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Abstract

Normally hydrophilic starch is modified with octenyl succinic anhydride (OSA)
to provide it with emulsifying and colloid stabilising properties. As a
biopolymer emulsifier, OS-starch stabilised emulsions have higher resistance
to changes in environmental conditions such as pH and electrolyte, when
compared to protein-based emulsifiers. This is thought to be mainly due to
the provision of stronger steric stabilisation. There has been much interest in
seeking the most fundamental factors leading to further improvement of OS-
starch functionality, as well as its novel applications. As an example of the
latter, a truly reconstitutable O/W emulsion that can be stored and
transported as dried powder, and upon simple rehydration can be restored to
its original droplet size, was studied here. The storage temperature of
emulsion powder was found to greatly affect the rehydrated droplet size, with
a powder storage temperature below the supercooling point of the oil phase
being successful in fabrication of such truly reconstitutable emulsion. The
achieved oil droplets were of 2 um post rehydration. In the effort to
fundamentally understand and enhance the functionality of OS-starch, a
systematic investigation into the relationship between the amylose content
(AC) of OS-starch and its colloidal stabilising behaviour was conducted.
Changes in pH and electrolyte concentration revealed that the OS-starch with
lower AC exerted stronger steric stabilisation, but the interfacial layers it
formed were more rapidly degraded by a-amylase. The results were further
examined in light of a theoretical study concerning the impact of polymer
architecture on their ability to stabilise colloids/emulsions. Linear, star-like,
and dendritic amphiphilic polymers were compared for their surface affinity
using Self-Consistent Field (SCF) calculations. A method for extrapolating
Henry’s constant from SCF calculated adsorption isotherms was established.
Just as linear diblock polymers have higher affinity for adsorption than their
triblock or multi-block counterparts, the same seemed to apply for the more
complex architectures. Those chains, having all hydrophobic residues
concentrated in a single block, provided higher surface affinity than those
with hydrophobic groups distributed in several smaller blocks. Understanding
the behavioural difference of OS-starch of varying AC not only provides
opportunity for further improving its functionality, but also opens possibility for
customising tailored release profiles. This can be achieved by suitable mixing
of multiple OS-starch emulsions, stabilised by OS- starch of disparate
amylose contents.



- viii -

Table of Contents

ACKNOWIEAGEMENTS....cciiiiiiiiiie et e e e e e e eeeees Vi
N 0153 1 = o3 TSR Vil
Table of CONtENTS ..o viii
LISt Of TADIES e xiii
LISt Of FIQUIES o e et e e e e eeenees Xiv
Chapter 1 General iNtrodUCtiON .......ciiiieeiiieeeee e 1
1.1 Colloids and emUISIONS ..........cceuuuiiiiiiieiiiiiee e 1

1.2 Stability of colloidal SyStemS.........cccevvviiiiiiiiiiiiiiiiiiiiieieeeeeeeeee 1
1.2.1 Colloidal stability and destabilisation................ccccoeeeeeerennnnn, 2

1.2.2 Mechanisms of stabilisation ............ccceeiiiiiiiiiiiii e 4

1.3 Emulsifiers and stabiliSers..........ccccoviiiiiiiiiiiiiiiieeeeeeee e 8
1.3.1 Surfactants, biopolymers and particles............cccccoeeeeeereennnn 8

1.3.1.1 Biopolymers as food emulsifier ..........ccccccvvvvvieiinnnnn. 9

1.4 OS-starch as food emMUISIfIer .........coviiieiiiiiiiii e 9
1.4.1 Structure of OSA-modified starch.........ccccccccvvviiiiiiiininnnnn.. 10

1.4.2 Advantages and applications ..........ccccccevvviiiiiiiiiiiiiiinnennnen. 12

1.4.3 RESEAICN QAP ....iiiiiiiiiiiiiiiiiiieeeeeee e 13

1.5 Main characterization teChNiqQUES...........coevvuiiiiieeeeeieeeee e, 14
1.5.1 Theoretical prediCtions ...........ccccccvviiiiiiiiiiiiiieeeeeeee 14

1.5.1.1 Thermal and statistical phySICS .........ccccccvvvvveviernnenn. 14

1.5.1.2 Self-consistent field (SCF) theory.........cccccceeeeeee. 15

1.5.2 Experimental methods...........cccccccviiiiiieee 18

1.5.2.1 AMYIOSE CONLENL......ccevviiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeee 18

1.5.2.2 Modification of starch with OSA ..........ccccciiiineeen. 18

1.5.2.3 Degree of substitution (DS) ........cccccvvvvviiiiiiiiiinnnnnn. 19

1.5.2.4 Static light scattering ..........cccccevvveiiiiiiiiiiiiiiieieeee 20

1.5.2.5 C-potential...........ccoeeeiiiiiiiiiiiiii e, 20

1.5.2.6 Shear VISCOSItY ........ccovviiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeee 21

1.6 Research aims and ODJECHIVES .........cccevvvviiiiiiiiiiiiiiiiiiiiiieeeeeee 22

1.7 Anoutling of ThEeSIS.....cooii i 23

R I ENCES ..o e e 24



-iX -

Chapter 2 Relating structure to functionality: a literature

review on OSA-modified Starch .......cccccccvvviiiiiiiiiiiiiiiiiee, 29
ADSITACT ... 29
P20 R [ 1o To 18 [ox (o ] o SRR 29
2.2 Structural Characteristics of OS-starch............cccccccvviiiiiiiinnnnnne 31
2.2.1 Granule SIZE ......ccuvviiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeee e 31
2.2.2 Degree of branching (DB) and molecular weight (MW)...... 32
2.2.3 Amylose content (AC) .....cooeeeiiiiiiieee e 35
P2 T O] o 11 153 o] o 37
] (=] (=] (o = PR 38

Chapter 3 Effect of storage temperature and relative humidity
on long-term colloidal stability of reconstitutable emulsions

stabilised by hydrophobically modified starch ..........cccc.ooooevveeen 41
Y 011 =T P 41
1 5 A [V Yo 18 Tox 1o o 42
3.2 Materials and Methods...........coiiiiiiiiiiiiiiiiie e 46
3. 2.1 MAterialS.....cooveeeiiiiiie e 46
3.2.2 Preparation of HMS solution ............ccccevvviiiiiiieeeeceeen, 46
3.2.3 Preparation of O/W emulSioNn ..............uueueeiiiiiiiiiiiiiiiiiineennns 46
3.2.4 Freeze drying, storage and reconstitution of emulsion....... a7
3.2.5 Size measurement for starch in solution and oil
droplets iN @MUISION .......oovviiiiiiiiiiiieieeeeeeeee 48
3.2.6 Rheological measurements...............eeeeieiiiiiiiiiiiiiieiiiiiienns 48
3.2.7 Water activity (aw) and moisture determination .................. 48
3.2.8 Scanning Electron Microscopy (SEM), and Cryo-SEM....... 49
3.2.9 Differential Scanning Calorimetry (DSC).............uuvviiinnnnnnns 49
3.2.10 Cold-Stage X-Ray Diffraction ............ccccceeveveiiiiiieiiiiiinieeenns 49
3.2.11 Statistical @nalySiS..........uuuuuurumuruniiiiiiiiiiiiiiiiiiiiiiieeaas 49
3.3 Results and diSCUSSIONS...........uuuuuuumuiiiiiiiiiiiiiiiiiiiieeeaes 49
3.3.1 Hydrophobically modified starch solution ..............cc........... 49
3.3.2 Fresh liquid emulSion .............euvviiiiiiiiiiiiiiiiiiiiiiiiiiieeeees 52
3.3.3 Effect of freeze drying ............cceeeeeevumemiimiiiiiiiiiiiiiiiiiiiienns 55
3.3.4 Storage condition and its effect on reconstituted
(=70 001 5o 1 58

3.3.4.1 Effect of relative humidity during storage of
POWAET ...t eeeeeeees 61

3.3.4.2 Effect of temperature during storage of powder ...... 62



3.3.4.3 Long-term stability of reconstituted emulsion

from dry stored pOWders ...........covveiiiiieeiiieceiiee e, 67
G O] o (o1 [F 1] o] 1= 70
L] (=T (=11 71

Chapter 4 Effect of amylose and amylopectin content on the
colloidal behaviour of emulsions stabilised by OSA-Modified

S AN C N et oo e 77
ADSTIACT ... 77
7200 N 1 o 0T [ [ [0 ] o 78
4.2 Material and Methods............ccooviiiiiiiiiiiiii e 83
4.2.1 MALErIaAlS....cceuuiiiiiie e 83
4.2.2 Modification of starch with OSA .........ccccovviiiiiiiiiiiiiiiinns 83
4.2.3 Emulsification with OSA-starch .........cccccoovviiiiiiiiiiciie, 84
4.2.4 Recovering OSA-starch from the surface of emulsion
(o [0] 0] = £ 84
4.2.5 Characterisation of starch ...........cccccveiiiiii e, 84
4.2.5.1 AMYIOSE CONENT......uvuuiiiiiiiiiiiiiiiiiiieiiiiiiieees 84
4252 NMR ..ot 85
4.2.5.3 Fourier Transform Infrared Spectroscopy (FT-
IR ettt 85
4.2.6 Characterisation of emulSion.............cccccceviiiiiiiiiiiiinniinnnnns 85
4.2.6.1 Droplet SIZE .....uuuuiieiiiiiiiiiiiiiiiiiiiii 85
4.2.6.2 C-potential...........uuuerurrruiiiiiiiiiiiiiiiiii s 86
4.2.6.3 Apparent VISCOSILY .........ccuvvuiiiiieeeieeeiiiiise e eeeeeennns 86
4.2.6.4 Optical MICrOSCOPE......uuvrriiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiaeeees 86
4.2.6.5 TUIMDISCAN ..coovvviiiii e 86
4.2.7 In vitro oral digestion .........cccoeeiieeiiiiiicee e 86
4.2.7.1 With amylase............uuuuuiiiiiiiiiiiiiiiiiiiiies 86
4.2.7.2 With artificial saliva............ccccoovvieeiiiiiiiiiiiiiee e, 86
4.2.8 In vivo oral digestion...........ccooeeviiiiiiiiii e, 87
4.2.9 Statistical analySiS............uuuumuummiiiiiiiiiis 87
4.3 Results and diSCUSSION .......uuuiiiieeeiiiiiiiiiiie e e e e e e e eeeeeens 87
4.3.1 Physiochemical properties of native and OS starch............ 87
4.3.2 Emulsification and Stabilisation properties..............ccccuueee 89
4.3.2.1 Adsorption on the surface ..........ccccccevvvciiiiieeeieeennns 89

4.3.2.2 Destabilising emulsions by lowering pH .................. 90



-Xi -

4.3.2.3 Destabilising emulsions by increasing electrolyte

(o0] g [o1=T 0 1= Ui (o] o H PP 92

4.3.3 Destabilisation of emulsion through enzymatic
digestion of OS-starch in the oral phase ...........cccccevvvveeeee. 99
4.3.3.1 Enzymatic destabilisation in oral phase: in vitro...... 99

4.3.3.2 Enzymatic destabilisation in oral phase: in vivo .... 104

A @] o Tod 11 (] o USRI 106
RETEIENCE.....c e 108
Chapter 5 Effect of polymer architecture on the adsorption
behaviour of amphiphilic copolymers: A theoretical study ........ 113
ADSTIACT ... 113
S0 A [ Vi 0o 18 Tox 1o o 113
5.2 Theoretical calculations...........cccoooveeiiiiiiiiiiiieee e 116
5.2.1 Self-Consistent Field calculations ............ccccccoevvvveeiiinnnnnn. 116
5.2.2 Langmuir isotherm and Henry’s constant......................... 122
5.3 Results and DISCUSSION ..........uuuuiiiieeeiiiiiiiiiiinse e e e eeeeeniinne e e e 125
5.3.1 Verification of the method..............ccccevviiiiiii e, 125
5.3.1.1 With diMers.......ccoovvviiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee 125
5.3.1.2 Results for linear amphiphilic polymers................. 128
5.3.2 Adsorption constant for linear amphiphilic polymers ........ 131
5.3.3 Factors affecting the adsorption behaviour of branched
POIYMEIS . 133
5.3.3.1 Star-like polymers ... 133
5.3.3.2 Dendritic pOlYMErS .......ccovvvviiiiiiiiiee e 137
5.4 CONCIUSIONS....coiiiiiiiiiee e e e e e e e e e 140
=] (=] (=] [ = ST 141
Chapter 6 General diSCUSSION ......iiiiiiiiieccc e 144
00 R [ o1 o To 18 o [0 o I 144
6.2 Summaries of Key fiNdiNgS ..........uuuurummmiiiiiiiiiiiiiiiiiiiiiiianes 145
6.2.1 Fabrication of reconstitutable O/W emulsion with
commercial OS-starch...........ccccvvvviiccii e, 145
6.2.2 Effect of amylose content on the steric strength
provided by OS-starch .........cccoooveviiiiiiiii e, 147
6.2.3 Effect of amylose content on the oral digestion
behaviour of emulsions stabilised by OS-starch................ 148

6.2.4 Theoretical evaluation of the adsorption behaviours of
polymers with various architecture................cccccevvvvvvvvnnnnnn. 148

6.3 Conclusions and future direCtionsS ........cooeeeveeeie e, 150



- Xii -

REIEIENCE. ..

Appendix A Supporting information for Chapter 3
Appendix B Supporting information for Chapter 4
Appendix C Supporting information for Chapter 5



- xiii -

List of Tables

Table 1.1 Classification of colloids based on the physical states of its
(o701 010 1=T 01 £ TP 1

Table 2.1 Relation between granule size and emulsification properties
of OS-starch in recent literature. ..........cccoeveiviiiiiie e 32

Table 2.2 Relation between degree and substitution (DB) and
emulsification properties of OS-starch in recent literature................... 33

Table 2.3 Relation between molecular weight (MW) and emulsification
properties of OS-starch in recent literature............ccccoeeeeevvvviiiiiieeeeenn, 34

Table 2.4 Relation between amylose content (AC) and emulsification
properties of OS-starch in recent literature...........cccooeeeeevieveeviiiiinneeeenn. 36

Table 3.1 The correlation coefficients and associated p values for
Pearson correlation analysis, on reconstituted droplet sizes vs
powder storage time, showing data size (n) and correlation
(ofo 1= i ToT =] o) A (RSP 60

Table 4.1 Table providing amylose content (AC) and Degree of
substitution (DS) of native waxy maze (W) and native normal corn
starch (N), their hydrophobically modified samples (OS-W and
0OS-N), and the adsorbed OS-starch fraction recovered from the
interface (OS-Wr and OS-NRr) post emulsification..............ccccceeeeernnnns 89

Table 4.2 Measured (-potentials of emulsions W or N without any
added electrolyte and with 0.2 M added NaCl............cccccceeeeiiiieeiieennn, 94

Table 5.1 The kH calculated from SCF and analytical calculations, for
dimers consisting of (a) two identical hydrophobic monomers, with
Xs varied from -2 kgsT to -5 ksT, (b) one hydrophilic monomer
(x1s = +9 ksT), and one hydrophobic monomer (xzs varied from -2

KBT 10 =5 KBT) .ottt 128
Table Al. Molecular weight determination of HMS with asymmetrical
flow field-flow fractionation (AF4). ..........cceeeiiiieiiiiiiee e, 152

Table A2. Weight change in HRH, LRH and R samples. Normalised
increase in weight is shown as the ratio of weights between

sample after t day storage and sample with O day storage. .............. 155
Table A3. Moisture content of freeze-dried emulsion powders stored

under different teMPEratures ...........covvvvviiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee 156
Table B1. Composition of artificial saliva used in current work ................. 157

Table B2. Flow consistency index (k) and flow behaviour index (n) of
emulsion samples W and N, with and without addition of salt. .......... 157



- Xiv -

List of Figures

Figure 1.1 A schematic illustration of the thermodynamically stable
separated phase and the kinetically stable dispersed states. A
sufficiently large energy barrier between the two effectively
renders the latter a long-lived metastable state...............cccccoeeeviiinnnnns 2

Figure 1.2 A schematic illustration of (A) electrostatic stabilisation and
(B) steric stabilisation. Red entities intruding into the oil phase are
hydrophobic regions of the emulsifier...........ccccviiiiii 4

Figure 1.3 A schematic illustration of an electric double layer. ..................... 5

Figure 1.4 Schematic illustrations of interactions between two droplets
with (A) identical electric charge as in DLVO theory and (B)
identical adsorbed layer of macromolecules. .............ooovvviiiiiiiiiineeee. 7

Figure 1.5 A schematic illustration of structural and chemical
composition of amylose and amylopectin (Sweedman et al., 2013,

TR 101G ) TR PR PR PO PPRRRPR 10
Figure 1.6 A schematic illustration of the structure of a starch granule
(Adapted from Liu et al. (2018), pP. 216).....cccerrrriiiiiiiiiiiiiiieieieeeeeeeeeeeee 11
Figure 1.7 A schematic illustration of OSA modified starch structure
(Adapted from Sweedman et al. (2013), P907). ...cceeviiieeiiiieiiieie e, 11
Figure 1.8 A schematic illustration of the 2D lattice model between two
planar surfaces, as employed by SCF theory..............coovviviiieeneee 16

Figure 1.9 'H NMR spectrum and an illustrated structure of OS-starch
(Adapted from Shih and Daigle, (2003), P.65)......cccvvvirrrriiiiiiiiiiiiieennn. 19

Figure 3.1 Intrinsic viscosity of modified starch solution before and
after homogenization, where n and mo are the apparent viscosity
of starch solution and pure solvent, respectively. The slopes of the
best-fit lines in each case provides the corresponding intrinsic
viscosities of the HMS SoIUtionS. ..., 51

Figure 3.2 A) Normalised viscosity (at a shear rate of 2 s—1) of 20 wt% O/W
HMS stabilised emulsions with different HMS concentrations (wt%).
B) Apparent viscosity of emulsions plotted as a function of
shear rate. Curves for three different HMS concentrations (wt%), 1%
(dotted), 2% (dashed) and 8% (solid line) are displayed. ............... 53

Figure 3.3 Apparent viscosity vs shear rate for non-freeze-dried
emulsions, on the day they were made (dashed line) and after 22
days (dotted line). These emulsions contained 20 wt% oil and
2.5wt% HMS. The inset shows the variation of the mean droplet
size for non-freeze-dried emulsions over a period of 28 days. ............ 55

Figure 3.4 Droplet size distributions for non-freeze-dried emulsions (—
), emulsions reconstituted immediately after freeze drying DO.0O (--.
), and the latter sample 14 days post rehydration D0.14 (....). ............. 56



_XV_

Figure 3.5 SEM images of freeze-dried emulsion powders that
underwent no powder storage (i.e. straight after drying). Arrows
indicate some possible evidence for partial coalescence.
Micrographs are taken at different magnifications, A) 500x%, B)

2.50KX, C) B0.00KX. ...uuiiiiiiiieeeiiiiiiiiieiieee e e e e e e e e e e e e s e snnareeeeeeaens 58
Figure 3.6 Normalised average reconstituted droplet size plotted
versus the powder storage Period (1), ........eeeeeeeeereeeeiiiiiineee e 59

Figure 3.7 Assessing the long-term stability of reconstituted emulsions
by monitoring da,3 (um) for samples VL11.ts and R11.ts at different
ts (days) post renydration. ..o 61

Figure 3.8 XRD patterns for 20-day stored emulsion powders and
bulk sunflower oil, scanned while holding the samples at A) 25 °C,
B) =18 °C, C) =70 °C. oottt 64

Figure 3.9 DSC thermograms for freeze-dried powders after 20 days
of powder storage, A) cooling from 25 °C to —45 °C, B) heating
from =45 °C 10 25 °C. i 66

Figure 3.10 Droplet size distributions of reconstituted emulsions from
powders that had been stored for 2, 8 and 17 days in conditions
VL (=30 °C, sealed), L (-18 °C, sealed) and R (20 °C, sealed). All
the distributions were obtained shortly after rehydration. .................... 67

Figure 3.11 Cryo-SEM micrographs of reconstituted emulsions; A and
C were for samples VL11.153 (i.e. 11 days of powder storage,
following by 153 days post rehydration) while B was for sample
5 SRR 69

Figure 4.1 FT-IR spectra of native and OSA modified starch samples. ...... 88

Figure 4.2 Mean droplet size Da4,3 for emulsions measured under
different pH conditions, following various periods of storage (day 0
to day 21); A) emulsion W, B) emulsion N..........cccoeeiiii, 91

Figure 4.3 Variation of {-potential of emulsion droplets with pH,
measured after varying periods of storage (day 0 and day 14); A)
emulsion W, B) @mUISION N. .....oouuieiiiiiieieieiiiee e e e e 92

Figure 4.4 The evolution of the average droplet size, Da3, in W
emulsion (black solid lines) and N emulsion samples (red dashed
lines) with the storage period. Samples are considered with A) no
additional electrolyte, B) addition of 0.02 M NaCl, C) addition of
0.1 M NaCl, D) addition of 0.2 M NaCl. Standard deviations are
represented as error DArS. ... 93

Figure 4.5 Power law fits to apparent viscosity results, n, plotted on a
log-log graph against shear rate, obtained in the range 5-200 s-1. .... 95

Figure 4.6 Droplet size distribution of emulsion N with the addition of
0.2 M NaCl at day 0, and after 7 days of storage, before and after
the addition of 2% SDS. .........uiiiii 96

Figure 4.7 Microscopic images of emulsions W and N with either no
additional electrolyte, or 0.2 M NacCl, after various periods of
(0] 2= (0 [P PT TP 97



- XVi -

Figure 4.8 Changes in D43 of W and N emulsion samples treated with
enzyme, and their corresponding control samples with no
enzyme, plotted as a function of time post introduction of the
L= V74 41 TS

Figure 4.9 Microscopic images for emulsions W and N stored at 25 °C
during in vitro oral digestion, obtained at various times following
the introduction of artificial saliva. ...,

Figure 4.10 Changes in D43 occurring with time during the in vivo oral
digestion of emulsions W (black solid lines) and N (red dashed

Figure 4.11 Examples of microscopic images for emulsions W and N
during in vivo oral digestion, from samples obtained for one
representative panellist. ...

