional and centrifugal potentials -see for example (Abdelhameed,

2010).

2.1.1. Sedimentation Velocity

Sedimentation velocity in the analytical ultracentrifuge provides information about

purity, state of association, conformation and conformational changes, shape,

molecular weight and interaction with other molecules (Dam and Schuck|.2004)

This experiment is performed in high centrifugal fields, where the rotor is
accelerated to ~30000-50000 rpm depending on the macromolecule. In this field, the
solution of interest is subjected to a centrifugal field; the solute is subjected to three
forces - sedimenting (centrifugal) force, Ehe buoyant force, § and the frictional

force, Ry. Under the effect of these forces, the macromolecule in solution t&tarts

accelerate and reach terminal velocity (Figure 2.1).

18



Figure 2.1 Diagram of a macromolecule in the sedimentation process. Figure

reproduced from (Van Holde, 1988).

The centrifugal force, Fwhich is related to the mass of molecule (m) and the
distance from the centre of rotation (r) and the angular veloedyig firstly
experienced by the molecule.

Fe= w’rm (2.1)
At the same timethe buoyant force, f~which is equal to the weight of the fluid
displaced:

Fr— a)zrmo (2.2)
wherem,, is the mass of fluid displaced and:

my = Mop (2.3)

Wherev is the partial specific volume apds the density of the solvent (g/ml

When the density of the particle is greater than that of the solvent, the particle will
begin to sediment. As the particle begins to move along a radial path towards the

bottom of the cell, the velocity of the molecule will increase because of the
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increasing radial distance. Thus, frictional forceq, Vll also be exerted on the
macromolecule as result of the movement of the molecule through a viscous solution

with the velocity (v):

Fa=-fv (2.4)

wheref is the frictional coefficient and depends on the shape and size of the particle.

As a resultat terminal velocity the three forces come into balgRedston, 1993):

Fc+Fp+Fa=0 (25)
By replacing the molecular mass, m (g) by M/M, ié the molar mass or molecular
weight (g.mof* or Da) andN is Avogadro’s number 6.02 x 10?3 mol%), the equation

can be written as:
2 M _
) I‘—N -(L-op)—-tv=0 (2.6)

Therefore, the sedimentation coefficient, s, is obtained from the equation below:

_ M@A-9p) v
B Nf  w?r

2.7)

The sedimentation coefficient, is, defined ashe velocity of the particle per unit
gravitational acceleration and it depends on the properties of the particle. The unit

for the s isthe Svedberg unit (abbreviation S), in honouiTbé Svedberg which is

102 secondd (Ralston, 19|93).

In the centrifugal field, application of high angular velocity causes rapid

sedimentation of the molecule towards the cell bottom and a moving boundary is
formed between the solute and solvent. From the fateotion of this boundary

(see, Figure 2.2), the sedimentation coefficient and distribution of sedimentation
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coefficient can be calculatgd (Van Holde, 1985). Since the sedimentation velocity is

expressed as v = gldt, the equation can be:

v __ drp/dt

S = P o2 (2.8)
Integrating from this equation:
t
in 229 _ 12 () (2.9)
Tb (to)
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Figure 2.2: Boundary movement of sodium hyaluronate (HAV1) in
sedimentation velocity experiment at 0.1 mg/ml. Scans recorded every 2 min.

Rotor speed = 40000rpm

Plotting In(rs»/rm) versus time, yielded a slope of straight line’s, which leads to

determine the sedimentation coefficient (s

The sedimentation coefficient, s, is affected from temperature as well as the solvent
viscosity and density. Therefore, it is expresassl; , where, T, is the temperature
at which the experiment was carried out and, b, indicates the buffer used to dissolve

sample. To normalise these contributions to standard conditions (density and

viscosity in water at 20.0 °C), the equation below is used (Ralston], 1993):

Sa0w= {(1-0p20w) / (1-0p0)} - {No / N20,w} ST, (2.10)
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wherep, andy, are respectively the density and viscosity of the solvent or buffer, b
at temperature T ansh,,, and 7,,,, the corresponding values of water at 2@.0
Sedimentation coefficients are concentration dependent and they exhibit a @lecreas

in the measured sedimentation coefficient with increasing concentration if the solute

is pure and non-associating (Ralston, 1993). Therefore, the measured s value at a

given concentration will be an apparent one because of non-ideality effects arising
from co-exclusion and charge effects. These effects are more severe for

polysaccharides and can be eliminated by measuring¢hefor a range of different

cell loading concentration and then extrapolation to zero concentration (Harding,

20059). Plotting ¥4, ,, versus c is applied using the following equation:

Uszouw= (1sdy,). (1+ko) (2.11)

Where kis the Gralen parameter and shows the concentration dependency. It is also

used to estimate the conformation with intrinsic viscosity (Harding, 32005b). In

sedimentation velocity experiments, any changes in boundary positions and in the
whole radial concentration profile can be observed by the optical system- either
UV/visible absorption (especially proteins and other macromolecules with an
absorbing chromophore) or Raleigh Interference optics (for any macromolecule
including polysaccharide). The distribution of sedimentation coefficient is measured
by the ability of capturing multiple data on-line with AUC model XL-1 and XL-

with the help of these optical systems.

Sedimentation coefficient distributions are popularly calculated usindsih¥s)

model incorporated into the SEDFIT program (Schuck et al.,|2002) based on Lamm

equation (Equation 2.12). The sedimentation coefficient distribution is affected by

diffusion and this diffusion correction is usually small for polysaccharides since
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absence of diffusion during the time of the experiment can be assumed for molecules

with very large frictional coefficients (Ralston, 1993).

dc d?c 1 dc dc
= —_t | - 2 —
D.[dr2 - dr] sw? [ —+2c] (2.12)

This SEDFIT program (Schuck, 1998, Schuck et al., R002) enables the plot of g*(s)

vs. s and the distribution and integration of a peak or resolved peaks can be defined.
These plots can then be used to calculate the weight average s of the sedimenting
species. Normallydue to the nature of interference optical system, a time invariant
noise is present during the calculation of g*(s) from the radial derivative dc/dr.
Using least squares boundary modellinig-g*(s) —~which was introduced by Schuck

(1998) and Dam & Schuck (2004), this noise can be eliminated.

However, the SEDFIT program provides the correction of density and viscosity of
the solvent at the experimental conditions to standard conditions as noted above.

A sedimentation coefficient distribution, c(s) sisor g*(s) vs s. can be transformed

into apparent molecular weight distribution if the conformation is knpwn (Hargding,

2005R). Fujita(Fujita, 1962) and earlier Cantow (Cantow, 1959) had investigated the

possibility of transforming a distribution of sedimentation coefficisninto a
distribution of molecular weight for linear polymers. They concluded that the
sedimentation velocity determination of g*(s) enables the estimation of molecular
weight distribution of a given macromolecule if the information about the relation
betweersandM is obtained. The conversion is as follows:

(M) = (ds/dM) . g(s) (2.13)

The linking of g*(s) to f(M) is achieved by manipulatiofithe “power law” relation

(MHKS) (Tombs and Harding, 1997):

s= Kks Mb (2.14)
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Recently, Harding, Schuck ando-workers has extended the application for

carbohydrate polymers, mucin and glycoconjugateisnamed as “Extended Fuijita

Method ”(Harding et al., 2011)Manipulation of these equations above, Harding et

al. yields the following relation:

f(M) = b.(xs™). (). g(s) (2.15)

where b is the conformation parameter with the limits of 0.4-0.5 for a flexible caill,

0.67 for a compact sphere and 0.15 for a rigid [rod (Tombs and Harding, £997).

can be calculated from equation (2.14) with at least one valué/ cand

corresponding value af(from sedimentation velocity experiment).

2.1.2. Sedimentation Equilibrium

Sedimentation equilibrium is another main experiment that can be run in the AUC.

This experiment provides thermodynamic information about the solution molar mass

and non-ideality, and enables the molecular weight to be estimated (Cole et al., 2008,

Harding, 2005p)Unlike sedimentation velocity, the experiment is performed under

moderate centrifugal fields, where the sedimentation and diffusion forces on the

solution are balanced. Thus, a steady state equilibrium distribution of molecules

occurs instead oh sedimenting boundary (Figure 2.3) (Machtle and Bdorger, 2006,

Harding, 2005p). This steady state is a function of molecular weight (Hayding,

20050).
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Figure 2.3: Profile of sedimentation equilibrium process for sodium
hyaluronate (HAV4) at 0.1M PBS and (loading) concentration 1.0 mg/ml. Rotor
speed = 13000rpm

For equilibrium experiments, the rotor speed is an important parameter, where it
should be high enough to sediment the molecule from meniscus, but not too high to
sediment the molecule in the cell base. The length of the solution column in the
radial direction also affects the experiment duration time since the equilibrium time

is proportional to the square of solution column length. Using a shorter column

provides a rapid equilibrium tin"e (Ralston, 1p93).

When the sedimentation equilibrium method is appitegolysaccharides, there will

bearedistribution of total polysaccharide and the different molecular weight species

along the cell, and the high molecular weight species are observed near the cell base
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Harding, 2005p). Therefore, the complete concentration distribution profile through

the cell needs to be considered to obtain the true (average) molecular weight.

To calculate the molecular weight M, the concentration distribution c(r) is measured

by the following equation, which is used for monodisperse, non-associating

macromolecular solutions (Van Holde, 1985):

dinc w?M(1-0py)
d (r2) 2RT

(2.16)

Where M is the solute molar weight (as g/mal)the angular velocity of the rotor,
and c the concentration of the solute (in g/L) at a radial distance, r from the axis of
rotation, whereas R is the gas constant and the T is temperature. From the equation

2.16, a data fitting plot of log (c) versus %rjor a single, ideal solute at

sedimentation equilibrium yields a slope proportional to the molar r|nass (Ralston,

1993). Ideally, the plot should be obtained as a straight line for monodisperse

molecules. However, for polydisperse solution, this straight line tends to be

curvilinear either upward-bending (polydispersity/association) or downward-bending

(non-ideality)|(Mé&chtle and Borger, 2006).

The MSTAR algorithm was developed by Creeth and Harding (1982) as a method,

which allows more accurate assessment of the apparent weight average molecular

weight My app throughout the cel| (Creeth and Harding, 1982y “app’ indicates

that the obtained values are affected by thermodynamiddealiy and the “ideal”
values can be yielded by extrapolation af dypto zero concentration. Recently, the
MSTAR algorithm has been built into the SEDFIT platform as SEDFIT-MSTAR

which employs a more rigorous method for yielding the baseline and meniscus

concentration for the Rayleigh interference optical syst|ems (Schuck et al., 2014).
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function |(Creeth and Harding, 1982) is an operational point average molecular

weight and is defined as follows:

c(r)—cm

M) = o (1) v 2k S (€)= em)rdr

(2.17)

where r = radial position, M*(r) = molecular weight at the specific radial position,
c(r) = concentration of solute at radial positigrf= concentration of the solute at
meniscus and k is obtained from equation 2.18:

_(1-9p)w?
~ 2RT

K (2.18)

Extrapolation of M*(r)to the cell base yields the apparent weight average molecular

weight My app for the whole distributioT (Creeth and Harding, 1{982):

M* (r = rp) = Muapp (2.19)

Non-ideality arising from co-exclusion and polyelectrolyte effects is a problem
particularly for measuring the molecular weight of polysaccharides. Although using
long path length cells (20mm) allows working with low concentrations (~0.2mg/ml),
it is still insufficient to eliminate the non-ideality effect for some macromolecules.
To correct this effect, the measurement Qf.M over a range of concentration and

extrapolation to zero concentration allows the molecular weight to be estimated

Harding, 2005p)

1

w TT2BMe (2.20)

Mw,app=

whereB is the second thermodynamic virial coefficient (ml.mdl/g
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22. SIZE EXCLUSION CHROMATOGRAPHY
COUPLED TO MULTI ANGLE LIGHT SCATTERING
(SEC-MALS)

The SEC-MALS instrument combines three analytical methods together. These are
light scattering, viscometry andiftérential refractive index (Figure 2.4). This
technique allows separation of components of a heterogeneous solution based on
their volume using size exclusion chromatography columns. This technique
determines absolute molecular weight and molecular weight distribution for these

separated fractions using the laser light scattering method and then further

viscometric analysis on the separated matefials (Morris et al.| 2002). Exclusion from

the columns takes place according to macromolecule size (larger particles elute first).

For a homologous solution, this results in separation according to decreasing

molecular mass-see for exampld (Hokputsa et al., 2002, Jumel et al.,|2002)

Additional hydrodynamic parameters (intrinsic viscosity and radius of gyration) can
be obtained at the same time of the experiment: the addition of an on-line viscometer
allows determination of the intrinsic viscosity][as a function of elution volume,

V.. Data obtained through SEC-MALS complements the results obtained through

other methods.

Columns are packed with gel beads from where the solvent moves as mobile phase.
When sample solution containing a mixture of diverse sized macromolecules is
passed through the column, larger molecules pass through the column along with the
mobile phase and do not enter all of the pores of the beads. Since small molecules
enter a greater proportion of the pores of the gel beady, dlate after larger

molecules (Figure 2.5).
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Figure 2.4: Schematic presentation of SEC-MALS components (Philo arnd

Arakawa, 200Q)

Molecular weight determination in SEC is based on the principle that the molecular
weight is linked to the size of the particle. Thus, the first eluting molecule is assumed
to have higher molecular weight. This method is rapid and simple but molecular
weight evaluation can be more complicated if the subjected samples have self-
association or some interaction(s) with the column material. This, in turn, can change
the elution time and can lead to the misleading evaluation of molecular weight.
Particle shape and hydrodynamic radius will also affect the elution volume and if
SEC is used alone, it requires the calibration of the column with standard materials
of the same conformation typealmost impossible for polysaccharides without the
addition of an on-line molecular weight detector. Therefore, coupling of light

scattering with SEC can provide a better and reliable evaluation of molecular weight.
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Figure 2.5: Separation of two fractions (Samplel and 2) through the SEC
column. Sample 2 eluted out first being the highest molecular weight fraction
followed by Sample 1. Adapted from (Wyatt, 2013@a)

From the SEC columns, the separated molecules enter into the light scattering (LS)
device. In LS, the separated molecules are stricken by laser light and reflect light
(details are mentioned later) in multiple directions by the LS photometer, which is

equipped with multiple detectors at various fixed angle(s). This allows measurement

of scattered light intensity & number of angles and thus can be extrapolated to
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infinitely low angle (0°) intensities to compute absolute molecular weight. For a well
separated sample, the ,Mweight average molecular weight) the primary
parameter obtained - Mz-average molecular weight) and, Mhumber average
molecular weight) along with the molecular weight distribution can be determined.

For large sized particles, the radius of gyration can also be obtained as an additional

parametef (Wyatt, 2018a).

In the light scattering device, the amount of light scattered is directly proportional to
the polymer molar mass and concentration. According to the classical theory of light
scattering (Static light scattering theory), light scattering means the partial scattering
of electromagnetic radiation hitting the particles. The interaction of electrons of the

molecules with the oscillating electrical field of light induces charge separation. This

leads to the formation of an oscillating dipole and the molecules emit|light (Wyatt,

1993). The wavelength of the scattered light is almost the same as the incident light.

(Figure 2.6) This theory is based on the measurement of scattering angle unlike the
quasi-electrical theory of photons (DLS), which is based on measurement of change

in the light intensity.

For larger molecules like polysaccharides, there is a decrease in the scattbting lig
due to intramolecular interference. In multi angle light scattering (MALS) the
scattered light intensity is measured at several angles to calculate molecular weight

(molar mass) by extrapolation to zero angle.

31



scattering volume

laser \
polarization / \

measure |(0) / |;

detector

Figure 2.6: Events in the process of light scattering (reproduced-courtesy of
Wyatt Technology Corporation).

The relationship between the Rayleigh excess factor and the physical characteristics

of the scattering molecule can be givern as (Berth et al.| 1998):

Kc_ 1

2
R = M, P (0) +2A,c+3A3c” ... (2.21)

where c is the concentration of solution, ) is particle scattering factaand

defines the angular dependence of scattered light, which depends on shape and size
of macromolecules, th& thermodynamic virial coefficient called® 3¢ etc., which

is are also known d3, C etc. and are equal to zero &rideal solution, and K is an

optical parameter related to the polymer in its solvent defined as:

K= 47 (dn/dcf n, Nt 5% (2.22)
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where dn/dc is the refractive index increment (mij;'is the refractive index of the
solvent, M is Avogadro's number (6.02 x £0nol™), 1 is the vacuum wavelength of

the incident light (cm).

At low angles, wherg approaches zero an@) = 1, the third and higher virial
coefficients can be eliminated and the equation j2rBarranges as (e.g. Wyatt,

2003)

— =—— +24,c (2.23)

If the macromoleculas at low concentration with low angle, the equation is

becomes:

Kc 1
A (2.24)
Rg My

Using the above mentioned relationship (equation 2.23), a plBp/Kc versus

sin®6/2 can give us the apparent molecular weight4)) and second virial

coefficient A from the intercept and slope respectively (Fee et al., 2003a). When

samples are attached to the SEC in a chromatography mode, the Debye plot of Kc/R
vs sirf (6/2) is used for molecular weight determination. This plot is based on Zimm
formalism. This method allows Mcalculation of medium sized molecules (in a size
range of 10-100 nm root mean square radiygp, Fdr molecules with any above this

value Berry formalism can be applied. Debye formalisms is applicable over a wider

range of molecular weights (Wyatt, 1993).

To measure molar mass (molecular weight) averages, there is a need for the

calculation of concentration of each slice (fraction) of the chromatogram. The system

33



considers each slice as a mono disperse sample. A differential refractive index
detector attached to the instrument allows measurement of concentration for each
slice of fraction. However, this calculation requires the dn/dc value of the

macromolecule to calculate concentrat‘on (Wyatt, 1993) according to the following

relation (equation 2.25).

= Va
B dn/dc

(2.25)

where, cis the polymer concentration in solution, V is output voltage arnsl the
calibration constant of the DRI detector, i.e. a proportionality constant between the
difference in refractive index between the pure solvent and the polymer solution
(An), and the change in the output voltag¥); with:

- d@n

= 3av) (2.26)

The value for change in the refractive index that is dn/dc can be calculated

experimentally for an unknown sample or otherwise predetermined values for known

sample can be obtained from thegry (Thiesen et al.,|2000).

2.3. VISCOMETRY

Viscometry is a simple and inexpensive hydrodynamic technique to obtain

information about conformation, conformational change, flexibility of the molecule,

molecular weight and the state of aggregation or degradintion (Harding}. 2012)

Viscosity is a measurement of the resistance of fluid to flow, which is affected by
shape and size of the molecule. Figure i2.¢onsidered where the liquid is held

between two parallel plates. One of these plates is stationary, whereassother
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moving in thex direction with a constant velocity The resistance of this movement is
measured by viscosity and the liquid in these plates is exposed to (shear strain) and

can be referred to as d/ftx/dy). Thus, when the liquid is subjected to a constant

shear strain, it will shear at a constant fjate (Van Holde,[1985).

Force, F Velocity, v

— L
- -

iﬁx

A 4

A 4

Ay = >

L
r

b
g

—_—
Stationary

Figure 2.7: A schematic representation of the shearing of a liquid between 2

parallel plates. The parallel arrows represent fluid velocities at different values

of y. Figure is reproduced from|(Van Holde, 198p)

For the Newtonian fluids which obey the equation below:

d dx
c=n_; (E) (2.27)

where o = shear stress; is the viscosity of the liquid in g.cits® (commonly
abbreviated to Poi3eEinstein also defined the viscosity as a measure of the rate of

energy dissipation of flow and shear rate which was given below:

F dx _

LAY
ahy Car n. (Ay (2.28)
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In this equation, F.dx is the energy expended in the time dAafd is the volume

of the fluid |(Morris, 2001).

To determine of the viscosity of macromolecules in solution, the two types of
viscometry -capillary viscometry and pressure imbalance differential viscometry-

can be used for measurement.

2.3.1. Capillary Viscometry

Capillary or “Ostwald” viscometer is the most commonly used instrument for

measuring the viscosity of dilute solutions. It is a glass capillary viscometer and

suspended in a constant temperature with water bath ((Wang and Cuj, 2005

Harding, 199Y). The principle of this measurement is the determination of time

needed for a volume of liquid to flow through the capillary. For the macromolecule
solution, the flow time of solution is measured as a concentration series particularly
for polysaccharides. The relative viscosity is calculated from the ratio of flow time of

the solution (t) to solventdt

nrel = (). (p/po) (2.29)

(0/po) is the ratio of the density of the solution to that of solvent; at low

concentrations this ratio is ~1.00. If the concentrations studied are low enough, the
density of the solution can be assumed approximately identical to that of solvent.
The following viscosity parameters that show the effect of a dispersed solute on a

solution proved useful (see Harding 1997 and references therein):

The specific and relative viscositiegdand #ye):

ﬂsp: ﬂre| 'l (2.30)
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The reduced specific viscosity {q), in ml/g:

Nred = Nsp/c =(Nrer1)IC (2.31)
and the inherent viscosityf,), also in ml/g:

Ninh = Innrel/C (2.32)
where c represents the solute concentration (g/ml)

The reduced viscosity and the inherent viscosity are concentration dependent.
(Harding, 1998). Therefore, the reduced viscosity or the inherent viscosity has to be
extrapolated to zero concentration to eliminate non-ideality effects due to exclusion
volume and polyelectrolyte (Harding, 1997). A piais vs. concentration yields the
intrinsic viscosity,/n/ at the intercept and the slope is related to the concentration

dependence, K

red= [n] (1 + Kp.[n].c) (2.33)

where K is the Huggins constant (Huggins, 1942). Alternatively, the Kraemer
method of plottingn(re) VS. concentration can also be used to calculate the intrinsic

viscosity and the corresponding Kraemer constant{Kikaemer, 1938).

(Innre)lc =[] (1 - Kk.[n].c) (2.34)

Another important relation is the Solomon-Ciuta relation that is a combination of the

Huggins and Kraemer lines (Solomon and Ciutd, 1962) (see also Harding, 1997).

[1] ~ (1/0). [2 (nsp- In (e ))] (2.35)

The Solomon-Ciuta equation gives the approximate evaluatign/oivithout the

requirement of a concentration extrapolation, although this is still useful to check for
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consistency of the data. So, it is often applied at a given concentration; but in this
study, this equation is used at the same concentration series as Huggins and Kraemer

in order to confirm the results determined from both equations.

45 sec microw

3500 -
o
E 2800
& 200{ T
e
1400 -
0.0 0.1 0.2 0.3

concentration (mg/ml)

Figure 2.8 The Huggins (black squares), Kraemer (red circles) and Solomon-
Ciuta (green triangles) plots for depolymerised gellan (45sec microwaved) (see
Chapter 4).

2.3.2 Pressure Imbalance Differential Viscometry

This technique measures the relative viscosity by using a sensitive pressure

transducer which measures the difference in pressure between solution and solvent

through metal capillarie$ (Harding, 2012). It enables us to measure low relative

viscosities and at low concentrations by taking advantage of the four-arm capillary

bridge design as shown in Figures 2.9.
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Figure 2.9: Schematic diagram of four capillary bridge design of a classical

pressure imbalance viscometer adapted from (Harding, 1997)

The principle of the differential pressure measurement is explained as follows:
solvent flows in all four capillaries (R1, R2, R3 and R4) at baseline conditions and
the pressure across the bridge is zero. As the polymer solution is injected, it fills the

capillaries R1, R2 and R3 while solvent from a reservoir is still flowing through R4

Wang and Cui, 200Q5). This causes a pressure imbalance within the bridge that is

detected byAP, where the specific viscosity, of sample can be determined as

Waters and Leiske, 20D5):

nsp= 1 (no~1)=4AP(IP-2AP) (2.36)
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wheren andn, are the solution and the solvent viscosities, respectively. This method
provides great sensitivity at high dilution and fast measurements. By continuous
injection by a flow cell, it can be combined with on-line concentration detector

(refractometer- coupled on-line to the SEC-MA] 8husy, can be converted into

Hred:

2.4. DYNAMIC LIGHT SCATTERING

Dynamic Light Scattering -also termed as Quasi-Elastic Light Scattering (QELS)-

the method which is used to measure hydrodynamic radii and translational diffusion

coefficient (Q) —see for example (Harding, 2012). A dynamic light scattering or

—DLS instrument can be used for estimating the zaverage molecular “size” in
terms of the hydrodynamic radiug in solution, a parameter inversely related to the

translational diffusion coefficient (IPby using the Stoke-Einstein equation:

D = 8T (2.37)

~ 6mry

Where,ry is hydrodynamic radius (nm)g ks the Boltzmann constant (1.38 x*£0
erg/K); T is temperature (K)p, is solvent viscosity (Poise);Ds translational

diffusion coefficient (cri/s).

With this technique, the fluctuations in scattered light intensity which caused by
Brownian movements of the particles in solution can be measured and the
translational diffusion coefficient is estimated from the time scale of these
fluctuations which rely on the speed the movement of molecule. Small molecules

moves faster, which causes rapid intensity fluctuations and they scatter the very little

light whereas larger particles diffuse slower (Claes et al.,{1992).
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The data from DLS is analysed by autocorrelation analysis that is defined as:

<i(t). i(t+1)>
<i>2

@) = (2.38)

where {P(7) is auto correlation function, i(t) intensity of the scattered light at time t

and with that sometime latefr + ) (Van Holde et al.,, 200¢a). The diffusion

coefficient can be calculated from the slope of a plot of between correlation function

and delay time using the following relatipn (Van Holde et al., 2[006b, Tuinier, 1998

Harding et al., 1990).

In[g?(z) -1] = Inc- 2HD; (2.39)

where, h = 4nA'sin(9/2), 6 = scattering angle, n = refractive index, c= concentration

(g/ml).

Since the translational diffusion coefficient {(Ddepends on the viscosity and

temperature of solvent, it is usually normalised to standard conditmribe

viscosity of water at a temperature of 20.0°C (293.14K) (Van Holde et al., [2006b)

D207W: [2931/T] hT,b/ nZO,W]' DT,b (240)

wherenr , is viscosity of buffer at T temperature (Kj;,, is viscosity of water at

20°C (Harding, 1999).

Since diffusion coefficients are concentration dependent (due to non-ideal effects,
similar to those effecting viscosity) the “apparent” translational diffusion coefficients
(D2ow) are needed to be extrapolated to zero concentration, where these effects tend

to zero.
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D3, ., is standardised translational diffusional coefficient at zero concentratign, D

is translational diffusion coefficient at standard conditibp,is the concentration

dependence coefficient (Morris, 2Q01). In practise, the non-ideality effects on the

diffusion coefficient are much smaller compared to other hydrodynamic coefficients,

So it is often possible to approximétg ~0.

Low concentrations can also cause the problems because of the effect of dust and
large particle contamination and these effects can be reduced by filtering solutions

through appropriate filters.

Although high angles are permitted for nearly spherical scatters such as proteins, this
is not the case for the macromolecular components, particularly the polysaccharides

where rotational diffusion can contribute to the DLS autocorrelation calculatians

low angles these effects are small (Harding, 2012).

2.5. COMBINED HYDRODYNAMIC APPROACHES
AND THE CONFORMATION OF MACROMOLECULES

25.1. Wales-van Holde Ratio

Wales-van Holde ratio| (Wales and Van Holde, 1954) is the simplest

guidance/indicator of a molecule conformational flexibility. This method utilizes the
concentration-dependence or the Gralén parametefroln the sedimentation

velocity experiment and intrinsic viscosity][ Thus, Wales-van Holde ratio R is;

R=k//[n] (2.42)
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The limits are ~ 1.6 for a compact sphere or a non-draining randorf coil (Creeth and

Knight, 1963) and <1 for rods (Tombs and Harding, 1997).

2.5.2. Mark-Houwink-Kuhn-Sakurada (MHKS) or Power Law

Relations

The conformation of polysaccharides can be estimated through the molecular weight
dependency of the hydrodynamic parameters such as intrinsic viscag$ity |
sedimentation coefficientd, ), radius of gyration (§ or the diffusion coefficient
(D2o,w) molar mass dependency of a number of hydrodynamic parameters. In this

study, the relations linkings] ands,,,, with the molecular weight are studied and

the equations were given as ($ee (Harding et al., 1991b):

10° 5

intrinsic viscosity (ml/g)

10° 10’ 10°
molar mass (g/mol)

Figure 2.10 Example of a Mark-Houwink—Kuhn-Sakurada (MHKS) power
law double logarithmic plot for chitosan HAV1 (see Chapter 5) from an on-line
differential pressure viscometer ViscoStar coupled to SEC-MALS. The a value
from the slopeis (0.20 £ 0.01).
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7] = x,M? (2.43)

The a parameter is obtained from the double logarithmic plof]ofdrsus M,. The
value of a can be used as an estimation of gross macromolecular conformation and

an a value of ~0 correspond to spheres, ~0.5-0.8 to random coils, and up to 1.8 for

rigid rods.

sSow= Ks.M° (2.44)

The conformation parameter, b is yielded from the double logarithmic pk, pf
versus M. This is analogous to the relation of intrinsic viscosity with molecular
weight, but the b values of ~ 0.67 has been established for compact sphere or highly

branched macromolecules, 0.4-0.5 for random coils~a@d5 for rigid rods.

10

so20,w (S)

o

10°
M, (Da)

Figure 2.11: Example of Mark-Houwink—Kuhn-Sakurada (MHKS) power law

double logarithmic plot of S(Z)O,w vs M, for gellan samples (see Chapter 4). The b
value from the slopeis (0.22 £+ 0.04.
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The values of a and b are then used to determine conformation usifidatize
Triangle’ which is a representation of the gross conformation of macromolecules.

The three extremes of conformation, compact sphere, random coil and rigid rod, are

placed at the corners of triangle (Tombs and Harding,|1997).

. COMPACT SPHERE

RANDOM COIL
RIGID ROD

GE—

Figure 2.12 HAUG Triangle. Figure reproduced from (Tombs and Harding
1997)

2.5.3 Estimation of the Persistence Length @.and Mass Per
Unit Length (M)

The linear flexibility of polymer chain can be described with persistence length (L
and mass per unit length (ML, is defined as the average projection length along
the initial direction of the polymer chain and. Né the mass of the molecule(s)

within the polymer divided by its length. Theoretically, it L, = O for a random
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coil whereas j=c for the rigid rod (e.g. see (Harding, 1997). However in practice

limits, for random coil ~1nm (e.g pullulan) and for rigid rod ~200nm (e.g. xanthan)

are more suitabl¢ (Tombs and Harding, 1997). Persistence length can be estimated

using different approaches either sedimentation coeffigient (Yamakawa and Fuijii,

1973,| Hearst and Stockmayer, 1P62) or intrinsic viscopity (Bohdanecky, 1983,

Stockmayer and Fixman, 19|63), equations. The choice of appropriate methods

enable to estimate an optimum measurement for the polymer flexibility (Kok gt al.,

2009).

2.5.3.1. Bushin-Bohdanecky Method

This method isa commonly used to estimate chain persistence lengths (L

especially for semi-flexible polymers, and has been applied to range of

polysaccharides such as xylogludan (Patel et al., 2008b), methylcellulose (Morris et

al., 2009lp) and konjac glucomannan (Kok et al., 2009). Persistence length is

estimated using viscosity and molecular weight data with the equation below

Bushin et al., 1981p, Bohdanecky, 1p83):

M\?v 1/3 _ _ 2L -1/2
(aﬂ :AM@¢1B+Bﬂ>M%H9 M2 (2.45)

where® is the Flory-Fox constant (2.86 x ¥dmol?), 4,andB, are constants and

are taken as ~1.32 and ~1.10, respectively (Bushin et al., [1981b). However, the value

of mass per unit length (Yis needed for the calculation.

2.5.3.2 YamakawaFujii Method

This method provides another way for estimating chain persistence lepgtsing

sedimentation coefficient and molecular weight information. The slopg,qf vs
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(My)"? gives the value of Jand M but it also requires knowledge about one of

these parameters {lor M) (Yamakawa and Fujii, 1973). However, the original

equation given by Yamakawa and Fujii (1973) was misprinted. Freire and Garcia de

la Torre |(Freire and Garcia De La Torre, 1P92) provided the corrected relation as

follows:

0 = MLO-p0) [1.843( M )1/2 + Ap + Ay (o )_1/2+ ] (2.46)

37TT]0NA ZMLLP ZMLLP

If the persistence length,Lis much larger than the mean chain diameter, d

Yamakawa and Fuji{Yamakawa and Fujii, 1973) have shown that=A-In(d/2Ly)

and A = 0.1382.

2.5.3.3 Global analysis method (HYDFIT)

The different methods can bring about bias and discrepancies on results. To prevent
this variability, Multi-HYFIT program was developed by Ortega and Garcia de la
Torre (2007) to enable estimates for consensus values, ahd M and chain
diameter d, by considering two or more data sets of intrinsic viscgsify,
sedimentation coefficient (s), radius of gyrationy)(Rnd translational diffusion
coefficient (Q) for varying molecular weights of the same molecule. This program

carries out minimisation of thearget function A using Bushin-Bohdanecky

A

Bohdanecky, 1983Bushin et al., 1981a) and Yamakawa-Fyjii (Yamakawa [and

Fujii, 1973) equations within the several variables. The optimization process can be

implemented giving different weightings to each propegrty (Ortega and Garcig de la

Torre, 2007). To simplify and accelerate the minimization of the process, the least

effective parameter or well defined parameter from known molecular structure (eg.
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M_) can be fixed. The results of simulation analysis showed ghatdomparatively

insensitive to the value chosen d.

The Multi-HYDFIT program runs the parametefg/, Rg, s) in order to find a

minimum of the target (error) function, A

Morris et al., 2008).

Ortega and Garcia de la Torre, 2p07

Target function, A is calculated using an equivalent radius which is defined by

Ortega and Garcia de la Torre as ‘the radius of the equivalent sphere having same

value of the particular propertiesThe translational friction coefficient, f (can be

obtained from sedimentation coefficient s or diffusion coefficiejt the radius of

gyration R, intrinsic viscosity/s/ and relaxation time t are comprised from these

particular property

(Ortega and Garcia de la Torre,

2007). The method equivalent

radii that is interested in this study are obtained from sedimentation coefficient i.e.

translational frictional coefficientag), intrinsic viscosity ¢;) and radius of gyration

(ag)-

5
677.'7']0

ar

wheren,is the viscosity of water at 20°C,

ap =
107TN 4

whereN, is Avogadro’s number and

az=+/5/3R;

whereR is radius of gyration.

_ (M)lls

(2.47)

(2.48)

(2.49)

The target function, A can be obtained from these equations below:
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[ 2
ar cal)—@
Az =Lyl czTWT)-lzTWT(M)] (2.50)

i=1
Ns T (exp)

[ 2
ar ca -4 ex,
T [T A RN/ (#) ] (2.51)

U exp)

where N; is the number of sample$y; and W, are the statistical weights for
equivalent radiia; and a; and the subscripts cal amdp indicates values from
calculated and experimental values, respectively. Therefore, A is a dimensionless
estimate of the consensus between calculated values for the frictional coefficient,

intrinsic viscosity and radius of gyration for a certain persistence lengdmd_the

experimentally measured parameters (Ortega et al.||2011, Patel et al|, 2008b).

30 60 90 120 150
Lp (nm)

Figure 2.13 Contour plots of the CHIT1. The target function, 4 calculated
based on variables values of Jand M., and are represented on the full colour
spectrum from blue (4 = 0.005) to red 4=0.65) L, = (16 £ 0.2), M = (500 + 30)
(see Chapter 7.
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2.5.4. Conformation Zoning

The sedimentation conformation zoningptpprovides the estimation of ‘overall’
solution conformation of a macromolecule using. MPaviov and co-workers

suggested the use of five conformation types which ranges from Zone A (extra-rigid

rod) to Zone E (globular or branched) by plottingkgM; versus [s]M, . (Pavlov et

al., 1997} Pavlov, 2013). This plot is obtained from the knowledge of the intrinsic

sedimentation coefficient,s] along with the concentration dependence of the
sedimentation coefficienks; and mass per unit length, M/hich is the mass of the

molecule(s) within the polymer divided by its length.

[s] is evaluated from this equation:

_ Sgo,wno
[s] = (1—0py) (2.52)

Where s3,,, sedimentation coefficient, and p, are the viscosity and the density

of the solvent, respectively.is the partial specific volume of the macromolecule.
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Figure 2.14 The sedimentation conformation zoning plat A: extra rigid rod, B:

rigid rod, C: semi-flexible coil, D: random coil, E: globular/heavily branched

structure. Adapted from (Morris and Harding, 2013).
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CHAPTER 3

HYDRODYNAMIC CHARACTERISATION
OF XANTHANS OF DIFFERENT
PYRUVATE AND ACETATE CONTENT

3.1. INTRODUCTION

Xanthan is an anionic, extracellular microbial

polysaccharide produced by

Xanthomanas campestrjs (Rodd et al., 2D00, Berth et al. [|1996, Khouryieh

et al.,

2007). The primary structure of xanthan consists of a lifie@—4) p-glucan

backbone with branched trisaccharide chains contaibhggucoronic acid unit

between two p-mannoses. These trisaccharide chains are linked to a backbone at C-3

on every second unit. Approximately half of the termimahannose units contain a

pyruvic acid residue linked via a keto group to the 4 and 6 positions, whose

distribution patterns are beginning to be descril

ped (Kool et al.,|20h4).p-

mannose linked to the main chain contains an acetyl group at position C-6 as shown

in Figure 3.1} (Tombs and Harding, 1997).

In aqueous solutions, xanthan undergoes a conformational transition depending on

temperature, ionic strength, pH and acetyl and pyruvyl substituent content (C

hazeau

et al., 1995) At high temperature and low ionic strength, the xanthan backbone

exists in an disordered form in solution whereas it exists in ordered form at low
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temperature and high ionic strength due to electrostatic repulsion between side

chains

(Khouryieh et al., 20

h7).

Figure 3.1: Chemical structure of xanthan. Adapted from

1997)

CH,OH

OH

o

OH

CH,OH

OH
o
[)
CH,0CCH,

(o)

HO

OH

(Tombs and Harding

Xanthan gum is also very soluble in both cold and hot water dudésto

polyelectrolyte characteristics. Xanthan solutions are highly viscous at very low

concentrationg

(Garcia-Ochoa et al.,

4080})he critical overlap concentratiat

(the concentration at which the individual polymer molecule chains begin to overlap)

is relatively lower than other gums such as guar which is 0.08 %w/w and carob

which is 0.11 % w/w

0.03% w/w

(Secouard et al., 2

NOf)has been reported as lower than

(Cuvelier and Launay, 19

86) and 0.025 % w/w which is equivalent to
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0.25mg/ml |(Pelletier et al., 20P1). This low value of c* has subsequently caused

some problems in terms of solution characterisation. The viscosity of xanthan also

depends on temperature, salt concentration and pH (Swornj| 2009, Garcia-Qchoa et

al., 2000).

The acetyl and pyruvate substituents depend on the xanthan strain and fermentation
process which may have an effect on viscosity and conformation of xanthan

solutions. Researchers have claimed that the acetyl and pyruvate groupavenay

significant effect on viscosity (Sandford et al., 1977, Smith et al.,|11981, Chegetham

and Nik Norma, 198|S, Tako and Nakamura, 1984) , whereas other groups have

disputed this| (Callet et al., 19|E7, Shatwell et al., 1P90, Bradshaw et al| 1983).

Khouryieh concluded that acetate and pyruvate substituents can affect viscosity
depending on temperature, salt type and concentration and sample concentration.
However, due to the intermolecular and intramolecular association of these groups

with the carbohydrate -backbone, these two groups play an important role on the

conformation of xanthap (Khouryieh, 2Q06).

In the current investigation, four commercial xanthan samples have been studied:
two with identical degrees of pyratnon (“Standard pyruvate” 3.9%) but different
molecular weights, and two further ones of different degrees of pyruvation, namely
“High” (6.5%) and “Low” (2%). These were characterized in dilute aqueous
buffered solutions (pH 7.0, ionic strength 0.1M and 0.3 M) using high-precision
viscometry, sedimentation velocity, sedimentation equilibrium and dynamic light
scattering (DLS), facilitating a rigorous comparison with regards heterogeneity
(sedimentation coefficient distribution), molecular weight and conformation
(translational frictional ratio). Resolution of the controversy is deemed important

because of the huge commercial significance of xanthan in the food and
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biopharmaceutical industries. A major problem however in the characterization of
xanthans is their very large size compromising the use of size exclusion
chromatography based procedures, the lewlue of the “critical overlap

concentration”, c*, and large thermodynamic non-ideality of these substances.

However, advantage can now be taken of some recent and relevant advances in the

analysis of polymeric materials by analytical ultracentrifugafion (Abdelhameged et

al., 201(“, Dam and Schuck, 2f“04, Schuck et al., [2014).

3.2. MATERIALS

Xanthan samples with‘Standard pyruvate” (low and high molecular weight-
“Standard LMW?”, and “Standard HMW” respectively), and low and high pyruvate
contents “Low” and “High” respectively were supplied by Dupont (Paris). The two
standard samples had been shdawrhave the same pyruvate content (3.9%), as
determined by chemical analysis, with the high and low pyruvate samples having
6.5% and 2.0% respectively. The proportions of acetate in each sample had also been
evaluated and are given in Table 3.1. Stock solutions of xanthan were prepared by
dissolving a known amount in distilled deionised water, at room temperature with

gentle stirring at 3 h followed by overnight dialysis against phosphate-chloride

buffer supplemented with NaCl according to Grg¢en (Green,[1933) at pH 7.0 and an

ionic strength, I, of 0.1 M and 0.3M. The concentrations, ¢ (g/ml) of the stock
xanthan solutions were measured after dialysis using an Atago )JBui

refractometer calibrated with glucose standards, and a refractive increment dn/dc of

0.15 ml/g|(Berth et al., 1996).
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Table 3.1: Pyruvate and acetate content of the xanthans.

Xanthan Pyruvate (%) Acetate (%)

Standard LMW (STD) 3.9 6.2

Standard HMW (Supra) 3.9 6.2

High Pyruvate (TSF) 6.5 51

Low Pyruvate (TSC) 2.2 6.0
3.3. METHODS

3.3.1. Sedimentation Velocity (SV)

An Optima XL-I (Beckman Instruments, Palo Alto, USA) equipped with Rayleigh
interference optics was used to determine the sedimentation behaviour and molecular
homogeneity of xanthan samples. Solution concentrations ranging between 0.05
0.225 mg/ml for each xanthan were studied at a temperature of (20.0 + 0.1) °C.
400ul of solution and an equal volume of the pH 7.0, IM0ahd 1=0.3M reference

buffer (400ul) were injected into the solution and solvent channels of 12 mm optical
path length double sector cells. The Rayleigh interference optical system was used to
record changes in the concentration versus radial displacement profiles with time.
Scans were taken at 2 min intervals for a run time of approximately 18 hours at

30000rpm. A partial specific volume,of (0.602 + 0.010) was used for the xanthans

Anderson, 1991, Dhami, 19P6). For comparison purposes, sedimentation

coefficients were normalised to standard solvent conditions, namely the density and

viscosity of water at 20.0°C (Abdelhameed et al., ﬂmo, Laue and Stafford 11|, 1999):
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S20w= {(1'5.020,w) 1 (1-0pg)} . {no/ 7720,w} ST (3.1)

wherep, andy, are respectively the density and viscosity of the solvent or buffer, b
at temperature T angh,, and 1,,,, the corresponding values of water at 20.0

The data waanalysed using the “least squares 1s-g(s) model” SEDFIT program of

Schuck and colleagues (Dam and Schuck, R004) in terms of distributions of

sedimentation coefficient distribution (see also (Harding, 2|0050)). The g(s) vs. s

profiles were used to provide an assessment of sample polydispersity. The s and
Spowvalues at ‘apparent’ values because of non-ideality. To remove this effect,

S20w IS €xtrapolated to zero concentration afigl, is obtained from reciprocal plot

of s,0w(1/s20,w) VS. concentration (see for example, (Laue and Stafford Ill, {1999

Harding, 2005¢, Tanford, 1961) :

1Usz0w= (Llsz0w). (1+kC) (3.2)

where 59, ,is the sedimentation coefficient at zero concentration and standard

condition, k is the Gralen parametgr (Gralen, 194¢gge also| (Harding, 200pb

Harding, 2005

)

)-

3.3.2. Sedimentation Equilibrium (SE)

Sedimentation equilibrium experiments were also performed using the Beckman
(Palo Alto, California, U.S.A.) Optima XL- analytical ultracentrifuge and
employing Rayleigh interference optics and an automatic on-line data capture
system. The modified long (20.0 mm) optical path length double-sector titanium
cells with sapphire windows were loaded with (~120 ml) of dialysed sample and a
matching amount of reference buffer dialysate in appropriate channels. The balanced

cells were then loaded into an analytical 8-hole titanium rotor An50-Ti and placed in
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the AUC. After time was allowed for vacuum formation and for temperature
equilibration (20.0 °C), the rotor was then accelerated to 2000 rpm; rotor speeds

were selected to be sufficiently apart to give good molecular weight distributions

Scott and Schuck, 2005). Using the Rayleigh interference optical system, scans

were taken every 1 h and equilibrium was reached after approximately
168 h. Record of the relative concentration distribution of the solute at equilibrium

was analysed to give the weight average apparent molecular wejght Wing

SEDFIT-MSTAR program implemented by Schuck etlal. (Schuck et al.| 2014) . The

use of the long path length cells (20.0 mm) meant that a low loading concentration

(0.3 mg/ml) could be used to give a sufficient signal. At such low concentrations,

non-ideality effects will be minimizefd (Harding, 2005c).

3.3.3. Dynamic Light Scattering (DLS)

Xanthan solutions ranging in concentration from 0.2 to 1.0mg/ml were filtered by
using 0.45 mm pore size filter (Whatman, UK) to reduce supramolecular aggregates
and injected into scrupuloystlean cuvettes. These were placed into a dual angle
Zetasizer Nan& dynamic light scattering photometer (Malvern Instruments,
Worcester, UK), controlled to a temperature of (20.0 £ 0.1)°C. A low scattering
angle (12.8°) was chosen to minimize the complicating effects of rotational diffusion
and other anisotropic effects. Data was automatically collected and analysed using
Malvern’s DTS (Version 4.2) software. Sample times and delay times were chosen
automatically by the software. Consistent values for the apparent translational
diffusion coefficient,  were found from multiple (>10) repeats. As with the

sedimentation coefficient, the measured translational coefficient was normalised to
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standard solvent conditions namely the viscosity of water at a temperature of 20.0 °C

(293.14 K), se¢ (Van Holde et al., 2006a).

Djow= [293.1/T] . [70/7720,w]- Drp (3.3)

wheren, is the solvent viscosity of buffer at temperature T(K) - which in this case is

20.0 C; 130, is the viscosity of water at 2C{Harding, 1999).

Unlike other hydrodynamic parameters such as reduced viscosity and the

sedimentation coefficient, translational diffusion coefficients show only either a

small or negligible dependence on concentration to a cancellation of gffects (Harding

and Johnson, 198fa, Harding and Johnson, 1985b) but nonetheless measurement at

different concentrations provides a useful check for any discontinuities due to

possible coil overlap.

3.3.4. Capillary Viscometry

Xanthan solutions ranging from 0.06 mg/ml to 0.22 mg/ml were analysed using a
Schott-Gerate U-tube viscometer system at a temperature of (20.0 + 0.01) °C. The
relative viscosityy,.;, was obtained from the ratio of the flow time of the solution t
(sec) to the flow time of solveing:

Mret = (t /tO ) (34)

recorded accurately using photosensors. Because of the low concentrations used a

density correction was deemed unnecesdary (Yang,| 1962, Harding, 1997). The

reduced (specific) viscosity (ml/g) was evaluated from

Nred = (nrel - 1) / c (35)

and the inherent viscosity (ml/g) from

Ninn = (lnrlrel) lc (36)

where c represents the solute concentration (g/ml).
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To eliminate non-ideality effects),..; and n;,, were extrapolated to zero

concentration with the common intercept at ¢ = 0 yielding the intrinsic viscgsity [

fred = (1] (1 + Kn.[n].c) (3.7)

and

(Inneey/c = [n] (1 - Ke.[n].c) (3.8)

where K; and K are respectively the Huggins (1942) and Kraemer (1938) constants.
As an additional check, a combined relation due to Solomon & Ciuta (1962) was

also used:

[n] ~ (1/). [2 (nsp—In (yrer )] ™ (3.9)

The assumption has been made that there was no shear dependgyicanaler

creeping flow conditions in the capillary viscometer.

3.4. RESULTS

3.4.1. Sedimentation Velocity (SV)

The sedimentation coefficient, s, values for xanthan samples were determined by
sedimentation velocity in the analytical ultracentrifuge as outlined above. These s
values of xanthan samples were obtained at different series of concentrations (0.05 to
0.25 mg/ml) and two ionic strengths (0.1M and 0.3M) for each of xanthan sample.
The g*(s) vs. s profiles (or sedimentation coefficient distribution) and are given in

Figure 3.2a and Figure 3.2b. To reduce the non-ideality effect of xantiygnwas

extrapolated to zero concentration asfy,,was obtained from reciprocal plot of
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S20w (115204 ) VS. concentration (c) as indicated in Figure 3.3a and Figure 3.3b. The

summary of sedimentation coefficient and concentration dependenceobfak

xanthan samples at two ionic strengths (0.1M and 0Oi8ifiyen in Table 3.2.

3.0 A 0.1mg/mi B ——0.075mg/m|
0.15mg/ml 201 ~——— 0.1mg/mi
——0.175mg/m| : ——0.125mg/ml
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——0.3mg/ml 15 = 0.2mg/mi
——0.35mg/ml & ——0.25mg/ml
1.8 —_
1.04
3’ 1.2 2
06 0.5 \
0.0 ; - ; 0.0 - e e
3 12 3 6 9 12
Sedimentation Coefficient (S) Sedimentation Coefficient (S)
~———0.1 mg/ml |[— 0.625mg/mli
2.5 ¢ _011229,:;/” D — 0.125mg/ml
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Sedimentation Coefficient (S)

Figure 3.2a: Sedimentation coefficient distribution profiles (least squares g(s)

vs. s plots) of xanthan samples at different concentrations in pH= 7.0, | = 0M.
buffer. (A) Standard LMW (B) Standard HMW, (C) High pyruvate, (D) Low

pyruvate.

The g*(s) vs. s plot shasthe homogeneity of xanthan samples since there is only

one peak in the distribution. The s values moved and decreased with increasing

concentration (see for exampl|e (Cole et al., ?

sedimentation coefficient is consistent with xanthan being highly non-

et al., 199%).

?008)). This clear reduction of

deal (C

Dhami
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Figure 3.2b: Sedimentation coefficient distribution profiles (least squares g(s)

vs. s plots) of xanthan samples at different concentrations in pH= 7.0, | = O\M8
buffer. (A) Standard LMW (B) Standard HMW, (C) High pyruvate, (D) Low

pyruvate.

Table 3.2: Summary of sedimentation coefficient s$,,) and concentration

dependence of sedimentation (kfor all xanthan samples.

Sample s%ow (S) ks (Ml/g) s%ow (S) ks (Ml/g)
0.1M 0.1M 0.3M 0.3M
Standard LMW 9.80+0.34 1700 +£160 | 10.10+1.75 | 3600 + 1290
Standard HMW 13.08 £0.52 | 4200 +310 | 13.54+0.99 | 4800 + 680
High pyruvate 11.07 +0.44 | 3000+ 260 | 12.90+0.60 | 4000 + 340
Low pyruvate 10.95+0.24 | 2300+100 | 11.47+0.50 | 3200 + 310
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Figure 3.3a: Concentration dependence (reciprocal) of the sedimentation
coefficient plot (after correction to standard solvent conditions) for xanthan
samples pH= 7.0, | = 0.1 M buffer. (A) Standard LMW (B) Standard HMW, (C)
High pyruvate, (D) Low pyruvate.

This study is thus in complete agreement with previous studies that were performed

by Dhami and co-workerg (Dhami et al.,, 1995) and Harding and co-wgorker

Harding et al., 2012).

3.4.2. Estimation of Molecular Weight

The molecular weight estimation of xanthan was attempted using size exclusion
chromatography coupled to multi angle light scattering (SEC-MALS) and also
sedimentation equilibrium (SE) in the analytical ultracentrifuge, both classical

methods for measuring molecular weights of polymer. However, both presented
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Figure 3.3b: Concentration dependence (reciprocal) of the sedimentation
coefficient plot (after correction to standard solvent conditions) for xanthan
samples pH= 7.0, | = 0.3 M buffer. (A) Standard LMW (B) Standard HMW, (C)

High pyruvate, (D) Low pyruvate.

problems for xanthan. Although SEC-MALS in principle provides such information,

it was not successful on these samples which were beyond the exclusion range of the

columns (namely TSK G6000PW and TSK G4000PW). When the experiment was

performed with SEC-MALS, the xanthan molecules appeared to interact with

column matrix causing anomalous behaviour, while yielding the molecular weight

data. Furthermore, the data was not consistent with previous xanthan studies [(Dhami

et al.,, 1995, Harding et al., 2012) for the same sedimentation coefficient values.

Sedimentation equilibrium is itself not without difficulties for these macromolecules

because of the almost unique challenge they pose. Even with long path length cells
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(20 mm) the lowest concentration that can be used for sedimentation equilibrium
based methods in the analytical ultracentrifuge is not as low with current
instrumentation (the XL-I ultracentrifuge) than was previously attainable with the

old generation Model E ultracentrifuge, as for example employed by Dhami et al. for

estimation of M,appin their study on Keltrol xanthar (Dhami et al., 1p95). This is a

particular problem for xanthan because of the strong thermodynamically non-ideality
even at 0.3 mg/m6). Normally, there is a straight forward solution to
this problem to measure the apparent weight average molecular weight and at a
series of concentrations and extrapolate back to ¢ = 0, wheig#MM,, the ideal
weight average molecular weight. In this case, this extrapolation has been impossible
to do: the inability to perform a concentration series extrapolation to ¢ = 0 is because

of the c* limitation restricting the use of concentrations much greater than ~0.6

mg/ml (Dhami et al., 1995). Nonetheless we can take advantage of the earlier study

by Dhami et al. (1995) and use the value obtained for theh@€rmodynamic virial
coefficient B to correct apparent weight average molecular weights, to true or
thermodynamically ideal weight average molecular weightg,aktording to the

equation;

1/Myapp= {1/Mu} {1+ 2 BM,C} (3.10)

using a value foBM,, = 2.01 x 16 ml/g [Dhami et al., 1995).

As a supplementary technique, another approach is to estimate the molecular weight
from the (weight average) sedimentation coefficient using the power law relation.
According to Harding (Harding, 2005c), a sedimentation coefficient distribution can

be transformed into apparent molecular weight if the conformation of the sample is
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known or estimated with respect to ttdark -Houwink-KuhnSakurada’ (MHKS)

approach (Tombs and Harding, 1997) :

9w = Ks. MP (3.10)

where the b coefficient is obtained from double log plots of sedimentation coefficient

sSw VS. apparent molecular weight (M (Harding, 1992). Eqgn. (3.10) is

generally much less sensitive to conformation differences but more reliable at giving
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Figure 3.4: SEDFIT-MSTAR analysis of Low Pyruvate in 0.3 M PBS at a
loading concentration of 0.35 mg/ml (A) molecular weight distribution, ¢c(M) vs.
M plot; (B) log concentration In c(r) vs. ¥ plot, where r is the radial distance
from the centre of rotation; (C) M* vs. r plot: the value of M* extrapolated to

the cell base = M,app the apparent weight average molecular weight for the
whole distribution. (D) Point or local apparent weight average molecular weight

at radial position r (open circle) plotted against the local concentration c(r).
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molecular weight estimates. In this case, b andere obtained from the study by
Dhami et al. (1995). To calculate this equation, another exponent from MHSK (Mark

— Houwink— Sakurada Kuhn) equation was used;
[n] =K, M? (3.11)

The relation between a and b exponents is presented by the Tsvetkov equation

Tsvetkov et al., 1971) :

a = 2-3b (3.12)

a values that have been previously published in general range from 0.9 to 1.2 (see,

for example | (Bindal et al., 20)7, Morris and Harding, 2013)) correspond to b values

ranging from 0.26 to 0.36. To get the value using Eqn. (3.10), this value of b
together with the weight average sedimentation coefficiggy, = 13.0S and the
corresponding weight average molecular weight valye=M.9 x 16 Da were used
(yielding ks = 0.225 for b = 0.26 angs = 0.047 for b = 0.36). In this way, it was
possible to convert sedimentation coefficient values to equivalent molecular weights
for all our xanthan samples, and these are presented in Table 3.3, allowing for

uncertainty in the b and koefficients.

It is seen that the (weight average) molecular weigh§s fidm sedimentation
equilibrium are all within the range 3-8 million Da, values reinforced by the
sedimentation velocity/power law method, with one possible exception - the
predicted N} for the Low Pyruvate xanthan from sedimentation velocity was half
that from sedimentation equilibrium suggesting that this may have a stiffer
conformation (lower b value) than the others - and the Keltrol xanthan studied by

Dhami et al. (1995). Also, the two xanthans with the same pyruvate and acetate
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contents appear also to have different molecular weightsSishdard LMW~ 3 x

10° Da, M, Standard HMW 6 x 1¢ Da), the Standard HMW being similar to the

result for Keltrol xanthan (Dhami et al., 1995), and this difference is commensurate

with the differences in the sedimentation coefficients.

Table 3.3: Estimated molecular weight of xanthan from the Mark-Houwink-

Kuhn-Sakurada equation (s = ks. M?).

10° x M,, 10° x My, 10° X My, Frictional
(Da)? (Da)? (Da)° ratio f/f

Sample

0.1M PBS 0.3M PBS
Standard LMW 1.9+1.2 26+05 3.2+£0.1 12.2
Standard HMW 6.1 £0.04 6.9+0.1 6.1x0.2 14.0
High pyruvate 3.6+05 59+0.1 59+0.2 14.4
Low pyruvate 3.4+05 4.0+0.4 8.0+£0.1 19.7

a: Estimated from the sedimentation power law equaflgp = k.. M b
b: From sedimentation equilibrium (corrected for non-ideality usin@ihealue

of Dhami et al. (1995)).

The fifth column in Table 3.3 compares the translational frictional rdtfgs

calculated from the weight average molecular weights and the sedimentation

coefficients |(Tanford, 1961). Thé&f, is defined as the ratio of the frictional

coefficient of the macromolecule divided by the corresponding parameter for a
spherical particle of the same molecular weight and anhydrous volume. The Standard
and high pyruvate xanthans - Standard LMW, Standard HMW and High, all have

frictional ratios all within close range of each other (12.2 - 14.4) and all are very
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large implying a highly asymmetric and highly expanded, swollen molecular
structure in solution. The Low pyruvate xanthan is the exception with an even higher

flf, of 19.7, commensurate of an even stiffer or more swollen structure: intriguingly a

similar value was obtained for a xanthan in 1M guanidine hydrochlpride (Mofris et

al., 2001).

3.4.3. Dynamic Light Scattering

The translational diffusion coefficient®y;,,,) of xanthan samples were found by

using dynamic light scattering (DLS)ranslational diffusion coefficients
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Figure 3.5a: Concentration dependence of apparent diffusion coefficient (B\)
vs concentration plot of xanthan samples; pH= 7.0, | = 0.1 M buffer. (A)
Standard LMW (B) Standard HMW, (C) High pyruvate, (D) Low pyruvate.
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Table 3.4: Summary of diffusion coeﬁicientD‘Z’OJW) for all xanthan samples.