Figure 4.12 Backscattering (IR) profiles of emulsions W and N, mixed
1:1 v/v with freshly collected human saliva. The percentage BS is
reported as a function of time following the mixing (0—20 min)
throughout the height of the emulsion sample (0—40 mm). ...............

Figure 5.1 Schematic illustrations of the three models used in this
work, without highlighting the hydrophobic monomers explicitly;
(a) linear structures with no branching points. (b) star polymers
with arms of equal length (example shown has 3 arms), (c)
symmetrical dendrimers of generation g, with a starting branching
of 3 at the root, followed by a bifurcation of 2 at each branch point
further down towards the tips. Each individual linear strand
between any two branch points has 40 monomers. The example
here shows a chain with 4 generations, and thus 45 linear
RS0 1=

Figure 5.2 Schematic illustration of the position of hydrophobic
monomers in star polymers. Position of hydrophobes are
highlighted here with thick red lines. Here a 3-arm star is
presented as an example. Hydrophobic monomers are (a)
positioned at a free end on one arm only; (b) evenly distributed
among all arms, placed at the centre; (c) evenly distributed among
all arms, with all the hydrophobes located at the free ends...............

Figure 5.3 Schematic illustration of a Langmuir adsorption isotherm. ......

Figure 5.4 Linear part of the adsorption isotherm for a dimer with a
tendency to adsorb flat on the surface. ..........ccccvvvviiiiiiiiiieiiinn,

Figure 5.5 (a) In(kn) plotted against x2s for linear amphiphilic polymers
containing only one hydrophobic monomer, with x2s being varied
from -9 ksT to -15 ksT. (b) In(kn) plotted as a function of the
number of hydrophobic monomers, for a linear amphiphilic
polymer. The number of monomers in the hydrophobic block
varies from 4 to 8, but with x2s now kept constant for all cases.
The fitted straight line equation and R? for its linear regression is

102

105

106

121
122

126

AISO INCIUAEA. ..., 130



- XVil -

Figure 5.6 Power relationship between kn and the degree of
polymerisation of the chains, involving linear diblock polymers
each containing 10 hydrophobes and varying numbers of
hydrophilic monomers, ranging from 10 t0 390. .........ccovvvviviviiieirnnnnn. 132

Figure 5.7 The In(kn) of star polymers plotted against the number of
arms, on a semi-log scale. Positions of hydrophobic monomers
are: (a) ~“ concentrated on one arm only, at one free end,
(b) = evenly distributed among all arms, at the centre, and
(c) —®— evenly distributed among all arms, at all free ends. ............ 135

Figure 5.8 Saturation surface coverage for different displayed star
polymer architectures, and the corresponding volume fraction
profiles, plotted against distance away from the interface, for
polymers with 3, 5 and 7 arms, all at a bulk volume fraction of 10
3

Figure 5.9 Schematic illustration of the position of hydrophobic
monomers in our model dendritic polymers.........ccccccvvvvviiiiiiiiiininnnn. 138

Figure 5.10 The In(kn) of dendritic polymers plotted against the
number of generations, on a semi-log scale. Positions of
hydrophobic monomers are: , (a) —#— concentrated at the
centre, with equal number on each of the three strands joining in
the middle; (b) ~“ distributed only amongst 1/3 of the free ends;
(C) == evenly distributed among all free ends; (d) —®— evenly
distributed near each branching point. ............ccccccciiiiiiiiiiiiiiis 139

Figure Al. Molecular weight determination of HMS with asymmetrical
flow field-flow fractionation (AF4). ..........cceeiiiieeiiiiiiee e, 152

Figure A2. Differential scanning calorimetry for A) bulk sunflower oil,
B) freeze-dried powder with no dry storage.........cccccceeeeveeeeeieeiininnnnnn. 153

Figure A3. SEM images on samples that has been dry stored for A) 14
days at 4°C, B) 7 days at -30°C, C) 2 days at -30°C........cccccceeeeeeennn. 154

Figure B1. Droplet size distribution of the emulsions prior to
enzymatic digestion, A) emulsion W, B) emulsion N. Initial
similarity of the distributions in both emulsions is quite evident
from these graphs. ..., 158

Figure B2. Average size of the oil droplets in emulsions W and N, at
pH= 6.8, plotted vs. storage time. The graphs highlight the
excellent stability of both emulsions in the absence of any
eNZYMatiC treatMeENt. ........coovvii i 158

Figure B3. Backscattering (IR) profiles of emulsions W and N mixed
with all the electrolytes and mucin in artificial saliva, but without
the enzyme 0-amylase. ..........cooiiiiiiiiiiiii e 159

Figure B4. Apparent viscosity of starch solutions plotted as a function
of shear rates. Curves for (A) OS-W and (B) OS-N are displayed. ... 160

Figure B5. Droplet size distribution of emulsion N with the addition of
0.2 M NaCl after 0 and 7 days of storage, before and after the
addition of 2% SDS, plotted on a linear scale. .............ccccceevveveinnnnnnn. 161



- xviii -

Figure C1. Henry’s constant (kn) calculated for various structures of
the similar molecular weight. ...............iiiiiii i, 162



Chapter 1
General introduction

1.1 Colloids and emulsions

Colloid is a mixture of two immiscible components, where one (i.e. the
dispersed phase) is distributed within another (i.e. the continuous phase)
with domains in a scale ranging from 1 nm to 1 um. Depending on the
physical state of the components, colloids can be classified into various
categories as listed in Table 1.1 (Hunter, 2001). In relation to foods, colloidal
systems have great prevalence. Designing food colloids with desired
features has always been a challenge faced by food scientists. The two
types of colloids of most interest in food science are foams and emulsions.
Whipped cream and beer foam are but two examples of such food foams.
Emulsions in food mainly include oil-in-water (O/W) emulsion, such as salad
dressings, and water in oil (W/O) type, such as butter. Food colloids can also
be more complicated than just a two-phase system, as for example with ice
cream, which contains emulsified fat globules, ice crystals, solid foams and
an unfrozen serum phase (Gelin et al., 1994; Goff, 1997).

Table 1.1 Classification of colloids based on the physical states of its

components.
Dispersed phase Solid Liquid Gas
Continuous phase
Solid Solid dispersion | Solid emulsion | Solid foam
Liquid Sol Emulsion Foam
Gas Aerosol Aerosol /

1.2 Stability of colloidal systems

Food scientists have always been seeking to control the stability of
colloids. Colloids are sometimes expected to stay stable throughout the shelf
life of a product, whilst at other occasions they are expected to partially lose
their stability under certain conditions, as in releasing flavour once orally
ingested. Therefore, understanding factors influencing the stability of a
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colloidal system, or those leading to its destabilisation are of crucial interest
to food scientists.

1.2.1 Colloidal stability and destabilisation

By dispersing the dispersed phase in the continuous phase, a large
unfavourable interfacial area is created. Associated with this there is an
excess amount of free energy (Dickinson, 1992). In the process of making a
colloid, surface active emulsifiers, i.e. surfactants and biopolymers, are
required to lower the surface tension and maintain such large surface area,
at least for a desired period of time. Therefore, all colloidal systems are by
nature thermodynamically unstable and colloidal stability usually refers to the
kinetic stability of systems (i.e. a long lived metastable state) made possible
by the existence of a sufficiently large energy barrier between the colloidal
and the phase separated states (Figure 1.1).

AG O —
Energy barrier

[ —
]
Dispersed state
(thermodynamically unstable,
kinetically stable)
—

Phase separation

Figure 1.1 A schematic illustration of the thermodynamically stable
separated phase and the kinetically stable dispersed states. A
sufficiently large energy barrier between the two effectively
renders the latter a long-lived metastable state.

A colloidal system is considered kinetically stable if no detectable
aggregation of droplets occurs during a certain desirable amount of time
(Dickinson, 1992). There are mainly three types of colloidal instabilities. One
is settling or rise of droplets under the effect of gravitational force. In liquid
emulsions, where this effect is referred to as creaming, over time the phase
with lower density (i.e. oil) rises to the top and the other with higher density
(i.e. water) settles to the bottom. The rate of creaming depends on the
density difference of the two phases, as well as the size of droplets. The
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second type of instability is flocculation, which refers to the aggregation of
droplets by weak attractive forces. These attractive forces can have different
possible origins. Van der Waals forces can cause droplets to aggregate
when the repulsive forces present are not enough to counteract them. In
addition, in liquid emulsions, bridging flocculation happens when two regions
of one emulsifying molecule simultaneously adsorbs to two droplet surfaces.
Furthermore, depletion flocculation can occur under the effect of osmotic
pressure gradient created by an excess amount of dissolved polymer in the
continuous phase, but its exclusion from the small gaps between the closely
spaced patrticles. Coalescence is the third type and often the most severe
form of instability. Coalescence is an irreversible process of droplets
merging together, forming increasingly bigger droplets. Apart from the above
modes, some colloids may also become destabilised by means of Ostwald
ripening. This process refers to the situation where the larger droplets grow
at the expense of smaller ones, due to transport of dispersed phase through
the dispersion medium. The main factor affecting the severity of Ostwald
ripening is the solubility of dispersed phase in the continuous phase
(Dickinson, 1992). Therefore, its effect in most food emulsions is relatively
negligible, as triglycerides are almost insoluble in water, unless emulsions
are kept for periods of many months.

Van der Waals forces between two molecules might be small, but the
collective attraction between two colloidal particles, each made of many
molecules, become large enough to be responsible for coming together of
droplets (Dickinson, 1992). They are in fact the principle attractive forces
between colloidal droplets, always present and if not counteracted leading to
instability. For equally sized droplets, the Van der Waals forces can be
calculated as follows (Everett, 1988):

AyR
Vvan der waals = _E
Where R is the radius of droplets, and r is the closest distance between
them. Ay is so-called the Hamaker constant, which can be calculated as
following:

Ay = T2pip;A;;
where p; and p; are the density of materials i and j, and 4;; is a constant

depending on the polarizability of the two materials (Dickinson and Stainsby,
1982). In order to have a stable colloid, some repulsive forces are necessary
SO as to balance out these ever present van der Waals attractive interactions.
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1.2.2 Mechanisms of stabilisation

There are mainly two types of stabilisation mechanisms for colloidal
systems: electrostatic and steric (Figure 1.2).

Figure 1.2 A schematic illustration of (A) electrostatic stabilisation and (B)
steric stabilisation. Red entities intruding into the oil phase are
hydrophobic regions of the emulsifier.

Electrostatic stabilisation exhibits among charged droplets. When a
colloidal droplet with a charged surface is surrounded with solvent containing
ions, an electrical double layer is induced. In a region close to the charged
interface the distribution of ions is non-uniform resulting in variation of the
electrical potential as one moves away from the interface (Dickinson, 1992).
Charges from the adsorbed material on the surface forms the so-called inner
Stern layer, which is usually densely packed. The outer part of the interfacial
region is called the “diffuse layer”, referring to the fact that here the ions are
not bounded to the interface and the value of the electric potential drops
exponentially with distance away from the surface. It is loosely packed with
an excess of counter-ions and depletion of co-ions attracted or repelled to
the surface by the virtue of electrical Coulombic forces. A schematic drawing
of an electric double layer is provided in Figure 1.3. The extend of the double
layer is indicated by the Debye length (k!), where

= zi%e? Y ny;
&-&0kT

Here ny; is the concentration of type i ionic species in the bulk solution, z; is
its valency, e is the elementary charge (1.602 x 10'1° C), ¢, is the dielectric
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constant of a vacuum, and ¢, is the relative dielectric constant of the solution
(Dickinson, 1992; McClements, 2015).

<“<— Inner Stern layer

©

©
A ®© ®
©

©

-@®©®
y ©

Charge on particle surface

R S S S i -
1 1

Diffuse layer

h 4

Figure 1.3 A schematic illustration of an electric double layer.

In a colloidal system, the charge of the droplets is screened by the
presence of the excess counter charge in the surrounding double layer. As
such, at distances large compared to Debye length, two droplets essentially
see each other as electrically neutral entities. However, when two identically
charged droplets approach each other closely, so as to cause the overlap of
their electrical double layers, the picture alters. Now the droplets feel the
charge of their neighbouring droplet and this generates a “double layer
repulsion” between the two droplets, thus protecting them from flocculation
and eventual coalescence (Everett, 1988). The thicker the double layer is,
the longer ranged will the forces be, as the layers overlap at larger
separation distances. This is more beneficial for ensuring colloidal stability
and leads to larger energy barriers for droplets to overcome, when they
approach each other. The thickness of an electrical double layer is primarily
determined by the Debye length, and the strength of a double layer repulsion
is related to surface charge density and also the salt concentration in the
bulk (McClements, 2015). Therefore, a large surface charge is preferred for
a stronger electrostatic repulsion, and high salt conditions would mitigate the
effect of electrostatic repulsion by making such repulsion short ranged.
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The second type of stabilisation is polymeric or steric stabilisation. It
is induced by amphiphilic macromolecules that strongly adsorb onto the
droplet surface. Consider an oil-in-water emulsion system as an example.
The hydrophobic region of a macromolecule will prefer to be in the oil phase,
whereas the hydrophilic region protrudes into the continuous aqueous
phase. As two droplets covered by such macromolecules approach each
other, the extended hydrophilic segments start to overlap, resulting in an
increased local concentration of polymer in the gap between the droplets.
This causes a local osmotic pressure gradient between the gap and outside
which causes the continuous phase to flow into the overlapping region, thus
preventing the droplets from approaching any further (Dickinson, 1992).

For such repulsive steric interaction to take place effectively, the
chains need to have segments that strongly adsorb onto the surface, such
macromolecules also need to have sections that extend significantly into the
continuous phase. For this reason, the continuous phase needs to be a good
solvent for the extended part of macromolecules, so that polymer-solvent
interaction is favoured over any polymer-polymer interaction. The presence
of such macromolecules on the surface of droplets leads to a large energy
barrier at suitable separation distances between the droplets (Dickinson,
1992; McClements, 2015). Additionally, it is important that the surface of
droplets needs to be fully covered by the adsorbed macromolecule. Partial
coverage might result in a type of colloidal instability called bridging
flocculation. This involves one polymer anchoring onto two neighbouring
droplets, hence forming a “bridge” between them. Such behaviour only takes
place with polymers that have several different hydrophobic sections on their
backbone. Unfortunately, most proteins qualify as such. On the other hand,
after achieving full coverage, excess amount of polymers left in the bulk
solution would result in another type of aggregation. This results from the
depletion of the macromolecules from the small gaps between the particles.
The difference between the concentration of polymers in and outside the gap
leads to an attractive inter-particle force, due to the created osmotic
pressure gradient. This type of aggregation is commonly known as
depletion flocculation (Asakura and Oosawa, 1954; Jenkins and Snowden,
1996).

For systems that mainly rely on electrostatic stabilisation, the overall
potential energy can be described by the classic DLVO theory established
by Derjaguin, Landau, Verwey, and Overbeek in the 1940s (Deraguin and
Landau, 1941; Verwey, 1947). This theory assumes that the repulsive
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electrostatic forces and the attractive Van der Waals forces are independent
of each other and can be added at each separation distance for two
droplets. A characteristic energy profile for DLVO theory is illustrated in
Figure 1.4A. When the electrostatic repulsion is sufficiently large, an energy
barrier develops in the droplet-droplet interaction potential. If this is
sufficiently large (say 20 ksT), it can prevent close approach of most droplets
during their collisions. Rarely two droplets approach with enough Kkinetic
energy to overcome this barrier. Thus, the rate of collisions leading to
successful sticking of droplets to each other is vastly reduced, and the
system can be considered colloidally stable. Note that a second energy
minimum also occurs in the interaction potential. Droplets trapped in these
minima can turn the colloid into a soft solid-gel-like system. However, if the
electrostatic forces are weakened by high ionic strength in the medium, the
energy barrier would be lowered and hence easier to overcome, resulting in
a larger number of successful collisions and agglomeration of droplets
(Dickinson, 1992; Adair et al., 2001).

»
>
>

\ — — - Electrostatic repulsion \ = ° Steric repulsion

A Van der Waals forces \ """" Van der Waals forces

Total interaction

\ Total interaction

\ -
—~—
-‘-‘-‘-— B

Separation

Energy ™%
barrier \

\ Secondary minimum Energy minimum

Interaction Potential Energy
/

Interaction Potential Energy
-~

Primary energy minimum A

Figure 1.4 Schematic illustrations of interactions between two droplets with
(A) identical electric charge as in DLVO theory and (B) identical adsorbed
layer of macromolecules.

The total pair potential, potentials derived from van der Waals attractions,
and either electrostatic repulsion or steric repulsion are plotted as a
function of separation distance between droplets.

Similar total interaction potential profile can also be plotted for the
combination of steric repulsion and attractive Van der Waals forces (Figure
1.4B). At a separation distance where the adsorbed layers start to overlap,
repulsion energy increases steeply, completely overwhelming the attractive
van der Waals interactions. At the distance right before the overlap, where
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repulsion is still negligible but the van der Waal forces are starting to be
significant, there is an energy minimum. The depth of this minimum is largely
determined by the strength of VW interactions at the distance of overlap.
Therefore, for it to remain small the macromolecules have to have formed a
rather thick layer. The thickness of the interfacial layer formed by adsorbed
macromolecule is the crucial factor for the colloidal behaviour of droplets.
Unlike electrostatic repulsion, steric forces are not overly sensitive to
environmental factors such as ionic strength and pH (Dickinson, 1992).

1.3 Emulsifiers and stabilisers

To produce emulsions, an emulsifier needs to adsorb quickly to the
interface and to sufficiently lower the interfacial tension over the time scale
of homogenization (Dickinson, 2018). To obtain a stable O/W emulsion with
a reasonable shelf-life, a stabiliser needs to be present to provide enough
repulsion against agglomeration or decrease the rate of droplets
encountering during a desirable period of time (McClements, 2015). These
are often contrasting requirements since large macromolecules, best suited
to forming thick interfacial layers, also tend to have slow adsorption
dynamics. However some proteins, such as sodium caseinate, seem to be
able to fulfil both roles quite well, through a combination of their moderate
size and provision of a sufficient combined electrostatic and steric repulsion.

1.3.1 Surfactants, biopolymers and particles

Selection of emulsifiers and stabilisers is vital for designing a colloid
system with desirable stability. There are three general types of food
emulsifiers: low molecular-weight surfactants, high molecular-weight
biomolecules, and fine insoluble particles.

In terms of adsorption speed, it is known that the larger an emulsifier
is, the slower it travels in the dispersion medium, and therefore the slower it
adsorbs onto the newly created interface. Surfactants are the quickest to
adsorb, allowing a rapid decrease in interfacial tension (Dickinson, 1992).
However, they also detach and re-adsorb constantly and rapidly, and are not
suited for providing long-term stabilisation. In comparison, despite being
slower in finding their way to the interface, biopolymers do not tend to
spontaneously desorb, and fine particles, which form Pickering emulsions,
have even higher detachment energy once lodged on the interface.
Therefore, biopolymers and particles are more advantageous at long-term
stabilisation of emulsions (Dickinson, 1992). While Pickering stabilization is
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most stable against coalescence, it is restricted by the size of particles.
Pickering emulsion droplets usually have sizes at least an order of
magnitude larger than those of the particles stabilising such droplets
(Dickinson, 2012).

1.3.1.1 Biopolymers as food emulsifier

Most surface active biopolymer stabilisers currently in use are protein
based (Dickinson, 2013; Wijaya et al., 2017). However, the use of proteins
as emulsifiers suffers from many shortcomings, not least poor control over
stability of emulsions under varying processing conditions. In the past few
decades, food researchers continue to explore the possibility of utilising
polysaccharides for emulsification and stabilisation, as they are an
economical, versatile, and accessible resource.

Amongst the few natural polysaccharides possessing any kind of
appreciable interfacial activity, Gum Arabic is probably the best-known
example. As the proteinaceous component of the gum is rather low, only as
much as 1-2% of the gum ends up adsorbing onto the surface of the
emulsion droplets (Randall et al., 1988). This necessitates the use of a
disproportionately large amount of gum Arabic (compare to other
emulsifiers) in a formulation to achieve the desirable effect. One possible
way of overcoming this problem has been to produce protein-polysaccharide
conjugates through Millard reactions between the two biopolymers (Garti,
1999; Dickinson, 2009). Despite their various advantages, conjugates have
limited use due to the difficulties in the commercialisation, arising from the
relatively high cost of the dry heating manufacturing process. Another
approach was to completely move away from proteins, and to improve the
surface activity of polysaccharides. This is usually attempted by attaching
small hydrophobic groups to the hydrocarbon backbone, making
polysaccharides amphiphilic (Nilsson, Lars and Bergenstahl, 2006; Nilsson,
Lars and Bergenstahl, 2007). A prominent example of such modified
polysaccharides is hydrophobically modified starch, with long and bulky

hydrophilic starch backbones having great potential for steric stabilisation.

1.4 OS-starch as food emulsifier

Octenyl succinic anhydride (OSA) is a proven modifying agent of

starch for the purpose of emulsification, and it has legally been approved by
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both the US Food and Drug Administration (FDA) and the European Food
Safety Authority (EFSA). The amount of OSA is legally limited to 3 wt% of
the starch (US DSA). This formulation was first discovered and patented in
the United States in 1953 (Caldwell and Wurzburg, 1953). With its
impressive emulsifying and stabilising properties, OSA modified starch has
started to provide a viable industrial alternative to Gum Arabic (Sweedman
et al., 2013).

1.4.1 Structure of OSA-modified starch

Starch, as the energy storage unit for most green plants, is a low cost
abundant plant-based natural material. In plant seeds, tubers or roots, starch
exists in the form of semi-crystalline granules with sizes ranging from 1 to
100 uym (Wurzburg, 1986). The two types of molecules consisting starch
granules, amylose and amylopectin, are both polymers of a-D-glucose.
Amylose has a mostly linear structure with a-1,4 linear linkage, while
amylopectin is highly branched with a-1,4 linear linkage on the backbone
and a-1,6 linear linkage at branch points (Figure 1.5). Both the size and
molecular weight of amylopectin are far larger than those of amylose
(Sweedman et al., 2013). Amylose has molecular weight in the order of 10°
to 10° Daltons, whereas the molecular weight of amylopectin can range from
10° to 108 Daltons (Potter and Hassid, 1948; Sweedman et al., 2013).
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Figure 1.5 A schematic illustration of structural and chemical composition of
amylose and amylopectin (Sweedman et al., 2013, p.906).

Evidence suggests that starch granules have a layered structure with a
hollow central cavity, and as shown in Figure 1.6, there are pores on the
surface that are connected to the central cavity through channels (Huber and
BeMiller, 2000; Liu et al., 2018). In starch granules, the shorter branches
(DP 10-15) of amylopectin would form helices and constitute the crystalline
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region, while the longer branches and amylose mostly sit in the amorphous
region.

crystalline
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Figure 1.6 A schematic illustration of the structure of a starch granule
(Adapted from Liu et al. (2018), p. 216).

The aim of OSA modification is to introduce hydrophobic groups to
the native hydrophilic starch molecules, making them surface active. OSA is
an acid anhydride that contains a hydrophobic octenyl group, which is an
eight-carbon hydrocarbon chain. The modification process is an
esterification reaction that involves partial substitution of the hydroxy groups
from starch with the octenyl succinic groups, as illustrated in Figure 1.7. The
resulted OSA-modified starch (or OS-starch) has a small negative charge,
due to the hydrated succinic acid group.
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Figure 1.7 A schematic illustration of OSA modified starch structure
(Adapted from Sweedman et al. (2013), p907).

The maximal level of OSA allowed by the US FDA for starch
modification is 3 wt% with respect to starch. The degree of substitution (DS)
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is the primary indicator of the resulting of the chemical reaction. Provided
that the 3% OSA reacts fully, the degree of substitution can be estimated to
be approximately 0.0231, which indicates that there are on average 0.0231
OS groups attached per glucose unit:

Npsa 3% X Massgiaren/MWosa
DS = =
Nglucose (Massstarch) x ( MWsiarch )
M Wstarch M Wg lucose

_0.03/MWyss  0.03 X MWpcose
1/Mngucose MWOSA

Where MW,s, is the molecular weight of OSA (210.27 g/mol), and
MWy ycose is the molecular weight of an anhydrous glucose unit (162 g/mol).
However, the experimentally obtained values are often lower than this
theoretical value, due to incomplete reaction.

1.4.2 Advantages and applications

Even though the modification process is usually conducted on
granular starch whose diameter is in microns, OSA-modified starch can also
be used as an emulsifier that adsorbs at a molecular level. Once heated up
above a critical temperature, starch granules start to gelatinize because the
hydrogen bonds holding the granular structure are weakened. Modified
amylose and amylopectin molecules get hydrated and become solubilised
(Wurzburg, 1986). Through gelatinisation, a Pickering type emulsifier
(modified starch granule) is transformed into biopolymers (modified amylose
and amylopectin) that are capable of producing emulsions of much smaller
droplet size. It has been widely reported that gelatinised OS-starch can
stabilise emulsions with sub-micron droplet diameter (Chanamai and
McClements, 2001; Tesch et al., 2002; Sweedman et al., 2014), while a few
example of coarser Pickering emulsions fabricated using OS-starch are
studies by Yusoff and Murray (2011), Song et al. (2015), Marefati et al.
(2017).

Despite being slightly negatively charged, OS-starch is mostly reliant
on steric repulsion for providing colloidal stability. It has been shown that an
adsorbed layer of OSA modified starch can provide strong enough steric
stabilization, so that the colloid system is more resistant to changes in
environmental conditions, such as pH, ionic strength, and temperature
(Chanamai and McClements, 2002; Tesch et al., 2002; Lin et al., 2018).
Therefore, as compared to protein-based emulsifiers, OS-starch has better
compatibility with a wider range of food matrices and can be applied to more
complex food formulations under broader range of environmental conditions.
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In fact, other than its traditional application in the beverage industry,
researchers have also examined the possibility of incorporating OS-starch
into fields such as encapsulation of flavours or fish oils, drug delivery
systems, and moreover in personal care industries (Nair and Yamarik, 2002;
Cheuk et al., 2015; Samakradhamrongthai et al., 2016; Garcia-Tejeda et al.,
2018; Marto et al., 2018).

1.4.3 Research gap

Even though OS-starch has already been a successful product in the
industry and has been carefully examined by researchers, there are still
unresolved issues regarding its functionality and applications, owing to the
high complexity in starch structure.

In recent years, an increasing number of researchers have been
focusing on the granular or molecular structure of starch and its relation to
the emulsifying and stabilising properties of OS-starch. Studies have been
conducted to compare OS-starch from various botanical origin and cultivar,
trying to relate their structural characteristics to functionalities (Nilsson, L.
and Bergenstahl, 2007; Song et al., 2014). Examples of structural
characteristics that has caught attention include crystallinity of granules,
molecular weight, chain length, degree of branching, amylose content, and
the distribution of OS groups (Song et al., 2013; Simsek et al., 2015; Wang
et al., 2016; Whitney et al., 2016; Cruz-Benitez et al., 2019; Lopez-Silva et
al., 2019). Among these, amylose content has the potential to be one of the
most influential factors and is selected as the studied subject of a major part
of this Thesis. The recent advances in relating various OS-starch structural
characteristics (including amylose content) to their emulsification and
stabilising properties will be reviewed more thoroughly in Chapter 2.

Even though both experimental and theoretical attempts have been
made to investigate the colloidal stability of emulsions stabilised by
gelatinised OS-starch of various types, there are still questions remaining to
be answered regarding the role of amylose content. For example, the
reasons that modified amylose and amylopectin behave differently at the
interface, the possible dissimilarity of interfacial layers constituted by OS-
starch of various amylose contents, the possible different colloidal behaviour
of emulsions stabilised by OS-starch of various amylose contents, as well as
the possible novel or enhanced applications of OS-starch because of its
certain level of amylose content.



-14 -

1.5 Main characterization techniques

In this study, both theoretical and experimental methods have been
employed to characterise the difference between amylose and amylopectin,
as well as the emulsions stabilised by OS-starch.

1.5.1 Theoretical predictions

Theoretical methods are extremely valuable especially when
approaching situations that are difficult to realise in the real world. When
trying to understand how polymers with different structures adsorb onto the
surface, some more revealing but practically harder to realise conditions or
parameters (e.g. theta solvent for starch) can easily be modelled
theoretically.

1.5.1.1 Thermal and statistical physics

Thermal and statistical physics is the foundation of many theoretical
methods including self-consistent field (SCF) theory deployed in this work. It
provides a way for scientists to study the internal motion of many-body
systems.

With the help from statistics, the macroscopic behaviour of a closed
thermal system consisting of a great number of molecules can be
investigated by accounting for the characteristics of the individual molecules.
Each molecule in the system can take a large number of configurations, and
the possible ways that these configurations can occur for a given state of the
system is referred to as the number of “microstates”. Based on the
macroscopic quantities measured, such as pressure or volume, the number
of such microstates can be considered as a measure of the entropy of that
“macrostate”, as defined below.

Macromolecules are constantly performing Brownian motion and
changing from one microstate to another. Assuming that the possibility of
visiting each microstate is the same (ergodic theorem), then the macrostate
with overwhelmingly more microstates (highest entropy) will be the one that
eventually manifest itself, when equilibrium is achieved (Schroeder, 1999).
From such a statistical point of view, the crucial concept of entropy (S)
mentioned above has been more precisely defined as proportional to the
logarithm of the number of microstates in the system:

where kg is Boltzmann constant and Q is the number of microstates that all
correspond to a certain macrostate. That is to say, an isolated system
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always ends up in equilibrium with the macrostate that has the maximum
entropy, irrelevant of its initial conditions. This is the assertion of the second
law of thermodynamics.

Compared to closed systems, a more realistic consideration would be
an open system, which interacts with a reservoir or the rest of the
surrounding. In this case, the second law of thermodynamics still applies, but
now to the combined system and environment. In this case the probability
(P) of finding a system in a particular microstate with energy E; is given by
the Boltzmann factor for the system, and is:

=z (g7
=7 PTGt

where T is the temperature of the system, and Z is the partition function
(sum of all Boltzmann factors for all energy states). This is a crucial equation
in linking thermodynamics and statistical physics (Finn, 1993). Similarly,
considering all microstates associated with a macrostate (j) of energy E;, the

probability of the system being in such a macrostate is then:
E; F;

PE]. o« (jexp (— ﬁ) = exp (— kB_jT)

Now free energy F=Ej —-TS; is introduced to the relationship, and the
macrostate with the highest probability is the one with the lowest free
energy. According to these probabilities and their relationship to entropy and
free energy, prediction of the equilibrium state of systems is made possible.

1.5.1.2 Self-consistent field (SCF) theory

Self-consistent field (SCF) calculations has a long history of
application to polymeric systems, but was modified by Scheutjens and Fleer
in a scheme now associated with their names. This allowed such
calculations to be applied to complex polymers such as copolymers or
polymers with complicated structures (Scheutjens and Fleer, 1979;
Scheutjens and Fleer, 1980). There has also been many successful
applications of this improved scheme to biopolymers, for example asi-
caseins, B-casein, and also modified starch chains (Atkinson et al., 1995;
Akinshina et al., 2008; Ettelaie et al., 2014a; Ettelaie et al., 2016).

The Scheutjens-Fleer scheme of SCF calculations considers two
parallel flat surfaces facing each other, with a solution of polymers in the gap
between them. The space in between the surfaces is divided into L layers
parallel to the surfaces, and each layer is further divided into a 3D lattice (in
this project a cubic lattice). All cubic sites have the same dimensions with
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side length ao, which is taken as the nominal monomer size of approximately
0.3 nm (typical size of a peptide bond, though other values can be used). All
sites in the lattice need to be occupied by one of the following species
present in the lattice: solvent, ions, or monomers making up the polymer
chains. Solvent and ions are treated as monomeric entities here, and the
same as monomers, they each occupy 1 cubic space. As the amount of
these components is the same as the number of unit space they take up, in
this system the concentration by number density is equivalent to the
concentration by volume, i.e. volume fraction. A density profile, or a volume
fraction profile is generated in the direction perpendicular to the planar
surfaces (Ettelaie et al., 2008; Ettelaie et al.,, 2014b). A 2D schematic
illustration of such a lattice system is included in Figure 1.8.
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Figure 1.8 A schematic illustration of the 2D lattice model between two
planar surfaces, as employed by SCF theory.

A monomer experiences many-body interactions with its neighbouring
components. In the present model four of the neighbours are in the same
layer as the monomer, and one each from the two adjacent layers in front
and behind. The possible interactions that might arise include Van der Waals
forces, electrostatic interactions, and possible volume exclusion effect. The
averaged interaction generates an “effective field” around the monomer,
which in terms of energy results in the potential of mean force derived from
free energy. Such mean force from interacting fields decides in which layer a
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certain type of monomer may prefer to sit, and determines the density
profiles of all species. In turn, each density profile is associated with a free
energy, establishing the probability for the occurrence of such a profile. As
with all mean-field theories, SCF assumes that the density profile with the
highest probability dominates and the occurrence of all others are negligible
(Ettelaie et al., 2014b). In other words, any density fluctuations around this
most probable density profile are ignored. Under this assumption, the free
energy and potential of mean force can be calculated from this dominating
density profile, if it can be determined. In dense surface layers the
fluctuations in the density of adsorbed polymers in the interfacial region are
small and therefore SCF provides an excellent tool to investigate the
behaviour of such adsorbed polymeric films.

SCF calculations are intended to determine the most probable state
for all components of the system, in other words to minimize the free energy.
In order to assess free energy, the density profile is necessary. However, the
density profile itself is determined by the energy potential of the net
interaction. SCF theory approaches this “circular’ problem with an iterative
process, where it first takes a random trial set of interaction fields, and
calculates the concentration profile resulted from the influence of these
chosen fields. Then, based on the calculated concentration profiles just
obtained, the potential of the interacting fields is calculated. The fields are
used to generate new profiles and the process is repeated until the
calculations converge. That is to say that the potential of mean force and the
concentration profile no longer change with further iterations and “self-
consistently” lead to one another. Often the process is stopped once a
certain level of accuracy is achieved. With convergence, the equilibrium
density profile is now obtained.

Once the components and their Flory-Huggins interaction parameters
are specified, the volume fraction profile can be calculated for a range of
separation distances using an in-house previously developed SCF program
in Leeds University. The colloidal interaction potential as a function of
surface-to-surface separation distance can also be obtained, by separately
adding other more direct inter-particle interactions (e.g. Van der Waals
forces) to the free energy changes calculated from SCF. For this project, the
amount of polymers adsorbed at a series of manually defined bulk volume
fractions is studied. The results are used to obtain Henry’s adsorption
constant ku, for different chain architectures, with a view of assessing
differences in adsorption behaviour of OSA modified amylose and
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amylopectin at hydrophobic-hydrophilic interfaces. The study is extended to
more complex structures, too (Chapter 3).

1.5.2 Experimental methods

Experimental analysis is paramount in food colloid research,
especially when sourcing a new ingredient or developing a new application
for the industry. In this project, various techniques are used to characterise
the OS-starch produced in-house, as well as fresh or condition-treated
emulsions stabilised by such OS-starch.

1.5.2.1 Amylose content

Amylose content of starch varies depending on the botanical source
and cultivar. There are many techniques for determination of amylose
content, including iodine colorimetry, concanavalin A precipitation, and size
exclusion chromatograph (Juliano et al., 1981; Morrison and Laignelet, 1983;
Yun and Matheson, 1990; Zhu et al., 2008). Among those, iodine colorimetry
is by far the most frequently used method.

The linear amylose forms a deep blue complex when reacting with
iodine solution. The colour intensity can be measured with a
spectrophotometer (wavelength 590-720 nm), and then translated to
amylose content. This provides the basis for quantitative determination of
amylose content. Amylose can bind with polyiodide ions to form single left-
handed V-type helices, which contains six anhydrous glucose units per turn
(Morrison and Laignelet, 1983). Long chains of amylopectin also have the
possibility to bind with iodine, forming a purple complex with wavelength of
530 nm. Therefore, in the methodology adopted by this project (Hoover and
Ratnayake, 2001), in the effort to minimise the interference from
amylopectin, a standard curve is first established with amylose and
amylopectin mixtures that have amylose content of 0% to 100%. The
measuring wavelength is set to 600 nm for the same purpose.

1.5.2.2 Modification of starch with OSA

Modification of starch with OSA is usually conducted on granular
starch. The most widely described method involves suspending starch
granules in a mild alkaline agqueous medium. Under this condition, the
formation of alkoxide and hydrogen bonding between starch molecules is
limited. Thus, swelling of starch granules is favoured, and the contact area of
OSA molecules and starch granules are maximized (Sweedman et al.,
2013). OSA is a lightly yellow, oily liquid at room temperature. It is added
dropwise to the starch slurry, to enhance the reaction efficacy. In order to
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keep the reaction forward, pH of the medium needs to be maintained at
above 8.0 by a pH stat. After the addition of OSA is completed, usually more
reaction time (from 6 h to 24 h) is allowed to enhance reaction efficiency
(Bhosale and Singhal, 2006).

1.5.2.3 Degree of substitution (DS)

Degree of substitution refers to the average number of hydroxyl
groups substituted per glucose unit (see Figure 1.7 for the substitution
reaction and structure of modified starch). It is an important indicator for
modification efficiency, and has been found to be correlated to the
emulsifying capacity and {-potential of OS-starch (Miao et al., 2014). There
has been a variety of methods for determining DS, with an analytical titration
method and an instrumental method nuclear magnetic resonance (NMR)
spectroscopy being the most commonly used ones.

There are two types of titration methods. To perform an alkaline
titration, OS-starch is mixed with HCI to hydrolyse, and the acid product is
titrated by NaOH (Mattisson and Legendre, 1952; Song et al., 2006). There
is also a back titration method that saponifies the OS-starch with NaOH, and
then determines the amount of excess alkali by back titration (Bhosale and
Singhal, 2006). It is necessary for both titration methods to titrate a native
starch sample as blank, and a relatively large sample size (3 x 5Q) is
required for accuracy.

PPM 50 40 30 20 1.0

Figure 1.9 'H NMR spectrum and an illustrated structure of OS-starch
(Adapted from Shih and Daigle, (2003), p.65).

'H-NMR can also be used to quantify modification of OS-starch
(Wang et al., 2013; Zhao et al., 2018). As OS-starch is highly polydispersed,
DMSO-d6/LIBr is preferred as a better solvent than D20 (Schmitz et al.,
2009). The intensity of OS groups and starch protons can be measured and
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their ratio is used to calculate the DS (Shih and Daigle, 2003).An example
spectrum of OS-starch is shown in Figure 1.9. The H-NMR method only
requires a minute amount of sample (several milligrams), and no unmodified
starch is needed as blank.

1.5.2.4 Static light scattering

The sizing of emulsion droplets plays an important role in assessing
the quality and stability of a colloidal system. In this project, emulsion droplet
size is measured via static light scattering (SLS), also known as laser
diffraction, which has a measuring size range between 100 nm to 1 mm.
SLS is an optical technique that measures the angular variation in the
intensity of light that is scattered as a laser beam passes through a
dispersed sample. When measuring, a laser is used to illuminate the sample
in the cuvette, and detectors at a wide range of angles measure the
scattering intensity. Large particles scatter light more strongly at small
angles and small particles scatter light at larger angles. The intensity
distribution is then plotted as a function of scattering angle (8), or the so-
called scattering curve. This data is analysed to create a size distribution
curve, by using the Mie theory of light scattering.

Mean diameter of a particle can be expressed in many ways
depending on the basis of the required distribution. The most commonly
used ones are the volume mean diameter d43 and the surface mean
diameter ds2 (Horiba Scientific, 2012). They are calculated using the

equations below:
dy3 = (Z n;d} /Z n; d?)

d;; = (Z n;d} /Z n; dzz)

Where ni denotes the number of droplets with a diameter di. The ds4,3 mean
diameter is more sensitive to the presence of large particles, whereas ds2 is
a better measure of the surface area presented by the particle-solution
interface, more sensitive to small particles in the system (McClements,
2015).

1.5.2.5 € -potential

C-potential is a key parameter of emulsions that indicates the strength
of electrostatic repulsion between droplets (Everett, 1988). When charged
droplets are dispersed in a solvent, an electric double layer is developed and
an electrical potential is generated close to the surface of droplets. This (-
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potential, also called the electrokinetic potential, is the electric potential of
the interfacial double layer with reference to a position slightly inside the
continuous phase away from the droplet surface. The plane at which (-
potential is measured is also known as the shear-plane. When an electric
field is applied, the droplet and all the liquid (co- and counter-) closer than
this plane move in one direction. The dispersion medium further away
moves in the opposite direction. For most purposes the d{-potential is
sufficiently close to the surface electric potential on the droplets. lonic
strength and the pH of the solvent are the most important factors that affect
the surface potential and hence also (-potential.

Experimentally, {-potential is measured using electrophoresis.
1.5.2.6 Shear viscosity

Rheology is the study of flow and deformation behaviour of materials.
For colloids, such behaviour is crucially dependent on the colloidal state of
the particles. As such, rheological behaviour can also provide information on
the structure and morphology of the system. In this project, the shear
viscosity of OS-starch solutions and emulsions stabilised by OS-starch was
measured, in the effort to understand the aggregation state of the droplets
and interactions in those systems.