10° x DY, (cn/s) 10° x DYy, (cm/s)
Sample 0.1M 0.3M
Standard LMW 1.37 +0.01 1.81+0.2
Standard HMW 1.63+0.13 2.27 £0.08
High pyruvate 1.63+0.13 1.50+£0.21
Low pyruvate 1.47+0.12 2.51+0.16
3.5 3.5
A B
2.8 4 2.8
@ -
E 21 e 21 = .
2;. = S, " ]
Q" 14 . : . " 05 1.4 .
© X
T 07 2 oz
0.0 - . ; : . 0.0 - : . : :
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
concentration (mg/ml) concentration (mg/ml)
35 3.5
Cc D
2.8 2.8
z z .
E 214 g 214 L] =
& . e -
a 1.4 u & 1.4 "
wx - L . g
9_ 0.7 4 mg 0.7
0.0 T T T T T 0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
concentration (mg/ml) concentration (mg/ml)

Figure 3.5b: Concentration dependence of apparent diffusion coefficient gb)
vs concentration plot of xanthan samples; pH= 7.0, | = 0.3 M buffer. (A)
Standard LMW (B) Standard HMW, (C) High pyruvate, (D) Low pyruvate.

were determined at the same concentration series (0.2mg/ml- 1.0 mg/ml) of each
sample and two ionic conditions (I=0.1M and 1=0.3M). Because of non-ideality and
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the charge effect of xanthan, the translational diffusion coefficients at standard
conditions were extrapolated to zero concentration2fjg, was obtained from the

plot of Dy w VS. concentration as shown in Figure 3.5a and 3.5b.

A summary ofDJ, ,, results is presented in Table 3.4 and according to this table, the
diffusion coefficients of xanthan samples were found between 1.37 01851 x
10® cn/s. Since xanthan is a large macromolecule these values were expected at

these ranges and reassuringly these values are in the same range as for previous

studies on xanthan published by Southwick and co-workers (Southwick et al., 1979,

Southwick et al., 1980).

3.4.4 Intrinsic Viscosity

The values of intrinsic viscosity obtained from the Huggins, Kraemer and Solomon-
Ciuta extrapolation methods (using capillary viscometry) for all xanthan samples are
indicated in Table 3.5. Figures 3.6a andb3ghow the corresponding plots of
ViSCOoSity (res 7inh and [n]) versus concentration (g/ml) for xanthan samples.
Intrinsic viscositiess/ from 3 different extrapolation methods (Table 3.5) were all
consistent with previously published values (2700-7000 ml/g) (see, e.g. (Tombs and
Harding, 1998)), and generally to a higher precision than we obtained previously
(Dhami et al., 1995). The values in Table 3.5 may be lower than the true values as
they have been assumed there are no shear-dependence effects due to non-

Newtonian behaviour.
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Kraemer and Solomon-Ciuta extrapolations for xanthan samples; pH= 7.0, | =

0.3 M buffer. (A) Standard LMW (B) Standard HMW, (C) High pyruvate, (D)
Low pyruvate
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Table 3.5: Summary of Intrinsic viscosity values of xanthan samples obtained

from capillary viscometry.

Intrinsic viscosity [n/ (mL/g)
Sample Solvent Capillary viscometry
Huggins Kraemer Solomon-Ciuta

Standard LMW | 0.1M PBS| 3500 * 760 3800 + 460 3700 + 540
Standard LMW | 0.3M PBS| 3100 420 3300 + 250 3300+ 300
Standard HMW | 0.1M PBS| 3600 + 60 3700 + 25 3700 + 30
Standard HMW | 0.3M PBS| 4200+ 350 | 4300 220 4300 + 250
High pyruvate 0.1M PBS| 3400 130 3400 + 80 3400+ 100
High pyruvate 0.3M PBS| 3000 * 460 3200 + 320 3200 + 370
Low pyruvate 0.1M PBS| 3400 + 180 3400 + 160 3400 + 180
Low pyruvate 0.3M PBS| 3200 + 830 3400 + 540 3400 + 630

3.4.5. Conformational Analysis

3.4.5.1. Wales-van Holde Ratio (R)

Wales-van Holde ratio is| (Wales and Van Holde, 1954) the simplest

guidance/indicator of a molecule conformational flexibility. The limits are ~ 1.6 for a

compact sphere or a non-draining random

rods|(Tombs and Harding, 19

coil (Creeth and Knight|

1965), amd <1 fo

R=ks/[n]

97). Wales-van Holde ratio, R, is;

(3.13)
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The k is concentration dependence coefficient or the Gralen parameter/jargd [

intrinsic viscosity. The R results of xanthan samples are given in Table 3.6.

Table 3.6: Wales-van Holde ratio (R) determined from intrinsic viscosity and

concentration dependence coefficient results for xanthan samples.

Sample Ks/ [n] ks/ [n]
0.1M 0.3M
Standard LMW 0.55 11
Standard HMW 1.13 11
High pyruvate 0.88 1.25
Low pyruvate 0.67 0.95

According to Table 3.6, it can be seen that xanthan samples have rigid rod
conformation. When the ionic strength increased from 0.1M to 0.3M, the rigidity of
xanthan Standard LMW, High pyruvate and Low pyruvate reduced. Xanthan
Standard HMW was not affected from alteration of ionic strength. As it has been
said earlier, xanthan Low pyruvate has the lowest pyruvate substituent and due to

this, Wales-van Holde ratio (R) of xanthan Low pyruvate is the lowest since the

pyruvate group on the side of xanthan induce disordered struicture (Viebkg, 2005).

3.4.5.2 Molecular Conformation Zoning

The sedimentation conformation zoning plot provide the estimation of ‘overall’

solution conformation of a macromolecule ranging from Zone A (extra-rigid rod) to

Zone E (globular or branched) by plotting kfM, versus [s]M;. (Pavlov et al.

1997,| Pavlov, 2013) Thus, it represents the conformation of polymer in solution
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based on mass per unit length, &hd persistent length,, Iparameters. Also, the
important parameter is sedimentation coefficient, which can be estimated from the
sedimentation coefficient and [s] is evaluated from this equation:

0
S20,wM20,w
[S] ="

= (1=5p20.) (3.14)

And M_ is the mass of the molecule(s) within the polymer divided by its length. In

this study, M was taken as 2040 (g.mfohm) from Kawakami and Norisuye

Kawakami and Norisuye, 1991) and [s] was calculated from sedimentation

coefficient data.

Figure 3.7 demonstrates that the xanthan samples in both ionic strength (1=0.1M,
I=0.3M) have adopted extra rigid rod conformation in Zone A. This method also

shows an excellent agreement with results from Wales van Holde Ratio.
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Figure 3.7 The conformation zoning plot for xanthan samples in both ionic
strengths (I=0.1M and 1=0.3M) which are adopted extra rigid rod structures
(Zone A).

3.5. DISCUSSION

Despite the difficulties and challenges that xanthans present with regards molecular
characterization, it was possible to make a measurable comparison of material with
different pyruvate contents. All four xanthans appear unimodal in sedimentation
velocity and reliable estimates for the sedimentation coefficients (corrected for non-
ideality by extrapolation to ¢ = 0) were made. The values obtained in this study are

in complete agreement with previous studies performed by Dhami et al. (1995) and

Harding et al. (2012) with values in the range 9-13|5S. (Dhami et al.|| 1995, H|arding

et al., 2012).
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Sedimentation equilibrium experiments are less sensitive than sedimentation velocity
and, although absolute (yield the weight average molecular weightdixctly)
require higher concentrations (>0.3 mg/ml) to get a sufficient signal for reliable
analysis. Xanthans are hugely non-ideal because of their high exclusion volumes,
even under conditions of high ionic strength (I = 0.3 M), used to suppress the
polyelectrolyte contribution. Because of the constraint of a low critical overlap
concentration (~0.6 mg/ml) as it was found previously (Dhami et al., 1995) this
removed the possibility of a standard concentration extrapolation of the apparent
weight average molecular weight,Mypto ¢ = 0 to yield M. Despite this, possible
strategy for yielding estimates for,Mbased on the earlier measurements of the non-
ideality contribution, and these estimates were, with one exception (the low pyruvate
Low xanthan) supported by the sedimentation coefficient data and application of the

power law relation (Eqn. (3.9)) linking s with molecular weight.

Intrinsic viscosities 4] from 3 different extrapolation methods agreed with

previously published values (2700-7000 ml/g) (see, €.9., (Tombs and Harding,

1997)). Results showed the influence of ionic strength on xanthan Standard LMW,

High pyruvate and Low pyruvate that when it decreased the intrinsic viscosity is
increased. Since increasing ionic strength resulted in suppression of side chains, it
helped the compaction of the macromolecule so the viscosity decreased with
increasing ionic strength of solution. The viscosity values of xanthan Standard
HMW did not decrease in contrast to Standard LMW, High pyruvate and Low
pyruvate and it increased with ionic strength increment. According to Rinaudo
however, the local stiffness of different polysaccharides can permit different

viscosities at the same molecular weight (Rinaudo, 2006).
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With reference to this, it can be said that increasing ionic strength probably increased
the local stiffness of xanthan Standard HMW. Therefore, the viscosity of Standard
HMW has higher when the ionic strength was 0.3M. Furthermore, the viscosity
results are consistent with the sedimentation coefficients. It is also possible to
comment on conflicting claims with regards the effect of pyruvate content on
viscosity. Although Sanford et al. (1977) deduced that high pyruvate xanthan is more

viscous than low pyruvate xanthan in solution with supporting electr@ytgh et

al. [Smith et al., 1941), Bradsheaet al. |(Bradshaw et al., 19|83), Callet et|al. (Callet

et al., 1987), Khouryieh et aII. (Khouryieh et al., 2007) and Pinto ¢t al. (Pinto|et al.,

2011) have concluded that an increased pyruvate level does not lead to an increase in

viscosity. At the ionic strength used in this study, it appears that intrinsic viscosities

are independent of pyruvate content. In other research by [Janin (Janir, 2015), it was

showed that at lower ionic strengths the intrinsic viscosity increases with increasing
pyruvate content, consistent with a lowering of classical charge shielding
phenomena. At £ 0.3 M the influence of molecular weight on] [may be being
offset by the influence of differing levels of pyruvate, leading to a set of xanthans
with apparently different molecular weights but all with apparently similar intrinsic

viscosities.

Dynamic light scattering also proved highly useful. Estimated values for the
translational diffusion coefficientDg,,) for these four xanthan samples in the

concentration range from 0.2 mg/ml - 1.0 mg/ml are shown in Fig. 3.5.
Encouragingly, only the Standard HMW and Low Pyruvate xanthans showed
evidence of possible discontinuity >0.8 mg/ml and below this, values were generally
~2.0 x 16 cmf/s. Although these values are in general agreement with a study by

Southwick and co-workers (1979), they should be taken as only apparent values as
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rotational diffusive effects may still be significant even at a scattering angle of 12.8°

because of their very large, elongated structures (Burchard, 1992).

In terms of conformation, Wales-van Holde ratio and conformation zoning

approaches indicated that the all samples adaptiid rod type conformation and

showed an excellent agreement with Takada gt al. (Takada et al., 1991), Berth at al.

Berth et al., 199|6), Sattler et al. (Sattler et al., 2007) and Choilet al. (Chﬁbanrj

2009).

3.6. CONCLUSION

In this study, four different xanthan samples that have different acetate and pyruvate
ratios has been characterised using the techniques; viscometry, analytical
ultracentrifugation (AUC) and dynamic light scattering (DLS). The hydrodynamic
properties were studied with two different ionic conditions; 0.1M and 0.3M. For the
molecular weight determination, analytical ultracentrifuge (XL-I) and size exclusion
chromatography coupled with multi angle light scattering (SEC-MALL) methods
have been applied. Due to the electrostatic charge and extended structure of xanthan
polymer, sedimentation equilibrium and SEC-MALL methods could not be carried
successfully out. However, the sedimentation velocity in the analytical
ultracentrifuge, viscometry and dynamic light scattering with low angle methods has
been successfully applied to samples. Sedimentation velocity method also gave
estimations about conformation and molecular weight of xanthan samples. For three
xanthan samples- xanthan Standard LMW, High pyruvate and Low pyruvate -
showed more rigidity with increasing ionic strength and the influence of ionic
strength on xanthan is consistent with sedimentation coefficient, diffusion coefficient
and the viscometry results. Increasing ionic strength has sheowaatl’erse effect on
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xanthan Standard LMW. Meanwhile, the conformation results showed a perfect
agreement with the previous results, and the rigid rod conformation was proved by

Wales van Holde Ratio and molecular conformation zoning.

81



CHAPTER 4

A STUDY ON SOLUTION PROPERTIES
AND MOLECULAR CONFORMATION OF
LOW ACYL GELLAN GUM

4.1. INTRODUCTION

Gellan gum is an extracellular anionic heteropolysaccharide produced by

Sphingomanas elodga (Morris et al., 2|012). The linear molecular structure sonsist

of a repeating tetrasaccharide unit of two substitughtsglucose, one of B-b
glucoronate and one of a-L-rhamnose. There are two types of acyl residues in native
form: an r-glyceryl residue on O(2) of the 3-linked glucose substituent of the
tetrasaccharide chain and an acetyl group at O(6) of the same residue (Figure 4.1

These residues are removed by an alkaline process and according to mildness of this

process, thegellan is called ‘low acyl gellan’ and ‘high acyl gellan’. (Prajapati et al,

2013).

Gellan gum forms thermoreversible, brittle and rigid gels in the presence of mono
and divalent cations. These cations have an effect on the conformation of gellan gel,

which undergoes a change fransingle (disordered state) to double helix (ordered

state) through decreasing temperature (Takahashi et al.|| 2004, Ogawa, 1999). The
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effect and selectivity of mono and divalent cations on the conformation of gellan gel

studies indicated that the divalent cations are more effective than monovalent
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Figure 4.1. Chemical structure of (a) native and (b) deacetylated gellan gum

adapted from

Prajapati et al., 2011

)

cations in terms of double helix stability by shielding effectively the electrostatic

repulsion on charge groups. Additionally, it was observed that there is not any

difference between Caand Md™ for divalent cations and CI, Br, | for monovalent

cations whereas the order of monovalent cations’is Kia® >Li* with regards to

selectivity in gel state

(Milas and Rinaudo, 1996, Kani et al.,

I

4

1005, Ogawa

2002).
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The rheological and physicochemical properties of low and high acyl gellan have

been extensively studied befdre (Miyoshi et al., 1994, Gunning et al.f@88§§ioni

et al., 200¥) but attempts at determining solution properties of gellan gum have been

hampered because of the aggregation caused by existing cations in the sample. Milas

andco-workers|(Milas et al., 1990) estimated the average molecular weight 49 x 10

Da for gellan in the presence of tetramethylammonium (TMA) salt, whereas

Takahashi et al[ (Takahashi et al., 4004) estimated 2.8 Rd @or gellan in 25mM

NaCl salt using static light scattering. Since the conformation of polysaccharide in
solution was considered to play an important role in the structure-function
relationship and in interaction with other biopolymemsngition of the ordexd

double helix conformation to disordered coil conformation was also observed by
these researchers by temperature changes. The persistence lengths of gellan were
estimated to be ~9.4nm for disordered, ~98nm for the ordered conformation state by

Takahashi et al. from six depolymerised Na-gellan samples which were obtained by

ultrasonication (Takahashi et al., 2004).

In this current study, thressure cell” solubilisation method, which was applied for

gdactomannans by Picout and co-worKer (Picout et al., |2002) to break the main

chain of polysaccharide and induce the solubility, was used to obtain knowledge

about solution properties of gellan gum in 25mM Nal solution by depolymerising the

sample. This method was successfully employed previousIIy by (Kok et al) 2009

Almutairi, 2018). The hydrodynamic properties of untreated low acyl gellan and

depolymerised gellan samples were studied in solution to assess the structural unity
in terms of sedimentation coefficient, molecular weight, intrinsic viscosity,
conformation and overall conformational flexibility by taking advantage of using the

sedimentation velocity and equilibrium in analytical ultracentrifugation (AUC). The
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flexibility of samples in terms of persistence length) (and mass per unit length
(M) values were also estimated using a more recent approach, the global

conformational analysis method an algorithm known as Multi-HYDFIT.

4.2. MATERIALS

The low acyl gellan gum (LAG) was provided BY Kelco (Denmark)and samples

were used as supplied without any further purification. A stock solution of gellan
samples were dissolved in 25mM Nal solution by heating at 60°C for 20 min. The
concentrations, ¢ (g/ml) of the stock gellan solutions were measured after using an
Atago (Japan) DD-7 refractometer calibrated with glucose standards, and a refractive
increment dn/dc of 0.154 ml/g (Takashi et al, 200¢he solutions of gellan gum
(LAG) were firstly ultrasonicated with a VWR Ultrasonicater Bath-USC 1700 THD
series (VWR International, UK) at 480W and 45 kHz for 15hours to produce
different molar mass of sample LAG1. Since the ultrasonication method was not
effective as expected, then the gellan solutions were exposed to microwave (see, e.g
Wood et al, 2002) heating in an 800 W microwave oven (Panasonic UK Ltd.
Bracknell, UK) using a high pressure vessel for different time pe(itidec-60sec)

to produce different molar masses (LAG2-45 sec microwaved, LAG3-50sec
microwaved, LAG4-55sec microwaved, LAG5-60sec microwaved). The temperature

and pressure within the “bomb” were not measured.
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4.3. METHODS

4.3.1. Partial Specific Volume

A DMA 5000M density meter (Anton Paar, UK) was used to measure the density of
gellan solution (concentration ranging 0.5-2.5mg/ml) so as to determine the partial

specific volume using the mechanical oscillator technique according to the procedure

of Kratky et al.|(Kratky et al., 1973). The partial specific volume was calculated

using the equation below;

1-dp/dc
Po

(oA
1

(4.2)

wherev is the partial specific volume (ml/g), is the density of the solvent (g/ml),
dp/dc is the density increment which can be obtained from the limiting slope of the

plot of solutiondensity versus concentration.

4.3.2. Sedimentation Velocity (SV)

Sedimentation velocity experiments were performed using an Optimd XL-
(Beckman Instruments, Palo Alto, USA) equipped with Rayleigh interference optics.
Solution concentrations ranging between 06.11.4 mg/ml for each gellan were
studied at a temperatur€ @0.0 = 0.1) °C. 400ul of solution and an equal volume of

the 0.25mM Nal reference buffer/solvgdd0ul) were injected into the solution and

solvent channels respectively of 12 mm optical path length double sector cells. Scans
were taken at 2 min intervals for a run time of approximately 16 hours at 40000 rpm.
A partial specific volumey of -0.602 ml/g- was used for the gellan according to the

densiy meter measurements. For comparison purposes, sedimentation coefficients
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were normalised to standard solvent conditions, namely the density and viscosity of

water at 20.0°C (Abdelhameed, 2()10, Laue and Stafford 111,/1999):

S20,w— {(1'5P20,w) 1(1-0p0)} - { Mo /TIzo,w}ST,b (4.2)

wherep, andn, are respectively the density and viscosity of the solvent or buffer, b,
at temperature T, ang, andn,,, the corresponding values of water at 20.0 °C.

The data was analysed usithg “least squares 1s-g(s) model” SEDFIT program of

Schuck and colleagues (Dam and Schuck, R004) in terms of distributions of

sedimentation coefficient distribution. The s ang,, values are ‘apparent’ values
because of nomdeality. To remove this effects,,, is extrapolated to zero

concentration andy,,, is obtained from the reciprocal plot of;,, (1/s20.) VS.

concentration (seg (Harding, 2005c)):

Uszow = (1/ S30.).(1+kg) (4.3)

where s3,,, is sedimentation coefficient at zero concentration and standard

condition,k, is the Gralen parameter (Gralen, 1944); seelalso (Harding,|2005a).

4.3.3. Sedimentation Equilibrium (SE)

The weight average molecular weight, M, of gellan samples were determined
using the Beckman (Palo Alto, California, U.S.A.) Optima XL-lI analytical
ultracentrifuge and employing Rayleigh interference optics and an automatic on-line
data capture system. 20 mm optical path length double-sector cells with sapphire
windows were loaded with (~08l) of sample ranging 0.2-1.6mg/ml and a matching
amount of reference buffer (0.25mM Nal) in appropriate channels. The balanced

cells were then loaded into an analytical 8-hole titanium rotor An50-Ti and placed in
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the AUC. After time was allowed for vacuum formation and for temperature
equilibration (20.0 °C), the rotor was then accelerated to 4500 rpm for LAG, LAG1
and LAG2, 6000 rpm for LAG3 AND LAG4, and 9000 rpm for LAG3sing the
Rayleigh interference optical system, scans were taken every one hour and
equilibrium was reached after approximately 72 hours for LAG3, LAG4 and LAGS5,
and 96 hours for LAG, LAG1 and LAG2. Record of the relative concentration
distribution of the solute at equilibrium was analysed to give the weight average

apparent molecular weight, Wp, using the SEDFIT-MSTAR program

implemented by Schuck et al. (Schuck et al., 2014) based on the algorithm of Colfen

and Harding| (Colfen and Harding, 1997) and Mtefunction of Creeth and Harding

Creeth and Harding, 1982).

4.3.4. Capillary and Differential Pressure Viscometry

Untreated and treated gellan solutions ranging from 0.1 mg/ml to 1.25 mg/ml were
analysed using a Schott-Gerate Ostwald viscometer system at a temperature of (20.0
+ 0.01) °C. The relativeiscosity, N, Was obtained from the ratio of the flow time

of the solution t (sec) to the flow time of solvent(= (t/t,)), where the flow time

was recorded accurately using photosensors. Because of the low concentations,

density correction was deemed unnecessary (Harding| 1997). The reduced viscosity

(nrea = (mrer1)/c) and the inherent viscosityid = (Inyre)/C) Were extrapolated to
zero concentration to eliminate non-ideality effects with the common intercept at c=0

yielding the intrinsic viscosityn/ from Huggins and Kraemer equations:

Nred =[] (L + Ka.[n].c) (4.4)

and
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(Innrey/c = [n] (1 - Ke.[n].c) (4.5)

where K; and K are the Huggins (1942) and Kraemer (1938) constants,
respectively. As an additional check, a combined Solomon & Ciuta (1962) relation

was also used:

[n] ~ (1/c). [2 (nsp—In (yrer )] Y2 (4.6)

The assumption has been made that there was no shear dependgycenaler

creeping flow conditions in the capillary viscometer.

4.4. RESULTS

4.4.1. Partial Specific Volume

Partial specific volume is an important parameter to calculate of sedimentation

coefficient and weight average molecular weight from sedimentation equilibrium

1.007

1.006 -

1.005 ‘/

1.004

Density (g/ml)

1.003

1.002 : . : . : , :
0.0000 0.0007 0.0014 0.0021 0.0028

Concentration (g/ml)

Figure 4.2. Determination of partial specific volume of LAG using density

measurement in Nal at 26C.
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experiment. The partial specific volumepf gellan was measured as (0.602 + 0.05)

ml/g and it was calculated from the slope of the solution density versus concentration

(Figure 4.2). This value is comparable to the values for xar]

similar with pullulan

4.4.2. Sedimentation Velocity (SV)

(Kawahara et al., 19

than (Dham

, 1996) and

Sedimentation velocity method was used to determine the heterogeneity of solutions

and measure their sedimentation coefficients as well. The sedimentation coefficient

(s), of untreated gellan and depolymerized gellan samples were measured at various

concentrations by the least squésay*(s) method. Figure 4.3 shows the bimodal

sedimentation coefficient distribution for all samples and the concentrations. In

Figure 4.2, two peaks were identified for each concentration studied and for all

samples. Peak 1 (the minor peak) is around ~1S which shows the small molecular

weight component and peak 2 (the main component) is around ~2S - 3S, which

indicated higher molecular weight component in the sample. The hyper sharp peaks

can be observed at higher concentration for all samples, which is an indication of

high concentration dependency and it was proved bgliges in Table 4.1.

Table 4.1: Summary ofs3, ,and ks for untreated and microwaved gellan

samples.
Sample S 20w (S) ks (Ml/g)
LAG 3.24 +£0.08 1510 + 190
LAG1 3.06 +£0.08 1040 + 100
LAG2 2.93+0.10 1090 + 135
LAG3 2.60 + 0.08 620 + 70
LAG4 2.57 +£0.02 590+ 20
LAGS 2.34+0.04 330+ 20
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Figure 4.3: Sedimentation coefficient distribution profiles using least squares
g*(s) method of SEDFIT obtained from sedimentation velocity experiment for

gellan sampeksin 0.25mM Nal; (A) LAG, (B) LAGL, (C) LAG2, (D) LAG3, (E)
LAG4, (F) LAGS.

The Figure 4.4 shows the reciprocal plots of apparent sedimentation coefficient
versus concentration (for the main component) to eliminate the non-ideality effect.
The slope of these plots gives the concentration dependence parani€exién

coefficient) for each sample and presented on Table 4.1.
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Figure 4.4: Concentration dependence (reciprocal) of the sedimentation
coefficient plot (after correction to standard solvent conditions) for gellan
samples in 0.25mM Nal (A) LAG, (B) LAG1, (C) LAG2, (D) LAG3, (E) LAG4,
(F) LAGS.

4.4.3. Estimation of Molecular Weight

The weight average molecular weight of untreated and microwaved gellan samples

were estimated by the sedimentation equilibrium method in the analytical
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ultracentrifuge.The use of long optical path length cells (20.0 mm) enabled the
investigation the gellan samples at relatively low concentration (0.2 mg/ml) for this
experiment. Thus, the non-ideality effect in solution from excluded volume and
charge effects can be minimized. To achieve this, the samples were run at different
loading concentration ranges 0.2-1.6mg/ml. The data then was analysed using

SEDFIT-MSTAR program to obtain weight average molecular weight (for example

Figure 4.5).
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Figure 4.5: SEDFIT-MSTAR analysis of LAG in 25mM Nal at a loading
concentration of 0.3 mg/ml (A) molecular weight distribution, c(M) vs. M plot;
(B) log concentration In c(r) vs. f plot, where r is the radial distance from the
centre of rotation; (C) M* vs. r plot: the value of M* extrapolated to the cell
base = M the apparent weight average molecular weight for the whole
distribution. (D) Point or local apparent weight average molecular weight at

radial position r (open circle) plotted against the local concentration c(r).
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Figure 4.6 The reciprocal plots of the apparent weight average molecular
weight (Mw,app) against concentrationc (g/ml) for gellan samples in 0.25mM Nall
(A) LAG, (B) LAG1, (C) LAG2, (D) LAG3, (E) LAG4, (F) LAG5.
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The reciprocal plots of hpp Versus concentration were shown in Figure 4.6. The
weight average molecular weight values were then yielded from the slope of these
extrapolations and presented in Table 4.2. The results indicates that depolymerisation
by microwave heating induced the reduction in molar mass with increasing heating

time for gellan samples.

Table 4.2: Summary of weight average molecular weights (M results for

original low acyl and depolymerised gellan samples.

Sample 10° x My, (Da)?
LAG 280+ 13
LAG1 226 + 26
LAG2 178 £ 29
LAG3 161 +24
LAG4 88 £ 30
LAGS 76 £ 20

4.4.4. Intrinsic Viscosity

The intrinsic viscosity values for gellan samples were measured by capillary
viscomety and are presented in Table 4.3. Figure 4.7 demoedtiatear

extrapolations in all samples for Huggins, Kraemer and Solomon-Ciuta plots.
Heating the original gellan sample led to the degradation of the polymer chain, and

resulted in a decrease in intrinsic viscosity. Seneesults are also consistent with
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those of sedimentation coefficient and molecular weight measurements, supporting

the depolymerisation of gellan samples.

Table 4.3: Summary of intrinsic viscosity values of gellan samples obtained

from capillary viscometry.

Intrinsic viscosity [y] (mL/g)
Sample Huggins Kraemer Solomon-Ciuta
LAG 2820 £ 360 2800 £ 190 2830 + 240
LAG1 2280 + 340 2390 + 230 2380 + 360
LAG2 1860 + 270 2050 + 140 2010 + 180
LAG3 1360 + 30 1350 £ 25 1350+ 40
LAG4 1100 + 30 1090+ 20 1100 + 30
LAGS 490 + 10 500 +7 500 +7
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Figure 4.7: The intrinsic viscosity plots from capillary viscometry: Huggins,
Kraemer and Solomon-Ciuta extrapolations for gellan samples in 25mM Nal,
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4.4.5. Conformation Analysis
4.4.5.1. Mark-Houwink-Kuhn-Sakurada Power Law Relationships

The Mark-Houwink-Kuhn-Sakurada (MHKS) or power law relationships is one of
the simplest methods to obtain the conformation and flexibility of low acyl gellan in

solution using sedimentation coefficient, intrinsic viscosity and molecular weight

parameter$ (Harding et al., 1991c);

[n] =KkyM? (4.7)
S9ow = ks M (4.8)

The MHKS or ‘Mark-Houwink’ exponents “a” and “b” are obtained from the slopes

of double logarithmic plots of intrinsic viscosity;/, and sedimentation coefficient,
s30.w Versus molecular weight Mrespectively. The values of a and b are then used
to determine conformation using ‘Haug Triangle’, which is a representation of the
gross conformation of macromolecules. The three extremes of conformation,

compact sphere, random coil and rigid rod, are placed at the corners of triangle

Tombs and Harding, 1997) with the values given at Table 4.4.

Table 4.4 Mark-Houwink-Kuhn-Sakurada (MHKS) Power Law exponents.

Adapted from (Harding, 2005h

Conformation a b
Sphere 0 0.67
Random coll 0.5-0.8 0.4-0.5
Rod 1.8 0.15
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Double logarithmic plot of9,,, versus of molecular weight of all gellaemplesis
presented in Figure 4.8. The overall b parameter which was yielded from slope was

found as (0.22 = 0.04) between the limits of rod (0.15) and coil (0.4-0.5) according

to Table 4.4. This b value is similar with chitodan (Fee, “006, Colfen et al, 2001).

10

So20,w (S)

T

10°
M  (Da)
Figure 4.8: Mark-Houwink—-Kuhn-Sakurada (MHKS) power law double

logarithmic plot of S(Z)O,w vs M, for gellan samples.

Figure 4.9 indicates the plot of intrinsic viscosfty vs. molecular weight, yfor

all gellan samples, where an extrapolation to infinite molecular weight gives a
straight line with a slope -the power law exponents a. The obtained overall a values
of gellan samples were found as (1.16 + 0.21) which presents the conformation as a

flexible rod and it was consistent with previous study from Takahashi.et al

Takahashi et al., 2004).
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Figure 4.9: Mark-Houwink-Kuhn-Sakurada (MHKS) power law double

logarithmic plot for gellan samples.