Fluids can be generally classified into categories based on their flow
behaviour under shear. If the viscosity of a fluid does not vary with shear
rate, it is known as a Newtonian fluid (such as water and honey). However,
most fluids encountered in foods are non-Newtonian, meaning that their
viscosity is dependent on either shear rate (shear-thinning or shear-
thickening) or the history of deformation (thixotropic, and very rarely
rheopectic, fluids). The behaviour of Newtonian, shear-thinning and shear-
thickening fluid can be summarised by the power law model below:

n=ky"

where 1 is viscosity, y is shear rate, k is the consistency index and n is the
flow behaviour index. An n value lower than 1 indicates shear-thinning type
behaviour, whilst an n value higher than 1 indicates shear-thickening. When
n = 1, the fluid is Newtonian (Dickinson, 1992; McClements, 2015).

In foods, shear-thinning is the most common type of flow behaviour
encountered. In response to shear, in polymer solutions the chains deform
and re-align themselves in the direction of shear, resulting in decreasing
entanglement between them and hence a decrease of viscosity with
increasing shear rate. In emulsions, shear-thinning behaviour arises
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because of the breakup of open (sometimes called fractal) droplet
aggregates. Its existence in such emulsion systems is considered as an
indication of the presence of flocculation between droplets. In systems
where flocs are formed due to depletion flocculation the shear thinning is
particularly pronounced and occurs almost immediately, even at low shear
rates, as weakly associated flocs start to breakdown under shear.

1.6 Research aims and objectives

This project aims to advance the research about OS-starch as a
biopolymer emulsifier on multiple fronts. While continuously seeking the
possibility for novel application of OS-starch, the project intends to
systematically investigate the effect of amylose content of OS-starch on its
efficacy as biopolymer emulsifiers. This work hopes to provide guidance on
the selection of suitable starch for OSA modification, where the resulted OS-
starch is to be employed in various food emulsions applications, including
but not limited to the beverage industry. It also hopes to open up the
possibility for novel applications of OS-starch, based on the discovered
interfacial features, such as controlled release and fabrication of
reconstitutable emulsions.

Firstly, the project pursues the fabrication of truly reconstitutable
emulsions with OS-starch, proposing a new application of the emulsifier.
These are dried emulsions that redisperse upon hydration with a minimal
level of effort (certainly with no need for any re-homogenisation), and in an
ideal case, the hydration leads to emulsions of the same size as those prior
to drying, with a significant level of subsequent colloidal stability expected.
The great advantage in storage and transportation of such dried, truly
reconstitutable emulsions is apparent.

Apart from this new possibility for utilisation of OS-starch, the project
aims to advance the understanding of the linkage between OS-starch
structure and their functionalities as an emulsifier, with a focus on the effect
of amylose content. On the experimental side, this work intends to
systematically examine the strength of steric stabilisation provided by OS-
starch of various amylose content, as provision of stronger steric interactions
is a characteristic advantage of OS-starch over protein based emulsifiers.
The project also seeks to provide insights into how amylose content of
OS-starch might affect their application in the beverage industry, by means
of in vitro and in vivo oral digestion experiments.
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Lastly, in the effort to understand the origin of such differences induced
by various amylose content, the problem is simplified, and a theoretical
approach is taken to tackle it. The computational modelling section of the
project is expected to investigate the general and fundamental differences in
adsorption behaviours of amphiphilic linear and various branched polymers,
of which modified amylose and amylopectin can be considered as examples.
Such calculations are intended to unveil not only the variations between
linear and branched structures, but also those between branched polymers
of varying architecture.

1.7 An outline of Thesis

This Thesis consists of 5 further chapters. The following one includes a
focused and detailed literature review of recent progress on understanding
the relationship between structural characteristics of OS-starch and its
efficacy on emulsification and stabilisation, positioning this project in the
context of other research in the field and justifying the selection of amylose
content as the independent variable for further study. The experimental part
of the Thesis starts with a study investigating reconstitutable O/W emulsion
stabilised with low amylose content OS-starch in the effort to explore a
possible novel application, followed by the systematic examination of the
colloidal behaviour of emulsions stabilised by OS-starch of various amylose
contents when subjected to multiple environmental treatments. Finally, to
understand why amylose content has its effect on the emulsifying and
stabilising properties of OS-starch, a theoretical investigation, on a more
general level, of the fundamental relation between polymer architecture of
the amphiphilic chains and their adsorption behaviour is included.

In Chapter 2, a thorough and up-to-date literature review on the
relations between OS-starch structure and its emulsifying and stabilising
properties is presented. The recently examined structural characteristics of
OS-starch are highlighted, and current knowledge gaps are identified.

In Chapter 3, the study investigated the possibility of producing
reconstitutable emulsions with low amylose content OS-starch. It focused on
the storage conditions of dried emulsion powder, and pin-pointed the key
influencers for the long-term colloidal stability of the subsequently
reconstituted emulsions, produced from such powders.

In Chapter 4, the effect of amylose content on the colloidal
behaviours of emulsions stabilised by OS-starch was examined
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experimentally. The impact of environmental stress on colloidal stability
investigated here included pH and electrolyte strength variations. A
preliminary oral digestion study was also included to show in principle the
potential for tailoring complex flavour release profiles, using a combination of
emulsion droplets stabilised by OS-starch of different amylose contents.

In Chapter 5, the different adsorption behaviours of amphiphilic
polymers with various architecture were examined through SCF calculations.
This work investigated the linear region of the Langmuir adsorption isotherm,
and therefore obtained Henry’s constant (ku), calculated for each structure
as an indication of their surface affinity. While the models are simpler and
more general than the specific case involving OSA modified amylose and
amylopectin, such theoretical study provides important insights into reasons
as to why different modified starch may exhibit different interfacial
behaviours.

In the final chapter, Chapter 6, a general discussion is provided and
the main conclusions from this project are summarised.
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Chapter 2
Relating structure to functionality: a literature review on
OSA-modified starch

Abstract

OSA esterified starch gains amphiphilic properties and is an excellent
biopolymer-based emulsifier. Researchers have always been interested in
improving its functional properties as a food-grade emulsifier and
investigating the fundamental influencers of its structure on its functionality.
In recent years, increasing number of studies reported in literature have
focused on elucidating the relation between OS-starch structure and its
physiochemical properties. This review identifies four key structural features
of OS-starch (namely, granule size, degree of branching, molecular weight,
and amylose content), and reports on the most recent progress in relating
these attributes to the emulsification properties of OSA modified starch. In
general, small granule starch is expected to be favoured by OSA
esterification due to its larger surface-area-to-volume ratio. Investigation on
degree of branching and molecular weight often involves hydrolysis of a
parent starch in order to obtain a gradient of the interested variable. Study
on the effect of amylose is limited to naturally occurring starch types.
Because of the sophisticated structure of starch, its structural characteristics
are largely intertwined with each other. The greatest challenge in
researching the relation between OS-starch structure and functionality
remains selecting appropriate subjects of study, which have one structural
feature in a proper gradient, whilst the others are maintained to be the same
and uniform.

2.1 Introduction

As the main energy storage unit in plants, starch is regarded as a
renewable, economical, and abundant resource. In food industry in particular,
starch and starch derivatives have drawn increasing level of attention as
potential functional ingredients. Octenyl succinic anhydride (OSA) has been
extensively used to modify starch since it was first patented by Caldwell and
Wurzburg (1953). After the esterification with OSA, starch of original
hydrophilic nature becomes amphiphilic and gains emulsifying properties,
resulting from the introduction of the small hydrophobic chains to its



-30 -

structure. As legally permitted by the Food and Drug Administration of the
US for emulsification in foods, OSA-modified starch has been proven to
maintain high colloidal stability of emulsion droplets through provision of
steric stabilisation. This is especially notable for systems at acidic pH and
high electrolyte concentration, which makes OS-starch more suitable for
many complex food formulations, when compared to protein-based food
emulsifiers (Chanamai and McClements, 2002). The maximal amount of
OSA allowed is currently 3 wt% in respect of the amount of starch (FDA,
2020).

For many vyears, researchers have been actively working on
understanding the structure of OSA-modified starch, improving its
functionality, and finding new applications. The esterification methods,
improvements of those methods and structural characterisations of OSA-
modified starch have been reviewed in great detail by Sweedman et al.
(2013), and Altuna et al. (2018). The general purpose of modifying the
esterification methods has been to increase OSA accessibility to the
hydroxyl groups in starch molecules, so that a higher reaction efficiency can
be reached (Altuna et al., 2018).

In this review, we would like to focus on the link between structural
features of starch (namely granular size, degree of branching (DB), chain
length distribution, and amylose content) and the emulsifying efficacy of their
corresponding OSA-modified starch. This needs to be differentiated from the
change in these features induced by the modification reaction, which has
been reviewed in the paper by Altuna et al. (2018). Native starch undergoes
structural changes during the esterification process. Inspection of such
changes involves structural characterisation of both the native and the
corresponding OSA-modified starch, followed by comparison of those values
prior to and post OSA modification. On the other hand, in the scope of this
review, usually multiple OSA-modified starches distinctive in one of the
structural features are examined for their emulsification properties.
Characterisation of such features can be conducted either before or after
OSA modification, since the changes induced by the modification reaction
are often considered relatively small as compared to the distinctions
between samples, as revealed by the articles of Sweedman and co-workers
(Sweedman et al., 2013; Sweedman et al., 2014a; Simsek et al., 2015).

This review identifies several key structural features that have been
critically investigated with regards to their effect on the emulsifying
performance of the resulted OS-starch.
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2.2 Structural Characteristics of OS-starch

The structural characteristics of starch are largely dependent on its
botanic origins (species and cultivars). In the current short review, both
structural features on granular level (granule size) and those on molecular
level (i.e. degree of branching, amylose content) are considered. Due to the
requirement to consider features on molecular scale, most of the research
work referenced here had conducted emulsification using gelatinised OS-
starch, as opposed to OS-starch particles, unless indicated otherwise. The
latter leads to emulsions that are of Pickering type and are not the main
focus here.

2.2.1 Granule size

The esterification with OSA is most conventionally and most
commonly conducted on starch granules in aqueous environment, and OSA
attachment has been found to occur preferentially in the surface amorphous
region of the granules (Shogren et al., 2000; Whitney et al., 2016; Liu et al.,
2018). Thus, naturally granule sizes of starches have been examined for
possible influence on reaction efficiency. Small granule starches are of
particular interest due to their larger surface-area-to-volume ratio (Wang et
al., 2016; Yao et al., 2020). Fine structures of amylopectin and granule
crystallinity were found to correlate with granule size (Tang et al., 2001,
Noda et al., 2005). Overall, starch of smaller granule sizes is expected to
possess fine structural features, and be more beneficial for OSA
modification.

As listed in Table 2.1, comparisons between naturally occurring
starch of various granule sizes have been conducted on the emulsifying
properties of their OSA-modified products. Yao et al. (2020) and Timgren et
al. (2013) studied a group of fine starch granules (rice, maize, quinoa etc.)
and compared them to starch of waxy maize origin with large granules. Yao
et al (2020) focused on polymer-stabilised emulsion, and OSA modification
induced greater changes in emulsification ability and emulsion stability for
starches possessing small granules than those with larger ones. OS-starch
comprising of small granules was associated with a higher emulsifying
power, but found to have comparable emulsion stabilising capacity as that of
larger granular starch. On the other hand, even as a Pickering emulsifier,
starch with smaller granules were also found to be advantageous (Timgren
et al., 2013).
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Table 2.1 Relation between granule size and emulsification properties of
OS-starch in recent literature.

Botanical DS (3% Emulsification
Granule size Reference
source modification) properties
OS-starch of small
granules had
amaranth starch waxy maize better emulsifying
amaranth and 1.71 ym, 0.0066 + 0.0003, ability, but Yao et al.
waxy maize waxy maize amaranth 0.0073 comparable (2020)
15.44 pm + 0.0004 stabilisation power
than that of large
granule starch
rice, waxy
rice, maize, OS-starch
waxy maize, granules with
high-amylose 2~ 17 um / smaller sizes Timgren et al.
maize (Hylon H produce more (2013)
VII), waxy stable Pickering
barley, and emulsion
quinoa
> 30 ym,
potato 15-30 um, 0.0147 ~ 0.0219 / We(‘;‘gl%t)a"
and <15 pym

Caution is needed when selecting and comparing starch of various
botanical sources, as they most often differ in more than one parameter. For
example, the small granule starch samples in Yao et al. (2020), where
granule size varies from 1.71 to 8.62 uym, had distinctive amylose content,
ranging from 0.28% to 29.8%. Among the five smaller granule starches
studied, amaranth starch had the most similar amylose content and largest
disparity in granule size in comparison to the reference, i.e. waxy maize
starch. Therefore, this pair of starch listed in Table 2.1, was considered
suitable for the purpose of the comparative study of Yao et al. (2020). In
order to obtain starch with a gradient of granule sizes, yet having similar
microstructures and compositions, Wang et al. (2016) managed to separate
a batch of potato starch into three categories based on the granule size.
Emulsification properties was not assessed in this study, but based on the
degree of substitution, starch with smaller granule size was more reactive
with OSA, possibly due to their higher surface-area-to-volume ratio, as
suggested by the authors.

2.2.2 Degree of branching (DB) and molecular weight (MW)

The microstructure of starch molecules is largely dependent on
genetic variations. Hydrolysis has been widely employed in examining the
fine structural parameters, such as the degree of branching (DB) and the
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chain length. Thus, by using the same parent starch, starch with a gradient
of DB can be created.

Table 2.2 Relation between degree and substitution (DB) and emulsification
properties of OS-starch in recent literature

Botanical Hydrolysis DB D.5. (30/.0 Emulsification properties Reference
source method modification)
Isoamylase, a- 3.6% OS-starch with higher DB
waxy amylase, ~ 0.007 ~ 0.036 tended to produce more Han et al.
maize B-amylase, 6.3% ' ' stable emulsions, with (2019)
HCI ' smaller droplet size
4.36 ~ OS-starch with higher DB
waxy 0.0184 ~ Xu et al.
maize B-amylase 13;/.004 0.0349 can mearl]<1(leJ |28Les .stable (2015)
acid hydrolysis
waxy prior_ to O.SA .
sorghum mOdIfIFa'[IOI’I, 181~ 0.0121 ~ OS-Stlglrch with Tcreg\sed Sweedman et
and waxy B'alrlny ase or 7 450 0.0211 was not foun al. (2014b)
maize pullulanase advantageous.
after
modification
molecular size is the
dominant factor in
Isoamylase, emulsion droplet size, not
waxy a-amylase, 479 ~ 0.019 ~ 0.027 substructures such as Zhang, H. et
maize B-amylase, 6.69% ) ' average chain length or al. (2018)
HCI DB. OS-starch with longer
branch tended to form
more stable
Emulsion made with DBOS
osgg.ooslss, had smaller Q3z droplet size .
rice pullulanase / 0.0195" than_that with O_SA, and Jain et al.
(.)SDB‘ emulsion mad_e with OSDB (2019)
0.0110 was found with larger das

than that with OSA.

Most commonly, a highly branched parent starch is taken and
hydrolysed by either acid or enzymes such as a-amylase, B-amylase,
pullulanase, and isoamylase (Table 2.2). Among the hydrolysis method used,
pullulanase and isoamylase achieve the debranching purpose by
hydrolysing the a-1,6 bonds, resulting in a decrease in DB value and MW.
Under the action of acid, a-amylase and B-amylase on the other hand, the
branch chains are only shorten, resulting in increased DB and decreased
MW.

The study by Han et al. (2019) revealed that a pre-treatment by -
amylase prior to debranching by isoamylase gave higher DB and DS than
that by a-amylase and HCI. It was found that DB is positively correlated to
emulsion stabilising ability, regardless hydrolysis method. The same
correlation was found by Xu et al. (2015) with only B-amylase as the cleaving
enzyme. However, Sweedman et al. (2014b) and Zhang, H. et al. (2018)
concluded differently. In Sweedman et al. (2014b), prior to the OSA



-34-

esterification, both waxy sorghum and waxy maize were pre-treated by acid
hydrolysis, which has been suggested as a way of controlling the size of
resultant molecules (Tizzotti et al., 2013). After OSA modification, B-amylase
or pullulanase was introduced to further hydrolyse the samples, but
increased DB did not lead to better emulsification properties. Zhang, H. et al.
(2018) carried out hydrolysis and debranching in the same order as Han et
al. (2019). In this study, DB was not seen to be a major influencer on the
emulsifying ability. Obtaining a gradient of DB by hydrolysing a parent starch
induces changes to other structural characteristics, such as molecular
weight and chain length distribution. Both Zhang, H. et al. (2018) and
Sweedman et al. (2014b) suggested that examining one substructure such
as DB alone could be misleading, as it could be less important than other
structural features also altered in the process. The order of debranching and
OSA esterification was examined by Jain et al. (2019). No specific DB
values were given, but the order of treatment was found significant to the
emulsifying properties of resultant OS-starch. The modification that was
conducted first had the larger impact in such dual modification process.

Table 2.3 Relation between molecular weight (MW) and emulsification
properties of OS-starch in recent literature

Botanical Hydrolysis . DS (3% Emulsification
Molecular weight S - Reference
source method modification) properties
OS-starch with lower
eak of molecular molecular weight tend
pee N to form more stable
waxy corn HCl weight distribution 0.0152 ~ emulsions. even Hong et al.
decreased from 108 0.0129 thouah Witl"l wider (2017)
to 105 g/mol 9 .
droplet size
distributions
2.0 x 105 Da: Medium molecular
y 5 o weight OSA-modified
1.282 x 10° Da; 4 .
waxy o~ starch (8.95 x 10%) Xiang et al.
: B-amylase 8.95 x 10% Da; / .
maize 4 e was found with the (2021)
221 = 10° Da; highest naringin
1.41 x 10 Da 9 9
encapsulated content
OS-starch of smaller
molecular weight had
better emulsification
1.257x106 ~ properties, but OS- Li, Z. et al.

waxy cormn - a-amylase 1.577x108 Da starch of molecular (2014)

weight that were too
low are not able to
form emulsions at all.

More branching, especially long branches, is expected to provide
better steric stabilisation (Tesch et al., 2002). Such structure is bound to
have higher molecular weight than those with less and shorter branches.
The effect of molecular weight on emulsification is often studied by acid or



-35-

enzymatic hydrolysis as well. Acid, a-amylase, and B-amylase were all
effective in creating a MW gradient ranging at least one order of magnitude
(Table 2.3). Lower MW OS-starch formed emulsions with wider droplet size
distribution, but higher stability (Hong et al., 2017). Li, Z. et al. (2014) also
linked smaller MW to better emulsification properties, but also suggested
that molecules that were hydrolysed to too small a size were not able to form
emulsions at all. Extensive MW reduction lowers the chain size, and
therefore might affect the degree of OSA substitution (Han et al., 2019), as
well as reduce the potential to make thick interfacial layers and sufficient
steric forces. The MW of hydrolysed starch in the above two studies both
ranged from 10° ~ 108 Da. In a study involving a smaller size range (10* ~
10° Da), OS-starch of medium molecular weight had the highest efficiency
for encapsulation applications (Xiang et al., 2021).

2.2.3 Amylose content (AC)

Amylose and amylopectin, the two types of molecules in starch, have
naturally distinctive structures. Amylose is a mostly linear glucose polymer
with a-1,4-linkage (~ 108 Da), and amylopectin is a highly branched polymer
with a-1,6-linkage at the branch points (~ 108 Da) (Potter and Hassid, 1948;
Sweedman et al., 2013). Such structural differences result in them having
largely disparate gelatinisation, retrogradation and gelling properties, as well
as susceptibility for digestion by enzymes (Wurzburg, 1986; Bean et al.,
2019). Therefore, the properties of starch are quite likely linked with its
amylose content (AC). Recently, high amylose starch has been associated
with resistant starch and often examined as a potential calory-reducing
ingredient (Li, X. et al., 2012; Bajaj et al., 2019; Jain et al., 2019).