4.4.5.2. Wales-van Holde Ratio (R)

Wales-van Holde ratio| (Wales and Van Holde, 1954) is the simplest

guidance/indicator of a molecule conformational flexibility. The limits are ~ 1.6 for a
compact sphere or a non-draining random coil (Creeth and Knight, 1965), and <1 for

rods (Tombs and Harding, 1998). Wales-van Holde ratio, R is;

R=ks/ [n] (4.9)

The k is concentration dependence coefficient or the Gralen parametgyjaisd
intrinsic viscosity. The R results of gellan samples were given in Table 4.5 and it
appears that all gellan samples are again consistent with rod structures with some

flexibility (R ~ 0.5-0.7).
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Table 4.5 Wales-van Holde ration, R, for original low acyl and depolymerised

gellan samples.

Sample R=kyIn/
LAG 0.53
LAG1 0.52
LAG2 0.58
LAG3 0.46
LAG4 0.53
LAG5 0.66

4.4.5.3. Estimation of the Persistence Lengthyland Mass Per Unit

Length M,

The persistence length, land M are representations of the bending flexibility of

linear polymer chains (worm-like chaing) (Harding, 2405g).isLdefined as the

average projection length along the initial direction of the polymer chain ang M

the mass of the molecule(s) within the polymer divided by its length. Theoretically,

L, = 0 is for a random coil whereag £ « is for the rigid rod (eg. see (Hardir|g,

1997). However in practice limits, for random coil ~1nm (e.g pullulan) and for rigid

rod ~200nm (eg. xanthan) are more suitgble (Tombs and Harding, 1997). Persistence

length can be estimated using different approaches either sedimentation coefficient

Yamakawa and Fujii, 1978, Hearst and Stockmayer, [1962) or intrinsic viscosity

Bohdanecky, 1988, Stockmayer and Fixman, 1963), equations.
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4.5.4.3.1. Global analysis method (HYDHI)

It is clear that using different methods to determipeahd M might lead to some

bias and for discrepancies in the results. To prevent this variability, the Multi-HYFIT
program was developed by Ortega and Garcia de la Torre (2007) to enable estimates
for consensus values of, land M and chain diameter d. To do this, the program
considers two or more data sets of intrinsic viscq$iy), sedimentation coefficient
(s0.w) and where appropriate radius of gyration)(Bnd translational diffusion
coefficient (Q) for varying molecular weights of the same substance. This program

carries out minimisation o target furtion known as A using Bushin-Bohdanecky

Bohdanecky, 1983Bushin et al., 1981a) and Yamakawa-Fyjii (Yamakawa [and

Fujii, 1973) equations within the several variables. The optimization process can be

implemented giving different weightings to each propgrty (Ortega and Garcig de la

Torre, 2007). To simplify and accelerate the minimization of the process, the least

effective parameter or well defined parameter from known molecular structure (e.g.
M_) can be fixed .The results of simulation analysis showed thiatdomparatively
insensitive to the value chosen d. Then the Multi-HYDFIT program optimizes the
parameters in order to obtain the minimisation of the target function, based on the

following equations:

Ns AT (exp)

AT (cany—aT 2
87 =3 [(ZTWTrlzT W (—“‘” “”“’”) ] (4.10)

2
al ca _aI ex
A% = NLSZIiVL [(21 WY w, <M> ] (4.11)

U (exp)

where N is the number of sample$/; and W, are the statistical weights for

equivalent radiia; and a; and the subscripts cal amp indicates values from
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calculated ath experimental values, respectively. Therefore, A is a dimensionless
estimate of the consensus between calculated values for the frictional coefficient,

intrinsic viscosity and radius of gyration for a certain persistence lehgtand the

experimentally measured parameters (Ortega et al.||2011, Patel et al|, 2008b).

In this study, the chain diameter, d was fixed apand M were treated as variables.

In this case the best estimates for the persistence lengths and mass per unit lengths of
gellan sample s obtained withthe minimum value of the target function A and

shown as contour plots as shown in Figurd®.4The values of the target (error)
function, A are represented by the full colour spectrum ranging from blue to red. The

x-axis and y-axis represents (om) and M (g.mol*.nm"), respectively.

1000

200 —
40 80 120 160

Lp (nm)

Figure 4.1Q Contour plots for gellan samples. The target functiond calculated
based on variables values of Jand M., and are represented on the full colour
spectrum from blue (4 = 0.17) to red g>0.95).
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The overall |, and M were foundas (100 + 10) nm and (588 + 21) (g.riahm),

respectively. These values indicate the rod structure asdahge of persistence

length is consistent with the result from Okamoto ef al. (Okamoto et al.; 1993) and

Takahashi et al. (Takahashi et al., 2004).

4.4.54. Molecular Conformation Zoning

The sedimentation conformation zoning plot provide the estimation of ‘overall’

solution conformation of a macromolecule ranging from Zone A (extra-rigid rod) to

Zone E (globular or branched) by plotting kfM; versus [s]M,. (Pavlov et al.

1997] Pavlov, 2013) Thus, it represents the conformation of the polymer in solution

based on mass per unit length, Bhd persistent length,, Iparameters. Also, the
important parameter is sedimentation coefficient, which can be estimated from the
sedimentation coefficient and [s] is evaluated from this equation:

0
S20,w20,w
[Sl ="

= (1=p20.m) (4.12)

M, is the mass of the molecule(s) within the polymer divided by its lehgtthis
study,M; was taken as the estimated values obtained from Multi- HYDFIT analysis

as 588 g.mat.nm™ and [s] was calculated from sedimentation coefficient data.
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Figure 4.11 The conformation zoning plot for gellan samples which are

adapted rigid rod structures (Zone B.

Figure 4.11 demonstrates that the gellan samples have rigid rod conformation with
some flexibility in Zone B. This method also shows an excellent agreement with

results from the MHKS relationship and Wales van Holde ratio.

4.5. DISCUSSION

The hydrodynamic properties of gellan gum in solution have been investigated using
three different approaches based on sedimentation coeffigjgpt, molecular
weight, M, and intrinsic viscosity, 7/f]. To determine the conformation and the
flexibility, the sample was depolymerised by the microwave bomb method which
was successfully applied by Kok et al. (2009) and Almutairi (2015). Owing to this
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method, gellan samples with different molecular weights were obtained by
degradation of the sample. Heat treatment usmgrowaves in a high-pressure

vessel in a short time did not degrade the gellan solution as it was observed in Kok et

al. [Kok et al., 200P)Therefore, longer times and higher temperatures were applied

and this prompted the degradation of polymer in solution.

According to sedimentation velocity results usingthe analytical ultracentrifuge

the samples shad a bimodal sedimentation coefficient distribution; this indicates
the heterogeneity of samples. The apparent weight average sedimentatianeobeffi
values increased with decrease in concentration for all gellan samples, which show
no evidence of reversible associative behaviour. Although the ranges of the
concentrations for the experiment were low, considerable concentration dependence
was observed, which shows the effects of non-ideality. Additionally, after heat
treatment, both sedimentation coefficients and the concentration dependence

parameter & decreased with increasing the heating time.

Since weight average molecular weight is an important parameter for the
hydrodynamic characterisation and conformation for gellan samples, they were

estimatedby the sedimentation equilibrium method in AUC. The molecular weight

of gellan has been estimated previously using osmometry (Ogawa et al 2002), static

Dentini et al., 198%, Okamoto et al., 1993) and dynamic light scattering (Takahashi

et al., 1999) but this method was applied for the first time for gellan samples.

Working with a series of concentrations and extrapolation to zero concentration
helped to eliminate the solution non-ideality effect. The reciprocal plot .of,M
versus concentration gave a linear extrapolation for LAG, LAG1, LAG2 and LAG3.
At the same time a second order polynomial fit was applied to the reciprocal plot of

Mw,appversus concentration for LAG4 and LAG5 because of high non-ideality.
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The conformation of gellan in 25mM Nal solution was determined using MHKS (a
and b parameter) and Wales van Holde ratio and both results indicated that gellan
adopts rod type conformation with some flexibility. These results were also
reinforced by sedimentation conformation zoning approach, which also proved that
depolymerisation process by microwave bomb technique didn’t affect the
conformation of gellan. In terms of flexibility, the persistence lenggharld mass

per unit length, Mwere estimated by Multi-HYDFIT method and found as (100 +
10) nm and (588 + 21) (g.m‘bhm‘l), respectively. These values are similar with

earlier studies by Takahashi et al. who suggesgeak198nm and Mas 650 (g.mol

! nm*) in 25 mM NaCl at 25°C based ¢n/ and M, data.[(Takahashi et al., 2404).

Dentini et al. has also found similar, Lvalue (102 nm) for gellan in

tetramethylammonium (TMA) solution but a higher Malue of 710 (g.mél.nm%)

Dentini et al., 198B).

4.6. CONCLUSION

In this study, the untreated low acyl gellan and heat treated-gellan samples were
characterised in terms of viscosity, heterogeneity, molecular weight and
conformational properties in 25mM Nal solution. Due to electrostatic charge and gel
formation in high salt content, SEC-MALL could not be carried out for this sample.
However, sedimentation velocity and sedimentation equilibrinnthe analytical
ultracentrifuge, viscometry and Multi-HYDFIT have successfully been applied to
samples. The results from these techniques proved that 25mM Nal is sufficient to
supress the electrostatic effects of gellan, which is particularly important for AUC
and viscometry experiments. Results frAdC experiments also alloyd estimating

the conformation and molecular weight of gellan samples. Meanwhile, the
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conformation results showed consistency with the previous results, and the rod
conformation with some flexibility, which was proved by the MHKS relationship
Wales-van Holde ratio and molecular conformation zoning. This study also shows
that since gellan is found as solution form with no aggregat2SmM Nal and not
requiring any further purification to maintain this solution form, the hydrogel
formation of gellan with other cationic polymers can be studied for the therapeutic
applications, especially for the drug delivery, the mixture of gellan and chitosan as

an encapsulating agent may be useful.
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CHAPTER 5

MOLECULAR WEIGHT AND
CONFORMATION STUDY OF SODIUM
HYALURONATE IN AQUEOUS SOLUTION

5.1. INTRODUCTION

Hyaluronic acid or hyaluronan (HA) is a linear, negatively charged and unbranched
polysaccharide. It is chemically classifiedaglycosaminoglycan and consists of a

repeating disacchardmit of B-(1—4) N-acetylp-glucosamine and B-(1—3) linked

p-glucuronic acid (Figure 5.1) (Hokputsa, 2003).

H
HOOC
,-'O/
HO OH
H

Figure 5.1. Chemical structure of repeating disaccharide unit of hyaluronic

acid. Figure reproduced from |(Hokputsa, 2008).
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HA is found in umbilical cord and the vitreous body of the eye, mammalian synovial

fluid, and connective tissues such as rooster comb. (Kogan et all} 2007, Hokputsa et

al., 2003q). Additionallyit is also foundn the capsules of Streptoccocus species e.g.

Streptococcus zooepidemicus and Streptococcus|equi (Marcellin et al., 2009). It has

been successfully produced via microbial fermentation with less environmental
pollution and low production cost compared to rooster comb and other eukaryotic

sources. Also, thélA polysaccharide from these microorganisms is obtaated

larger scale, better yield and purity for industrial applications (Haxaire et al.; 2000

Milas and Rinaudo, 20&“4, Liu et al., 20]11b).

Due to the distinctive physico-chemical properties of HA, which play an important

role in many biological processes, it has been used in several clinical treatments

including ophthalmology, orthopaedics, wound healirg (Gandolfi et al., 1992

Durrani et al., 199'T, Miyazaki et al., 19PBscioglu and Oner, 2003), drug delivery

Luo et al., 200D|Jacobetz et al., 20L3) and cosmetic applications. Thus,

determination of the molecular properties such as molecular weight (molar mass in
g.mol*) and conformation for hyaluronic acid in solution is essential to give a full
understanding of its properties and functions for medical and pharmaceutical

applications. For example, HA with high molecular weight is used for tissue repair,

ophthalmic drug delivery, enhancing nasal adhegion (Saettone et a|{Mi@8toto

et al., 1991| Duranti et al., 1998apcik et al., 1998) whereas HA with low

molecular weight has been suggested for the inhibition of tumour growth, initiating

the expression of inflammatory moderators and promotion of angiogenesis (Vest et

al., 198%| Zeng et al., 1998, Liu et al., 2011b). The molecular weight estimation for

numerous hyaluronic acid samples was extensively studied by different techniques

such as gel permeation chromatography, light scattering, osmometry and
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sedimentation equilibrium methoTs (Hokputsa et al., 2003a, Rinauddg, 2008, Preston

and Wik, 1991

v

, Choi et al., 20[L0).

Conformation is als@n important property for hyaluronic acid, which is important
for an understanding of its interaction with other macromolecules. The conformation

of linear HA has been claimed to be a flexible random coil in agueous solution by

Bothner et al., 1988, Hayashi et al., 1996, Milas and Rinaudo,|2004, Caspersen et

al., 2014). Hokputsa and co-workers showed that HA adopts a random coil

conformation when N >1C°, whereas the stiffness increaseghwM, <1® as

shown by the Mark-Houwink-Kuhn-Sakurada (MHKS) or power-law relationships

Hokputsa et al., 2003b). Another conformation parameter, the persistence length

(Lp) -which is indicative of the flexibility of linear polymer chains of HA- was found
to have a wide range of values of 4-20 nm from application of the methods including

the Yamakawa-Fuijii-Yoshizaki and Bushin Bohdanecky appesmeahd also the

application of electric birefringence dechy various researchers - see g.g. (Trilnm

and Jennings, 1943, Cleland, 1884, Hayashi et al.,|[1996, Buhler and Boué€, 2004).

In this chapter, the properties of different samples of sodium hyaluronagee wer
studied in solution to evaluate structural unity in terms of sedimentation coefficient,
molecular weight, intrinsic viscosity, conformation and overall conformational
flexibility by taking advantage of the recent advances in hydrodynamic analysis
new approach as applied usingsedimentation equilibrium (“SEDFIT-MSTAR?”)
together with size exclusion chromatography coupled to multi angle light scattering
(SEC-MALS) to determine heterogeneity and molecular weight distributions. The
flexibility of samples in terms of the persistence lengif) dnd mass per unit length
(M) values were also estimated using a more recent approach, the global

conformational analysis method an algorithm known as Multi-HYDFIT in order to
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address some discrepancies jnirk the literature| (Ortega and Garcia de la Tqrre,

2007). The Multi-HYDFIT method employs a combination of molecular weight,

intrinsic viscosity and sedimentation coefficient data for all sodium hyaluronate

samples.

5.2. MATERIALS

The six bacterial sodium hyaluronate samples HAV1, HAV2, HAV3, HAV4, HAV5
and HAV6 were kindly supplied in highly purified form by Vitrolife Ltd. (Sweden).
Samples were used as supplied without any further purification. A stock solution of
each sodium hyaluronate was prepared by dissolving a known amount in distilled
deionised water, at room temperature with gentle stirring for two hours followed by
dialysis for a further 18 hours against buffer phosphate-chloride buffer supplemented
with NaCl according to Green (1933) at pH 7.0 and an ionic strength (I) of 0.1M.
The concentrations, ¢ (g/ml) of the stock sample solutions were measured after -

dialysis using an Atago (Japan) DD-7 refractometer calibrated with glucose

standards and a refractive increment, dn/dc, of 0.167ml/g (Hokputsa et al.| 2003b).

The solutions of native HAV1 and HAV2 were microwaved with a microwave
synthesiser (Anton Paar Ltd, UK) at 90°C for 45s to produce lower molar mass

samples that were named as MHAV1 and MHAV2.

5.3. METHODS

5.3.1. Sedimentation Velocity (SV)

An Optima XL-1 (Beckman Instruments, Palo Alto, USA) equipped with Rayleigh

interference optics was used to determine the sedimentation behaviour and molecular
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homogeneity of hyaluronate samples. Solution concentrations ranging between 0.1
3.0 mg/ml for each hyaluronate were studied at a temperature of (20.0 = 0.1) °C.
400ul of solution and an equal volume of the pH 7.0, [=0.1M reference
buffer/solvent (400ul) were injected into the solution and solvent channels,
respectively of 12 mm optical path length double sector cells. The Rayleigh
interference optical system was used to record changes in the concentration versus
radial displacement profiles with time. Scans were taken at 2 min intervals for a run
time of approximately 18 hours at 35000 rpm for HAV1, HAVWAV3, MHAV1

and MHAV2, and at 45000 rpm for HAV4, HAV5 and HAVG6. A partial specific

volume, v of -0.6ml/g - was used for all samplé¢s (Hokputsa et al., 2003b). For

comparison purposes, sedimentation coefficients were normalised to standard

solvent conditions, namely the density and viscosity of water at ZD$8e e.qg.

Abdelhameed, 2010, Laue and Stafford Ill, 1/999):

S20w— {(1'5P20,w) 1(10p0)} - {70 /7720,w}5T,b (5.1)

wherep, andn, are respectively the density and viscosity of the solvent or buffer, b
at temperature T ang, ,, andn,,,, the corresponding values of water at 20.0 °C.

The data was analysed usithe “least squares 1s-g(s) model” SEDFIT program of

Schuck and colleagues (Dam and Schuck, P004) in terms of distributions of

sedimentation coefficient distribution . Treeg(s) vs. s profiles were used to provide
an assessment of sample polydispersity. The sand values are ‘apparent’ values
because of non-ideality. To remove this effes},,, is extrapolated to zero

concentration and?,,, is obtained from reciprocal plot of,y,, (1/sy0w) VS.

concentration (see for examp|e, (Harding, 2005c):

Ussow= (1 S3om)-(1+ke) (5.2)
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where s9,,, is sedimentation coefficient at zero concentration and standard

condition,k; is the Gralen parameter (Gralen, 1944); seelalso (Harding, [2005b).

5.3.2. Sedimentation Equilibrium (SE)

Sedimentation equilibrium experiments were also performed using the Beckman
(Palo Alto, California, U.S.A.) Optima XL-I analytical ultracentrifuge and
employing Rayleigh interference optics and an automatic on-line data capture
system. 12 mm optical path length double-sector titanium cells with sapphire
windows were loaded with (~80ul) of dialysed sample as a concentration series
(ranging from 0.2-2.0mg/ml) and a matching amount of reference buffer dialysate in
appropriate channels. The balanced cells were then loaded into an analytical 8-hole
titanium rotor An50-Ti and placed in the AUC. After time was allowed for vacuum
formation (< 50 microns) and for temperature equilibration (20.0 °C), the rotor was

then accelerated to 5000 rpm for HAV1, HAV2, HAV3, MHAV1 and MHAV2,
13000 rpm for HAV4, 16000 rpm for HAV5 and 23000 rpm for HAV6. Using the
Rayleigh interference optical system, scans were taken every one hour and
equilibrium was reached after approximately 48 hours to 120 hours. Records of the
relative concentration distribution of the solute at equilibriuerevanalysed to give

the weight average apparent molecular weight.d¥lusing the SEDFIT-MSTAR

program implemented by Schuck et [al. (Schuck et al.,|2014) based on the algorithm

of Colfen and Harding (Célfen and Harding, 1997) andMriefunction of Creeth

and Harding (Creeth and Harding, 1982).
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5.3.3. Size Exclusion Chromatography Coupled to Multi Angle
Light Scattering (SEC-MALS)

Molecular weights (weight averages) of the sodium hyaluronate samples were also
estimated by using the independent technique of-SE#LS. This technique has
been successfully applied to polysaccharide characterisation since 1991 by applying
firstly alginate samples (Horton 1991). The system consisted of a series of size-
exclusion chromatography (SEC) columns, namely TSK G5000PW and TSK
G6000PW, protected by a similarly packed guard column (Tosoh Bioscience, Tokyo,
Japan) coupled ohine to “Helios” multi-angle light scattering (MALS) and
refractive index (OptilabrEX) detectors (Wyatt Technology, Santa Barbara, USA).
Solutions for injection were prepared for HAV1, HAV2, and HAV3 as 0.5mg/ml, for
MHAV1, MHAV2 as 1.0mgml, and for HAV4, HAV5, and HAV6 as 5.0 mg/ml.
Then, they were filtered tbugh a 0.2 pm syringe filter (Minisart, Surrey, UK) to
remove any insoluble material or dust prior to being injected into the columns. The
buffer was pumped at a steady, pulse-free flow rate of 0.8 ml/min through the
column system. ASTRA (Version 6.1) software (Wyatt Technology, Santa Barbara,
USA) was used to analyse the data. A second polynomial fit (for high molecular
weight samples) and linear fit (for low molecular weight samples) to the “Debye”

plot of Kc/Ry vs sirf(6/2), where the terms have their meanjng (Wyatt, 2P13b) was

used for calculating the apparent weight average molecular weighi,JMThe

refractive index increment (dn/deyas taken as 0.167 ml/g which has previously

been determined by Hokputsa ameworkers|(Hokputsa et al., 20(3a).
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5.3.4. Capillary and Differential Pressure Viscometry

The flow times of sodium hyaluronate solutions ranging in concentration from 0.1
mg/ml to 5mg/ml and the reference solvent were measured using a 2ml Schott-
Gerate Ostwald viscometer system. The temperature was kept constant @t 20.0
0.01) °C by suspending the capillary in water bath combined with a cooling sytem.
The relative viscosity, el = (t/t;), was obtained from the ratio of the flow time of

the solution t (sec) to the flow time of solvent that was recorded accurately using

photosensors. Because of the low concentrations a density correction was deemed

unnecessary (Harding, 1997). The reduced viscogiy:(nre-1)/c, and the inherent

viscosity, zinh = (Innre))/C Were extrapolated to zero concentration to eliminate non-
ideality effects with the common intercept at ¢=0 yielding the intrinsic viscfgity

using the Huggins and Kraemer equations:

Nred= [/ (1 + Kn.[n].c) (5.3)
and
(Innrey/c = [n] (1 - Ke.[n].c) (5.4)

where K; and K are respectively the Huggins (1942) and Kraemer (1938) constants.
As an additional check, a combined relation due to Solomon & Ciuta (1962) was

also used:

[1] ~ (1/). [2 (nsp— In (nre1 )] (5.5)

The assumption has been made that there was no shear dependgycenaler

creeping flow conditions in the capillary viscometer.
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Intrinsic viscosities of samples were also measured by Viscostar (Wyatt Technology)
differential pressure viscometer on-line to the SEC-MALS system. Due to the
sensitivity of the sensors and high dilution in the column, the concentration is low

and because of this, the Solomon-Ciuta equation (5.5) can be applied without any

extrapolation (Harding, 1997).

5.4. RESULTS

5.4.1. Sedimentation Velocity (SV)

The sedimentation coefficient, s was obtained for each concentration of each sample
using the least square Is-g*(s) distribution method. The sedimentation coefficient
distribution profiles in Figure 5.2 shows the high purity and unimodiality with one
major peak at each concentration of all sodium hyaluronate samples. The peaks also
show an evidence of significant hyper sharpenunidp increasing the concentration
especially for HAV1, HAV2, HAV3 and microwave heated samples MHAV1 and
MHAV2. The apparent sedimentation coefficiesy,,, increased with reducing
concentration which indicates a considerable concentration dependency especially
for these same samples. The sedimentation coefficients were found between 1.1S to
6.8S as shown in Table 5.1. The reciprocal plots of sedimentation coefficient versus
concentration extrapolated to infinite dilution were shown in Figure 5.3 for all
sodium hyaluronate samples. The concentration dependence of sedimentatam, k

also determined from this extrapolation using Equation 5.2 for each sample and

presented in Table 5.1.
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Figure 5.2: Sedimentation coefficient distribution profiles using the least
squares g*(s) method of SEDFIT obtained from sedimentation velocity
experiment for sodium hyaluronate samples (A) HAV1, (B) HAV2, (C)
MHAV1, (D) MHAV2, (E) HAV3, (F) HAV4, (G) HAVS5, (H) HAVS.
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Figure 5.3: Concentration dependence (reciprocal) of the sedimentation
coefficient plot (after correction to standard solvent conditions) for sodium

hyaluronate samples in 0.1M PBS (A) HAV1, (B) HAV2, (C) MHAV1, (D)

MHAV?2, (E) HAV3, (F) HAV4, (G) HAV5, (H)HAVE.
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Table 5.1 Summary of s9,,,and ks for sodium hyaluronate samples.

Sample S 20w (S) ks (ml/g)
HAV1 5.7 +0.40 3180 + 390
HAV2 6.8 +0.30 4800 + 280
HAV3 5.5+ 0.30 2500 * 300
HAV4 1.6 +0.02 144 + 10
HAV5 1.3 +0.04 130 + 20
HAV6 1.1+0.10 60 + 30

MHAV1 3.7+0.17 1180 + 170

MHAV2 3.6 +0.20 1270 + 330

5.4.2. Estimation of Molecular Weight

The weight average molecular weight of sodium hyaluronate samples were estimated
using both sedimentation equilibrium in the analytical ultracentrifuge and
SECMALS. The weight average molecular weight was firstly determined by
sedimentation equilibrium. However, for this experiment, the effect of
thermodynamic non-ideality in solution needs to be considered. Because of charge
effects and excluded volume effects, the solution non-ideality appears and the
sodium hyaluronate solutions display strong solvent-polymer interactions that ascend
with increase in concentration. To minimidgs non-ideality effect, the samples
were run at a series of measurements at different loading concentration and
extrapolated to infinite concentration. Nevertheless, for HAV1 and HAV2,
measurements over a range of concentrations and extrapolating to zero concentration

was not successful to eliminate this non-ideality effect even though using long
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optical path length cells (20.0 mm) that allows to work at relatively low

concentration (0.2 mg /ml
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Figure 5.4: SEDFIT-MSTAR analysis of HAV4 in 0.1 M PBS at a loading
concentration of 1.0 mg/ml (A) molecular weight distribution, c(M) vs. M plot;
(B) log concentration In c(r) vs. f plot, where r is the radial distance from the
centre of rotation; (C) M* vs. r plot: the value of M* extrapolated to the cell
base = M, the apparent weight average molecular weight for the whole
distribution. (D) Point or local apparent weight average molecular weight at

radial position r (open circle) plotted against the local concentration c(r).

On the other hand, MHAV1, MHAV2, HAV3, HAV4, HAV5 and HAV6 were run
at different concentration ranges from (0.2-2.5mg/ml) and weight average molecular
weights were determined by SEDFIT-MSTAR. Figure 5.4 shows an example of this

analysis for HAV4 at 1.0mg/ml. The reciprocal plot of, )M, versus concentration
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gave a linear extrapolation for samples HAV4, HAV5 and HAV6. At the dane

a simple second order polynomial fit was appledhe conventional plot of Wkpp

versus concentration for HAV3 and reciprocal plot of, M versus concentration

for MHAV1 and MHAV2 (Figure 5.5). This fit was also applied for kappa-

carrageenan and hyaluronic acid at high molecular weight because of high non-

ideality by Harding et al

. (Harding et al., 1997) and Hokputsa ¢

al., 2003

reported in Table 5.2.

t al. (HokpJ

Table 5.2: Summary of weight average molecular weights (W results for

sodium hyaluronate samples from sedimentation equilibrium and SEC-MALS.

Sample 10° x My, (Da)? 10° x My, (Da)’
HAV1 ND 22.7+1.1
HAV?2 ND 20.0+ 3.6
HAV3 25.0+£2.0 18.9+3.0
HAV4 0.46 £0.11 0.43+£0.08
HAV5 0.24 £0.04 0.14 £0.02
HAV6 0.07+£0.01 0.06 £0.01
MHAV1 7.35+£0.2 5.10+£0.10
MHAV2 476 £1.7 3.90£0.04

a : obtained from sedimentation equilibrium

b : obtained from SEC-MALS
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The weight average molecular weight of sodium hyaluronate samples were also
determined by SEC-MALS and the values are also presented in Table 5.2. Due to the
sample dilution in SEC columns, the non-ideality effect was reduced, which allowed
us to obtain the weight average molecular weight of HAV1 and HAV2 directly. The
elution volume profiles of samples are given in Figure 5.6 (a and b) and from this
figure approximately unimodal profiles are seen for MHAV1, MHAV2, HAV4,
HAV5 and HAV6, with some lower molecular weight peaks seen in HAV1, HAV2
andHAV3. The weight average molecular weight results obtained for each sample
from SEC-MALS were relatively consistent with those found by sedimentation

equilibrium (Table 5.2).

0.9 1

0.6 1

relative scale

0.3

0.0

10 30 35

time (min)

Figure 5.6a: Elution profiles of the sodium hyaluronate samples from dRI
detector: HAV1 (black line), HAV2 (red line), HAV3 (green line) at
concentration 0.5 mg/ml, MHAV1 (blue line) and MHAV2 (purple line) at
concentration 1.0mg/ml examined by SEC-MALS.
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Figure 5.6b: Elution profiles of the sodium hyaluronate samples from dRI
detector: HAV4 (black line), HAV5 (red line), HAV6 (green line) at

concentration 5.0 mg/ml examined by SEC-MALS.

5.4.3. Intrinsic viscosity

The intrinsic viscosities of samples were measured usingaxapillary viscometer

and the Viscostar (Wyatt Technology) differential pressure viscometer for each
sodium hyaluronate sample. The valuggfwere obtained using Huggins, Kraemer
and Solomon-Ciuta extrapolations for the capillary viscometer and a good linear

extrapolation can be seen from Figure 5.7 for all samples.

The results are presented on Table 5.3 and this table proves that intrinsic viscosity
greatly depends on molecular weight and there is a general decrease in intrinsic

viscosity with decreasing molecular weight. The intrinsic viscosity result of HAV2 is
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Figure 5.7: The intrinsic viscosity plots from capillary viscometry: Huggins
Kraemer and Solomon-Ciuta extrapolations for sodium hyaluronate samples
(A) HAV1, (B) HAV2, (C) MHAV1, (D) MHAV2, (E) HAV3, (F) HAV4, (G)
HAVS5, (H) HAV6.
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higher than that of thélAV1 though the molecular weight is less. This could be
related to the different stiffness of samples and HAV2 could be much stiffer. Table
5.3 also demonstrates the intrinsic viscosity for sodium hyaluronate samples from
ViscoStar on-line with SEC-MALS, and the data is consistent with those yielded
from capillary viscometer except HAV2 and HAV3. The results of intrinsic viscosity

are also within the range previously determined.

Table 5.3: Summary of Intrinsic viscosity values of sodium hyaluronate samples

obtained from capillary viscometry and differential pressure viscometry.

Intrinsic viscosity [n] (mL/g)

Sample Capillary viscometry Online

Huggins Kraemer Solomon-Ciuta viscostar™
HAV1 3840 + 90 3830 + 140 3800 + 80 4320 + 730
HAV2 3990 + 130 4210 £ 60 4210+ 70 4820+ 40
HAV3 2340 + 110 2610 + 80 2560 + 90 4740 £ 10
HAV4 141+1.0 141 +0.8 142 +1 144 + 0.2
HAVS5 44 + 0.6 44 + 0.6 44 + 1 44 + 0.1
HAV6 16 £ 0.6 16 £ 0.6 16+1 16.6 +0.1
MHAV1 1840 + 50 1790+ 70 1740 + 45 1640 + 3.1
MHAV2 1340 + 20 1340 + 20 1350 + 17 1210+ 3.6
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5.4.4. Conformation Analysis
5.4.4.1 Mark-Houwink- Kuhn-Sakurada Power Law Relationships

The Mark-Houwink-Kuhn-Sakurada (MHKS) or power law relationships is one of
the simplest methods to obtain for conformation and flexibility of sodium

hyaluronate in solution using sedimentation coefficient, intrinsic viscosity and

molecular weight parametefs (Harding et al., 1991c);

[n] =k, M a (5.6)
Sgo,w = Kg M b (5.7)

The MHKSor ‘Mark-Houwink’ exponents “a” and “b” are obtained from the slopes

of double logarithmic plots of intrinsic viscosity;/, and sedimentation coefficient,
s30.w Versus molecular weight Mrespectively. The values of a and b are then used
to determine conformation using ‘Haug Triangle’ which is a representation of the

gross conformation of macromolecules. The three extremes of conformation,

compact sphere, random coil and rigid rod, are placed at the corners of triangle

Tombs and Harding, 1997) with the values given at Table 4.4.

Double logarithmic plot ofs2,, versus of molecular weight of all sodium
hyaluronate samples were presented in Figure 5.8. The overall b parameter which
was yielded from slope was found as (0.31 + 0.02) between the limits of rod (0.15)

and coil (0.4-0.5) according to Table 4.4. Within the error estimate the value agrees

with that obtained previously iy (Hokputsa, 2D03).
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Figure 5.8: Mark-Houwink—Kuhn-Sakurada (MHKS) power law double

logarithmic plot of S(Z)O,w vs M, for all sodium hyaluronate samples.

Figure 5.9 presents the plot of intrinsic viscogify vs. molecular weight N for

each sodium hyaluronate sample. The obtained a values from these slopes were
presented in Table 5.4. As it can be seen from Table 5.4, the a values of sodium
hyaluronate samples were found between 0.2 to 0.75 which indicates the

conformation as a semi flexible coil and the finding is consistent with previous

studies| (Bothner et al., 19|88, Gura et al., 1998, Bezakova et al}| 2008, Caspgrsen et

al., 2014).
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Figure 5.9: Mark-Houwink—-Kuhn-Sakurada (MHKS) power law double
logarithmic plot from on-line differential pressure viscometry coupled to SEC-
MALS for sodium hyaluronate samples; (A) HAV1, (B) HAV2, (C) MHAV1,

(D) MHAV2, (E) HAV3, (F) HAV4, (G) HAV5, (H) HAVS.
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Table 5.4: Mark-Houwink-Kuhn-Sakurada (MHKS) power law exponent a

from SEC-MALS and Wales-van Holde ratio, R, for sodium hyaluronate

samples.

Sample MHKS a R= Kk¢[n]
HAV1 0.20+0.01 0.8
HAV2 0.43+0.01 1.1
HAV3 0.50 +0.01 0.6
HAV4 0.66 +0.01 1
HAVS5 0.69+0.01 ND
HAV6 0.54+£0.01 ND
MHAV1 0.65 +0.01 0.7
MHAV2 0.75+0.01 0.7

5.4.4.2. Wales-van Holde Ratio (R)

The Wales-van Holde ratig (Wales and Van Holde, 1954) is the simplest

guidance/indicator of a molecule conformational flexibility. The limits are ~ 1.6 for a
compact sphere or a non-draining random coil (Creeth and Knight, 1965), and <1 for

rods (Tombs and Harding, 1998). Wales-van Holde ratio, R, is;

R=ks/ [n] (5.8)

The k is concentration dependence coefficient or the Gralen parametgn/ad
intrinsic viscosity. The R results of sodium hyaluronate samples are given in Table
5.4 and it appears that all sodium hyaluronate samples are again consistent with

semi-flexible structures (R 0.6-1.0). We also note that our results appear similar to

those found previously by Kok et al., Hokputsa et al. and Almutairi ¢t al. (Kok gt al.,

2009| Hokputsa et al., 2008b, Almutairi et al., 2013).
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5.4.4.3. Estimation of the Persistence Length () and Mass Per Unit

Length (M)

The persistence length, land M are representations of the bending flexibility of

linear polymer chains (worm-like chaips)(Harding, 2005g).id defined as the

average projection length along the initial direction of the polymer chain andg M

the mass of the molecule(s) within the polymer divided by its length. Theoretically,

L, = 0 is for a random coil whereas % « is for the rigid rod(e.g. see| (Harding,

1997). However the practical limits, -farrandom coil are ~1nm (e.g pullulan) and

for arigid rod ~200nm (e.g. xanthan) are more suitable (Tombs and Harding, 1997)

The persistence length can be estimated using different appgpaither using the

sedimentation coefficien

1962) or using the

1963) equations.

(Yamakawa and Fujii, 1973, Hearst and Stockmayer,

intrinsic viscosity

(Bohdanecky, 1883, Stockmayer and Fixman,

5.4.4.3.1. Bushin-Bohdanecky Method

This method is a popular method for estimating chain persistence lengjhs (L

especially for semi-flexible polymers, and has been applieda ttange of

polysaccharides such as xylogludan

al., 2009) and konjac glucomann

(Patel et al., 2008b), methylcellulose (Morris et

an (Kok et al., 2009). The persistence length is

estimated using viscosity and molecular weight data from the equation below

Bushin et al., 1981g, Bohdanecky, 1p83):
M2\ 1/3 1 \"1/2 4
—w - -1/3 -1/3 (2Lp /2
([n]) AgM,®1/3 + By (ML) M (5.9)
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where® is the Flory-Fox constant (2.86 x ¥dmol?), A,andB, are constants and

were taken as ~1.32 and ~1.10, respectiyely (Bush

in et al., [1981b). The value of

mass per unit length (1of sodium hyaluronate was taken as (~410 g'mati%),

that was obtained from (Tsutsumi and Norisuye, 1998).

The plot of (M2 /[n])Y/® vs. M/* for all sodium hyaluronate samples are shown in

Figure 5.10. The L is calculated from slope using the Equation 5.9 and the

constants 4, and By, as given previously. From the slope thewas obtained as

(9.4 £ 0.03) nm, which is an excellent agreement

vith (Gamini et al.,

Hayashi et al., 1996) using the same method.
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Figure 5.10: Bushin-Bohdanecky plot for sodium hyaluronate samples, where

Lp = (9.4 £ 0.03) nm from the slope.
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5.4.4.3.2. Global analysis method (HYDHI)

It is clear that using different methods to determipeahd M might lead to some

bias and discrepancies on results. To prevent this variability, the Multi-HYFIT
program was developed by Ortega and Garcia de la Torre (2007) to enable estimates
for consensus values of land M and chain diameter d, by considering two or more
data sets of intrinsic viscosityfn/), sedimentation coefficients},,) and where
appropriate radius of gyration §Rand translational diffusion coefficient {Dfor

varying molecular weights of the same substance. This program carries out

minimisation of a target fumtion known as A using Bushin-Bohdanecky

Bohdanecky, 1983Bushin et al., 1981a) and Yamakawa-Fyjii (Yamakawa [and

Fujii, 1973) equations within the several variables. The optimization process can be

implemented giving different weightings to each propegrty (Ortega and Garcig de la

Torre, 2007). To simplify and accelerate the minimization of the process, the least

effective parameter or well defined parameter from known molecular structure (eg.
M_) can be fixed .The results of simulation analysis showed thiatdomparatively
insensitive to the value chosen d. Then the Multi-HYDFIT program optimizes the
parameters in order to obtain the minimisation of the target function, based on the

following equations:

AT (cany—aT 2
87 =3 [(ZTWTrlzT W (—“‘” “”“’”) ] (5.10)

Ns AT (exp)

2
al ca _aI ex
A% = NLSZIiVL [(21 WY w, <M> ] (5.11)

U (exp)

where N is the number of sample$/; and W, are the statistical weights for

equivalent radiia; and a; and the subscripts cal amp indicates values from
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calculated and sgerimental values, respectively. Therefore, A is a dimensionless
estimate of the consensus between calculated values for the frictional coefficient,

intrinsic viscosity and radius of gyration for a certain persistence lengdmd_the

experimentally measured parameters (Ortega et al.||2011, Patel et al|, 2008b).

In this study, the chain diameter, d was fixed apand M were treated as variables.

In this case the best estimates for the persistence lengths and mass per unit lengths of
each sodium hyaluronate sample were obtained with the minimum value of the target
function A and shown as contour plots as shown in Figures 5.11. The values of the
target (error) function, A are represented by the full colour spectrum ranging from

blue to red. The x-axis and y-axis represengs(im) and M (g.mor*.nm™),

respectively.

The overall |, and M were foundas (9.0 + 0.7) nm and (321 * 33) g.rifahm™,
respectively. The values estimated for each sampte found in the range of 5.0-
9.0 nm for l,, whereas 290-395 g.mbhmi* for M, and are given in Table 5.5. The
small differences for fand M might be due to different chemical compositions.

Furthermore, these values indicate the semi-flexible random coil structure and the

range of persistence length we find is consistent with previous stpdies (Cleland,

1984| Fouissac et al., 1992, Haxaire et al., Elmmller and Boue, 2004) and with

other semi- flexible coil type polysaccharides such as citrus pectin (Morris et al.,

2008).
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Table 5.5: Summary of the persistence length,,land the mass per unit length,

M_ values for sodium hyaluronate samples

Sample Lp (nm) M. (g mof* nm™)
HAV1 55x20.6 385 + 30
HAV2 9.0£15 385 £ 50
HAV3 7.3x£0.1 290 £ 30
HAV4 50x0.1 300 +10
HAVS5 50£0.1 395110
HAV6 50£0.1 30010
MHAV1 59x+0.6 325+ 20
MHAV2 7.0+0.2 370+£10
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Figure 5.11 Contour plots for sodium hyaluronate samples; (A) HAV1, (B)
HAV2, (C) MHAV1, (D) MHAV2, (E) HAV3, (F) HAV4, (G) HAVS5, (H) HAV6.
The target function, 4 calculated based on variables values ofyland M., and
are represented on the full colour spectrum from blueA = 0) to red (1>0.95).
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5.4.4.4. Molecular Conformation Zoning

The sedimentation conformation zoning plot provide the estimation of ‘overall’

sdution conformation of a macromolecule ranging from Zone A (extra-rigid rod) to

Zone E (globular or branched) by plotting kfM; versus [s]M,. (Pavlov et al.

1997\ Pavlov, 2013). [s] is evaluated from this equation:

0
S20,wM2o0,w

[s] =

~ (1-0p20w) (512)

M, is the mass of the molecule(s) within the polymer divided by its length. In this
study, M was taken as the estimated values obtained from Multi- HYDFIT analysis

as 321 g.mét.nm™ and [s] was calculated from sedimentation coefficient data.

Figure 5.12 demonstrates that the sodium hyaluronate samples have semi-flexible
conformation in Zone C. This method also shows an excellent agreement with results

from MHKS and Wales van Holde ratio.
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Figure 5.12 The conformation zoning plot for sodium hyaluronate samps All

samples fall in the zone for semi-flexible coil structures (Zone C).

5.5. DISCUSSION

Throughout this study on sodium hyaluronate samples, the samples that have
different molecular weight were examined in terms of their hydrodynamic properties
(eg. molecular weight and viscosity) for comparative purposes and the
conformational characteristics. According to the plots of g(s) vs s (Svedberg), the
purity and homogeneity of samples were represented. As the sedimentation
coefficient particularly depends on size (and conformation), the low sedimentation

coefficient might be an indicator of low molecular weight samples since Hokputsa

and co-workers indicated this result (Hokputsa, 2003). The concentration

dependence of sedimentation or Gralén coefficigffgk each sample was obtained
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from the reciprocal plots of sedimentation coefficiens3g,) vs. concentration and
it was also used with the intrinsic viscosity results to calculate Wales-van Holde
ratios, which provided a simple guidance for the semi-flexible conformation adopted

by these polysaccharides.

Molecular weight which islescribed as ‘weight average molecular weight’ is an
important parameter for the hydrodynamic characterisation of sodium hyaluronate
and was measured using two different experimental approaches. Firstly,
sedimentation equilibriunm the AUC was used to determine the weight average
molecular weight for the whole distribution. Since determination of the molecular
mass of sodium hyaluronate by this method relates with eliminating the effects of
solution non-ideality, running the samples over a range of concentrations and
extrapolating to zero concentration was used to accomplish this effect. For the low
molecular mass samples, an extrapolation of kil versus concentration was
sufficient whereas it was not efficient for the two high molecular weight samples
HAV1 and HAV2. In this case, SEC-MALS technique has been successfully applied
to sodium hyaluronate samples with higher molecular weight since the dilution of
the sample into the column was low enough to eliminate non-ideality effect. This
state was also observed by Hokputsa et al., (2003) with the high molecular weight
samples and the molar mass was achieved by taking advantage of using SEC-MALS.
Results of the weight average molecular weight were confirmed by using both

sedimentation equilibrium iIAUC and SEC-MALS methods, which were consistent

with those obtained previously Hokputsa et|al. (Hokputsa et al., 2003b), Takahashi

et al.|(Takahashi et al., 1199) and Caspersen gfadpersen et al., 2014).

SEC-MALS also provided the advantage of coupling online molecular weight and

intrinsic viscosity measurements for the samples, which enabled determination of the
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conformation by Mark-Houwink-Kuhn-Sakurada (MHKS) and flexibility by Multi-
HYDFIT methods. The MHKS results indicated that the all samples ediagemi-
flexible random coil type conformation confirmed by the Wales-van Holde ratio and
conformation zoning. In terms of persistence length, two different methods, Bushin-
Bohdanecky and Multi-HYDFIT, have been applied to estimate the conformational
flexibility of the samples. Both methods confirmed the previous results as a flexible

coil conformation. The }\ values varies between 5.0-9.0 nm in agreement with

Fouissac et all. (Fouissac et al., 1992) and Buhler and Boue (Buhler and Bouié, 2004)

who found the j of 4.5-8 nmusing Odijk’s model and Yamakawa-Fujii-Yoshizaki
viscosity theory, and Jof 9 nm from combined light and small-angle neutron
scattering data. On the other hand, Hayashi and co-workers determingcathd L

and 10.5nm using Yamakavrayii -Yoshizaki theory combining with Yamakawa-

Stockmayer-Shimada theory and by Bushin-Bohdanecky]| plot (Hayashi et al., 1996).

Considering the J.data from these three techniques above indicates hraitlonly
relies on the chain conformation, solubility, side chain aggregation and excluded

volume effects but also the method and the parameters that are used.

5.6. CONCLUSION

In this chapter, the characterisation of hyaluronic acid in its sodium salt form has
been successfully achieved using the complementary hydrodynamic techniques of
AUC (sedimentation velocity and equilibrium), SEC-MALS and viscometry
providing knowledge on concerning heterogeneity and conformation of this
important substance. The conformation of samples was also revisited by Multi-
HYDFIT and molecular conformation zoning. Meanwhile the results from Multi-

HYFIT have perfect agreement with the previous results, and the flexible coil
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conformation was proved by this technique and the other complementary
conformation methods Mark-Houwink-Kuhn-Sakurada (MHKS), Wales van Holde

Ratio and molecular conformation zoning.
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CHAPTER 6

A STUDY ON SOLUTION PROPERTIES
AND MOLECULAR CONFORMATION OF

SCHIZOPHYLLAN

6.1. INTRODUCTION

Schizophyllan is a non-ionic, water-soluble microbial homopolysaccharidesthat i

produced by fermentation from the filamentous fungi Schizophyllum commune. It

consistsof a linear chain of B-p -(1-3)-glucopyranosyl groups,

to which B-p-(1-6)-

glucopyranosyl groups are attached (e.g. Figure(6.1) (Kumari et al|] 2008, Bo

L et al.,

2001). Through the advantage of these glucosyl side-chains being on the ougside of

triple helical structure, it is readily dissolved in waiter (Bot et al., p001). Owing

to its

high capacity for immobilising water (in cosmetics-skin and hair products), high heat

stability (petroleum recovery) and bioactivity characteristics (antitumor, anti-

inflammatory, antibacterial activities), it has been considered for many industrial,

medical and pharmaceutical applicatigns (Leathers et al.,

2006, Tombs and H

arding,

1997).

The solution properties of schizophyllan have previously been studied in different

solvents and temperature conditions, ¢.g. (Norisuye et al.,[[1980, Sato et gl.
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Sato et al., 1984, Yanaki et al., 19|80, Kashiwagi et al., |1981, Stokke et all, 1993,

Tako, 1996). Early studies had suggested that the conformation of schizophyllan is a

OH

R

OH

Figure 6.1: Chemical structure of repeating unit of schizophyllan (reproduced

from (Takedatsu et al., 2012)

rod-like trimer in water and a single random coil in DMSO or NaOH by using

sedimentation equilibrium and light scattering methods. (Norisuye et al.,| 1980,

Yanaki et al., 198|(, Kashiwagi et al., 1,)|81, Sato et al., |1983). Light scattering and

viscosity results have shown that schizophyllan completely dissolves in 0.01M

NaOH and the trimer structure is also maintained (Kashiwagi et al.||Ya8hki et

al., 1980). The conformational transition from trimers to single chains (thermo-

irreversible) can also be generated by heating schizophyllan aqueous solutions above

135 °C|(Yanaki et al., 19“5, Zentz et al., 1"392, Tako, [1996).

Data sets of intrinsic viscositys. molecular weight, sedimentation coefficierst
molecular weight, radius of gyration vs. molecular weight plots have also been used
to estimate not only conformation from Mark-Houwink-Kuhn-Sakurada power law

relations but also have been used to estimate the persistence Igh@taxibility of
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linear polymer chains) and mass per unit length) ((vholar mass of the polymer

divided by its length: see for examp|le (Laue and Rhodes,|1990). Norisuye et al.

(1980), Yanaki et al. (1980) and Kashiwagi et al. (1981) who have estimgtaad(L

M, using the so-called Yamakawa-Fujii relatipn (Yamakawa and Fujii, (1973) as

shown in Table 6.1. Bohdaneckly (Bohdanecky, 1983) employed the intrinsic

viscosity and molecular weight data from Yanaki and co-workers (Yanaki ¢t al.,

1980Q) to estimatejand M and - the chain diameter (d)- and the persistence length

was found higher (296 nm). Stokke et al. have observygaQd (M) in the range of

~104-161 nm and ~2070-2013 g.maim™ for three ultrasonicated schizophyllan

samples using electron microscgpy (Stokke et al., [1993).

Table 6.1. Persistence lengthdand mass per unit length M of schizopyhyllan

L, (nm) M. (g mol*nm™) Reference
100-200 - Norisuye et al. (1980)
200 + 30 2150 + 150 Yanaki et al. (1980)
180 + 30 2170 £ 50 Kashiwagi et al. (1981)
104 - 161 2080 - 2130 Stokke et al. (1993)
274 - 296 1900 - 2050 Bohdanecit (1983)

In a more recent approach, an algorithm known as Multi-HYDFIT (Ortegg and

Garcia de la Torre, 2007) was applied to previous literature desaMg, , R, Vs.

M,,, [n] vs. M,,), by Ortega et all (Ortega et al., 2011). These researchers obtained

values of (150 + 20) nm foryLand (2050 + 90) nm for M However, those
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researchers used a very different partial specific volume (0.555 ml/g) instead of

Yanaki’s - 0.619 ml/g.

In order to address these discrepancies and by taking advantage of the recent
advances in hydrodynamic analysis, two different schizophyllan samples with
different molecular weight were depolymerised to estimate their hydrodynamic
parameters in aqueous solutionevilly published approaches for sedimentation
velocity in analytical ultracentrifugation (AUC) (the Extended Fujita approach) and
sedimentation equilibrium (“SEDFIT-MSTAR”) together with size exclusion
chromatography coupled to multi angle light scattering (SEC-MALS) were used to
characterise heterogeneity and molecular weight distributions. The flexibility
parameters, fand M values, and the conformation waeeassessed using Multi-
HYDFIT and other methods, namely the Wales-van Holde and Conformation Zoning

approaches.

6.2. MATERIALS

Two schizophyllan samples GM1 and INV1 were kindly provided by Glycomix Ltd.
(Reading, United Kingdom) and Invivogen Ltd (San Diego, USA), respectively.
Both samples were used as supplied without any further purification and assumed to
be of similar composition. A stock solution for both GM and INV was prepared by
dissolving a known amount of schizophyllan in distilled deionised water at room
temperature with gentle stirring overnight followed by dialysis for a further 18 hours
against phosphate-chloride buffer supplemented with NaCl according to Green
(1933) at pH 7.0 and an ionic strength (I) of 0.1M. The concentrations, ¢ (g/ml) of

the stock schizophyllan solutions were measured after dialysis using an Atago
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(Japan) DD-7 refractometer calibrated with glucose standards, and a refractive

increment dn/dc of 0.145ml/g (Norisuye et al., 1f980). The solution of native

schizophyllan INV was sonicated with a VWR Ultrasonicater Bath-USC 1700 THD
series (VWR International, UK) at 480W and 45 kHz for 38 hours to produce
different molar mass of sample, INV2. The stock solutionaabther native
schizophyllan GM1 was then also exposed to microwave heating by a microwave
synthesiser (Anton Paar Ltd, UK) at 500W and 110°C for 45 seconds to produce
GM2. It was observed that heating farlonger period (more than 45 seconds)

resulted in discoloration of the sample.

6.3. METHODS

6.3.1. Partial Specific Volume

Density measurements of schizophyllan solutions (ranging from 0.25 to 1.25mg/ml)
were performed using a DMA 5000M density meter (Anton Paar, UK) so as to

determine the partial specific volume using the mechanical oscillator technique

according to the procedure of Kratky et jal. (Kratky et al., 1973). The partial specific

volume was calculated using the equation below;

_1-dp/dc

b=— - (6.1)

wherev is the partial specific volume (ml/g), is the density of the solvent (g/ml),
dp/dc is the density increment which can be obtained from the limiting slope of the

plot of solutiondensity versus concentration.
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6.3.2. Sedimentation Velocity (SV)

An Optima XL-I (Beckman Instruments, Palo Alto, USA) equipped with Rayleigh
interference optics was used to determine the sedimentation behaviour and molecular
homogeneity of schizophyllan samples. Solution concentrations ranging between 0.2
— 1.5 mg/ml for each schizophyllan were studied at a temperature of (20.0 = 0.1) °C.
400ul of solution and an equal volume of the pH 7.0, [=0.1M reference
buffer/solvent (400ul) were injected into the solution and solvent channels
respectively of 12 mm optical path length double sector cells. The Rayleigh
interference optical system was used to record changes in the concentration versus
radial displacement profiles with time. Scans were taken at 2 min intervals for a run
time of approximately 18 hours at 40000 rpm. A partial specific volunoé,-0.592

ml/g- was used for the schizophyllan according to the densitter measurements.

For comparison purposes, sedimentation coefficients were normalised to standard

solvent conditions, namely the density and viscosity of water at 20.0°C -see e.g.

Abdelhameed, 2010, Laue and Stafford IIl, 1]999):

S20w— {(1'5P20,w)/(1'ﬁpo)} Ao /leo,w} STp (6.2)

wherepj,andn, are respectively the density and viscosity of the solvent or buffer, b
at temperature T angh,,, andn,,,the corresponding values of water at 20.0 °C.

The data was analysed using the “least squares Is-g(s) model” SEDFIT program of

Schuck and colleagues (Dam and Schuck, P004) in terms of distributions of

sedimentation coefficient distribution . Theeg(s) vs. s profiles were used to provide
an assessment of sample polydispersity. The safjgvalues are ‘apparent’ values

because of non-ideality. To remove this effesty,, is extrapolated to zero
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concentration and,,, is obtained from reciprocal plot of,y, (1/sz0) VS.

concentration (see for example, (Harding, 2005c)):

Usow= (1/ S%ow)-(1+kc) (6.3)

where s9,,, is sedimentation coefficient at zero concentration and standard

condition,k; is the Gralen parameter (Gralen, 1944); seelalso (Harding,|2005a)

6.3.3. Sedimentation Equilibrium (SE)

Sedimentation equilibrium experiments were also carried out using the Beckman
(Palo Alto, California, U.S.A.) Optima XL-1 analytical ultracentrifuge and
employing Rayleigh interference optics and an automatic on-line data capture
system. 12 mm optical path length double-sector titanium cells with sapphire
windows were loaded with (~70ul) of dialysed sample as a concentration series (that

is ranging from 0.4-1.5mg/ml) and a matching amount of reference buffer dialysate
in appropriate channels. The balanced cells were then loaded into an analytical 8-
hole titanium rotor An50-Ti and placed in the AUC. After time was allowed for
vacuum formation and for temperature equilibration (20.0 °C), the rotor was then
accelerated to 3000rpm for GM1 and GM2, and 7000 rpm for INV1 and INV2.
Using the Rayleigh interference optical system, scans were taken every one hour and
equilibrium was reached after approximately 48 hours for INV1 and INV2, and 96
hours for GM1 and GM2. Record of the relative concentration distribution of the
solute at equilibrium was analysed to give the weight average apparent molecular

weight My.app Using the SEDFIT-MSTAR program implemented by Schuck et al

Schuck et al., 2014) based on the algorithm of Cdélfen and Harding (Colfgn and
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Harding, 1997) and th&* function of Creeth and HardinF (Creeth and Hardjng,

1983).

6.3.4. Size Exclusion Chromatography Coupled to Multi Angle
Light Scattering (SEC-MALS)

Molecular weights (weight averages) and molecular weights distribution of all
schizophyllan samples were determined using-3EALS. The system consisted of

a series of size-exclusion chromatography (SEC) columns, namely TSK G5000PW
and TSK G6000PW, protected by a similarly packed guard column (Tosoh
Bioscience, Tokyo, Japan) coupled lame to “Helios” multi-angle light scattering
(MALS) and refractive index (OptilabrEX) detectors (Wyatt Technology, Santa
Barbara, USA). Solutions for injection were prepared as 0.5mg/ml for all samples
and were thefiltered through a 0.2 pum syringe filter (Minisart, Surrey, UK)—to
remove any insoluble material or dust prior to being injected into the columns. The
buffer was pumped at a steady, pulse-free flow rate of 0.8 ml/min through the
column system. Data was analysed by ASTRA (Version 6.1) software (Wyatt
Technology, Santa Barbara, USA). A linear tfit the “Debye” plot of Kc/Ry vs

sirf(6/2), where the terms have their meaning was used for calculating the absolute

weight average molecular weight (M (Wyatt, 2013b). The refractive index

increment (dn/dc) value used for data analysis for the schizophy#la®.45ml/g

Norisuye et al., 1980).

6.3.5. Capillary and Differential Pressure Viscometry

Schizophyllan solutions ranging from 0.2 mg/ml to 1.2 mg/ml were analysed using a

Schott-Gerate Ostwald viscometer system at a temperature of (20.0 £ 0.01) °C. The
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relative viscosityyye, was obtained from the ratio of the flow time of the solution
(sec) to the flow time of solveny{ = (t/t)), where the flow time was recorded

accurately using photosensors. Because of the low concentrations, a density

correction was deemed unnecessiary (Harding, [1997). The reduced visggsity (

(mrer1)/c) and the inherent viscosityid, = (Innre)/C) were extrapolated to zero
concentration to eliminate non-ideality effects with the common intercept at c=0

yielding the intrinsic viscosityy/ from Huggins and Kraemer equations:

Nred = [1] (1 + Kn.[n].c) (6.4)

and

(Innrey/c = [n] (1 - Ke.[n].c) (6.5)

where K; and K are the Huggins (1942) and Kraemer (1938) constants,
respectively. As an additional check, a combined Solomon & Ciuta (1962) relation

was also used:

[1] ~ (1/). [2 (nsp— In (nre1 )™ (6.6)

The assumption has been made that there was no shear dependgycenafer

creeping flow conditions in the capillary viscometer.

Intrinsic viscosities of samples were also measured by Viscostar (Wyatt Technology)
differential pressure viscometer on-line to the SEC-MALS system. Due to sensitivity
of the sensors and high dilution in the column, the concentration is low and because

of this, Solomon-Ciuta equation (6.6) can be applied without any extrapolation

Harding, 1997).
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6.4. RESULTS

6.4.1. Partial Specific Volume

To measure the sedimentation coefficient and weight average molecular weight from
sedimentation equilibrium experiment, partial specific volum@f schizophyllan

was required in 0.1M PBS. Thus, the partial specific volume was determined from
density measurements andf (0.59 + 0.05) ml/g was calculated from the slope of

the solution density versus concentration (Figure 6.2). This valgenilar to the

values for xanthap (Dhami, 1996) and citrus pegtin (Harding et al., [L1991a).

1.0040

1.0038 -
1.0036 -
1.0034 4

1.0032

Density (g/ml)

1.0030 A

1.0028

0.0003 0.0006 0.0009 0.0012

Concentration (g/ml)

Figure 6.2. Determination of partial specific volume of schizophyllan using
density measurement in 0.1M PBS at 2C.
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6.4.2. Sedimentation Velocity (SV)

The sedimentation coefficient)(sf each schizophyllan sample was measured at
various concentrations by the least squblrg*(s) method. The sedimentation
coefficient distribution plots (Figure 6.3) indicates that the apparent sedimentation
coefficient distributions for all samples appear to be bimodal and showed that the

samples are heterogeneous.