When examining the distribution of OS groups within the starch
granule, multiple studies found that the substitution mainly occurs in the
amorphous region of the granules, with the surface being most strongly
modified (Shogren et al., 2000; Whitney et al., 2016; Liu et al., 2018).
Studies showed that apart from the surface layer, OSA was also capable of
accessing the interior of starch granules through the pores on the surface
and channels (Huber and BeMiller, 2000; Liu et al., 2018). This indicates that
amylose molecules and the long branches of amylopectin, which constitute
the amorphous region, are possibly the main receptors for OS groups in
modified starch (Shogren et al., 2000; Wang et al., 2013; Whitney et al.,

2016; Liu et al., 2018).
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Many studies found that AC of OS-starch is negatively correlated to its
emulsion stabilising ability (Table 2.4). Cheng et al. (2021) examined three
starch from varying botanical sources. Even though DS did not change with
varying AC, OS-starch with lower AC had more superior emulsion stabilising

ability. Enhanced emulsion stability was also reported with lower AC in some

Table 2.4 Relation between amylose content (AC) and emulsification

properties of OS-starch in recent literature

Assessment of

Botanical DS (3% IR Emulsification
AC T emulsification . Reference
source modification) . properties
properties
Emulsion stability
ea creaming index order: OS-pea
ngrm:':ll 415%, 0.0154+0.0017,  during storage, starch < gum Cheng et
Pt 32.9%,  0.0149 + 0.0005, pH, and Arabic < OS- Y (2(?21)
wax cé)rn 1.7% 0.0160 + 0.0005 electrolyte normal corn '
y variation starch < OS-waxy
corn starch.
low AC OS-starch
waxy pH and electrolyte fo\rl\mﬁdsfrrgr?lzfn
maize, 5.48%, 0.0160, variation, in vitro steric 9 Mu et al.
normal 28.37% 0.0229 and in vivo a- bilisation. b (2021)
corn amylase digestion stabilisation, L.’t
faster enzymatic
degradation
OSA-starch with
creaming index higher amylose
. during storage, in contents had Zhang, W
Japonica 33.3%, 0.0177, vitro digestion ‘(a- comparable ot ai )
rice 18.8% 0.2250 9 emulsification '
amylase and . (2021)
: properties as the
amyloglucosidase)
normal corn
starch
OSA-modified
waxy rice starch
waxy and creaming index had lower
non-waxy 0%, 0.0262, oil adsorption ’ creaming index No et al.
japonica  7-33% 0.0258 P g n (2019)
rice capacity than modified
non-waxy rice
starch.
waxy, g&lgfs%hnaggﬁnm OS-starch with
normal, storage emulsic?n low AC and high  Sweedman
and high- / 0.0103 ~ 0.0174 ge, € DB formed etal.
droplet size, and . .
amylose . emulsion with the (2014a)
. emulsion phase -
maize - best stability.
separation
emulsion droplet No st_rong
. I correlation was
size distribution,
S 1.65% ~ phase separation found between Song et al
indica rice y 0.0212 ~ 0.0252 : AC of OS-starch '
27.15% during storage, o (2013)
fl and the stability of
orescence .
Microsco emulsions that
i they stabilised.
S 0% ~ He et al.
indica rice 39.6% 0.024 t0 0.030 / / (2006)
waxy, emulsion droplet lower amylose
normal 5.43%, 0.0103, size durin content gives the Lopez-
and Hylon  25.16%, 0.0112, storage creag"lin best engwulsion Silva et al.
Vilcom  65.84% 0.0125 ge, cr 9 u (2019)
stability stability
starches
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studies involving starch from the same species, but different cultivar
(Sweedman et al.,, 2014a; No et al.,, 2019). In the study by Song et al.
(2013), stable emulsions with droplet sizes ranging from 1 to 2 um were
produced with gelatinised modified rice starch of various amylose contents.
However, no connection was reported between AC of OS-starch and the

stability of the emulsion.

Even though amylose might preferentially react with OSA, the stability
of emulsion mainly depends on the repulsive interactions between droplets,
and not necessarily the number of anchoring groups. For OS-starch, the
characteristic stabilisation mechanism is mainly through provision of steric
repulsive forces (Sweedman et al., 2013). As illustrated by Mu et al. (2021),
OS-starch with lower AC provided stronger steric repulsion, but its interfacial
layer was more prone to rapid digestion by a-amylase. With the same focus
on steric repulsion, numerical Self-Consistent Field (SCF) calculations were
conducted by Ettelaie et al. (2016) on modelled amylose and amylopectin
molecules. Branched amylopectin was found to form a more compact
interfacial film, while linear amylose had a more extended surface layer. The
authors also reported that interfacial layer formed by amylose was more
prone to bridging flocculation due to its extended nature, when coupled with
the none specific, random distribution of hydrophobes along the chains.
Despite extensive studies and respective findings on the relation of AC and
emulsion stability so far, the exact mechanism for such behaviour of OS-

starch interfacial layers still remains open to further exploration.

2.3 Conclusion

As many researchers point out, starch itself is a rather complex
system. Many of the above discussed features intertwine and act together to
influence the emulsification and stabilisation properties of the resultant OS-
starch. In this short review, a few important structural features were
highlighted, and recent progress on unveiling the relationship between these
features and the emulsifying properties of OS-starch was carefully
examined. The investigation of the impact of granule size has mostly
involved comparing starch from different botanical origins, unfortunately also
introducing other uncontrolled structural parameters. Similarly, examination
of DB and MW parameters have heavily depended on acid or enzymatic
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hydrolysis, while studies on the impact of AC have largely been restricted by
the natural presence of starch of varying AC for the same botanical species.
Isolating one structural feature and controlling other variables remains the
largest challenge in deciphering the relation between specific structural traits
of OS-starch and their functionality.
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Chapter 3
Effect of storage temperature and relative humidity on
long-term colloidal stability of reconstitutable emulsions
stabilised by hydrophobically modified starch
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Abstract

Dried emulsions leading to formulations exhibiting a high level of colloidal
stability post rehydration would have many potential industrial applications
and are of significant interest to food scientists in that the dry formulations
can be easily stored and more cheaply transported. The influence of powder
storage time and conditions on the long-term colloidal stability of
reconstituted oil-in-water emulsion has been examined here. Emulsion
systems of 20% oil were prepared with 2.5% hydrophobically modified starch
acting as the emulsifier. These were subjected to freeze drying followed by
up to 3 weeks of powder storage under different conditions varying in
relative humidity and temperature. Rehydration was performed at specific
time intervals during storage for each set of powders. The change in droplet
size and morphology of the reconstituted emulsion showed that powder
storage temperature has a significant effect on the long-term colloidal
stability of reconstituted emulsions. Powders stored under the lowest
temperature condition produced the smallest droplet size and were the most
colloidally stable emulsions once rehydrated, whereas those stored at higher
temperatures showed inferior performance in this respect. Freeze-dried
emulsion powder, stored at 30+1 °C for 3 weeks, once rehydrated gave
liquid emulsions that were stable for at least 2 weeks. In contrast,
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flocculation was observed upon reconstitution of dry powders that were
stored at relatively high storage temperatures (4 ‘C and 20 °C), but neither
creaming nor extensive coalescence were present, post rehydration. It is
often assumed that little change to the colloidal state of the system occurs
during storage, once the system has been fully dried. Our results indicate
otherwise. Even in the dried form, emulsion droplets still undergo substantial
changes in their surface properties, impacting the subsequent colloidal
interactions and thus their colloidal stability during storage and particularly
post reconstitution.

3.1 Introduction

Despite their high technological desirability in many different industries,
formulating fully reconstitutable dry oil-in-water (O/W) emulsions continues
to be a demanding and complex problem for colloid scientists. We
specifically define a fully reconstitutable emulsion as one where, following
the drying and after an extended period of storage in dried form, droplets of
the same size as the original emulsion are retrieved by simple and gentle
rehydration. Furthermore, the reconstituted emulsion thus formed without the
need for further homogenisation, should exhibit a comparable level of long-
term colloidal stability as it had prior to its drying. The difficulties of realising
such formulations are probably nowhere more challenging than in food
related systems. Food colloid scientists are rather limited in the variety of the
stabilisers that they can include in food related dispersions. With an
increasing demand on reducing, and the eventual phasing out of synthetic
ingredients in foods, this choice is likely to become even narrower in the
future. Central production of dry reconstitutable emulsions in one large
facility may offer economies of scale efficiencies, as well as cost savings in
such respect as the storage and transportation of raw materials to a single
location. Of course, the extent of such savings will depend somewhat on the
size and geographic distribution of local production sites.

The preparation of emulsions, followed by their drying, is also a
common practice for making encapsulated (or microencapsulated) products.
However, we wish to emphasise that the main aims of microencapsulation
are quite different to those pursued here and often are focused on
production of a dry powder that entraps an otherwise volatile food ingredient
or flavour (Adachi et al., 2003; Madene et al., 2006; Tang and Li, 2013), or
alternatively to protect a component from oxidative and other kind of damage
during storage (Klinkesorn et al., 2005; Ghouchi-Eskandar et al., 2012,
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Aberkane et al., 2014; Naik et al., 2014; Zhang et al., 2014). Other possible
reasons for encapsulation are the provision of vehicles for obtaining a
desirable controlled release profile (Ahmed and Aboul-Einien, 2007;
Giardiello et al., 2012) and more recently, to achieve novel porous structures
(Akartuna et al., 2008; Qian and Zhang, 2011) which for example can
enhance the water dissolution behaviour of the resulting powder (Klinkesorn
et al., 2006). In all of these applications, it is seldom the case that the
rehydration of the dried systems is required to result, or indeed does lead to,
the formation of colloidally stable emulsion droplets of the same size as
those prior to drying (Christensen et al., 2001; Hogan et al., 2001; Millgvist-
Fureby et al., 2001; Jena and Das, 2012; Holgado et al., 2013; Serfert et al.,
2013; Tang and Li, 2013; Li et al., 2016; Domian et al., 2018).

An emulsion system undergoes major environmental changes during
the drying operation (Garti and McClements, 2012), whether this is achieved
through spray drying, freeze drying, heat drying or any other kind of drying
process. Freeze drying has been considered the most suitable technique for
drying food emulsions, where it is necessary to preserve most of the
structures and properties of the matrix (Desai and Park, 2005; Ray et al.,
2016). The porous structure of freeze-dried emulsion accounts for the
relatively easy and quick rehydration process (Anwar and Kunz, 2011;
Domian et al., 2018). However, the formation of ice crystals during the
freeze part of the cycle can cause an increased concentration of droplets in
the remaining unfrozen regions (Mun et al., 2008). The same also occurs for
many salts and other ingredients originally dissolved in water as these are
also excluded from the frozen ice (Thanasukarn et al., 2004). More tightly
packed emulsions, in the presence of an increasing concentration of
electrolyte are more prone to destabilisation, particularly if a part of the
contribution to emulsion stability is through electrostatic means (Dickinson,
1992; Hunter, 2000). Similarly, the provision of steric repulsion by colloidal
stabilisers relies heavily on the suitability of the dispersion medium being a
satisfactory solvent, for at least some sections of the macromolecules
(Dickinson, 1992; Russel et al., 1992) that are adsorbed at the surface of the
droplets. It is known that the solubility of amino acids, including the
hydrophilic residues, whether charged or polar, tends to decrease
significantly as the temperature of water is lowered towards the freezing
point (Dunn et al., 1933; Amend and Helgeson, 1997). Much of the same is
also true for sugar moieties that make up the polysaccharide molecules.
Thus, this decrease in repulsive colloidal forces, induced by the lowering of
temperature, enhances the tendency of protein stabilised emulsion droplets
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to aggregate. When combined with the possible formation of solid fat
crystals in the dispersed phase, this makes the aggregated emulsion
droplets, only separated from each other by thin protein layers, quite
susceptible to the well-known phenomenon of partial coalescence (Walstra
et al., 2006). Subsequently, full coalescence and breakup of the emulsion
dispersion follows when the fat crystals begin to melt during the thawing part
of the process. While each different drying process possesses its own
particular difficulties, the above example typifies some of the challenges that
are faced in formulating a reconstitutable dry emulsion.

Several relatively novel food-grade dispersants have been tried in
preparation of emulsions for the purpose of microencapsulation in recent
years. However, the suitability of these in formation of reconstitutable fine
emulsions, possessing long-term colloidal stability has rarely been explored.
One such technique is the layer by layer deposition method first introduced
to food systems by McClements and co-workers (2005). This involves the
adsorption of a layer of polysaccharide onto a primary emulsion, already
stabilised by protein (Guzey and McClements, 2006; McClements, 2006). An
alternative involves the covalent bonding of polysaccharide chains to
proteins via Maillard reactions to produce amphiphilic conjugates. Yet one
further method is to make the polysaccharides the actual emulsifying agents.
This can be achieved by incorporation of an adequate number of
hydrophobic side groups into the structure of the otherwise hydrophilic
polysaccharide, thus turning it into an amphiphilic molecule (Nilsson, Lars
and Bergenstahl, Bjorn, 2006; Nilsson and Bergenstahl, 2007; Yusoff and
Murray, 2011). Each technique exhibits its own distinct advantages and
disadvantages, as discussed in our recent review (Ettelaie et al., 2017).

Several authors have studied the stability of food emulsions stabilised
by hydrophobically modified starch (HMS). Only octenyl succinic anhydride
(OSA) is a permitted food-grade reagent for the modification of starch (Liu,
Z. et al., 2008). Interestingly, in most of these studies the HMS remains in
the form of granule particles. That is to say that the resulting emulsions are
particle-stabilised, i.e. the so called “Pickering” emulsions. Yusoff and
Murray (2011) produced starch particles by reacting non-swelling starch
granules with OSA followed by freeze-milling process. They found that just
like many Pickering type emulsions, the oil droplets stabilised by these
starch particles showed excellent stability to coalescence, even after several
months, but that the mean droplet size was relatively large, as big as 20 um
in some cases. Insensitivity to pH variations, increases in background
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electrolyte and changes in temperature are other features associated with
Pickering emulsions that have also been found to hold true for droplets
stabilised by HMS granules (Murray et al., 2011; Marefati et al., 2013).
Marefati et al. (2013) also considered the effects of freeze-thawing and
freeze drying on the stability of such O/W dispersions. For cases where no
thermal treatment had been applied to the emulsion before freeze drying, the
mean droplet size in the freeze-dried-rehydrated system was seen to be
similar to the original emulsion, although in both cases the droplets were
quite large ~ 50 um. Most food-grade particles suitable for making Pickering
emulsions, even in the case of nano-sized primary particles, have been
found to produce relatively coarse emulsions and bubbles, which are
therefore more susceptible to creaming. In practice, it is relatively difficult to
obtain an ideal dispersion of such individual particles due to their tendency
to aggregate in the aqueous phase. This hinders the rapid diffusivity of the
particles onto the interface (Ettelaie and Murray, 2014; Ettelaie and Murray,
2015) during high-pressure homogenization and high-intensity ultrasound
(Murray et al., 2011; Dickinson, 2012). In contrast, the adsorption and
formation of macromolecular HMS layers can produce significantly finer
emulsions, ~ 1 um, (Chanamai and McClements, 2001; Tesch et al., 2002).
Recent theoretical work involving molecularly adsorbed HMS provided
further evidence for the ability of such layers to provide strong long ranged
steric repulsion between droplets (Ettelaie et al., 2016).

Freezing and drying of emulsions is nowadays quite a common
practice, with the use of the technique for microencapsulating and protecting
valuable active ingredients against oxidation well-studied in the literature. In
contrast very few of such reported researches have reported on the
long-term colloidal stability of reconstituted emulsions. Furthermore, in the
few examples where such investigation has indeed been carried out, the
reconstituted emulsions produced for long-term stability were obtained from
dry powders immediately after their drying (Gallarate et al., 2009; O'Dwyer et
al., 2013; Cheuk et al., 2015; Matsuura et al., 2015), involving no powder
storage period between the end of drying and the start of rehydration
processes. The assumption has been that once dried, any surviving droplets
in the solid matrix undergo insignificant changes during the powder storage
period, due to their immobilisation and the arrest of their Brownian motion. In
this study, amongst other things, we wish to re-examine this assumption.
Given the already reported potential of HMS for producing reconstitutable
emulsions (Cheuk et al., 2015; Domian et al., 2018), we have chosen this as
the emulsifying agent for our investigation here. An additional reason for our
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choice was that, unlike protein + polysaccharide conjugates, for HMS, one
only needs to consider the behaviour of a single type of biopolymer under
the various encountered storage conditions. This makes an initial
understanding of results somewhat easier to accomplish in such a
preliminary study of the behaviour of colloids in a rehydrated system
obtained post drying.

3.2 Materials and Methods

3.2.1 Materials

A commercial octenyl succinic anhydride (OSA) modified waxy maize
starch was a gift from Ingredion UK Ltd. Typical molecular weight of OSA-
modified starch is 10 — 30 MDa, with 3% modification (Nilsson, L. and
Bergenstahl, B., 2006). The average molecular weight of this particular
commercial product was determined to be ~10 MDa (PDI = 11.9) by
asymmetrical flow field-flow fractionation (AF4), using the method described
by Modig et al. (2006) with modification (see Appendix A, Figure A1 and
Table Al). Such molecular weight indicates some likely degree of hydrolysis
as one of the processing steps during the commercial production of this
HMS. Tesco® Pure Sunflower Oil was purchased from a local supermarket.
Sodium phosphate monobasic and sodium phosphate anhydrous were
purchased from Acros Organics (USA). All other chemicals used were
obtained from Sigma Chemical Co. (USA). Milli-Q water (Millipore Corp.,
USA) was used in all experiments.

3.2.2 Preparation of HMS solution

Phosphate buffer of 0.2 M at pH 5.5 was heated on a hotplate to
50 °C while stirred magnetically. HMS of different concentrations by weight
was added slowly to the meniscus of the solution created by stirring. The
solution was then left on the hotplate for 60 mins to ensure complete
dissolution.

3.2.3 Preparation of O/W emulsion

Oil-in-water emulsions contained 20 wt% sunflower oil and 80 wt%
HMS solution with various emulsifier concentrations, expressed as wt% of
the total emulsion. Emulsions were prepared using a University of Leeds in-
house made Jet homogenizer operating at a constant pressure of 250 bar
(Burgaud et al., 1990). After emulsion preparation, 20 ml of each emulsion
was transferred into a screw-cap glass sample tube.
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3.2.4 Freeze drying, storage and reconstitution of emulsion

Emulsions used for freeze drying were made with 20 wt% sunflower
oil and 2.5 wt% HMS at pH 5.5, using the method described. Exact 20 +
0.1 g of each emulsion was weighed into six Petri dishes (internal diameter
92 mm), then stored in a freezer overnight at -30 + 1°C, which has an
estimated freezing rate of 0.42 *C/min. The frozen samples were dried with a
Christ Alpha 1-4 LD plus (Martin Christ Gefriertrocknungsanlagen GmbH,
Germany) freeze dryer at a constant vacuum pressure of 2.5 mbar, which
corresponds to a temperature of -10°C. The dried powder was stored at six
different powder storage conditions varying in temperature and relative
humidity:
1. 20 £ 1 °C, 75% RH (achieved by a desiccator with oversaturated
NaCl solution), coded as HRH (high relative humidity)
2. 20+ 1 °C, 2% RH (achieved by a desiccator with silica beads), coded
as LRH (low relative humidity)
20 £ 1 °C, sealed, coded as R (room temperature)
4 + 1 °C, sealed, coded as F (fridge temperature)

-18 £ 1 °C, sealed, coded as L (low temperature)
-30 + 1 °C, sealed, coded as VL (very low temperature)

o0k w

The amount of water lost during drying was determined by calculating
the weight loss of sample. After certain periods (O, 1, 2, 5, 8, 11, 14, 17, 21
days) of powder storage in the above conditions, reconstitution was
performed by adding back the weight loss with MilliQ water containing
0.02 wt% sodium azide. The tube containing reconstituted emulsion was
then capped and placed on a Vortex Mixer for 15 mins. Droplet size
measurements were taken 60 mins after the mixing. All reconstituted
emulsions were stored under refrigeration temperature.

To clearly identify different samples and the conditions of their dry
powder storage, the following naming system is adopted:

Non-freeze-dried emulsions are called fresh. All freeze-dried samples
are coded by their storage conditions with the convention Ttr .ts where T is
the powder storage condition as coded above, t: is defined as the powder
storage time (in days) prior to reconstitution, and ts is defined as the post
reconstitution storage time. For example, R2.7 refers to a sample that was
freeze-dried, sealed, and stored as powder under room temperature
condition, i.e. 20 £ 1 °C and sealed (R) for 2 days. Once rehydrated, the
resulting reconstituted emulsion was then kept for further 7 days before it
was subjected to various measurements. Samples reconstituted immediately
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after freeze-drying are designated as DO.ts, (with ts once again signifying the
post reconstitution storage period).

3.2.5 Size measurement for starch in solution and oil droplets in
emulsion

Hydrated size of starch in solution was determined using a dynamic
light scattering instrument Zetasizer nano ZS (Malvern Panalytical, UK).
Before the measurement, the samples were diluted to the appropriate
concentration with 0.2 M phosphate buffer of pH 5.5 and then transferred to
a disposable sizing cuvette. The refractive indices of water and starch were
set at 1.330 and 1.520, respectively.

The droplet size of emulsions was measured using a laser light
scattering instrument Mastersizer 3000 (Malvern Panalytical, UK). Before
droplet size measurement, emulsions were shaken by hand to ensure
homogeneity. Sample was added to the dispersion unit connected to the
laser light scattering instrument until an obscuration between 1% and 4%
was obtained. The mean droplet size was reported as the volume-weighted
mean diameter, d,5 = (X n;df/¥ n;d}), where n; denotes the number of
droplets with a diameter d;.

3.2.6 Rheological measurements

The apparent viscosity of both HMS solutions and emulsions was
measured within 3h after their preparation using a Kinexus Ultra rheometer
(Malvern Panalytical, UK) and a double gap concentric cylinder DG25
geometry (cup diameter 26.25 mm, bob internal diameter 24 mm, bob
external diameter, 25 mm). The samples were gently mixed, poured into the
temperature-controlled measurement cell, and allowed to equilibrate at 25 'C
for 10 min prior to the measurement. Apparent viscosity of emulsions was
measured at shear-rates in the range 0.2-200 s~! using continuous shear, at
25 °C.