Table 6.2: Summary ofs3, ,, and ks for schizophyllan samples.

Sample 90w (S) ks (ML/g)
GM1 10.40£0.2 168 £ 21
GM2 9.53+0.3 186 + 30
INV1 9.00 £ 0.36 141 £ 44
INV2 8.07 £0.13 236 + 18

According to the distribution plots in Figure 6.3, two peaks were identified for each

concentration studied and for all four schizophyllan samples. Peak 1 (the minor
peak) is around ~2S which shows the small molecular weight component and peak 2
(the main component) is around ~8S - 9S that indicates higher molecular weight

component in the sample.

To eliminate the effect of non-ideality, ,, was extrapolated to zero concentration to
obtainsj, ,,. The Figure 6.4 shows the reciprocal plots of apparent sedimentation
coefficient versus concentration (for the main component). The slope of these plots

gives the concentration dependence paramet@r&lén coefficient) for each sample

and presented on Table 6.2.
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Figure 6.3 Sedimentation coefficient distribution profiles using least squares
g*(s) method of SEDFIT obtained from sedimentation velocity experiment for
schizophyllan samples (A) GM1, (B) INV1, (C) GM2, (D) INV2.
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Figure 6.4 Concentration dependence (reciprocal) of the sedimentation
coefficient plot (after correction to standard solvent conditions) for

schizophyllan samples (main component) in 0.1M PBS at pH 7.0 (A) GM1, (B)
INV1, (C) GM2, (D) INV2.

6.4.3 Estimation of Molecular Weight

The weight average molecular weight of schizophyllan samples was determined by
the sedimentation equilibrium method in the analytical ultracentrifuge and
SECMALS. The values were initially determined from the sedimentation
equilibrium method. To eliminate the non-ideality effect in solution from excluded
volume and charge effects, the samples were run at different loading concesntration
in the range 0.4-1.6mg/ml. The data then was analysed using the SEDFIT-MSTAR

program to obtain apparent weight average molecular weight
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Figure 6.5: As (Figure 5.4) but the analysis of GM1 at a loading concentration

of (0.6 mg/ml). M, app from extrapolation of M* to cell base = 2043 kDa, and the

meaning d the fitted lines in “c” and “d” are explained in the legend Figure 6.4.

Table 6.3 Summary of weight average molecular weights () results for

schizophyllan samples from sedimentation velocity, equilibrium and SEC-

MALS.
Sample 10° x My, (Da)? 1P x My, (Da)° 1° x My, (Da)’
GM1 259+0.6 2.14 £ 0.36 2.82+£0.16
GM2 19401 1.76 £0.19 2.12+0.18
INV1 19+£0.8 1.93+0.23 1.90+0.33
INV2 1.15+0.1 1.44 +0.17 1.50 £ 0.04

a : obtained from sedimentation equilibrium.

b : obtained from SEC-MALS.
c : obtained from molecular weight obtained from sedimentation velocity and the
Extended Fujita method.
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Figure 6.6 The reciprocal plots of the apparent weight average molecular
weight (Mw,app) against concentrationc (g/ml) for schizophyllan samples (A)

GM1, (B) INV1, (C) GM2, (D) INV2.

(see, for example Figure 6.5). The reciprocal plot ggversus concentration gave
linear extrapolations for all samples shown in Figure 6.6. The weight average
molecular weight values were then yielded fromittiercept of these extrapolations

and presented in Table 6.3.

However, through the ability of studying at low concentrations (by dilution of the

solution in the columns) in the light scattering detecdtiothe SEC-MALS system,

the non-ideality effects are usually small. Thus, the weight average molecular weight

of each schizophyllan sample and its distribution were also obtained by SEC-MALS

system and are reported in (Table 6.3). Within the error estimate the weight average
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molecular weight results obtained for each sample from SEC-MALS are consistent

with those found by sedimentation equilibrium.

The molecular weight distribution of schizophyllan samples was then obtained by

transforming a distribution of sedimentation coefficient g(s) vs s into a distribution

of molecular weight, f(M) vs M using the Extended Fujita method (Harding ¢t al.,

2011).

The transformation from g(s) versus s is as below:

f(M) = g(s). (ds/dM) (6.7)
with
A B
2.1x107 1 1.5x10”7
1.4x1074 ~ 1.0x1071
S )
g ~
7.0x10°4 5.0x10° 1
0.0 — : : 0.0 . Y .
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G 1.2x10° 5
3.60x10" 1
7
" 8.0x10"
2.40x10" 4
~
-~ ~
= =
& ~
1.20x10” 1 4.0x10" 4
0.00 — — — 0.0 : ; :
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Figure 6.7: Molecular weight distribution for all schizophyllan samples in 0.1 M
PBS buffer obtained from transformation of the g(s) versus s distribution using
the Extended Fujita method of Harding et al., (2011) (A) GM1 at c=0.2mg/ml,
(B) INV1, (C) GM2, (D) INV2 at c=0.4mg/ml.
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s =Ks. M (6.8)
and

ds/dM = b. xs®, D) (6.9)
the conformation parameter (MHKS) b angdhas been obtained as 0.28 and 0.162,
respectively, from the slopes of double logarithmic plots of sedimentation coefficient
versus molecular weight. The molecular weight distributions of samples a

presented in Figure 6.7 andeaconsistent with the results obtained from

sedimentation equilibrium and SEC-MALS.

6.4.4. Intrinsic Viscosity

The intrinsic viscosities of all schizophyllan samples were measured using both a
capillary viscometer and the Viscostar (Wyatt Technology) differential pressure
viscometer for each schizophyllan sample. The valugypfwere obtained using

Huggins, Kraemer and Solomon-Ciuta extrapolations for the capillary viscometer

Table 6.4: Summary of intrinsic viscosity values of schizophyllan samples

obtained from capillary viscometry and differential pressure viscometry.

Intrinsic viscosity [n] (mL/g)
Sample Capillary viscometry Online
Huggins Kraemer | Solomon-Ciuta| viscostar™
GM1 470 + 10 510+ 20 500 + 16 730+ 10
GM2 670 £ 35 700+ 20 690 + 20 730+ 10
INV1 385+ 20 430 + 20 420 + 20 560 + 16
INV2 740 + 65 730 + 35 740 + 40 765+ 3
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Figure 6.8 Intrinsic viscosity plots from capillary viscometry: Huggins,

Kraemer and Solomon-Ciuta extrapolations for schizophyllan samples (A)
GM1, (B) INV1, (C) GM2, (D) INV2.

and linear extrapolations can be seen from Figure 6.8 for all samples. The results in

Table 6.4 were also in excellent agreement with the previous stufdy by (Noriguye et

al., 1980).

6.4.5. Conformation Analysis

6.4.5.1. Mark-Houwink-Kuhn-Sakurada Power Law Relationships

The conformation of schizophyllan samples was assessed based on knowledge of the
sedimentation coefficient?,,, and /7] with M,. Initially, the double logarithmic

plot of sedimentation coefficient versus molecular weight can give the precise
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indication of the gross conformation of the schizophyllan samples in dilute solution

from equation 6.8.

The exponent b in equation 6.8 - has values ~0.67 (sphere), ~0.4-0.5 (random coil)
and ~0.15-0.2 (rigid rod). As noted above, the overall b parameter for schizophyllan
samples was found in this study as (0.28 + 0.09) from the slopee dafuble
logarithmic plot ofs?,,, versus M, which is consistent witta rod like molecule

(Figure 6.9). This value agrees with that obtained previously by Yanakc@nd

workers|(Yanaki et al., 1980).

10—E /

so20,w (S)

M, (g/mol)

Figure 6.9: Mark-Houwink—-Kuhn-Sakurada (MHKS) power law double

logarithmic plot of S(Z)O,w vs M, for all schizophyllan samples.

A similar MHKS double-logarithmic plot was produced for the intrinsic viscosity,
[#], data plotted versus molecular weight to obtain the Mark-Houwink exponent a as

follows:
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[n] =Ky M? (6.10)

Owing to the feature of the Viscostar coupled to the on-line fractionation SEC-
MALS system, the conformation parameter a was characterised using the (MHKS)
power law relation linking#/ (from the Viscostar) and Mfrom SEG-MALS). The

limiting a values are ~0 for the compact sphere, ~0.5-0-8 for random coil and ~1.8

for arigid rod. [(Harding, 200'i|b). The exponent of (a) yielded from the slope for all

schizophyllan samples are reported in Table 6.5 and the results appeared to suggest

the overall conformation as an extended rigid rod structure and similar to that for

xanthan (Figure 6.10) (Tombs and Harding, 1997).
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Figure 6.10: Mark-Houwink-Kuhn-Sakurada (MHKS) power law double
logarithmic plot from on-line differential pressure viscometry coupled to SEC-
MALS for schizophyllan samples (A) GM1, (B) INV1, (C) GM2, (D)INV2.
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Table 6.5: Mark-Houwink-Kuhn-Sakurada (MHKS) power law exponent a

from SEC-MALS and Wales-van Holde ration, R, for schizophyllan samples.

Sample MHKS a R= Kk¢[n]
GM1 1.06+£0.01 0.34
GM2 0.90+0.01 0.27
INV1 1.04+0.01 0.35
INV2 0.92+0.01 0.32

6.4.5.2 Wales-Van Holde Ratio (R)

Another useful indication of the possible conformation for schizophyllan samples in
solution can be obtained from the Wales-Van Holde parameter which is the ratio of

the sedimentation concentration dependaruedficient, k, to the intrinsic viscosity

[#7] (Wales and Van Holde, 1954). The value of this ratio is characteristically ~1.6

for spheres and random coils, and substantially lower, <1 for rods. The R results
shown in Table 6.5 indicatan extended rod conformation for these schizophyllan

samples

6.4.5.3. Estimation of the Persistence Length,land Mass Per Unit

Length M,

The conformational flexibility of linear polymer chains (worm-like chains) were

estimated from persistence lengthand M representationg (Harding, 2005a). il

the mass of the molecule(s) within the polymer divided by its lengtis.defined as
the average projection length along the initial direction of the polymer chain and it
can be estimated using different approaches either sedimentation coefficient
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Yamakawa and Fujii, 1978, Hearst and Stockmayer, (1962) or intrinsic viscosity

Bohdanecky, 198B, Stockmayer and Fixman, 1963), equations.

6.4.5.3.1. YamakawaFujii Method

This method provides another way for estimating chain persistence lepgtsing
sedimentation coefficient and molecular weight information. The slopg,qf vs

(My)*? gives the value of dand M but it also requires knowledge about one of

these parameters {lor M) (Yamakawa and Fujii, 1973). However, the original

equation given by Yamakawa and Fujii (1973) was misprinted. Freire and Garcia de

la Torre |(Freire and Garcia De La Torre, 1P92) provided the corrected relation as

follows:

0 — ML(1-0po) My \1/? M, \~1/2 ]
5T Tamnona [1'843 (ZMLLP) t A, +4; (ZMLLP) +....| (6.11)

If the persistence length,Lis much larger than the mean chain diameter, d

Yamakawa and Fujij (Yamakawa and Fujii, 1973) have shown that-f(d/2Ly)

and A = 0.1382. Using Yamakawa- Fujii relation from the plots®f,, vs (Mw)*?,
the slope was obtained as (3.74 + 0.11) % (Fiyure 6.11). By the Equation (6)11
and fixed M as 2150 g/mol.nm, the,lwas estimated as (134 + 4) nm and this value

again indicates the extended rod conformation for schizophyllan in solution.
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Figure 6.11: Yamakawa-Fujii plot for schizophyllan samples, where }= (134 +
4) nm from the slope and an assumed value for M 2150 g.mof.nm™ from
(Yanaki et al.).

6.4.5.3.2. Global analysis method (HYDFIT)

The main disadvantage of using the Bushin-Bohdanecky and Yamakawa-Fuijii
methods separately is requirement of eithgrot M. to determine the other

parameter. Therefore, a new algorithm was developed by Ortega and Garcia de la

Torre |(Ortega and Garcia de la Torre, 2007), which basically combines both previous

methods to estimate,land M from the two or more data sets of sedimentation
coefficient, intrinsic viscosity and molecular weight information of the
macromolecule. This programme then optimises the parameters in order to obtain the

minimisation of the target function, based on the equation as above:
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(6.13)

where N; is the number of sample$y; and W, are the statistical weights for

equivalent radiia; anda; and the subscripts cal amap indicate calculated and

experimental values, respectively. Theref\ is a dimensionless estimate of the

consensus between calculated values for the frictional coefficient, intrinsic viscosity

and radius of gyration for a certain persistence lengthand the experimentally

measured parametgrs (Ortega et al.,

1011, Patel et al.,

2008D).

The reported }. and M values in Table 6.6 were obtained by fixing the chain

diameter d and withhe minimum value of the target function, A. Although the

theoreticallimits are L, = 0 forrandom coil and., = o for extra-rigid, practically the

range is~ 1 nm for random coils (e.g. pullulan) and ~ 200 nm for an e)grd-+od

(e.g. xanthan). In this study, thg \alues of schizophyllan were determined to be

~130nm and ~120nm for depolymerised samples and native samples, respectively.

These values appear to suggest the conformatiom higsl rod structure. The M

values were estimated as ~2300 g:fmuii* and ~2200 g.mdinm* for GM

samples and INV samples, respectively and thevéues did not appear to change

with depolymerisation. Thesg, land M values are consistent with previcstsidies

Stokke et al., 19980rtega et al., 201{L, Norisuye et al., 1

08he contour plots were

presented in Figure 6.12d the target function A were represented by the full colour

spectrum ranging from blue to red.
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Table 6.6: Summary of the persistence length, {and the mass per unit length,

M_ values for schizophyllan samples

Sample Lp (nm) M. (Da/nm)
GM1 120+ 10 2300 10
GM2 130+ 10 2300+ 10
INV1 120+ 15 2200+ 10
INV2 130+ 10 2200+ 10

w
N
[=]
o

N
8
My (g.mol 1.nm'1)

My (g.mol” 1.nm'1)

=9
[}
o
o

Lp (nm)
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Figure 6.12 Contour plots of schizophyllan samples; (A) GM1, (B) INV1, (C)
GM2, (D) INV2. The target function, 4 is calculated based on variables values

of L, and M, and are represented on the full colour spectrum from blueA = 0)
to red (4>0.95).
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6.4.5.4. Molecular Conformation Zoning

The sedimentation conformation zoning plot provide the estimation of ‘overall’
solution conformation of a macromolecule ranging from Zone A (extra-rigid rod) to
Zone E (globular or branched) by plotting &fM; versus [s]M,. Thus, the
molecular conformation type can be estimated using sedimentation coefficient
parameter and Mrom the equations as follows:

[s] = M (6.14)
- (1-0pzow) '

and M; is the mass of the molecule(s) within the polymer divided by its lehgth.
this study, M was taken by estimation value from Multi-HYDFIT as 2200
g.molt.nm™* and 2300 g.madl.nm™ for GM samples and INV samples, respectively.
The [s] values were obtained from the seditagon coefficient data using equation

6.14.

From Figure 6.13,it appears that schizophyllan samples clearly belong to
Conformation Zone B rigid rods. These findings are consistent with those yielded

from the MHKS and Wales-van Holde approaches, and reinforce those previously

found by Yanaki et all. (Yanaki et al., 1980)
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Figure 6.13 The conformation zoning plot for schizophyllan samples which are

adapted rigid rod structures (Zone B.

6.5. DISCUSSION

In this study, the hydrodynamic properties of four schizophyllan samples have been
characterised with regard to their weight-average molecular weighy), (M
sedimentation coefficient, ) distribution, and intrinsic viscositiegy(). Bimodal
distributions were seen from sedimentation coefficient distributions. The weight
average molecular weight was firstly determined by sedimentation equilibrium.
However, for this experiment, the effect of thermodynamic non-ideality in solution
needs to be considered. Because of charge effects and excluded volume effects, the

solution non-ideality appears and the schizophyllan solution displays strong solvent-
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polymer interactions that ascend with increase in concentration. To minimise this
non-ideality effect, the samples were run at a series of measurements at different
loading concentration and extrapolated to infinite concentration. As a result, the
sedimentation equilibrium method has successfully been applied to schizophyllan
samples and the values of molecular weights were obtained for all samples in the

range of ~ (1.2-2.6) x £aDa). Results were confirmed with those obtained from

SEC-MALS and the previous studi¢s (Norisuye et al., J980, Yanaki et al.} 1980,

Kashiwagi et al., 1941 third approach was used as a complementary method to

determine molecular weight distributions based on sedimentation coefficient
Extended Fujita results were again consistent with those obtained from

sedimentation equilibrium and SEC-MALS

In terms of conformation, SEC-MALS also provided the advantage of coupling
online molecular weight and intrinsic viscosity measurements for the samples, which
allowed estimating conformation by Mark-Houwink-Kuhn-Sakurada (MHKS) and
flexibility by Multi-HYDFIT methods. The MHKS results indicated that the all
samples adopted rigid rod type conformation proving by Wales-van Holde ratio and

conformation zoning and gaining some flexibility at higher molecular weight

Yanaki et al., 198‘0).

The flexibility of schizophyllan samples in terms gfdnd M, were revisited using

the accomplish technique-Multi-HYDFIT and sedimentation conformation zoning.
Meanwhile the | results from Multi-HYFIT have a perfect agreement with the
previous results from Norusiye et al., and Stokke et al. (Stokke et al., 1993), who
found L, of ~100-200nm using the so-called Yamakawa-Fujii relation and ~104-

161nm using electron microscopy, respectively. On the other hand, Bohdanecky

Bohdanecky, 1983) employed the intrinsic viscosity and molecular weight data
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from Yanaki et al| (Yanaki et al., 19|80) to ggtdnd M and - the chain diameter

(d), and the persistence length was found higher (296 nm). The obtgiaed M

values also consistent with the result from Categ al (2011) who applied the
Multi-HYDFIT program to the previous literature data from Yanaki et al. (1980) and
found the values of (150 + 20) nm fog &nd (2050 = 90) nm for M Consequently,

the results also showed that using only single approach to estimate persistence length
and mass per unit length can leactmas in the results. This emphasizes the need to
use more than one independent method, and if possible using complementary

hydrodynamic techniques.

6.6. CONCLUSION

The hydrodynamic properties of schizophyllan were determined by the
complementary hydrodynamic techniques including AUC (sedimentation velocity
and equilibrium), SEC-MALS and viscometry, which provide an important
knowledge on the heterogeneity and conformation. The conformation of samples
was also revisited by accomplish technique-Multi-HYDFIT and molecular
conformation zoning in addition to previous conformation methods. fitegnthe
results from Multi-HYFIT have a perfect agreement with the previous results, and
the rod type conformation was proved by this techniqgue and the other
complementary conformation methods such as Mark-Houwink-Kuhn-Sakurada

(MHKS), Wales van Holde Ratio and molecular conformation zoning.
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CHAPTER 7

HYDRODYNAMIC CHARACTERISATION
OF CHITOSAN AND ITS INTERACTION
WITH TWO POLYANIONS: DNA AND
XANTHAN

In Chapter 3, we considered in detail the properties of one of the most important
industrial microbial polysaccharidesxanthan. However, only very rarely is it used

in products by itself. In this chapter, we consider the behaviour of mixtures of the
(polyanionic) xanthan with the polycationic polysaccharide chitosan, which is
derived for example from chitin from the shells of crustaceans. We use the analytical
ultracentrifuge and the principal of co-sedimentation as a marker for interaction.
For comparative purposes, we consider also the interactions of chitosan with another
double helical polyanionic molecule with strong carbohydrate cort&MA. We

firstly examined the hydrodynamic properties of chitosan with different molecular

weight, then studied on the interaction in collaboration with F. AImL1tairi (Almutairi,

2018)
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7.1INTRODUCTION

Chitosan is a cationic polysaccharide which is derived from chitin extracted from the
exoskeletons of crustaceans or the cell walls of Basidiomycete fungi. The basic
structure of chitosan is comprised of linear B-(1-4) linked to 2-amino-2-deoxy-d-

glucopyranose unit with a high degree of N-acetylation as shown in Figure 7.1

Tombs and Harding, 1997).

NHR
OH

HOCH, 07

Chitin, R=Ac Chitosan, R=H

Figure 7.1: Chemical structure of chitosan adapted from Tombs and Harding,
(1997). Ac=acetyl

Chitosan is soluble in aqueous acidic solution and due to protonation of amine

groups in acidic media, becomes a cationic polyelectrojyte (Fee,| 2006). The

variation of chitosan in solution derives from differences in the molecular weight,

degree of acetylation (DA) and also the distribution of acetyl groups along the chain

Venugopal, 201[1).

Owing to the unique properties of chitosan including biocompatibility,

biodegradability, hemocompatiblity, antibacterial activity, nontoxic, antitumor,
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fungistatic and anticholesteremi®inaudo, 2006), it has in itself received attention

for use in the food| (Argin-Soysal et al., 2009), cosmelics (Dutta et al.,| 2004),

pharmaceuticail (Wong, 200)9, Bhattarai et al., 2005) and medical appligations [Tan et

al., 2009, Ma et al.,, 2003). Chitosan can form polyelectrolyte complex- three-

dimensional networks or “hydrogels- with oppositely charged polymers and this
complex can be used for controlled drug release by preserving the drug from
degradation in the gastrointestinal tract for drug delivery systems. Modifying the
chemical structure and solvent conditions of chitosan electrostatic interaction and
hydrophobic bonds can be enhanced. Through these interactions, the biomedical

applications of chitosan for drug delivery (chitosalginate) and gene delivery

(chitosarDNA) (Li et al., 200%{ Mansouri et al., 2004) has attracted attention.

However, the information of molecular properties of chitosan in solution especially
molecular weight and conformation is essential to understand the behaviour of

chitosan in the presence of other macromolecules.

Molecular weight (primarily the weight average Mr “molar mass” estimations for
various chitosan preparations in solution have in the past been investigated using

membrane osmometry, multi-angle light scattering (MALS), or light scattering

coupled with size exclusion chromatography, or SEC alone (Rinaudo et al}, 1993,

Kasaai et al., 20QD, Berth et al., 1§98, Schatz et al.,|2D08)to the possibility of

adverse polycationic interactions with column  materials, analytical

ultracentrifugation (AUC)-another powerful approach which estinsateolecular

weight is useful in this regarfl (Fee et al., 2003b) and also as a complementary

technique e.g| (Colfen et al., ZTL Fee, 2006).

By considering the interactions of chitosan with macromolecules, the conformation

particularly depends on the source, molecular size range, and degree of acetylation
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DA (or degree of de-acetylation). For instance, increasing the deacetylation of the
molecule, the conformation is more extended due to the increase in charged amino

groups along the chain. In the meantime, increase in ionic strength reduces

electrostatic repulsion, which leads to a more compact conformption (Fee, 2006).

The conformation of chitosan has been determined ranging from semi-flexible to

stiffer conformationg (Cdlfen et al., ZOTRinaudo, 200f, Morris et al., 2009b) in

which sedimentation and viscometry also plays a key role in these evaluations.

Since chitosan can be applied for nasal and oral drug delivery as an mucadhesive (for

example, chitosammucin glycoprotein mucoadhesive interactigns (Harding, 003

Harding, 2006) there is an increasing interest in chitosan interactions with

oppositely charge polyelectrolytes. Sedimentation velocity was used previously to
assay the efficacy of these interactions, where results are reflected in a change in the

sedimentation coefficient of the complex with respect to that of the pure component

Fiebrig et al., 199’T, Anderson, 1991).

In this study, the hydrodynamic properties of six different chitosan samples in
solution were firstly characterised using sedimentation velocity along with
sedimentation equilibrium in the AUC, SEC-MALS and viscometry in order to
obtain the information of sedimentation coefficient, molecular weight, distribution of
molecular weight, intrinsic viscosity and overall conformational flexibility. Then, the
possible interaction between chitosan and other oppositely charge polyelectrolytes
such as xanthan and for comparison another polyabDiNA,, were investigated. The
degree of interaction has been determined by measuring the distribution/weight
average of sedimentation coefficient for the complex comparing those of individual

polysaccharides.
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7.2. MATERIALS

Commercially available chitosans (CHIT1, CHIT2, CHIT3 and CHIT4) were
obtained from Sigma Aldrich (USA). A further two chitosans (CHIT5 and CHIT6)
referred toas “laboratory chitosans” were prepared at the Teagasc Food Research
Centre, Ashtown, Dublin 15, Ireland. Degrees of acetylation (DA) were found to be
approximately 25% for CHIT1 to CHIT5 and 15% for CHIT6, as assayed using
NMR by suppliers. The samples were used as supplied without any further
purification. The chitosan samples were dissolved in 1=0.2 M acetate buffer (pH 4.3)
with stirring for 24h and used directly for all experiments. For sedimentation
equilibrium experiments the samples were dialysed against the buffer solution

overnight.

DNA samples were kindly provided by Dr. Alan Mackie, Institute of Food Research
(Norwich, UK) in stock solution (5.0 mg/ml) and were diluted in phosphate buffered

saline (PBS) at an ionic strength of 0.1M and pH 7.4.

A stock solution of xanthan (supplied by Dupont, Paris), refewred “xanthan—

STD (Standard LMW) (see chapter 3) was prepared by dissolving a known amount
in distilled deionised water, with gentle stirring at 3 h followed by overnight dialysis
against phosphatehloride buffer supplemented with NaCl at pH 7.0 and an ionic
strength of 0.0. The concentrations, ¢ (g/ml) of the stock of chitosans and xanthan
solutions were measured using an Atago (Japan) DD-7 refractometer calibrated with
glucose standards. The mixtures DNA—chitosan and xanthaohitosan were

prepared by adding equal volumes and concentration.
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7.3. METHODS

7.3.1. Sedimentation Velocity (SV)

An Optima XL-I (Beckman Instruments, Palo Alto, USA) analytical ultracentrifuge
equipped with Rayleigh interference optics was used. Sample solutioqlj4&ed
reference buffer (40Ql) were injected into the respective channels of double sector
12 mm optical path length cells. The Rayleigh interference optical system was used
to record changes in the concentration versus radial displacement profiles with time.
An initial low rotor speed of 3000 rpm was used to check for the presence of any
large sedimenting species and then adjusted to a rotor speed of 40,000 rpm. The
standard conditions of density and viscosity of water at 20.0° C were used for
adjustment of the sedimentation coefficients s,}q, values. Scans were taken at 2

min intervals for a run time o624 h. The data was analysed using the least squares

Is — g(s) procedure of SEDFIT (Dam and Schuck, 2004), which solves the Lamm

equation describing the change of concentration distribution with radial position with
time in terms of a distribution of sedimentation coefficients, g(s) vs s, where s is the
sedimentation coefficient. The (differential) distribution of sedimentation

coefficients g(s) can be defined as populationeight fraction— of species with a

sedimentation coefficient between s +|ds (Dam and Schuck|{(2004, Harding} 2005b).

To eliminate the effects of non-ideality (co-exclusion and any residual
polyelectrolyte effects) a plot of the reciprocal of the sedimentation coefficient
(1/s50,4) against concentration, ¢ (g/ml) was made from the intercept at infinite

dilution ¢ = 0, the value free of these effects was foufig;, (units seconds, s, or

Svedbergs, S, where 1S = 18). The following relation due tpb (Gralen, 1944) was

used for the extrapolations:
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1Usyow= (Alszow). (1+ke)  (7.1)

where kis the “Gralen” coefficient (ml/g).

7.3.2. Sedimentation Equilibrium (SE)

Sedimentation equilibrium experiments were performed also using the Optirha XL-
analytical ultracentrifuge. The optical path length (12.0 mm) double-sector cells with
sapphire windows were loaded witk80 pL) of dialysed sample and a matching
amount of reference buffer dialysate in appropriate channels. The balanced cells
were then loaded into an analytical 8 hole titanium rotor Amband placed in the
AUC. After time was allowedfor vacuum formation (<50 microns) and for
temperature equilibration (20.0°C), the rotor was then accelerated to 10000 rpm.
Using the Rayleigh interference optical system, scans were taken every 1h and
equilibrium was reached after approximately ~72 h. Records of the relative
concentration distribution of the solute at equilibrium was analysed to give the

weight average apparent weight average molecular weight,Msing the SEDFIF

MSTAR program implemented by Schuck et @l. (Schuck et al.,|2014). To account

for non-ideality, the conventional/reciprocal of the apparent weight average

molecular weight 1/Map, determined over a range of concentrations, ¢, was

extrapolated to zero concentratipn (Harding, 2005b).

7.3.3. Size Exclusion Chromatography Coupled to Multi Angle
Light Scattering (SEC-MALS)
Molecular weights (weight averages) of the chitosan samples were also estimated by

using the independent technique of SMALS (Wyatt, 2012), a technique which
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has been successfully applied to polysaccharide characterisation since Horton,
Harding, and Mitchell (1991). The present set-up comprises a series of size exclusion
chromatography (SEC) columns, namely TSK G6000PW and TSK G4000PW,
protected by a similarly packed guard column (Tosoh Bioscience, Tokyo, Japan)
coupled onlne to “Helios” multi-angle light scattering (MALS) and refractive index
(OptilabrEX) detectors (Wyatt Technology, Santa Barbara, USA). Solutions
prepared at injected concentrations of 0.5 and 1.0 mg/ml were filtered through a 0.45
um syringe filter (Whatman, Maidstone, Englardd remove any insoluble
material or dust prior to being injected into the columns. The buffer was pumped at a
steady, pulse free flow rate of 0.8 ml/min through the column system. ASTRA
(Version 5.1.9.1) software (Wyatt Technology, Santa Barbara, USA) was used to

analyse the data. A linear fit the “Debye” plot of Kc/Ry vs sirf(6/2), where the

terms have their usual meanipg (Wyatt, 2413b) was used for calculating the apparent

weight average molecular weight (M) using a value for the refractive index

increment dn/dc = 0.163 Iig (Rinaudo et al.,, 1993). Because of the low

concentrations after dilution on the columns no correction for non-ideality was

assumed necessary, and M= M, the ideal weight average molecular weight.

7.3.4. Intrinsic viscosity

The relative viscositiesyfe) of chitosan solutions ranging from 0.1 mg/ml to 1.0
mg/ml were measured using a 2ml Schott-Gerate Ostwald viscometer system at a
temperature of (20.0 = 0.01) °C. The reducedq(= (nrerl)/c) and the inherent
viscosities ginn = (In,.;)/C) were extrapolated to zero concentration to eliminate non-

ideality effects with the common intercept at ¢c=0 yielding the intrinsic viscfgity

179



from Huggins (1942) and Kraemer equations (1938). As an additional &heck

combined Solomon & Ciuta (1962) relation was also used:

[n] ~ (1/0). [2 (nsp—In ()] (7.2)

The assumption has been made that there was no shear dependghaadsr

creeping flow conditions in the capillary viscometer.

Relative viscosities;es were also estimated from a Viscostar (WyattTechnology)

differential pressure viscometer linked on-line to the SHMALS system|(Harding},

1997). The differential pressure drop from solution flow versus solvent flow yielded

nrel @nd then the reduced viscosjtyy from:

nred:(rlrerl)/c (73)

Then because of the high dilutions from the column, the assumption that the intrinsic

viscosity~ reduced viscosity can be reasonably made:

[7] ~ #red (7.4)

The averagerf] for the whole undistributed sample can therefore be specified as
well as the intrinsic viscosity[ (Ve) as a function of elution volum¥ée using the
Solomun-Ciuta relation (Eq 7.2). Because of the high sensitivity of the sensors and
the high dilution from the column, Eq. (7.2) was used to obigig\e) without a

concentration extrapolation.
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7.4. RESULTS

7.4.1. Sedimentation Velocity (SV)

Chitosan samples were firstly characterised by sedimentation velocity in an
analytical ultracentrifuge to examine their molecular integrity using the least squares
Is-g(s) method of Dam & Schuck (2004). The sedimentation coefficient distribution
profiles indicated polydisperse distributions in all cases as shown in Figure 7.2.
These profiles showednimodal distributions for all samples and suggested tthat
samples are homogeneous. Values of the weighted avesggeancreased with
decrease in concentration, showing no evidence of associative effects. The
sedimentation coefficient?,,, of each sample as obtained ranging from 1.8S to

2.7S as reported in (Table 7.1). These values are consistent with previous studies

Colfen et al., 200, Fee, 21’)6, Morris et al., 2009a).
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Figure 7.2: Sedimentation coefficient distribution profiles using least squares
g*(s) method of SEDFIT obtained from sedimentation velocity experiment for
chitosan samples (A) CHIT1, (B) CHIT2, (C) CHIT3, (D) CHIT4, (E) CHITS,
(F) CHIT®.

Additionally, the concentration dependence parametefGialén coefficient) for
each sample was vyielded from the slope of the reciprocal plots of apparent
sedimentation coefficient versus concentrationand this parameter is an indicative of

non-ideality (Figure 7.3).
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Figure 7.3: Concentration dependence (reciprocal) of the sedimentation
coefficient plot for chitosan samples (A) CHIT1 (B) CHIT2 (C) CHIT3 (D
CHIT4 (E) CHITS (F) CHIT®6.

Table 7.1: Summary ofs, ,and ks for chitosan samples.

Sample S 20 (S) ks (ml/g)
CHIT1 2.5+0.2 650+ 50
CHIT2 2.7+0.2 750+ 70
CHIT3 2.3+0.1 600+ 30
CHIT4 1.85+0.1 300+ 10
CHIT5 1.8+0.1 100+ 30
CHIT6 2.4+0.1 120+ 30
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7.4.2. Estimation of Molecular Weight

The weight average molecular weights of chitosan samples were determined by
sedimentation equilibrium method in analytical ultracentrifuge and SEC-MALS. The
values at first of all were determinég the sedimentation equilibrium method. The
chitosan samples were run at different loading concentratioresaris:2.0mg/ml to
eliminate the non-ideality effect in solution from excluded volume and charge
effects. Apparent weight average molecular weightg gy were then obtained

using SEDFIFMSTAR (see, for example Fig. 3.4

Plots of Myappversus concentration for commercial samples (CHIT1 to CHIT4) gave
a non-linear extrapolation, showing a significant concentration dependence

consistent with non-ideal behaviour and consistent with the sedimentation velocity

results (Fig. 7.8) (Harding, 2005, Schuck et al., 2014). Meanwhile, a second order

polynomial fit was used to obtain the molecular weight values which are presented in
(Table 7.2). Similar behaviour has also been observed for hyaluronic acid at high
molecular weight (see Chapter).5The reciprocal plot of 1/Why, versus
concentration was then applied for the laboratory-prepared samples (CHIT5 and
CHIT6) (Fig. 7.5b), and M values obtained from the linear extrapolation (Table

7.2).
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Figure 7.4: SEDFIT-MSTAR output for analysis of CHIT4 at a loading
concentration of 0.5 mg/ml sedimentation equilibrium experiment (a) molecular
weight distribution, ¢(M) vs M plot; (b) log concentration In c(r) vs ¥ plot,
where r is the radial distance from the centre of rotation; (c) M* vs r fiot (open
circle) and fit based on theM* transformations of the c(M) fit of the raw data
(red line): the value of M* extrapolated to the cell base = Map, the apparent
weight average molecular weight for the whole distribution. (d)Point or local
apparent weight average molecular weight at radial position r (open circle)
plotted against the local concentration c(r) for different radial positions: red
line is the fit based on the equivalent transformations of the c(M) fit of the raw
data.

The weight average molecular weight of chitosan samples were also determined by
SEC-MALS systems and the values were presented in Table 7.2. Due to the sample

dilution in SEC columns, the non-ideality effect was reduced. The elution volume
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Figure 7.5a The conventional plot of the apparent weight average molecular

weight (Mw,app) against concentration ¢ (g/ml) (M, appVs C).
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profiles of samples were given in Figure 7.6. Results were consistent with estimates

from sedimentation equilibrium (Figure 7.6, Table 7.2) and values are stmilar

those found previously (Errington et al., 1493, Fee et al., 2003b). The elution volume

profiles of samples for chitosan samples indicated earlier elution times for
commercial samples (CHIT1 to CHIT4), in contrast to laboratory-prepared samples

(CHIT5 and CHIT6) although similar molecular weights were observed (Figure 7.6).
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Figure 7.6: Elution profile of commercial and laboratory-prepared chitosan
samples from dRI detector in 0.2 M, pH 4.3, acetate buffer, (A) CHIT1 (B
CHIT2 (C) CHIT3 (D) CHIT4 (E) CHIT5 (F) CHIT6 (black line) examined by
SEC-MALS at concentration 0.5 mg/ml. The open squares correspond to
molecular weights calculated from SEC-MALS.
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Table 7.2: Summary of weight average molecular weights (W results for

chitosan samples from sedimentation velocity, equilibrium and SEC-MALS.

Sample 10° x M,, (Da)? 10°x My, (Da)’ | 10°x My (Da)
CHIT1 170+ 10 170£5.0 160+ 10
CHIT2 230+ 10 260 + 10 220+ 10
CHIT3 130+ 10 140 £5.0 120 £ 20
CHIT4 85+5.0 110 £ 20 9010
CHITS 95+10 85+5.0 95+ 10
CHIT6 170+ 30 170 £ 10 140 + 30

a : obtained from sedimentation equilibrium.
b : obtained from SEC-MALS.

c :obtained from molecular weight obtained from sedimentation wel@nd the
Extended Fujita method

Additionally, the third method to estimate the molecular weight of chitosan samples
is transforming a distribution of sedimentation coefficient g(s) vs s into a distribution
of molecular weight, f(M) vs M using the Extended Fujita method (Harding et al.,

2011).
The transformation from g(s) versus s is as below:
f(M) = g(s). (ds/dM)  (7.5)
with
s=ks. M?  (7.6)

and

ds/dM = b. ks°. L) (7.7)
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the conformation parameter (MHKS) b has already been determined by Fee et al.

Fee, 200p6) ands can be yielded form equation (7.6) with at least one value,of M

(e.g. M, from sedimentation equilibrium) and the corresponding of s (e.g. the weight
average s value). The molecular weight distributions of samples were presented in

Figure 7.7 and agreed with the results obtained from sedimentation equilibrium and

SEC-MALS (Table 7.2).
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Figure 7.7: Molecular weight distribution for all chitosan samples in 0.2 M, pH

4.3, acetate buffer obtained from transformation of the g(s) versus s distribution
at concentration (0.2 mg/ml), using the Extended Fujita method of Harding et
al., (2011) (A) CHIT1 (B) CHIT2 (C) CHIT3 (D) CHIT4 (E) CHITS5 (F) CHIT®.
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7.4.3. Intrinsic Viscosity

The intrinsic viscosities of chitosan samples were measured using both, a capillary
viscometer and the Viscostar (Wyatt Technology) differential pressure viscometer
for each chitosan sample. The value/gf were obtained using Huggins, Kraemer

and Solomon-Ciuta extrapolations from the capillary viscometer and these
extrapolations are indicated in Figure 7.8 for all samples. The obtained intrinsic
viscosity values were presented in Table 7.3. The differences between these values
can be seen and they indicate the effect of different preparations and source of the

samples on viscosity.

Table 7.3: Intrinsic viscosity values of (Commercial) and (Laboratory-
prepared) chitosan samples obtained from capillary viscometry and differential

pressure viscometry.

Intrinsic viscosity [n] (ml/g)
Sample Capillary viscometry Online
_ viscostar™
Huggins Kraemer Solomon-
ciuta
CHIT1 830 + 20 815+ 15 825+ 15 885 + 20
CHIT2 775 £ 50 805 + 20 810 £ 25 8205
CHIT3 730 +10 740+ 5 740 £5 7305
CHIT4 440 £ 5 430+ 5 43515 500 + 10
CHIT5 130+ 10 130+5 1305 230+ 20
CHIT6 295+ 10 295+5 2955 300 + 20
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191



7.4.4. Conformational Analysis

7.4.4.1 Mark-Houwink- Kuhn-Sakurada Power Law Relationship

The Mark-Houwink-Kuhn-Sakurada (MHKS) relation is one of the simplest methods

to provide conformation and flexibility information of polysaccharides. According to

equation (7.6pand the slope dhe double logarithmic plot 02, versus M (Figure

7.9), the exponent b was found as (0.35 + 0.06). This value suggests the

conformation of chitosan samples are between the limits of rod (0.15) and coil (0.4-

0.5). Within the error estimate the value is similar to those obtained previously by

Colfen et al., and Fee et a

., (Colfen et al., TOL Fee,

2006).

so20,w (S)

10° 2x10°
M (g/mol)

3x10° 4x10°

Figure 7.9: Mark—-Houwink—-Kuhn-Sakurada (MHKS) power law double

logarithmic plot of sgo,w vs M, for all chitosan samples.
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Taking advantage of the feature of viscostar coupled on-line tel8ELCS system
the most common used MHKS equation relates the intrinsic viscogjtyto

molecular weight:

] =x,.M? (7.8)

Figure 7.10 shows the double logarithmic plots of intrinsic viscgsityersus M,y

for all chitosan samples and the a exponent yielded from the slope of this plot was
presented in Table 7.4. The values of a for the chitosans are all consistent with semi-
flexible type molecules (the limits are 0.5-0.8 for a flexible coil, O for a compact

sphere and 1.8 for a rigid rod), and again consistent with previous studies

Brugnerotto et al., 20(“1Nan et al., 2008, Morris et al., 2009b).

Table 7.4: Mark-Houwink-Kuhn-Sakurada (MHKS) power law exponent a

from SEC-MALS and Wales-van Holde ration,R for chitosan samples.

Sample MHKS a R=ky[n]
CHIT1 0.98+0.01 0.75
CHIT2 0.92+0.01 0.90
CHITS3 0.98+0.01 0.83
CHIT4 0.90+0.01 0.60
CHIT5 0.70+0.01 0.45
CHIT6 0.85+0.01 0.40
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Figure 7.10: Mark-Houwink-Kuhn-Sakurada (MHKS) power law double
logarithmic plot for chitosan samples (A) CHIT1 (B) CHIT2 (C) CHIT3 (D)
CHIT4 (E) CHITS5 (F) CHITS.

7.4.4.2. Wales-van Holde Ratio

The conformation of chitosan samples in solution was also obtained using the
Wales-Van Holde parameter. The ratio of the sedimentation concentration
dependenceoefficient, k, to the intrinsic viscositys]] was used to measure the
parameter and the value for ~1.6 for spheres and random coils, and substantially
lower, <1 for rods. The R results in Table 7.4 appear that all chitosan samples

adopted semi-flexible structures with the values betwéen- (0.4-0.9). These

results again agree with the previous work from Colfen gt al. (Colfen et al{, 2001).
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7.4.4.3. Estimation of the Persistence Length,land Mass Per Unit

Length M_

The flexibility of linear polymer chains (worm-like chains) were estimated by

determining the persistence lengthdnd M representations (Harding, 2005a).i4

defined as the average projection length along the initial direction of the polymer
chain while M is the mass of the molecule(s) within the polymer divided by its

length. These both parameters can be estimated using different approaches either

viscosity |(Stockmayer and Fixman, 1963, Bohdanecky, [1@83%edimentatin

coefficient|(Hearst and Stockmayer, 1962, Yamakawa and Fujii| 1973).

7.4.4.3.1. Bushin-Bohdanecky Method

Referring with section (6.4.4.3.1), this method was applied to estimate the chain

persistence length ) using the equation below:

M3 1/3 _ _ 2o\~ Y2 1/n
(F) " = agM, @712 + o =1/3 (22) Ty (7.9

where @ is the Flory-Fox constant (2.86 x fd mor®), B, taken as ~ 1.10

Bohdanecky, 1983) and M~ 450 (g.mof.nm™) obtained from[(Morris et al

2009H). Figure 7.11 showed the plot @2 /[n])Y/® vs. M:/* for all chitosan

samples. TheJwas obtained from the slope of this plot as (10 = 1) nm.
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Figure 7.11 Bushin-Bohdanecky plot for commercial (CHIT1 to CHIT4) and

laboratory-prepared (CHIT5 and CHIT6) chitosan samples, where k.= (10 £ 1)

nm from the slope.

7.4.4.3.2. YamakawaFujii Method

Another approach to estimate chain persistence length Yamakawa Fujii method

by using sedimentation coefficient and molecular weight information (Please refer to

section 6.4.5.3.1

(Yamakawa and Fujii, 1

D73). The slopgdgf vs (Mw)"? plot

gives the value of Jand M by using the following equation, which Freire and

Garcia de la Torre were provided the corrected vergion (Freire and Garcia

Torre, 1992):

§0 = MLU70p0) [1.843 (

3mnoNa

MW
2MLp

)1/2 + 4, +A3(

MW
2MLp

)_1/2+....] (7.10)
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Figure 7.12: Yamakawa-Fujii plot for commercial and laboratory-prepared

chitosan samples, where § = (18+ 1) nm from the slope.

Using the equation above and from the slopglgf, vs (My)*? (Figure 7.12) the e

was yielded as (18 + 1) nm by fixing.Ms 450 (g.mal.nm™).

7.4.4.3.3. Global analysis method (HYDFIT)

Clearly using one methathnbias the result ofJand M and additionallyt requires

either L, or M_ to determine the other parameter. Therefore, a new algorithm was
developed by Ortega and Garcia de la Torre which basically combines both previous
methods to estimate,land M from the two or more data sets of sedimentation

coefficient, intrinsic viscosity and molecular weight information of the
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macromolecule. This programme then optimises the parameters in order to obtain the

minimisation of the target function.,

In this study, the Land M were estimated by fixing the chain diameter d and with
the minimum value of thtarget function, A. The L, and M values estimated using
this procedure reported in in Table 7.5 The contour plot for each chitosan sample

was presented in Figure 7.13.

Although the theoretical limits arg E 0 for random coil andgl= « for extra-rigid,
practically the range is ~ 1 nm for the random coils (e.g. pullulan) and ~ 200 nm for
an extra-rigid (e.g. xanthan). In this study, thevélues of chitosan were determined

in the range 7-16 nm for,Lwhereas 390-560 (g.nibhm') as they were showm i

Table 7.5. The differences between chitosan samples in persistence length and mass
per unit length may result from slight differences in the intrinsic viscosity and the

sedimentation coefficient. These values agree with a semi-flexible rod structure and

also from previous studigs (Berth et al., 1ﬁl§8Jgnerotto et al., 201|1, Colfen et @

2001| Morris et al., 2009b).

Table 7.5: Summary of the persistence lengthLand the mass per unit length

M, values for chitosan samples obtained from global HYDFIT analyses.

Sample Lp (nm) M. (nm)
CHIT1 16+0.2 500+ 30
CHIT2 14+0.2 560+ 40
CHIT3 10+ 1.0 400+ 30
CHIT4 7104 400+ 20
CHITS 7+0.1 390+ 40
CHIT6 16+1.0 550+ 20
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Figure 7.13: Contour plots of chitosan samples (A) CHIT1, (B) CHIT2, (¥
CHIT3, (D) CHIT4, (E) CHIT5 and (F) CHIT6. The target function, A

calculated based on variables values ofgland M, and are represented on the
full colour spectrum from blue (A = 0) to red (A>0.95).
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7.4.4.4. Molecular Conformation Zoning

The overall solution conformation can be determined using a sedimentation

conformation zoning plot by plotting df;M; versus [S|M,

Pavlov et al., 199

7)

(see section 5.4.4.4). Figure 7.14 indicates that commercial chitosan samples (CHIT1

to CHIT4) adapted a rigid rod structure in zone (B) while laboratory-prepared

(CHIT5 and CHIT6) adapted the semi-flexible structureone (C). Tese results

are also consistent with those obtained from the MHKS and Wales-van Holde

approacks

log (10" kgy )

05 | 1.0 | ’1.I5 | 2.0
log (10"°fs1M )

Figure 7.14: The conformation zoning plot for chitosan samples, commercial

(CHIT1 to CHIT4) which have rigid rod structures, and laboratory-prepared

(CHIT5 and CHIT6) which have semi-flexible coil structures.
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7.4.5. Interaction with Two Polyanions: DNA and Xanthan
7.4.5.1. Chitosan-DNA Interaction

The principle of co-sedimentation in the analytical ultracentrifugereviously

successfully employed to study chitosamncin interactions| (Harding, 20p3,

Harding, 2006)- is used to explore this situation further. Solutions of the two

laboratory-prepared chitosan samples CHITS5 and CHIT6 with different molecular

weights and degrees of acetylation were studied in mixtures with the DNA,,of M

estimated from the Extended Fujita method (Harding et al.,|2011) as approximately

300 kDa. First, CHIT5, CHIT6 and DNA were characterised separately at a
concentration of 1.0 mg/ml and a temperature of 20.0°C, using analytical
ultracentrifugation based on sedimentation velocity. Unimodal distributions were
seen in all cases, and the apparent weight average sedimentation coeffigjent
obtained for CHITS5, CHIT6 were 1.9S and 2.3S, respectively, and 6.8S for DNA as
reported in Table 7.6. Each chitosan preparation was then mixed in a 1:1 w/w ratio
with the DNA to a total concentration of 1.0 mg/ml. A clear shift to a high s value is
observed in both cases, with nothing sedimenting at the rate of uncomplexed
chitosan suggesting that the interaction had gone to completion. From the shoulder

of the complex in Figure 7.15, some unreacted DNA was seen remaining.

The effect of degree of acetylation has been examined by providing a grgaser
distribution at low acetylation ratio (CHIT6) compared to that of a higher acetylation

ratio (CHIT5).
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Figure 7.15 Normalized sedimentation coefficient distribution profiles obtained

from sedimentation velocity experiment for unmixed controls and mixture for
chitosan samples (CHIT5 and CHIT6) with DNA.

Table 7.6: Sedimentation coefficients ak,q,, at a total concentration of 1.0

mg/ml, for chitosan, DNA, xanthan and chitosan-DNA and chitosan-xanthan

complexes.
Sample S20w % unreacted | % unreacted | % unreacted
(S) chitosan DNA xanthan
CHITS 1.9
CHIT6 23
DNA 6.8
xanthan 4.8
CHITS-DNA 17
CHIT6-DNA 20
CHIT5-xanthan 10
CHIT6-xanthan 10
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7.4.5.2. Chitosan-Xanthan Interaction

Xanthan is a double helical highly polyanionic polymer and can generate hydrogel

with other polysaccharides. The characteristics of chitosan and xanthan mixtures as

hydrogels have been extensively studied for over two decades (Chu et al., 1995

e

Magnin et al., 2003Popa et al., 2019, Draganescu et al., 2013). The chitosan and

xanthan mixture was examined with a co-sedimentation method in this study. The
molecular weight of the standard pyruvated xanthan (LMW-STD) was found
previously to be~3.2 x 13 kDa using sedimentation equilibrium in the analytical

ultracentrifuge (see Chapter 3).

As with the DNA study, the sedimentation coefficient profile of xanthan wabyfirst
characterised at 1.0 mg/ml yielding a unimodal g(s) vs s plot aviteighted-
averagesy, ,, of 4.8S. Then the 1:1 by weight mixtures with CHIT5 and CHIT6 at a
total concentration of 1.0 mg/ml, were studied and the results shown in Figure 7.16
and Table 7.6. Unlike chitosaDNA, all the chitosan was complexed, and no
residual chitosan or xanthan were left behind for both CHIT5 and CHIT6 complexes.
Weighted averags,,,, for the complexes of 10.3S and 10.1S for CHKBEAthan

and CHIT6-xanthan, respectively were obtained.
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Figure 7.16 Normalized sedimentation coefficient distribution profiles obtained
from sedimentation velocity experiment for unmixed controls and mixture for

chitosan samples (CHIT5 and CHIT6) with xanthan-STD.

7.5. DISCUSSION

In this chapter, the six chitosan samples-commercial (C) and laboratory (L) prepared
samples- with different molecular weights and degrees of acetylation (25% and 15%)
have been characterised in terms of hydrodynamic propéstiesestigate further
application for their interaction with polyanionic polymers. The weight-average
molecular weight (M), sedimentation coefficiens,,,) distribution, and intrinsic
viscosities(/n]) of chitosan samples were assessed by hydrodynamic approaches

using sedimentation equilibrium, sedimentation velocity and -$#ALS. The
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unimodal distributions were obtainéam sedimentation coefficient distributiofar

all chitosan samples. The higher values of concentration dependgnlcavik been
yielded for commercial samples (CHIT1 to CHIT4) whereas not for the laboratory-
prepared samples (CHIT5 and CHIT6), which might indicate very high non-ideal
behaviour. The methods of sedimentation equilibrium, sedimentation velocity-
extended Fujita Method- and SB@ALS provided the weight average molecular
weight values for each sample in the range of ~(85-260)°x(18). The values

obtained from those were all consistent within the error estimate.

The conformation of chitosan depends on the degree of acetylation of the molecule

and the ionic strength of the solvent in which it was stuglied (Schatz et al|, 2003).

Therefore, knowledge of the dependencegf and s, with corresponding M
enables the investigation of the conformation of chitosan samples. The results
indicated the conformation as semi-flexible rod and sample greater flexibility was
observed for CHIT5. These results were confirmed with the Wales-van Holde and
sedimentation conformation zoning methods. Different chemical composition,
molecular weight and ionic strength may result in the discrepancy in the
conformational flexibility of chitosan samples (Varum and Smidsrad, 2004).
Therefore, using more than one hydrodynamic method can ovetodins problem

while characterising the macromolecules. Regarding the persistence length, three
different methods -Bushin-Bohdanecky and Yamakawa-Fujii, Multi HYDFIT- have
been used to estimate the flexibility of chitosan structures. The results appear that
chitosan samples adopt a semi-flexible rod type conformation, which is consistent
with those calculated from MHKS and Wales-van Holde ratio. The results also
reinforced the earlier study by Brugneretto et al. (2001) who found the stiffness of

the chain was not affected from DA ratio (up to 60%). Examining the physical
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Figure 7.17 Multi-Gaussian fit using MULTIG (locally written software, run

under pro Fit™, interactive Preview Window, floating the position € value),

area and standard deviation of each peak Quansoft, Zurich) (A) Multi-Gaussian
fit to the CHIT5-DNA mixture and (B) Multi-Gaussian fit to the CHIT6- DNA

mixture. With the routine MULTIG fitting was initially performed manually

via the interactive Preview Window, floating the position (s value), area and

standard deviation of each peak.
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properties of chitosans in solution provide information about the biophysical
characteristics of molecules and this information enable the study of their behaviour
in mixture with the DNA and xanthan. The principle of co-sedimentation
successfully applied to examine interactions between the chidken and
chitosan-xanthan mixtures, where the laboratory prepared chitosan samples (CHIT5
and CHIT6) were used. Interactions were observed by quantified from the changes in
the sedimentation coefficient distribution of the mixture compared to unmixed
controls using the sedimentation velocity approach. The effect of molecular weight

on interaction can be particularly seen from the chitosan-DNA interaction.

In terms of the shoulder of the chitosaNA complex, some unreacted DNA was
observed (Figure 7.15). Multi-Gaussian analysis of the g(s) vs s distribution for the
complex using the routine MULTIG suggests ~ 28% DNA had not interacted for
CHIT5 (Figure 7.17A) and ~17% for CHIT6 (Figure 7.17B). The s-distribution of
the complex is very broad, even on a logarithmic scale, with material in excess of
100S, with the larger molecular weight chitosan CHIT6 showing the highest degree
of complexation. The chitosan-xanthan mixture indicated that all chitosan and

xanthan interact so there was no remaining unreacted polymer.

7.7. CONCLUSION

A combined hydrodynamic approach wusing sedimentation equilibrium,
sedimentation velocity and SERIALS provides three methods for assessing the
molecular weight and molecular weight distribution of chitosaasd all in
agreement for the six samples studied. Combination with viscosity has been shown
to yield estimates for the conformational flexibility parameter consistent with
previous measurements.
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This study also demonstrates that the principle of co-sedimentation can be used to
study interactions with polyanions such as xanthan and DNA as it has been
successfully applied previously to the study of chitesaurcin glycoprotein
interactions. Furthermore, the interaction of chitosan-xanthan is important to
evaluate the potential medical and food applications such as drug delivery an
flavour encapsulation. The latter interaction between chitosan-xanthgrprove

useful for the assay of potential chitosan based mateidls especially xanthan for
controlled release of entrapped materials such as therapeutic agents, enzymes and

bacteria particularly ifit used in conjunction with mucoadhesive phenomena

Deacon et al., 2000).
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CHAPTER 8

CONCLUDING REMARKS AND SUGGESTIONS FOR
FUTURE WORK

The principal aim of this thesis was to provide a comprehensive hydrodynamic
characterisation of a selected group of microbial polysaccharides, which are of
particular commercial/therapeutic potential use. The solution properties of these
polysaccharides -in terms of their molecular integrity, size distribution, conformation
and interactions with other biopolymers have been investigated using analytical
ultracentrifugation (AUC), size exclusion chromatography coupled with multi angle
light scattering (SEC-MALS) and viscometry as our main tools of enquiry. The

virtue of combining these methods together has also been demonstrated.

8.1. Characterisation of Xanthans

We consideredhe solution behaviour dbur commercial xanthan samples: two with
identical degrees of pyruvalatio“Standard pyruvate” 3.9%), but different
molecular weights (high molecular weight HMW and low molecular weight LMW),
and two further ones of different degrees of pyruvalationely “High” (6.5%) and
“Low” (2%) The hydrodynamic parameters such as viscosity, molecular weight were
determined using AUC, viscometry and dynamic light scattering (DLS) techniques,

but the samples were too large for adequate characterisation by size exclusion
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chromatography coupled to muégle light scattering (SEC-MALS). Therefore, the

SEC-MALS experiment could not be carried out.

Sedimentation velocity revealed unimodal sedimentation coefficient distributions,
which confirmed the purity of all the xanthan preparations. The molecular weights
were determined using the sedimentation velocity-MHKS power law and
sedimentation equilibrium methods. Due to the low value of the “critical overlap
concentration” (c*) and large thermodynamic non-ideality of these macromolecules,
normal “infinite dilution” extrapolation methods to eliminate non-ideality in
sedimentation equilibrium were difficult to apply. However, taking advantage of the
earlier study by Dhami et al. (1995) and using the value obtained for"the 2
thermodynamic virial coefficient B, correct apparent weight average molecular
weights or thermodynamically ideal weight average molecular weights were
obtained. For the conformation, the results revealed a rigid rod conformation, from
both the Wales van Holde Ratio and using molecular conformation zoning. In terms
of the ionic strength effect, the three xanthan samples- xanthan Standard LMW, High
pyruvate and Low pyruvate - showed increasing rigidity with increasing ionic

strength.

8.2. Characterisation of Gellan

The hydrodynamic properties of low acyl gellan (LAG) in low ionic strength
(25mM) Nal solution were determined in terms of viscosity, heterogeneity,
molecular weight and conformational properties. At this ionic strength of Nal buffer,
the gellan exists in solution form (gellan - especially of low purity can easily form
gels in the presence of higher concentrations of mono-and-divalent cations). The

LAG sample was used without any further purification and it was irradiated for
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varying times using microwave heating in a high pressure vessel to produce a series
of polymers of different degrees of degradation or molecular weight, i.e. a
“homologous” series of polymers. Estimating how hydrodynamic parameters varied

with molecular weight provided us with a means of estimating conformation.
According to sedimentation velocity all samples showdamodal sedimentation
coefficient distribution. With depolymerisation, a clear reduction in weight-average
sedimentation coefficient, molecular weight, concentration dependence paragmeter k
and viscosity was observed with increased heating time in the microwave. The
results showed that microwave treated gellan most likely adopted a rod conformation
with some flexibility when it dissolves in 25mM Nal. The Wales-Van Holde ratio
indicated a rigid rod structure (R = 0:50.7), which was reinforced by Mark-
Houwink-Kuhn-Sakurada (MHKS) and conformation zoning methods. For the

guantitative determination of flexibility of gellan, a new software package, HYDFIT

Ortega and Garcia de la Torre, 2D07), which considers data sets of both intrinsic

viscosities for different molecular weights and sedimentation coefficients for
different molecular weights as used: values for the persistence lengiiof(100+

10) were again consistent with a rod conformation.