3.2.7 Water activity (aw) and moisture determination

The value of aw in the freeze-dried powders were determined using
HygroLab C1 with HC2-AW accessary (Rotronic Instruments, UK). Care was
exercised to ensure sufficient equilibration time before readings were taken.
The moisture content of the powders (1 g) was determined gravimetrically by
vacuum oven drying at 105 °C and 29 inHg for 24 h.
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3.2.8 Scanning Electron Microscopy (SEM), and Cryo-SEM

Scanning Electron Microscopy on dried samples was performed by
using Carl Zeiss EVO MA15 SEM (Carl Zeiss Microscopy, Jena). Cryo SEM
images were obtained using an FEI Helios G4 CX (Fei, USA), and a Quorum
PP3010 cryo-FIB/SEM preparation system (Quorum Technologies, UK) as
the cryo system.

3.2.9 Differential Scanning Calorimetry (DSC)

A differential scanning calorimeter (Perkin Elmer DSC 8000,
PerkinElmer, Norwalk, US) was used to record the DSC thermogram of the
dried powders. Approximately 10 mg powder was placed in an aluminium
pan and the pan was sealed hermetically. An empty pan was used as
reference. The thermal analysis was performed using a three-cycle scan
model, with temperature range from 25 °C to -45°C, with heating and
cooling rates of 10 °C/min under a stream of nitrogen with a flow rate of
20 mL/min.

3.2.10 Cold-Stage X-Ray Diffraction

Dried emulsion powder and bulk sunflower oil was observed for X-ray
pattern using a Phillips PANalytical XPert pro MPD X-ray diffractometer
(Malvern Panalytical Ltd., UK) with CuKa radiation (K-Alphal wavelength =
1.54 A) generated from a copper source operating at a voltage of 40 kV and
a current of 40 mA. The test samples were packed into an AP TTK-450
sample holder. The samples were scanned over the range of 4 — 40° 206
(scan step size = 0.0334, scanning time per step = 135 s). Scans were
performed at -70 °C, -18 °C, and 25 °C.

3.2.11 Statistical analysis

All measurements, unless stated otherwise, were repeated in
triplicates. The mean value of the three readings was calculated and
reported in each case. Pearson correlation and linear regressions with
associated coefficient of determination R? were performed where applicable.
All calculations were completed using Microsoft Excel 2013 and statistical
significance was assigned at the level p < 0.05.

3.3 Results and discussions

3.3.1 Hydrophobically modified starch solution

Rheological behaviour of emulsions subjected to shear can often
provide valuable information regarding the colloidal state of the droplets. In
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order to be able to interpret such data correctly, it is necessary that any
possible complications arising from the flow properties of the continuous
phase itself are appropriately taken into account. In systems considered
here, the continuous phase contains HMS. Depending on the level of the
hydrophobic modification, as well as the value of pH and method for
preparing the solution, HMS may remain in granular aggregated form.
Alternatively, it can also be present as dissolved individual macromolecules
in the solution and may or may not associate to form weak networks
(Sweedman et al., 2013). As mentioned in the introduction, in both of these
forms, HMS can stabilize emulsion droplets. In the latter case (Chanamai
and McClements, 2002), the general stabilising mechanism will be similar to
that for emulsions stabilised by other amphiphilic type macromolecules,
whilst in the former the emulsions will be of particle stabilised “Pickering”
type (Yusoff and Murray, 2011; Marefati et al., 2013). Measurements of low
shear viscosity for dilute solutions can be used to determine the typical size
of entities that are dispersed within the solution (Chanamai and
McClements, 2001), and thus potentially allow us to distinguish between
these alternative possible scenarios. In this section, we present and discuss
the results of such rheological measurements for HMS solution in the
absence of oil droplets.

At sufficiently low volume fractions of the dispersed phase/dissolved
macromolecules, the viscosity of the solution, 7 (Pa-s), varies in a linear
fashion with the concentration ¢ (mol/L) of the molecules as shown in Eq. 3.1

n=n,1+[7]c) -

where o is the viscosity of the pure solvent phase and [7] the intrinsic
viscosity of the macromolecules (or colloidal particles) added to the solution
(Barnes, 2000). Indeed, Chanamai and McClements (2002) have already
shown that the viscosity variation of well dissolved HMS solutions, at low
concentrations, can reasonably be approximated by Eq. 3.1. Following their
work, we also measured the viscosity variation of our HMS solution, as a
function of biopolymer content in the low concentration limit. This was
conducted for both the solution just prior to homogenisation and once it had
passed through the homogeniser (without addition of any oil phase). In
Figure 3.1, the data for both cases have been plotted as [(7/70) —1] vs. c. For
both the homogenised and the non-homogenised solutions, a very
reasonable fit to Eq. 3.1 was obtained. However, the value of intrinsic
viscosity, [n7] was found to be somewhat higher at ~0.52 prior to
homogenisation, as compared to 0.37 dl/g for that following homogenisation.
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We suspect that this is due to small residual starch clusters that are not fully
broken up and dissolved until the solution is subjected to the higher shears
encountered in the homogeniser. More likely, it is also the result of some
degradation of the HMS, known to take place in the homogenisation process
(Modig et al., 2006).
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Figure 3.1 Intrinsic viscosity of modified starch solution before and after
homogenization, where n and no are the apparent viscosity of starch
solution and pure solvent, respectively. The slopes of the best-fit lines
in each case provides the corresponding intrinsic viscosities of the
HMS solutions.

The value of intrinsic viscosity obtained from the slope of the graphs
in Figure 3.1 can be used to obtain an estimate of the size of
macromolecules (or their aggregates) present in the solution. In the low
dilution limit, HMS molecules in the solution will not overlap with each other
due to the strong excluded volume interactions between them. Therefore,
the total effective volume fraction occupied by such molecules will be
¢~ 4nR+®n/3, where Ru is the hydrodynamic radius of the chains
(approximately the same as their radius of gyration, Ry) and n the number
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density of the HMS molecules as given by 10000cNa/Mw, if ¢ is expressed in
g/dl. Here, Mw denotes the average molecular weight of the HMS molecules
and Na = 6.022 x 10% is the Avogadro’s constant. For spherical dispersed
entities, occupying a volume fraction ¢, Equation 3.1 can also be expressed
in term of ¢, as given by Einstein equation:

77=770(1+2-5¢) 3.2
From a comparison of Equations 3.1 and 3.2, it follows that
RS = 3'\gw[’7]
10° 7N , 33

Molecular weight for modified starch varies largely from one to
several hundred MDa. Typical values following degradation due to shear are
measured to be around 30 MDa (Nilsson, L. and Bergenstahl, B., 2006).
Taking this value together with our measured [7] = 0.37 dl/g, we obtain
Ru =56 nm. The absolute size of the measured entities by itself is not an
indication of their particulate nature or otherwise. However, the measured
radius here agrees well with the value of the radius of gyration for a single
HMS molecule, as reported by Nilsson, L. and Bergenstahl, B. (2006)
measured using dynamic light scattering (DLS). The value is also in accord
with our own data using AF4 (R ~ 50 nm), as well as our DLS results with
d =112 nm (PDI < 0.1). This strongly indicates that our HMS was not in the
form of granules, but much more likely that it had dissolved to form a starch
solution. Subsequently, oil droplets that are emulsified in this solution cannot
be classified as Pickering type, but are instead stabilised by adsorbed
macromolecular layers of modified starch. There have been studies
reporting on modified starch stabilised Pickering emulsions with droplet size
of 391.5 nm (Liu, W. et al., 2018). However, this probably requires starch
granules no larger than ~ 40 nm, which is as small as, if not smaller than the
size of a single hydrated starch chain. Thus, even if such granules truly
exist, they cannot contain more than very few HMS molecules.

3.3.2 Fresh liquid emulsion

In order to find the optimum HMS concentration for a 20% O/W
system, emulsions with different HMS content were prepared. A very
interesting relationship was observed when the normalised viscosity of
emulsions was plotted against HMS concentration. The presence of a
biopolymer such as starch in a solution can by itself cause a significant
change in the solution viscosity. Therefore, here the normalised viscosity
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(n/m) was plotted to compensate for the effect of increasing starch
concentration, where 7 is the viscosity of emulsion, and o is the viscosity of
HMS solution at the same corresponding bulk concentration, but in the
absence of oil droplets. It can be seen that the relative viscosity of the
emulsion dropped to a minimum as the concentration of HMS increased to
2 wt%, and then started to rise again beyond a concentration of 4 wt%
(Figure 3.2A).
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Figure 3.2 A) Normalised viscosity (at a shear rate of 2 s—1) of 20 wt% O/W
HMS stabilised emulsions with different HMS concentrations (wt%). B)
Apparent viscosity of emulsions plotted as a function of shear rate.
Curves for three different HMS concentrations (wt%), 1% (dotted),

2% (dashed) and 8% (solid line) are displayed.
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Increase in viscosity is often associated with emulsion instability, especially
flocculation, which often is considered as the very first step in the possible
destabilization of emulsion (Dickinson, 2009). Bridging flocculation tends to
occur at low emulsifier concentration, while depletion flocculation tends to
occur at high emulsifier concentration (Dickinson, 1989) when significant
excess biopolymer remains non-adsorbed in the bulk solution. Related to the
results in Figure 3.2B, we also find a mild shear-thinning behaviour at HMS
concentration of 1 wt%. This behaviour disappears and becomes completely
Newtonian for emulsions at higher HMS concentrations from 2 wt% to
4 wt%. Yet, at still higher concentrations of HMS, the shear-thinning
behaviour once again manifests itself (Figure 3.2B). These graphs in our
opinion result from the classic bridging flocculation—stable emulsion—
depletion flocculation trend as the concentration of HMS increases. It is
particularly interesting to note that this situation is very similar to what occurs
for other types of biomacromolecular emulsions, such as sodium caseinate
emulsions (Berli et al., 2002). While the depletion flocculation part of this
trend has been experimentally observed and presented for HMS in the
research work of Chanamai and McClements (2001), the complete curve,
showing both types of bridging and depletion flocculation occurring for the
same HMS stabilised system over the varying range of HMS concentrations,
has not been reported previously to the best of our knowledge. Such a
common feature between the colloidally-induced behaviour in protein
stabilised and HMS stabilised emulsions, is interesting and worthy of further
investigation in future.

From the above results, 2.5 wt% HMS was determined to give
excellent emulsion stability and therefore emulsions with this HMS
concentration were used for subsequent freeze-drying studies. Emulsions
stabilised with 2.5% HMS gave Sauter mean diameter d3, , (d3, =
(X n;d}/¥ n;d?), of approximately 300 nm, and d,; of 480 nm at pH 5.5,
Fresh emulsion’s stability was monitored over the course of four weeks. By
appearance, there was no creaming visible to the naked eye after two
months of storage at 4 °C. The values of both d;, and d, ;3 remained stable
over the whole storage period (Figure 3.3B) indicating very little or no
flocculation in the emulsion system. Samples tested at different storage
times all gave Newtonian type behaviour, as seen in Figure 3.3A, thus once
again supporting the view that no aggregation of droplets occurred prior to
drying. These results are largely in line with previously reported studies
regarding the stability of properly prepared HMS stabilized emulsions.
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Figure 3.3 Apparent viscosity vs shear rate for non-freeze-dried emulsions,
on the day they were made (dashed line) and after 22 days (dotted
line). These emulsions contained 20 wt% oil and 2.5 wt% HMS. The
inset shows the variation of the mean droplet size for non-freeze-dried
emulsions over a period of 28 days.

3.3.3 Effect of freeze drying

Through the freeze-drying procedure, dried powders containing 80
wt% oil and 10 wt% HMS were prepared. The other 10% of the powder
consisted of retained buffer salt and 3.02% * 0.74% moisture, with water
activity of 0.087 + 0.035. The non-sticky, white-in-colour dried emulsion had
a flaky texture and became powdery once broken gently. The droplet size
distributions of both the fresh emulsion, as well as emulsions reconstituted
straight after drying are shown in Figure 3.4. For the latter sample, the
particle size was determined both immediately after reconstitution (D0.0) and
14 days post rehydration (D0.14). Comparing the fresh and D0.0 samples,
the value of d, 3 is seen to have changed four-fold from 0.50 ym to almost
2 um. The distribution has also widened, and a second peak appeared at
approximately 10 ym as a result of the drying process. Upon either
ultrasonication or addition of SDS, the second peak was reduced, and the
first peak increased in its height (data not shown). This indicates that the
appearance of the second peak was mainly due to aggregation of droplets



-56 -

either during drying or at the point of rehydration. However, once
reconstituted, the average droplet size and its distribution did not change
substantially over the next 14 days (Figure 3.4, D0.0 and DO0.14). It is worth
noting that even though sub-micron droplet size was lost after freeze-drying,
the reconstituted 2 um droplets are still reasonably fine and considerably
smaller than HMS granule-based Pickering emulsions (Yusoff & Murray,
2011). Coupled with their excellent stability after rehydration, this should
make them of useful practical interest in many potential applications.
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Figure 3.4 Droplet size distributions for non-freeze-dried emulsions (—),
emulsions reconstituted immediately after freeze drying D0.0 (--.), and
the latter sample 14 days post rehydration D0.14 (.....).

During the freezing step, formation of ice crystals may have started to
destabilise the emulsion droplets by limiting their spatial arrangements, by
increasing the local electrolyte concentration in the none frozen regions, and
possibly also by penetrating the adsorbed layer of emulsifier, as discussed
extensively in previous studies (Mun et al., 2008; Marefati et al., 2013; Zhu
et al., 2017). The freezing point of sunflower oil is -17 °C, but homogenized
oil droplets in 300 nm size range are expected to have a very high degree of
supercooling, (Cramp et al., 2004; Elwell et al., 2004). Despite this, the
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freezing temperature of -30 °C was sufficiently low for fat crystallization to
take place, as the crystallization temperature of freeze-dried emulsion
powder was determined here to be -24 °C by DSC (See Appendix A, Figure
A2). The lipid crystals penetrating the adsorbed interfacial layers would
cause some desorption of the HMS. This in turn could cause further
disruption to the provision of steric repulsion forces (Cramp et al., 2004;
Marefati et al., 2013). When the drying phase of the freeze-dry cycle is
initiated at a temperature of -10 °C, oil crystals would start to melt. As drying
proceeds, there is an increasing reduction in the volume of the free aqueous
phase. Despite this, the bulky hydrophilic parts of HMS, responsible for
provision of strong steric forces, could still physically provide some
protection against total coalescence (Donsi et al.,, 2011), though not
necessarily against aggregation of droplets anymore. With a compromised
adsorbed layer of HMS, and the combination of competing factors discussed
above, some degree of aggregation and even partial coalescence may well
be expected (Cramp et al., 2004). After all, the adsorption of HMS occurred
at an oil-water interface during preparation of the original emulsion. In
contrast, after drying, the interface is essentially one between the starch in
the matrix and the oil phase. The adsorption behaviour of HMS molecules is
not necessarily expected to be the same at these two rather different
interfaces. The degree of aggregation (and possibly partial coalescence)
proceeded further once rehydration happened and the droplets became
more mobile again. We believe this is the main cause of the increase in
droplet size and the wider size distribution seen for dried and then
immediately rehydrated emulsions when they are compared to fresh ones
(Figure 3.4).

Figure 3.5 shows the SEM images of the above freeze-dried
emulsion, at several levels of magnification. The irregular flaky structure can
be observed in Figure 3.5A, with internal porous structures evident on the
breaking sites of the flakes. This is typical of freeze-dried materials (Laine et
al., 2008; Sousdaleff et al., 2013). Reconstituted droplet size reduction upon
ultrasonication or addition of SDS suggests aggregation, and this is
supported by the fact that only a very small number of larger droplets can be
observed in SEM micrographs. However, coalescence cannot be ruled out
completely, as the arrows in Figure 3.5B indicate, there is possible evidence
for partial coalescence of oil droplets. Despite these, as seen in Figure 3.5C,
many oil droplets have survived the drying process, and retained their
submicron droplet size. Considering that the dry powder consisted of 80 wt%
oil and only 10 wt% HMS, the spherical entities observed are very likely oil
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droplets, as there would not be enough HMS to form so many particulate
entities, even in the extreme case where all HMS was to desorb from the
surface of droplets.

Figure 3.5 SEM images of freeze-dried emulsion powders that underwent
no powder storage (i.e. straight after drying). Arrows indicate some
possible evidence for partial coalescence. Micrographs are taken at
different magnifications, A) 500x, B) 2.50Kx, C) 30.00Kx.

3.3.4 Storage condition and its effect on reconstituted emulsions

By freeze-drying samples under the same conditions and carefully
characterising them both before and after the process, it is ensured that the
influence of freeze-drying on HMS stabilized emulsions would be the same
for all samples. Thus, the only variables remaining are the powder storage
conditions and the duration of the dry storage before rehydration. SEM
images were taken of powders, after varying periods of storage (ranging
from O to 21 days) and for all of the different powder storage conditions
considered in this work. No obvious differences were observed between the
powders, with all of them being visually similar to D0.0 shown in Figure 3.5
(See Appendix A, Figure A3). In particular the sizes of droplets in various
powders seem approximately the same in all of the SEM micrographs.
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Figure 3.6 Normalised average reconstituted droplet size plotted versus the
powder storage period (tr).

All measurements were performed immediately after rehydration
(ts=0). Normalised droplet sizes are obtained as the ratio of droplet
sizes between emulsions reconstituted after a powder storage time of
tf and those reconstituted straight away after freeze-drying (sample
DO0.0). Error bars represent calculated standard deviation. Linear
regression lines are shown with equations and R2 values. (A) Effect of
relative humidity with samples that underwent powder storage with
high (HRH), low (LRH), and typical room (R), humidity conditions. (B)
Effect of temperature with samples that underwent powder storage at
room temperature (R), 4 °C (F), -18 °C (L), and -30 °C (VL).

Thus, any differences in the behavior of reconstituted emulsions are not
simply due to the variation of droplet size caused during the powder storage
period. However, this does not mean that the adsorption behavior of HMS
remains the same. For example, HMS may get desorbed from the surface to
varying degrees, depending on the length and conditions of powder storage.
However, these differences cannot fully manifest themselves as changes in
the size of droplets, due to lack of aggregation resulting from very low
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mobility of droplets in all powders. As noted, when powders are rehydrated
and droplets become mobile once again, these differences result in quite
dissimilar reconstituted droplet sizes.

In Figure 3.6, the normalised droplet size, defined as the ratio of
droplet sizes between emulsions reconstituted after a powder storage time
of tr and those reconstituted straight after freeze-drying (sample DO0.0), is
plotted as a function of powder storage period. Figure 3.6A compares
samples R, HRH and LRH to examine the impact of relative humidity during
powder storage, and Figure 3.6B compares samples R, F, L, VL to examine
that of powder storage temperature. The results demonstrate that all dry
powders, with the exception of VL, gave reconstituted emulsion that became
more coarse with longer powder storage times, t:r. In contrast, for VL
samples, the reconstituted droplet size seemed to remain relatively stable
irrespective of t.. The Pearson correlation analysis (Table 3.1) confirms that
in all samples but VL, the reconstituted droplet size was significantly
(p < 0.05) correlated to the period of powder storage, tr. These differences
imply that any possible destabilization occurring during reconstitution was
sensitive to the period of powder storage, even though visually no major
differences between powders may be seen prior to rehydration.

Table 3.1 The correlation coefficients and associated p values for Pearson
correlation analysis, on reconstituted droplet sizes vs powder storage
time, showing data size (n) and correlation coefficient (r).

Sample n r P Sample n r p

R 9 0.89 0.0007 |R 9 0.89 0.0007

HRH 6 0.91 0.0060 F 8 0.84 0.0041

LRH 5 0.88 0.0254 |L 9 0.86 0.0016
VL 9 0.42 0.1314

It is interesting to note that in all reconstituted emulsions no creaming
was visible. Similar to DO0.0, all other samples showed no additional
instability during a further 14 days of observation after rehydration (ts)
(Figure 3.7), albeit having produced quite different emulsion sizes when
initially reconstituted. In particular, for VL samples freeze-dried under the
aforementioned processing condition, with the dry powder stored
at -30+1°C and sealed for up to 3 weeks, the reconstituted droplets
maintained their stability with an average droplet size of less than 2 um, for
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at least 2 further weeks. The ability to keep dried emulsion powders for
3 weeks and then produce such stable fine emulsions simply by rehydration,
is a particularly important first step in designing truly reconstitutable
submicron emulsion systems, capable of transportation and storage as dry
powders, for long periods of time.
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Figure 3.7 Assessing the long-term stability of reconstituted emulsions by
monitoring da,3 (um) for samples VL11.ts and R11.ts at different ts (days)
post rehydration.

3.3.4.1 Effect of relative humidity during storage of powder

The impact of relative humidity was examined by comparing HRH,
LRH and R, as shown in Figure 3.6A. In these three conditions, all powders
were stored at the same temperature of 20 °C. The powder R was sealed at
room humidity to prevent any further moisture exchange subsequently. In
LRH, the environment of 2% RH suppressed moisture uptake of the powder.
On the other hand, in HRH case, where moisture exchange with an
environment having 75% RH was allowed, the powders rehydrated slowly
during storage by absorbing moisture from the surrounding air. These were
evidenced by a small variation in weight (See Appendix A, Table A2) and
more prominently a noticeable change in the texture of the powders. Both R
and LRH powders stayed relatively dry until reconstitution, where they were
rehydrated quickly.
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Even though several authors reported higher degree of agglomeration
with higher RH during powder storage in encapsulation studies of
anthocyanins (Alvarez Gaona et al., 2018; Garcia-Tejeda et al., 2018), as
seen from Figure 3.6A, the slopes of the linear regression lines for HRH and
LRH (0.2066 and 0.2049 respectively) are comparable. This shows that the
rates of change in reconstituted droplet size with respect to powder storage
time were equivalent for HRH and LRH samples, despite the difference in
relative humidity of their powder storage conditions. Therefore, relative
humidity during powder storage did not have a strong impact on
reconstituted droplet size. The relatively large standard deviation between
triplicate samples prepared under same condition, for both HRH and LRH
cases, indicates high level of emulsion breakdown and instability as the
powders were rehydrated. The rather mild impact of humidity may be the
result of hydrophobic modification of starch, which makes the affinity of
matrices consisting of HMS for the uptake of water lower than those of
unmodified starch.

When Figure 3.6A is contrasted to Figure 3.6B, it is clear that
humidity at best played only a minor role, at the studied temperature range.
The effect of humidity, being a less significant and more subtle parameter,
should be looked at in more detail for a wider range of storage temperatures,
but this was beyond the scope of the current preliminary study. The more
prominent factor, temperature, will be discussed in the next section.

3.3.4.2 Effect of temperature during storage of powder

After storage under various temperatures, moisture content of
powders increased slightly, varying from 3.39% to 5.13% (See Appendix A,
Table A3), but otherwise remained low. During freeze drying, the adsorbed
layer of HMS covering the surface of oil droplets will tend to be disrupted to
some extent by the crystalline structure of oil (Cramp et al., 2004; Marefati et
al., 2013). This is likely due to the much-altered nature of the interface
between the dispersion medium and dispersed phase, if one or both solidify.
Once the dried powders are removed from the freeze-dryer, the temperature
of the subsequent storage determines the morphology and kinetic mobility of
the constituents of the system. Compared to room temperature storage
conditions (sample R), it is obvious that the sensitivity of change in droplet
size to powder storage time, tr, is reduced with lowering temperature (Figure
3.6B). Emulsions formed by rehydration of the powder, stored at -30 °C,
showed no variation with the duration of powder storage. The beneficial
effect of lower temperature might be due to a lower kinetic and reduced
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mobility, and therefore a slowing down of aggregation (Su et al., 2018).
Nevertheless, the important point here is that this reduction in mobility does
not only refer to the Brownian motion of droplets, as for example occurs
when the continuous phase becomes a gel, as also seen in other types of
applications. For all of the sufficiently dried and sealed powders, at any
storage temperature, the mobility of droplets is expected to be very small.
Thus, the reduction in mobility with temperature that we refer to here, is that
which also includes the movement of actual oil molecules themselves, as
well as desorption kinetics of HMS from the surface. This suggests that
processes such as Ostwald ripening may have a bearing on destabilisation
of droplets when in the dry powder form. On one hand, the larger
significance of Ostwald ripening in the dry system seems reasonable, given
that in such samples the oil volume fraction is approaching 80%. This is a
very concentrated emulsion system, indeed. But on the other hand, the solid
(glassy) nature of the dispersion medium should resist and slow down any
shrinkage of droplets, unless if HMS can only form rather weak and
mechanically fragile matrices prone to rearrangement between droplets. In
any case, the absence of obvious visual signs of change in the size of
droplets, between powders stored at different temperatures (See Appendix
A, Figure A3) prior to rehydration, seems to rule out Ostwald ripening being
the main contributor for the formation of more coarse droplets observed
upon rehydration. Thus, the exact mechanism through which the mobility of
oil molecules in the dry powder contributes to this observed coarsening of
droplets, is more likely to be desorption of HMS from the surface of droplets
and/or some degree of arrested partial coalescence, as was alluded to
above.

To better understand how components of the dry powders were
affected by low temperatures, oil crystallization and glass transition were
also considered and characterised. Samples of powders stored for 20 days
at -30 °C and 4 °C, as well as bulk sunflower oil, were scanned for X-ray
diffraction pattern while held at scanning temperatures of 25 °C, -18 °C
and -70 °C (Figure 3.8). A temperature of 25 °C is well above the
crystallization temperature of bulk sunflower oil, typically between -20
to -17 °C (-20 °C here as determined by DSC, see Appendix A, Figure A2).
Therefore, the oil component in the dry powders remained fluid with no
characteristic peak associated with oil crystallisation detectable (Figure
3.8A). Dry emulsion powder stored under -30 °C and bulk oil showed no
crystallinity, while that stored at 4 °C was overall molten with some small
peaks. However, these peaks are most certainly not associated with the oil
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Figure 3.8 XRD patterns for 20-day stored emulsion powders and
bulk sunflower oil, scanned while holding the samples at A) 25 °C, B)
-18°C, C) =70 °C.

phase, but seem most likely to be contributed by the buffer salt NasPOas in
tetragonal structure (standard pattern 04-015-4964). As seen in the patterns
scanned at -18 °C (Figure 3.8B), the supercooling effect is quite obvious as
bulk sunflower oil showed distinctive peaks for crystallinity while the
emulsion powders still remained molten, with no such peaks visible. As the
scanning temperature was further lowered to -70 °C (Figure 3.8C),
pronounced peaks from oil crystallization could be observed in all three
samples. The appearance of additional peaks compared to bulk oil scanned
at -18 °C indicates a possible transition from a-form crystalline to B’ structure
(Calligaris et al., 2008). Phase transition involving crystallization was also
captured by the thermogram generated by DSC, involving a temperature
scan in the range -45 °C to 25 °C. For the three stored emulsion powders
(20 days at 4 °C, -18 °C, and -30 °C respectively) examined by DSC, the
crystallization temperature (during cooling) was approximately -24.6 °C
(Figure 3.9A), the melting point (during heating) was -27.5 °C (Figure 3.9B),
and no glass transition was identified in the tested temperature range (Floros
et al., 2014). The observation that all dried emulsion powders, irrespective of
their original storage temperature, exhibited the same degree of
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supercooling is a reflection of a similar size of the droplets in all these
powders (see Appendix A, Figure A3). As mentioned previously, oil droplet
size in dry powder did not change during powder storage, and the effect of
powder storage temperature on droplet size only manifested itself once
rehydration was performed. As evidenced here, destabilization upon
reconstitution does not seem to be the result of alterations in the oil phase,
but most likely related to desorption and re-adsorption behaviour of HMS in
dried oil/starch matrix, as well as on the reformed O/W interface upon
rehydration. Nonetheless, the fact that the oil droplets in VL powder (powder
storage temperature of -30 “C) crystallised, rather than remaining in molten
or amorphous states during their storage, can in itself have some bearing on
the desorption of HMS from the surface of droplets. This difference may be a
possible reason for the superior resistance of VL sample against
aggregation/coalescence upon reconstitution, when compared to other
powders stored at higher temperatures, i.e. where droplets remained molten
(Bhandari and Howes, 1999). A study of the processes involving desorption
of HMS, as occurring throughout the storage period within the dry state, is
not trivial. This remains an area for future investigation.

Normal starch in dry state has an estimated glass transition
temperature (Tg) no lower than 227 °C (Orford et al., 1989; Bizot et al., 1997,
Bhandari and Howes, 1999). Even though the presence of water is known to
significantly reduce Tg, it has been established that a moisture content as
high as 22% is required to lower Tg of high molecular weight (> 10 MDa)
starch down to room temperature (Bizot et al., 1997). With the amount of
moisture in our powders determined at 3-5%, the Tg of our HMS is estimated
to be above 50 °C, very unlikely to be as low as room temperature let alone
below zero degrees (Mizuno et al., 1998; Liu, P. et al., 2009; Liu, P. et al.,
2010; Lim and Roos, 2018). Therefore, the HMS matrix in all the emulsion
powders studied here are thought to have remained in glassy state
throughout the powder storage period (i.e. the only differentiating factor
between various samples). Hence, the rubber-glass transition is not
considered here as a process playing a significant role in altering the
colloidal stability behaviour of different samples, seen post rehydration. Had
for example the matrix consisted of a low molecular weight hydrocarbon
(e.g. maltodextrin) instead, then clearly this could have been a very different
proposition.
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Figure 3.9 DSC thermograms for freeze-dried powders after 20 days of
powder storage, A) cooling from 25 °C to —45 °C, B) heating from
-45°C to 25°C.

Interestingly, in Figure 3.6B where the droplet sizes of reconstituted
emulsions are plotted against powder storage time tz, three different regimes
can be identified for R and F samples. There is a short period of initial
plateau, where droplet size did not seem to change much with tr. When
powder storage period exceeded 2 days, the average rehydrated droplet
size became larger and showed higher sensitivity to tr. A second plateau was
reached when the powders were stored for 8 days or more before
reconstitution, where the droplet size showed no further changes with
increasing tr once again. It is possible that dry powders stored at -18 °C (i.e.
sample L) actually followed the same pattern of rehydrated size variation
with tr as the R and F samples. However, in this case the second regime, in
which large variation of reconstituted droplet size was observed, was
considerably delayed due to the prolonged first plateau regime (no droplet
size change with tf). In other words, had our observation time been far
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longer, samples for all three storage temperatures that were higher than
crystallization temperature of the oil phase, would have resulted in the same
pattern of droplet size change with the duration of the powder storage period
prior to rehydration. This delaying effect with lower storage temperature is
quite clear from Figure 3.10, which shows the change in reconstituted
droplet size distribution at different t. Similar effect of different storage
temperatures on the deterioration of freeze-dried entities was found in the
microcapsules produced by Malacrida et al. (2015), but their focus was on
retention percentage of encapsulated material rather than reconstituted
droplet size, unlike that here.
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Figure 3.10 Droplet size distributions of reconstituted emulsions from
powders that had been stored for 2, 8 and 17 days in conditions VL
(=30 °C, sealed), L (-18 °C, sealed) and R (20 °C, sealed). All the
distributions were obtained shortly after rehydration.

3.3.4.3 Long-term stability of reconstituted emulsion from dry stored
powders

It was observed that the powders stored at room temperature
(samples R) developed a weak gel-like texture subsequent to post
reconstitution storage. These seem similar in appearance to those often
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encountered in the presence of weak attractive depletion interactions
between droplets. The structure was found to break down easily with gentle
hand shaking. The samples were subjected to rheological measurements,
but even at the very lowest shear rates, the gel was already too fragile and
had sufficiently broken down to show any pronounced rheological
characteristics. Presumably, as was discussed before, some HMS
molecules desorbed from the interface during freeze-drying (and possibly
powder storage period). Upon reconstitution the free HMS did not re-adsorb
quickly enough, if at all, back onto the surface of the droplets. Presence of a
small amount of free starch in solution could lead to depletion flocculation of
oil droplets. The effect was disrupted by much higher dilution and the gentle
shear that droplets suffer in the Mastersizer 3000. The weak flocs took a
short period to separate. This manifests itself as an initial evolution of droplet
size distribution in the Mastersizer over a period of 10 minutes or so,
reaching a steady final value after that period. Interestingly a similar result
was reported by Farshchi et al. (2013) with regards to a delay in complete
break up of depletion flocculated aggregates occurring during similar
measurements, though in their case the droplets were stabilised by soy bean
protein.

Figure 3.11 shows Cryo-SEM images on reconstituted emulsions
F11.87 and VL11.153, in which flocculation was suspected despite the lack
of creaming. These samples were rehydrated and then flash frozen before
imaging, as described in the method section. Like all other samples, in these
two cases the droplet size remained fairly constant once samples were
reconstituted (6.7 ym for F11.87 vs 3.91 um for F11.0, and 1.8 um for
VL11.153 vs 1.18 ym for VL11.0). Occasionally, single droplets of a size
over 10 um were detected, but the vast majority of droplets were only visible
under high magnification, as shown in Figure 3.11.

In Figure 3.11A, sample VL11.87 (with powder storage temperature of
-30 °C) showed a uniform spatial distribution of droplet positions, having
typical sizes of 1 um. Some of the droplets aligned along the ridges, which
was the result of getting pushed together by flash freezing of water. On the
other hand, in Figure 3.11B for powder storage of 4 °C samples (samples F),
it can be seen that a large cluster (~6 um) was formed by aggregation of
small droplets, with sizes less than 1 um. Similar clusters were also seen in
all the other F samples. Again, this seems to indicate some degree of
flocculation in such cases. It is interesting that the droplets in these large
flocs remained intact as individual droplets, rather than coalescing into



Figure 3.11 Cryo-SEM micrographs of reconstituted emulsions; A and C
were for samples VL11.153 (i.e. 11 days of powder storage, following
by 153 days post rehydration) while B was for sample F11.87.

bigger ones. This was the case even for our samples after a long period of
time, i.e. 153 days post rehydration. The molecularly adsorbed layer of HMS
must still be mostly intact, as indicated by the clear edges around each
droplet within the flocs. Presumably the thick HMS layer still could act as a
physical barrier preventing extensive coalescence, even after freeze-drying,
long period of powder storage, and many days post reconstitution. In Figure
3.11C, we show one interesting rare droplet with an approximate size of
8 um. On the surface of this large droplet, there is a small region that does
not seem to be fully covered, and in this loosely packed area, particle-like
material can be observed. One could speculate that the surface of this
droplet was covered by aggregated HMS particles, judging by the non-
spherical shape of the small particulates. Presence of these droplets, though
quite rare, could indicate that a very small amount of HMS may not have
been completely dissolved, remaining in residual particulate form. These in
principle can adsorb onto the surface of droplets and lead to the formation of
Pickering droplets. Alternatively, some of the molecularly adsorbed HMS on
the surface of droplets may be reverting back to form particle aggregates
during freeze-drying or in the subsequent storage period. In any case, the
observation of these types of large droplets was too rare to allow us to
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perform a more systematic detailed examination, or for it to have any
significant practical implications.

3.4 Conclusions

Extensive attention has been paid to encapsulation in studies
involving drying of emulsions. In contrast, long-term stability of rehydrated
emulsions has rarely been considered, either as part of such
microencapsulation studies or other research involving drying of emulsions.
Similarly, the effect of powder storage conditions on the degree of
entrapment of numerous active ingredients, their retention during dry storage
and their protection against possible oxidation have been widely researched.
Once again, far less research has involved the impact of powder storage on
colloidal stability of the reconstituted emulsions. In the present study, we
have shown that powder storage temperature plays a major role on the size
and emulsion stability of droplets that are obtained after rehydration of the
dried powder. This most likely is resulted from the limited diffusion of oil
molecules, since the oil phase was found to be in crystalline form at
temperatures below ~ -24 °C, showing some degree of supercooling as may
be expected. The relative humidity on the other hand plays a rather minor
role. This is perhaps due to hydrophobic modification of starch, somewhat
reducing its affinity for uptake of moisture. Flocculation was observed in
rehydrated emulsions, for samples reconstituted from powders stored at
higher storage temperatures. However, extensive coalescence and emulsion
breakdown were absent once the powder was rehydrated back to an
emulsion. It is shown that during the powder storage period, oil droplets in
the emulsion powder were not altered in morphology or size. Future studies
should focus on characterising the HMS adsorbed layers on the surface of
droplets within the dried powders. In particular, desorption/re-adsorption
behaviour of HMS, as affected by powder storage temperature, should be
investigated. We note that a study of such processes, occurring on the
surface of droplets while in the dry form, remains quite challenging.
Nonetheless, we have demonstrated in the current work that dry
reconstitutable emulsions can be made and stored for considerable periods
of time (more than 3 weeks), where upon simple rehydration (i.e. not
needing any additional re-homogenisation), colloidally stable droplets of size
< 2 um were achieved (stable for more than 100 days after reconstitution).
The result can have major commercial potential such as the possibility of the
mass production of the dried emulsion powders in one central site, shipment
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of the powder to other locations, and storage and rehydration of these as
and when required. However, with further studies on optimising the relevant
drying and storage conditions mentioned above, we believe that the
realisation of even smaller, eventually stable sub-micron reconstitutable
emulsions, formed by gentle rehydration of already dried emulsions, is a
viable proposition.
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Chapter 4
Effect of amylose and amylopectin content on the
colloidal behaviour of emulsions stabilised by OSA-
Modified starch

Decrease pH At neutral pH Digest with a-amylase
Or increase electrolyte concentration  with no additional electrolyte

Stable emulsion formed with OSA
modified waxy maize starch

Stable emulsion formed with OSA
modified normal corn starch
(28% amylose content)

Abstract

The impact of the amylose content (AC) of hydrophobically modified starch
on its emulsion stabilising behaviour has been examined in this study. Waxy
maize (W) and normal corn starches (N) with different amylose contents,
5.48% and 28.37% respectively, were hydrophobically modified with Octenyl
Succinic Anhydride (OSA) (3%) and used to fabricate oil-in-water emulsions.
Emulsion samples were compared for their colloidal stability against pH
change, increase of electrolyte concentration and enzymatic treatment by
amylase. The amylose content of the OS-starch made a pronounced
difference to emulsion stability in all cases. Increases in the electrolyte
concentration, or decrease of pH to low values, left emulsions stabilised by
OS-N (medium AC) strongly flocculated. However, little coalescence of
droplets was detected, even after 21 days. In comparison, the OS-W (low
AC) stabilised emulsion remained well dispersed throughout the entire
storage period, following changes to pH or raised salt concentrations. The
contrast between the behaviour of the samples is attributed to the provision
of sufficient steric interactions by OS-W emulsifier but not OS-N.
Destabilisation following a-amylase treatment revealed a different trend, with
both in vitro and in vivo digestion experiments leaving the low AC (OS-W)
stabilised droplets showing extensive coalescence immediately post
treatment. Over the same short period, the OS-N stabilised emulsions
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became flocculated, but again without much droplet coalescence. The
enzymatic degradation of OS-N interfacial layers seems to proceed more
slowly than the OS-W samples. Varying destabilisation rates provide a
means for realising tailored release profiles of flavours or active ingredients,
achieved in principle by appropriate mixing of several emulsions stabilised
by different AC modified starch.

4.1 Introduction

In the food industry, there has been an increasing trend in moving
away from synthetic surfactants to more natural emulsifiers. In the past few
decades, food biopolymers, i.e. proteins and polysaccharides have been
studied extensively for their emulsifying and stabilising properties, with most
surface active colloidal stabilisers currently in use being protein based
(Dickinson, 2013; Wijaya et al., 2017). Researchers continue to seek novel
colloidal stabilisers derived from these two types of biopolymers, and
progress has been made with fragmented proteins (Ettelaie et al., 2014;
Mokni Ghribi et al.,, 2015; Dai et al.,, 2019), conjugates of protein and
polysaccharide through Maillard reaction (Kato et al., 1990; Benichou et al.,
2002; Akhtar and Dickinson, 2007), and hydrophobically modified starch
(Chanamai and McClements, 2001; Chanamai and McClements, 2002,
Nilsson and Bergenstahl, 2006; Ettelaie et al., 2016; Ettelaie et al., 2017;
Arshad et al., 2018; Hu et al., 2019; Mu et al., 2019).

Hydrophobically modified starch is also considered as an inexpensive
and abundant substitute for Gum Arabic. Being of plant source and the “gold
standard” of beverage emulsion industry, Gum Arabic is a composite
polysaccharide containing a small amount of lower molecular weight
protitious fraction (Randall et al., 1988; Dickinson, 2018), which is thought to
be entirely responsible for its surface active properties. Due to its high
heterogeneity and rather small portion of the glycoprotein fraction, usually
large amounts are required in real formulations, resulting in higher cost.
Upon hydrophobic modification, starch develops an amphiphilic nature and
becomes surface active. Compared to proteins, this modified starch has
been found to provide a higher degree of colloidal stability at low pH and
high electrolyte concentrations (Chanamai and McClements, 2002). This is
because the main stabilising mechanism provided by the hydrophobically
modified starch is thought to be based on the provision of steric repulsion
and is not electrostatic in origin (Tesch et al., 2002). Screening of any
electrostatic interaction, as there might be in the case of modified starch
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esters, using high electrolyte concentrations or at low pH conditions, have
provided support for this view (Chanamai and McClements, 2002; Lin et al.,
2018b).

Currently, the only legally permitted material for hydrophobic
modification of starch for use as food emulsifiers is octenyl succinic
anhydride (OSA). Even then this is limited to less than 3% by weight (FDA,
US) (Bai et al., 2014; Zhao et al., 2018). The modification reaction is most
commonly carried out in an alkaline medium. OS-starch has many potential
applications other than beverage emulsions, for example encapsulation of
fragrances, essential oils and fish oils, and formulation of reconstitutable
emulsions for easier transportation and storage (Cheuk et al.,, 2015;
Samakradhamrongthai et al.,, 2016; Garcia-Tejeda et al., 2018; Mu et al.,
2019). There is indeed a trend in using clean label ingredients in the food
industry, which may lead to a reduction in the use and eventual phasing out
of any chemically modified starch. Nonetheless, research on OS-starch is
still likely to remain relevant in other industries such as nutraceutical and
pharmaceutical, and any phasing out will be a gradual process.