8.3. Characterisation of Microbial Hyaluronic Acid

We also investigated the solution behaviour of six different hyaluronic acid
preparations (in their sodium salt form) and two further microwave irradiated
samples. The sedimentation coefficient distribution plots, g*(s) vs. s plots again, like
xanthan, showed unimodal behaviour. Both sedimentation equilibrium in the
analytical ultracentrifuge and SEC-MALS were applied to estimate molecular

weights. According to the MHKS method, the conformations of sodium hyaluronate
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samples were all estimated as semi-flexible random coil type conformation, a
conclusion which was reinforced by the Wales-van Holde ratio and conformation
zoning methods. A combination of molecular weight with viscosity data was also
used to determine the persistence length of the samples. The Multi-HYDFIT and
Bushin Bohdanecky approaches were applied to estimate the quantitative
conformational flexibility of the polysaccharides through their persistence lengths
(Lp) and mass per unit lengths (MThose determinations indicated semi flexible

random coil structures confirming results from other conformation determination

methods.

8.4. Characterisation of Schizophyllan

We then considered the solution properties of two samples of schizophyllan (INV1
and GM1) with different molecular weights, which were irradiated using microwave
heating (GM1) and ultrasonication (INV1) to provide a homologous polymer series
for analysis. Again, according to the sedimentation coefficient distribution profiles,
all samples presented bimodal distributions with two peaks, which indicated the high
and low molecular weight component in all schizophyllan samples. The molecular
weights were estimated using three different approaches- sedimentation equilibrium

and sedimentation velocity in the analytical ultracentrifuge and SEC-MALS by

SEDFIT-MSTAR, the Extended Fujita, f(M) approagh, (Harding et al., pamd)

ASTRA (Version 6.1) analysis methods, respectively. The results showed an
agreement on [Mvalues from these three different approaches for all samples, which
proved the importance of comparing different methods for the determination of
molecular weight of polysaccharides. SEC-MALS also provided data to estimate the

conformation by Mark-Houwink-Kuhn-Sakurada (MHKS) and flexibility by Multi-
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HYDFIT methods by the advantage of coupling online molecular weight and
intrinsic viscosity measurements for all samples. The conformation results by the
MHKS approach demonstrated that all four schizophyllan samples adopted rigid-rod
type conformation confirmed by the Wales-van Holde ratio and conformation

zoning. The polymers were shown to gain increased flexibility at higher molecular

weight |(Yanaki et al., 1980). Further conformation analysis for the quantitative

determination of flexibility of the schizophyllan samples (Themhd M values) was
done using the Multi-HYDFIT and Yamakawa-Fujii approaches. Thard M

values of each sample and the results all pointed to a rigid-rod conformatior, with L

values of ~120-130 nm, which were also consistent with previous studies (Nqrisuye

et al., 198(), Stokke et al., 1993).

8.5. Characterisation of chitosan- used as an interactant
with xanthan and DNA

Finally, the hydrodynamic properties of commercial (C) and laboratory (L) prepared
chitosan samples with different molecular weight and degrees of acetylation were
studied in Chapter .7 The hydrodynamic techniques- namely sedimentation
equilibrium, sedimentation velocity, SEC-MALS and viscometry were used for
characterisation. The molecular integrity of chitosan samples were examined by
sedimentation velocity and the g*(s) \&(S) plots reflected the homogeneity of
samples with unimodal distributions. The weight average molecular weights of
chitosan samples were estimated by sedimentation equilibrium, sedimentation
velocity method in analytical ultracentrifuge and SEC-MALS, and the values from

sedimentation equilibrium method were consistent with those obtained from SEC-

MALS and the complementary Extended Fujita method of Harding et al. (Harding et
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al., 2011). Knowledge of the intrinsic visctysi#/ ands3,,, with molecular weight

(My) made it possible to investigate the conformation of chitosan samples by MHKS
method and/n/ values with N, values were yielded from SEC-MALS for each
chitosan sample. Markouwink-Kuhn-Sakurada (MHKS) results suggested a
semi-flexible coil conformation for the chitosan samples and this conformation was
confirmed with the other approaches such as Wades Holde ratio and
conformation zoning. The flexibility in terms of the persistence lenggh ¢t all
chitosan samples were estimated using three different approaches-Bushin-
Bohdanecky, Yamakawa-Fujii and Multi-HYDFIT. The results again indicated a
semi-flexible coil conformation for all commercial and laboratory-prepared chitosan

samples in solution (I~7 to 16 nm).

The principle of co-sedimentation in the analytical ultrackrge was applied to
study interactions of chitosan with two polyanions - xanthan and DNA, which is
important when evaluating these mixtures for the potential medical and food
applications such as gene delivery, drug delivery and flavour encapsulation. This
may prove useful for the assay of potentidlitosan based materials with especially

xanthan for controlled release of entrapped materials such as therapeutic agents,

enzymes and bacterja (Chellat et al., 2000). If this complex is particularly used along

with mucoadhesive phenomena as an imaging probes, it can give better

understanding for the drug delivery application in digestive tjack (Deacon gt al.,

2000).
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8.6. Suggestion for Future Work

It is clear that there are a number of areas which can be covered in future studies:

v' Although the efficacy of hydrodynamic methods including co-
sedimentation- to explore xanthan-chitosan interaction has been clearly
presented, the interaction can also be explored with different conditions such
as the buffer, pH value, ionic strengths and mixing ratio with this
methodology.

v' The interaction between hyaluronic acid and chitosan can be investigated
with the co-sedimentation methods with different mixing ratio, buffer and
ionic strength

v' Since gellan is solution form in 25mM Nal and not requiring the any further
purification to maintain as a solution form, the hydrogel formation of gellan-
chitosan can be studied in different pH values and concentrations with
rheometer, Differential scanning calorimetry (DSC) and atomic force
microscopy (AFM) and dynamic light scattering (DLS) methods as an
addition to analytical ultracentrifugation method.

v' These additional methods which were mentioned above (eg. rheometer,
DSC, AFM, DLS can also be useful to examine the interaction of xanthan-
chitosan and xanthan-hyaluronic acid mixtures, which will provide more

information to develop better healthcare therapies and food applications.
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Abstract: Sedimentation in the analytical ultracentrifuga isatrix free solution technique

with no immobilisation, columns, or membranes regdiand can be used to study
self-association andomplex or “hetero”-interactions, stoichiometry, reversibility and
interaction strength of a wide variety of macromolecular types and across a very large
dynamic range (dissociation constants from*i® to 10! M). We extend an earlier
review specifically highlighting advances in sedimentation velocity and sedimentation
equilibrium in the analytical ultracentrifuge appliedorotein interactions and mucoadhesion
and to review recent applications in protein sasdaciation (tetanus toxoid, agrin),
protein-like carbohydrate association (aminocelluloses), carbohydrate-protein interactions
(polysaccharide-gliadin), nucleic-acid protein (G-duplexes), nucleic acid-carbohydrate
(DNA-chitosan) and finally carbohydrate-carbohydrate (xanthan-chitosan and a ternary
polysaccharide complex) interactions.
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1. Introduction

We recently [1] gave a detailed consideration of how the Analytical Ultracentrfageatrix-free
separation technique for the analysis of the concentration distributions of a protein solute in solution at
high centrifugal field—can be used to investigate either how this concentration distribution changes
with time (known as sedimentation velocity), or (at relatively lower centrifugal fields using the same
instrumentation) the final steady state concentration distribution after sedimentation and diffusive
forces have come to equilibrium (sedimentation equilibrium), can be applied to the study of protein
interactions. The choice of the appropriate optical system was shown to be important, with sometimes
combined optics (refractometic akly/ absorption) proving useful via the process of carsedtation,
especially when used to study mucoadhesive interactions for drug delivery applications [2,3], and
protein-cofactor binding [1].

Since that time there have been some importantlderents in terms of analysis, particularly
for the sedimentation velocity and equilibrium analysis of heterogeneous materials. We will briefly
review those developments and then consider very recent applications to priteissseation
(tetanus toxoid, the yeast exoribonuclease co-factor Rrp47 and mini-agrin), protein-like carbohydrate
self-association (aminocelluloses), carbohydrate-protein interactions (polysaccharide-gliadin), nucleic
add-carbohydrate (DNA-chitosan), carbohydrate-carbohydrate (xanthan-chitosan aficc@Gex)
interactions and nucleic acid-protein interactions (G-quadrupRINA helicase).

2. Analytical Ultracentrifugation

The analytical ultracentrifuge is a high speed (to 60,000 rpm) ultracentrifuge with one or more
optical systems to allow the analysis of the redistribution of macromolecular solute under the influence
of a centrifugal field [4,5]. This can be either a sedimentation velocity experiment where the change in
concentration distribution with time is followed, @isedimentation equilibrium experimenrperformed
at lower speedswhere the steady state distribution of the macromolecular solute is recorded
following equilibration of centrifugal and diffusive forces. The following are common types of optical
systems used to register concentration distributiondJ\ijvisible—useful for proteins and nucleic
acids which generally absorb in th®/, and coloured macromolecules like the cytochromes which
absorb in the visible; (ii) refractometric or interferometric optics, which can be used for any
macromolecular system. Two other types of optical system are used; (ii) fluorescence optics,
permitting detection at very low concentration; and (iv) refractive index gradi€Stildieren” optics,
available on some older equipment.

3. Sedimentation Velocity

In sedimentation velocity we measure the sedimentation coefficient distributiorvsy(s)-a
measure of the purity/heterogeneity of the sample. The s value of individual components present car
be related to the molecular weight and (from the frictional properties) shape. The greater the molecular
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weight or more compact the macromolecule is, the larger its s value. It is often converted to standard
conditions (the density and viscosity of water at 2@P—to give sow Modern software, such as the
highly popular SEDFIT suite of algorithms of Schuck and colleagues [6,7] provides also:

(i) A correction to the sedimentation coefficient distribution for diffusion broadening (this assumes
all particles in the distribution have the same frictional ratsqriétio of the friction coefficient
of a macromolecule to the friction coefficient of a sphere of the same mass and anhydrous
volume)—the resulting corrected distribution is known as awgs3 distribution.

(i) Conversion of g(sys. s or c(s)vs. s for a discrete distribution (i.e., of a small humber of
resolvable components) to a molecular weight distribution (again, assuming particles of the
same shape/frictional ratio), known as g{ld)M or c(M) vs. M.

(i) For continuous distributions, a recently published algorithm known as the Extended Fujita
algorithm [8] was incorporated into SEDFIT.

The transformation in the Extended Fuijita algorithm is as follows:

f(M) = (ds/dM). g(s) (1)

with
M = (Sks)P (2)

and
dg/dM = b.ks 1b.gb- b 3)

b is a conformation parameter (~2/3 for globular macromolecules, decreasing for more asymmetric
structures down to ~0.15 for rigid rodg}.can be found from Equation (2) provided that at least one
value of M (e.g., M from sedimentation equilibrium) is known for one value of s (e.g., the weight
average s value). This method for determination of molecular weight distribution is useful for large
glycoconjugates [9] and associative complexes of very large molecular weight which are out of reach
of other methods of analysis.

Interactions can manifest themselves in the appearaf material of a higher sedimentation coeffitie
and if the reaction is reversible (or partially nesilele) an increase in the slope of a plot of sedintienta
coefficient sow vs. concentration, ¢ (the normal trendlue to non-ideality effectsis a decrease). The
proportion of higher molecular weight component(s)usth increase as the concentration increases and
vice versa.

4. Sedimentation Equilibrium

In sedimentation equilibrium we analyse the steady state distribution of solute concentration c(r) as
a function of radial displacement r from the centre of rotation to obtain an estimate for the molecular
weight. For an interacting system it can in principle tell us the stoichiometry of the system, the average
molecular weight of all the components in the solution being analysed (principally the weight average
Mw but also z-average Mand number average informatiom)Mand also how the local opoint”
average values Mr) (and also Mr) and M(r)) vary with r and c(r). From this, and the help of
various diagnostic plots it is possible also to ascertain association/interagtmmdi§sociation K
constants (often expressediNM ™ or uM respectively) from the way the molecular weight changes
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with concentration. A popular algorithm in the past has been MSTAR based on the M* function of
Creeth and Harding [10] and this has very recently been incorporated into SEDFIT as the very easy ta
use SEDFIT-MSTAR algorithm [11] which provides an estimate fat Mw(r) vs. r or c(r) and
through a smart-smooth procedure an estimate for the molecular weight distribution c(M) vs. M.
Except at very small concentrations (<1 mb/for proteins, <0.3 mgiL for large glycoconjugates)
thermodynamic non-ideality (co-exclusion and polyelectrolyte effects) can be sigrifiestninates
will then be of the apparent molecular weight (e.gvabj.

An associated algorithm MULTISIG [12] provides acctearastimates of Mr) vs. c(r), M(r) vs. c(r)
as well as M(r) vs. c(r) and is proving very useful in the diagnosis of reversibility in interaction
processes [13,14].

For non-interacting systems the conventional way of correcting for non-ideality is to meaggse M
at a series of concentrations and extrapolate back to zero concentration. Unfortunately if reversible
concentration dependent interactive effects are being studied, this procedure is inappropriate. Howeve
the extent of non-ideality (as manifested by the 2nd thermodynamic virial coefficient B) can be
predicted if the molecular weight and shape of the interacting species are known using the excluded
volume theory of Rallison and Harding [15] and incorporated into the COVOL algorithm [16]
examples were demonstrated in the Harding and Rowe [1] review.

5. Protein Self-Association

Recent examples include the application of AUC to the analysis of the self-association of the
tetanus toxoid protein and agrin.

5.1. Tetanus Toxoid Protein

The tetanus toxoid (TT) protein is a chemically detoxified form of the tetanus toxin produced from
Clostridium tetani. The tetanus neurotoxin is a 1292 amino acid protein consisting of two chains
(N-terminal light chain of 52 kDa and C-terminal heavy chain of 98 kDa) linked by a single disulfide
bridge. In addition to being a potent antigen, tetanus toxoid has been frequently used as the carriel
protein in conjugate vaccines (see for example [17]), adding much greater efficacy to carbohydrate
vaccines (see, e.g., [18]). Sedimentation coefficientws(s) profiles (Figure 1a) reveslthe presence
of two clear components with approximately 86% monomer sedimenting at ~7S and a 2nd component
at ~11S (expected for the dimer, if s 23 The proportions of each do not seem to alter significantly
with increasing total loading concentration (Figure 1a): this implies that these two components are not
in reversible equilibrium. Extrapolation ofos, values of both components to ¢ = 0 yieldegh,s°
values of (7.6 + 0.1)S and (11.6 + 0.2)S for the two components. The corresponding.d(Mjlots
(Figure 1b) yielded molecular weight values of ~(150,000 + 5000) g/mol for the main peak and
(270,000 = 15,000) g/mol for the minor peak, cdasis(within experimental error) with a monerdimer
system, results which were consistent with sedinientaquilibrium and SEC-MALS (size exclusion
chromatography coupled with multi-angle light scattering). Furthermore, from the sedimentation
coefficient for the monomer combined with the intrinsic viscosity, it was possible, after allowing for a
range of plausible hydration values [18]),estimate the overall shape of the TT protein in terms of
a prolate ellipsoid, and the measurements are censigfith an asymmetric protein of aspect ratio
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~(3 £ 1):1 (Figure 1c), coincidentally similar to the cartoon representation of it presented some years
earlier by Astronomo and Burton [17]. Such a structure presents a greater surface area for conjugatior
with polysaccharide than a more globular structure, underpinning its popular choice as a conjugation
protein for glycoconjugate vaccines.
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Figure 1. (a) Sedimentation coefficient distribution profiles, c{s) s, for tetanus toxoid
protein at different concentrations, showing mostly monomer with a smaller proportion of
dimer not in reversible equilibriumb) Corresponding molecular weight distribution plots
c(M) vs. M; (c) Low resolution structure of tetanus toxoid protein using the simple ellipsoid
modelling routine ELLIPS1 showing clearly its extetidierm of axial ratio ~3:1. Reproduced
from reference 18 with permission from Elsevier.

5.2. Yeast Exoribonuclease Rrp6 Associated Cofactor Rrp47

In contrast to the TT-protein, recent measurements [19] using both sedimentation velocity and
sedimentation equilibrium have established that the protein Rrp47, which plays an important part in
RNA processing and degradation events, is a pure dimer at least under the conditions analysed, with a
s value of (2.% 0.1)S and M ~ 54,000 g/mol, but like TT-protein it has large frictional ratio (~1.6)
corresponding to an axial ratio of ~6:1 [19].

5.3. Mini-Agrin

Mini-agrin [20] is a miniaturized form of agriran extracellular matrix proteoglycan that induces
acetylcholine receptor aggregation at the neuromuscular junction, miniaturized so that it just contains
4-domains, the N-terminal domain and 3 globular C-terminal domains, considered to be potentially
important in the treatment of congenital muscuatrdphy. Unlike the tetanus toxoid system sediatent
velocity in the analytical ultracentrifuge showed no direct evidence of associative behaviour from the
c(s)vs. s plots but the weight averagecsivalue (4.7+ 0.2)S combined with an estimate from dynamic
light scattering for the translational diffusion coefficientd’~ (3.3 + 0.2) x 10’ cn/s yielded an
estimate of the M of (12000+ 12,000) g/mol using the Svedberg equation, well in exce®e sequence
monomer molecular weight of 106,650 g/mol suggestive of associative behaviour. This was confirmed
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by SEC-MALS which revealed a value for the 2nd virial coefficient B&@6 x 10 mL-mol-g2 On

the grounds that return of a negative value foigBies that thermodynamic non-ideality in thessigal

sense (exclusion volume and polyelectrolyte effects) is +ve and we observalues confirms that
self-association is significaniRe-analysis of the sedimentation equilibrium data using a routine which
specifically considers the evaluation of the association/dissociation constants yielded and estimate of
0.24L/g for the association constantorresponds to a molar dimerization constant K.2+ 0.4) uM.

The low value for the sedimentation coefficient for such a large ~100 kDa protein suggests the
agrin monomer is asymmetric with an axial ratio ~3.8, coincidentally similar to the tetanus toxoid
protein. Further experiments using small angle x-ray scattering and modelling the angular distributions
of scattered x-rays reinforced this view and inthsadimerization via an end-end rather than a
side-by-side process [20].

6. Carbohydrate Self-Association

Certain classes of carbohydrate polymer are known to form double or triple helices (for example
xanthan and schizophyllan respectively) but these tend to be non-reversible equilibria, i.e., by
“reversibl& we mean by changing the concentration one can reversibly change the relative amount of
oligomerization. Two systems have been shown to give reversible behadpnera very weak
dimerization (xyloglucan) the other a stronger oligomerisation (aminocelluloses).

6.1. Xyloglucans

A very weak reversible dimerization was observed for xylogluedhsse arg(1-4) linked xylose
polymers with arabinose (sometimes esterified with phenolic acids) side ¢Raln€kvidence for
dimerization comes not from the appearance of an extra component in the sedimentation coefficient
distribution plots but from the concentration degmce of the sedimentation coefficient after allowing
for non-ideality. For example one xyloglucan (P@&ye a dissociation constant value-K340+ 50) uM
at 20 °C. Intriguingly decreasing the temperature to §r&@tly suppressed the interaction®<3000uM)
whereas raising the temperature to°Glncreased the dimerization strength (KL40uM): this decrease
in Ka (increase in dimerization) with increase in temperature is systematic of a reversible hydrophobic
interaction[21].

6.2. Aminocelluloses

Even more unusual protein-like association has been observed in solutions of the water soluble
carbohydrates known as the 6-deoxysgafminoalkyl) aminocelluloses which had previously been
reported to produce controllable self-assembling films for enzyme immobilisation and other
applications[22]. c(s) vs. s distributions show multiple components (up to pentamers) all related
according to s- M 22 (Figure 2). Not only had such oligomerisatienf the sort seen for example in
antibody aggregation processesever been seen in polysaccharides, the power law coefficient of 2/3
is more appropriate for globular proteins rather than carbohydrates [13]. The oligomerisation was at
least partially reversible (the proportion of the lower molecular weight components decreasing as the
total concentration is increased). One particular aminocellulose exhibited a completely reversible
tetramerisation behaviour [14] as deduced on the basis of (i) point average molecular \Weights,
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Mw(r) and M(r) all converging to the same (monomer valua)=VB250 at zero concentration (and
converging to the tetramer value at higher concentration) in plots of these point avera@gsising

the MULTISIG routine and (ii) overlap of plots ofA¥) vs. c(r) for different loading concentrations.

This completely reversible tetramerisation (and subsequent assembly into larger structures) resemble
more like the behaviour of sickle cell deoxyhemoglobin than any carbohydrate, possibiggrevi
traditional views of what is “protein-like” and what is “carbohydrate-like” behaviour (see []4and
references therein).

6 -
4-

0

0
2
0

sedimentation coefficiént (S)

Figure 2. Sedimentation coefficient distributions of a 6-deoxy-6-amino cellulose (BAEA
cellulose) at various concentrationstid (—) 2.0 mg/mL; dash € —) 1.0mg/mL; dot (--)

0.5 mg/mL; dash dot(- — -) 0.25 mg/mL; short dot () 0.125 mg/mL. Reproduced froml13]

with permission from Wiley.

7. Carbohydrate-Protein Interactions

Recent work on carbohydrate-protein interactions has been focusing on the possible use of fibre
polysaccharides as a macromolecular block trying to stop gliadins reaching the mucosal epithelia and
causing an immune response in people with gluteeirgnce or coeliac disease. The work is currently
on going, but an assay procedure based on sedimentation velocity in the analytical ultracentrifuge
monitoring for co-sedimentation has been developed. The assay procedure takes advantage of the fa
that gliadins absorb ultraviolet light at a wavelength ~280 nm whereas polysaccharides do not. For
example iota-carrageend®3]. Figure 3 shows sedimentation concentration distribution plots for a
co-sedimentation experiment involving a mixture of gliadin and iota-carrageenan, showing a
significant amount of what appears to be complexed material picked up bythésorption system
at 280 nm and sedimenting at ~4.5S, well in excess of unbound gliadin. A comprehensive survey of
fibre polysaccharides as potential macromolecular barriers to gliadin will be published in the near
future (see also ref. [24]).
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Figure 3. Sedimentation coefficient distribution diagrams for gliadins and iota carrageenan
in aqueous phosphate-chloride buffer. c(s) = the population of species with a sedimentation
coefficient between s and ds. UV-absorption optics at 280 nm were used showing only the
gliadins—and whatever they may have interacted with. Red line: gliadin only control at
5.0 mg/mL loading concentration showing material sediing at 2S and a small amount of
aggregated material at ~5S. Blue lineta- carrageenan control at 1.0 mg/mL. The
sedimenting material is almost transparent at 280 Black line (same concentrations)
mixture showing a substantial amount of material sedimenting at ~4.5S: this may indicate
an interaction with gliadin. Reproduced with permission from [23].

8. Nucleic Acid-Carbohydrate Interactions

There is increasing interest in the use of polycationic polysaccharides as histone analogues for
condensing nucleic acids in DNA/RNA therapies against disease. Chitosans have been the focus o
particular attention: these are soluble derivatives of chitin (poly N-acetyl glucosamine). Reducing the
degree of acetylation (DA) yields the soluble palyanic form of chitin known as chitosan. In a recent
study [25] (Almutairi et al., 2014), the principdé co-sedimentation was used to explore the effectiss
of chitosans for binding to DNA, in a similar way to earlier studies applied to the study of chitosan
“mucoadhesive” types of interaction with mucirfd—3]. In the Almutairi et al. study, solutions of two
chitosars samples of different degrees of acetylation, knowAGSIT5” (DA = 25%) and “CHIT6”

(15%) and different weight average molecular waidgiit (95,000 g/mol and 170,000 g/mol respectively)
from sedimentation equilibrium were characterised and then studied in mixtures with the DNA of M
estimated from the Extended Fujita method of Harding et al. [8] to be approximately 300,000 g/mol.

Sedimentation velocity of 1.hg/mL solutions of the chitosans CHIT5 or CHIT6 with DNA at a
temperature of 20.0 °C all gave unimodal distributions with respective weight average sedimentation
coefficients sow 1.9S, 2.3S and 6.8S respectively. Each chitosan preparation was then mixed in a
1:1 w/w ratio with the DNA to a total concentration of i@mL. A clear shift to a higls value is
observed in both cases, with nothing sedimenting at the rate of uncomplexed chitosan suggesting tha
the interaction had gone to completion. From the shoulder of the complex, some unreacted DNA
appears remaining (Figure y4&ulti-Gaussian analysis of the g(#®. s distribution for the complex
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(Figure 4c) using the routine MULTIG suggests ~72% DNA had interacted with CHIT5 and ~83% for
CHIT6. The s-distribution of the complex is very broad, even on a logarithmic scale, with material in
excess of 100S, with the larger molecular weight and highest positively charged chitosan CHIT6
showing the greatest degree of complexation [4]. For a more detailed quantification of the nature of the
interaction, other factors such as the differences in partial specific volume between DNA and
carbohydrate would need to be taken into consideration.

1.2 12
a — — -CHIT5/DNA b = = =CHIT5/STD

- - CHITG/DNA - - - - CHIT6/STD
—-—-DNA 1.0

1.0 4

=-=="CHIT5
CHITE

0.8 - 0.8

T T TS T T T

0.8 0.6

g(s) (Normalized)

0.4 4 0.4+

d(s) (Normalized)

0.2 4 0.2+

1 et

~oaimpid - 0.0 I A, A A —
100 1000 0.1 1 10 100
sedimentation coefficient (Svedbergs) sedimentation coefficient (Svedbergs)

0.12 0.08

0.06}
0.08f

g(s)

2 0.04

0.04

ke sk 3 ¢ Kk 3k

SN K Rk ok ok Kk
0.00y A i — 0.00s
0 10 20 30

30
sedimentation coefficient (Svedbergs) sedimentation coefficient (Svedberg)

Figure 4. Normalized sedimentation coefficient distributfmofiles obtained from sedimentation
velocity experiments for unmixed controls and mixtygg<chitosan with DNA; i) chitosan
with xanthanSTD; (c) multi-Gaussian fit to the CHIT5-DNA mixturegl multi-Gaussian
fit to the CHIT6-DNA mixture. Reproduced from [25] with permission from Elsevier.

9. Carbohydrate-Carbohydrate Interactions
9.1. Chitosan-Xanthan Interactions

The advantageous properties of mixtures of chitesmhxantharashydrogels have been considered
for some while [2628] but only very recently has the biophysical basis behind this interaction been
studied by analytical ultracentrifugation, again usiogsedimentatiorj25]. Xanthan, like DNA is a
double helical highly polyanionic polymer obtained from the microorganism Xanthomonas campestris,
and is widely used in the Food Industry as a thickener. The molecular weight of the particular xanthan
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used in the study of Almutairi et 425]—known as‘xanthanSTD”—had been found previously to be
~3.2 x 1§ kDa using sedimentation equilibrium in the analytical ultracentrif2g@p

As with the chitosamNA study, the sedimentation velocity profile of xanthais Wt characterised
at 1.0 mghL yielding a unimodal g(sJs. s plot with weighted-averageos, of 4.8S. Then the 1:1 by
weight mixtures with CHIT5 and CHIT6 at a total concentration of 1.0 mg/mL, were studied and the
results shown in Figure 4b,d. As with chitodaNA, all the chitosan was complexed, but unlike
chitosan-DNA, for xanthan-DNA there was no residual xanthan were left behind for both CHIT5 and
CHIT6 complexes. Weighted average.sfor the complexes of 10.3S and 10.1S for CHIT5-xanthan
and CHIT6-xanthan, respectively were obtained.

9.2. PGXR

Sedimentation coefficient distribution profilingshalso been used to good effect for detectingactiens
in mixed polysaccharide systems used for healthagtans. An example is the proprietary commercial
product PGX (PolyGlycopleX) which is manufactured from konjac glucomannan, xanthan and
sodium alginate using a proprietary manufacturiggss (EnviroSimpléx Inovobiologicinc. Burnaby,
Canada This product has been successfully used as a dietary/satiety product for help towards obesity
control. Detailed analysis by co-sedimentation [30,31] showed clear evidence for a itgeraction
between the components at low ionic strength reinforcing experiments on the rheological properties of
this systenj32]. Interactions were shown to be clearly ionic strength dependent, clearly illustrating the
importance of the solvent environment in the behaviour of polyelectrolyte polymers in solution.

10. Concluding Remarks

In our earlier review [1], we showed how powerful the analytical ultracentrifagéh its intrinsic
separation and analysis ability without the need for a separation -matas for characterising the
strength, stoichiometry and reversibility for interacting protein (or glycoprotein) systems, and how
potentially complicating issues such as thermodynamic non-ideality could be adequately dealt with.

In the present study, we have shown the considerable diversity of systems that the two main AUC
techniques of sedimentation velocity and sedimentation equilibrium can be applied to with examples
from very recently published studies, particularly using the principle of co-sedimentation. Particularly
exciting is the application of the method for scrutinising the stability and behaviour of antibody based
therapies—where the method is already considered as a gold standadl also glyco-vaccine and
DNA based therapy systems and the design of macromolecular based therapies against allergies ar
obesity. Other exciting developments include the improvement of ways of using and applying the
analytical ultracentrifuge to high concentrationtegss, as is important for example in the development
of monoclonal antibody formulations. This can provideighly crowded macromolecular environment
with a concomittant situation of high nonideality, well beyond the dilute solution situations considered
in refs [15] and [16]. The use of tracer preparative (as opposed to analyiedentrifugation in this
regard,aspioneered by Minton, Rivas and others [33] has now been extended to centrifugal separation
followed by subsequent analysis by solid state NI/8&,85] and references therein).

For details of some of the latest developments paoblications in the application of the
analytical ultracentrifuge to the study of macroewllar interaction phenomena the interested
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reader is advised to refer to the web pages (ari lgiven therein) of the National Centre for
Macromolecular Hydrodynamics (www.nottingham.ac.uk/ncmh) and that of the SEDFIT user group:
www.analyticalultracentrifugation.com/.
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