In recent years, increasing attention has been paid to understanding
the possible connection between the structure of starch molecules and the
stabilising properties of the derived OS-starch. For example, these studies
have involved examining starches of various botanical source or cultivar,
and attempting to link their structural characteristics to their functional
properties (Song et al., 2013; Simsek et al., 2015; Wang et al., 2016;
Whitney et al., 2016). Evidence indicates that starch granules have a layered
structure, and modifying agents such as OSA gain access to the interior of
the granule by the pores on the surface and channels leading to a central
cavity (Huber and BeMiller, 2000; Liu et al., 2018). The crystalline region of a
starch granule consists of helices formed by the short branches (DP 10-15)
of amylopectin, whereas amylose sits mostly in the amorphous region of the
granule. Various studies on distribution of OSA in the starch granule have
found that OSA mainly attaches to starch in the amorphous regions of the
latter. If true this implies that the amylose molecules are the primary
receptors for OSA in modified starch granules (Shogren et al., 2000; Wang
et al., 2013; Whitney et al., 2016; Liu et al., 2018). One question that
naturally arises from the above studies, and has caught the attention of
several researchers in recent years, is whether the amylose content (AC) of
a starch affects the substitution efficiency, and thus the emulsifying and
stabilising properties of the modified starch. This is likely given the possible
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bias of OSA attachments to amylose chains. Importantly, this is not to say
that amylose content is the only relevant factor to the emulsification and
stabilisation properties of OS-starch. Other structural factors such as the
crystallinity of granule, crystal types, granule size, molecular chain length,
degree of branching of amylopectin might also be responsible. Nevertheless,
the focus in the current work remains on the influence of the proportion of
amylose in the modified starch on its emulsifying ability.

It has been suggested that the emulsification ability of OS-starch
increases with higher degree of substitution (DS) in the range of interest
here (modification <3%) (Bhosale and Singhal, 2006; Ruan et al., 2009; Lin
et al., 2018a). Studies by Lopez-Silva et al. (2020), Song et al. (2014) and
He et al. (2006) all supported this view. These researchers found that DS is
positively correlated to amylose content of the native starch. However, other
work conducted with starch from the same botanical source as the previous
researches, as well as different ones, found either no correlation or a slightly
negative correlation (Song et al., 2013; Sweedman et al., 2014a; Cruz-
Benitez et al.,, 2019; Lopez-Silva et al., 2019). In terms of application
oriented comparisons, encapsulation involving modified starch from different
sources, has been addressed by Cruz-Benitez et al. (2019), even though
colloidal stability was not of main interest and only the encapsulated dry
powder was characterised.

Few studies focused on the impact of amylose content of OS-starch
in liquid emulsions. Even in those systems that do involve the fabrication and
characterisation of liquid emulsions, the OS-starch was sometimes kept in
granular form to provide a Pickering type emulsifier (Song et al., 2014;
Lopez-Silva et al., 2019). Pickering emulsion (Pickering, 1907) has a
different stabilising mechanism in the sense that it maintains colloidal
stability due to difficulty of displacing the adsorbed particles from the
interface resulting from large desorption energies (> 1000 kT). A distinction
is to be made with typical steric repulsion, as in molecularly adsorbed OS-
starch ester stabilised emulsions, where the droplets are kept apart due to
the excluded volume repulsion between overlapping interfacial layers. The
typical size of starch granules ranges from 2 um to 50 um, so as a result, the
oil droplets they stabilise through Pickering mechanism are usually no
smaller than 10 um (Simsek et al., 2015; Matos et al., 2018). However, once
OS-starch granules are gelatinised, the solution is capable of producing sub-
micron emulsions with amylose and amylopectin polymers (Chanamai and
McClements, 2002; Sweedman et al., 2014b).
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Among the very few studies involving gelatinised OS-starch stabilised
liquid emulsions and the impact of amylose content, there are both
experimental and theoretical investigations. Experimentally, Song et al.
(2013) produced stable emulsions with gelatinised modified rice starch,
having droplet sizes ranging from 1 um to 12 um. Emulsion stability was
reported to be enhanced with smaller AC values, whereas the initial droplet
size seemed to change non monotonically with varying amylose content for
the studied cultivars of indica rice. Sweedman et al. (2014a) used maize
starch of various AC to emulsify an oil based solution of 3-carotene (1 wt%
oil content emulsion). They were able to fabricate emulsions with excellent
colloidal stability at low amylose content, but also observed a faster
destabilisation of droplets as AC was increased. High pressure
homogenisation was employed in this work, and modified maize starch was
able to confer a real sub-micron size for droplets (~300 nm). However, in
both of these studies, emulsion stability was examined only in a rather
limited range of electrolyte concentration and pH, relevant to the specific
purpose of their investigation. For Song et al. (2013) this was to differentiate
between the rice cultivars while Sweedman et al. (2014a) explored the
possibility of achieving high oxidative protection for B-carotene. As a result,
in these low stress systems, no additional electrolyte was added, and the pH
of the systems were not even mentioned. The work of (Lopez-Silva et al.,
2019) is potentially also a possible case of gelatinised OS-starch stabilised
emulsion. They reported emulsion droplet sizes that are lower than their
corresponding starch granule sizes, despite describing their emulsions as
being of Pickering variety in their publication.

On the theoretical side, the work of Ettelaie et al. (2016), based on
numerical Self Consistent Field (SCF) calculations, compared behaviour of
amylose and amylopectin with equal degrees of hydrophobic modification.
The study made two major assumptions. Firstly, it assumed that the
background electrolyte concentration was sufficiently high so as to screen
any electrostatic repulsion. Thus, any predicted emulsion stability can purely
be attributed to steric interactions. Secondly, amylose and amylopectin were
taken to have the same molecular weight, with the only remaining difference
being the branched and linear nature of these two starch biopolymers. While
the chosen molecular weight of chains was in a region where the size
distribution of amylose and amylopectin are just about to overlap with each
other, amylopectin tends to have a typical molecular weight 100x larger than
average sized amylose. Nonetheless, under these limiting assumptions, the
study suggested that amylopectin would form a more compact layer at the



-82-

interface, and is therefore associated with a larger energy minimum, once
van der Waals interactions are also included in the calculations. On the other
hand, amylose formed less dense but more extended films, resulting in
longer ranged repulsion. However, this advantage was cancelled out by the
prediction of an additional energy minimum at closer inter-droplet separation.
This was shown to arise from larger tendency of modified amylose to cause
bridging flocculation. It was also indicated that a mixture of amylopectin with
a small amount of amylose would have better performance than pure
amylopectin (Ettelaie et al., 2016).

Other than changes in electrolyte concentration and pH, colloidal
systems stabilised with OS-starch can also be destabilised by enzymatic
digestion of the starch. Amylolysis of OS-starch, in the absence of any oll
droplets, has been studied and compared with that of native unmodified
starch. It has generally been found that OSA modification reduces starch
digestibility, regardless of starch source (Ai et al., 2013; Simsek et al., 2015;
Bajaj et al., 2019; Lopez-Silva et al., 2020). Several recent studies have also
examined the impact of the enzymatic digestion of OS-starch on the rate of
emulsion degradation. The focus of these studies has largely been the
sensory perception, substance release in the gastric-intestinal tract, and a
comparison of the behaviour of starch stabilised droplets with protein
stabilised ones upon the application of gastric-intestinal digestive enzymes
(Silletti et al., 2007; Dresselhuis et al., 2008; Lin et al., 2018a; Hu et al.,
2019). One general conclusion from all such research is that emulsions
stabilised with OS-starch can indeed be destabilised due to the break-down
of adsorbed OS-starch surface layers by starch-digesting enzymes. It is
natural to speculate that amylose content may have an impact on OS-starch
digestibility of such interfacial films, much in the same way as native starch
itself. If so, then AC should also influence the stability behaviour and the rate
of break-down of emulsions stabilised with OS-starch during amylase
treatment. Very recently, Lopez-Silva et al. (2020) reported tentative results
supporting this view. They found that OS-starch digestibility is positively
linked to amylose content. Although their work only focused on OS-starch
digestion in bulk, without considering the implication for emulsion
destabilisation, it nonetheless provides a foundation for the above idea. That
is to say, different digestibility of OS-starch resulting from the variability in
their amylose content, may have an impact on the enzymatically induced
destabilisation behaviour of the emulsions fabricated using these emulsifiers.
The work in this area is still rather sparse and, to the best of our knowledge,
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very little has been published in comparing the enzymatic degradation of
emulsions that are stabilised by OS-starch of different AC.

In the research work presented here, we would firstly like to extend
the previous studies in the literature by performing a more careful systematic
experimental study, highlighting the differences in adsorption behaviour of
starch polymers possessing varying amylose contents (AC). The colloidal
stability of the emulsions produced from these, over a broad range of
electrolyte concentrations and pH is investigated. Furthermore, preliminary
studies involving enzymatic hydrolysis of stabilising OS-starch on droplet
interface are performed. The work reported here includes both in vitro and in
vivo experiments, mimicking starch digestion in the oral phase. The resultant
degradation behaviour of the emulsions is examined, providing a base for
more extensive future work. The prospect of different droplet destabilisation
times, during enzymatic treatment of emulsions stabilised by hydrophobically
modified starch of varying amylose content, opens up interesting
possibilities. For example, they may lead to the tantalising prospect of
achieving a broad range of desired tailored controlled release profiles,
simply by an appropriate mixing of droplets stabilised by OS-starch of
different AC.

4.2 Material and Methods

4.2.1 Materials

Waxy maize starch (W) and normal corn starch (N) were purchased
from Shandong Fuyang Biotech Ltd. Co. (Dezhou, China) and Sigma-Aldrich
(Shanghai, China) respectively. Octenyl succinic anhydride (OSA) was
purchased from Sigma-Aldrich (Shanghai, China). Sunflower oil was
purchased from a local supermarket. Our a-amylase (diluted with starch,
from Bacillus substilisa) was purchased from Maya Reagent (Shanghai,
China). All other chemicals, including mucin from porcine stomach type II,
were purchased from Sigma-Aldrich (Shanghai, China). Deionised water
was obtained from a Milli-Q apparatus (Millipore, Bedford, UK) and was used
to prepare all solutions and samples.

4.2.2 Modification of starch with OSA

Starch was suspended in distilled water (33 wt%) with agitation. The
pH of the slurry was adjusted to 8.2 with 0.5 M NaOH solution. OSA (3%)
was added slowly over 2 h, and the reaction was carried out for 22 h in total.
The weak acid produced during the reaction was neutralised continuously,
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ensuring that pH remained at 8.2 and allowing the reaction to proceed
forward. In the final stage of the process, the reaction was terminated by
adjusting pH to 6.0. This was achieved using 0.5 M HCI. After being
centrifuged and washed twice with ethanol and twice more with distilled
water, removing any unreacted OSA, the sample was then oven dried at
40 °C for 48 hours.

4.2.3 Emulsification with OSA-starch

Oil-in-water emulsions containing 10 wt% sunflower oil and 1 wt%
OS-starch were fabricated. OS-starch was suspended in Milli-Q water, and
heated in hot water bath at 90 °C with intermittent stirring, for 60 min. This
was to ensure a maximal degree of gelatinization. The resultant OS-starch
solution was then cooled to room temperature and used for emulsion
preparation. Primary emulsions were made at 18,000 rpm with high-speed
homogeniser (IKA Ultra Turrax T25, UK). The final emulsions were prepared
using either a Microfluidizer at 250 bar (Microfluidics M-110P, Westwood,
Massachusetts, USA) or a University of Leeds in-house made Jet
homogenizer operating at a constant pressure of 250 bar (Burgaud et al.,
1990). When required, pH of the emulsion was adjusted by addition of 0.1 M
HCI or NaOH, and electrolyte concentration by addition of NaCl (s). During
such addition, the emulsions were kept under mild magnetic stirring for the
entire process and 3 minutes after. Care was taken so that the solutions and
solids were added very slowly into the meniscus to minimize the effect of
high local concentration.

4.2.4 Recovering OSA-starch from the surface of emulsion
droplets

The emulsion was centrifuged at 8500 rcf until a clear cream layer
separated from the serum layer. The cream layer was carefully removed,
and the oil was extracted with 1:2 methanol and chloroform. The insoluble
material was recovered starch. Solvents were evaporated and the recovered
starch was oven dried at 40 °C after 3 washes by Milli-Q water. Perhaps an
additional washing step for ultracentrifuged cream layer would help in getting
rid of the last traces of unadsorbed starch chains, this step was not
performed here.

4.2.5 Characterisation of starch
4.2.5.1 Amylose content

The amylose content of starch was determined using the iodine
adsorption method (Hoover and Ratnayake, 2001), and the absorbance was
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measured at 600 nm with a UV-VIS spectrophotometer UV-2600 (Shimadzu,
China).

4.2.5.2 NMR

NMR analysis was conducted to determine the degree of substitution
(DS) of various starch samples. The procedure was conducted as described
by Zhao et al. (2018). Native and OSA modified starches were dissolved in
DMSO-ds using a previously described method (Schmitz et al., 2009).
Recordings of 'H spectra were made on a Bruker 400M System (Bruker,
Fallanden, Switzerland) at 30 °C with a pulse angle of 30°, a delay time of
10 s and an acquisition time of 2 s. The degree of substitution was
calculated according to the equation

— |0.89
DS - 3('0{71,6 + Ia71,4 + Irfe)

where Ire corresponds to the *H NMR integral of the o and B reducing-end
signals at 4.91 and 4.28 ppm, respectively. Similarly, lo-1,4 and le-16 are the
'H NMR integrals of internal a-1,4 and o.-1,6 glycosidic linkages.

4.2.5.3 Fourier Transform Infrared Spectroscopy (FT-IR)

The IR spectra of native and modified starches were obtained using a
FTIR Nicolet iS5 (Thermo Fisher Scientific, WI, USA). A minute amount of
sample was ground with FTIR grade potassium bromide (approximately
1:80) and pressed to form a pellet disc. The disc was placed in the sample
compartment and the scanning range was kept at 400-4000 cm to generate
the spectra.

4.2.6 Characterisation of emulsion
4.2.6.1 Droplet size

The droplet size of emulsions was measured using a laser light
scattering instrument Mastersizer 3000 (Malvern Panalytical, UK). Before
droplet size measurement, emulsions were shaken by hand to ensure
homogeneity. Sample was added to the dispersion unit connected to the
laser light scattering instrument until an obscuration between 5% and 10%

was obtained. The mean droplet size was reported as the volume-weighted
mean diameter, D,, :Znidi4 /Znidf‘ , Where n; denotes the number of

droplets with a diameter di.
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4.2.6.2 E-potential

The C-potential of the emulsions was measured with Zetasizer Nano
ZS (Malvern Panalytical, UK). Emulsions were diluted by a factor of 2000,
and then filled in a folded capillary cell DTS1070.

4.2.6.3 Apparent viscosity

The apparent viscosity of emulsions was measured using a Kinexus
Ultra rheometer (Malvern Panalytical, UK) and a double gap concentric
cylinder DG25 geometry (cup diameter 26.25 mm, bob internal diameter
24 mm, bob external diameter, 25 mm). The samples were gently mixed,
poured into the temperature-controlled measurement cell, and allowed to
equilibrate at 25 °C or 37 °C for 5 min prior to the measurement. Apparent
viscosity of emulsions was measured for shear rates in the range 0.2-200 s
using application of continuous shear, at 25 °C or 37 °C.

4.2.6.4 Optical microscope

Emulsion droplets were observed under a Nikon optical microscope
fitted with a Leica MC120 HD camera (Leica, Heidelberg, Germany).
Objectives used were at magnifications of 40x or 100x. Images were
captured with LAS v4.6 software.

4.2.6.5 Turbiscan

Emulsions or mixtures of emulsion and saliva were carefully added to
a sample holder. The backscattering of light was measured using a
TurbiscanLab instrument (Formulaction, Toulouse, France). A laser light
source of 850 nm scanned across the height of the sample holder (42 mm),
at 37 °C, for a period of 20 mins.

4.2.7 In vitro oral digestion
4.2.7.1 With amylase

Emulsions were mixed with amylase solution (2 g/L, pH 6.8) at 1:1
ratio, and immediately placed in a shaking water bath of 37 °C and 100 rpm.
Droplet size measurements and microscopic images were taken of the
samples at 10 s, 300 s, 600 s, 1200 s, using the methods described above.

4.2.7.2 With artificial saliva

Emulsions kept at various temperatures (4 °C, 25 °C or 50 °C) were
mixed with artificial saliva (Appendix B, Table B1) (Davis et al., 1971; Sarkar,
Anwesha et al., 2009; Karthik et al., 2019) at 1:1 ratio, and immediately
placed in a shaking water bath of 37 °C and 100 rpm. Droplet size
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measurements and microscopic images were taken of the samples at 10 s,
300 s, 600 s, and 1200 s using the methods described above.

4.2.8 In vivo oral digestion

The in vivo oral digestion was conducted with ten healthy panellists (5
females and 5 males, aged between 22 and 24, all non-smokers). It was
ensured that no food was consumed by the panellists in the 2 h 30 min prior
to the session. A 2 ml aliquot of emulsion was added into a 25 ml food-grade
plastic sauce container with lid. The samples were coded with 3 digits and
the order of presentation was randomised. For each sample, the panellists
were asked to place the 2 ml emulsion in their mouth, gently stir it with their
tongue to mix it with saliva, and spit it back into the sauce container after the
designated time (3 s, 10 s, 30 s or 60 s). The collected digested samples
were immediately characterised by droplet size measurement and, for a few
of the samples, by optical microscopy. Before starting the session and after
each sample, the panellists were asked to rinse their mouth and palate with
bottled water at least for three times. Approximately, 5 min break was taken
between the samples, for the panellists to rest and restore normal salivary
secretion for the next trial. Consent was obtained in writing from each
panellist and this study is covered by the ethical approval obtained from
Zhejiang Gongshang University, China (2015111265).

4.2.9 Statistical analysis

All measurements were performed in triplicate, and the data
presented were expressed as the mean values * standard deviations. Two-
tail paired t-tests were performed where applicable, and p<0.05 was set to
determine the level of statistical significance.

4.3 Results and discussion

4.3.1 Physiochemical properties of native and OS starch

The FT-IR spectra of native and modified W (waxy maize) and N
(normal corn) starch are shown in Figure 4.1. The broad peaks at
approximately 3400 cm™ indicate the hydroxyl groups, and those at 2930
cmindicate C-H stretching. The peak at 1650 cm™ represents bound water
present in the starch. The characteristic peaks for starch materials are
present between 800 cm™ and 1200 cm™ (Shingel, 2002). Compared to
native W and N, the OSA modified starch showed two additional peaks at
around 1740 and 1567 cm. The peak at 1740 cm™ is due to the
characteristic IR stretching vibration of C = O, and an evidence for the
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formation of ester carbonyl groups. The peak at 1567 cm™ is indicative of the
asymmetric stretching vibration of carboxylate groups (RCOO") (Miao et al.,
2014; Simsek et al.,, 2015). These results confirmed the substitution of
hydroxyl groups in starch by ester carbonyl and carboxyl groups in OSA,
thus the formation of OS-W and OS-N.
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Figure 4.1 FT-IR spectra of native and OSA modified starch samples.

The AC of native W and N were determined to be 5.48 + 0.99% and
28.37 + 0.10% respectively (Table 4.1), by a colorimetric method based on
the iodine affinity of amylose (Hoover and Ratnayake, 2001). The amylose
helices form dark blue complexes with iodine, and the colour change is used
to determine the amylose content. Upon the attachment of OSA, the helical
structures of amylose are disrupted, thus resulting in a decrease in the
measured AC values for both types of starch (Lopez-Silva et al., 2020). The
amylose content of starch and the degree of substitution (DS) upon
modification, have been found to be positively correlated in some studies
(He et al., 2006; Song et al., 2013; Song et al., 2014; Lopez-Silva et al.,
2019), while negatively in others (Sweedman et al., 2014a; Cruz-Benitez et
al., 2019). In our case, the native starch with lower AC (W) yielded a DS of
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0.0160 = 0.0021 when it was OSA modified. The same modification
procedure for N, i.e. the starch with the higher AC, achieved a DS of 0.0229
+ 0.0012. This is in line with the preferential attachment of OSA to amylose
molecules, which has been found in various previous research studies
(Shogren et al., 2000; Wang et al., 2013; Whitney et al., 2016; Liu et al.,
2018).

Table 4.1 Table providing amylose content (AC) and Degree of substitution
(DS) of native waxy maze (W) and native normal corn starch (N), their
hydrophobically modified samples (OS-W and OS-N), and the
adsorbed OS-starch fraction recovered from the interface (OS-Wr and
OS-NR) post emulsification.

A significant level of statistical difference (p < 0.05) is detected for any
two samples with different lowercase superscript letters that follow the
values of DS or AC in each column.

AC (%) DS
Native W 5.48 + 0.992 /
OoS-wW 3.93 +0.31° 0.0160 £ 0.00212
0S-Wr 7.99 + 0.64¢ 0.0194 + 0.0001b
Native N 28.37 +0.10¢ /
OS-N 21.86 + 1.79° 0.0229 + 0.0012¢
0S-Nr 23.50 +1.23¢ 0.0291 + 0.0029¢

4.3.2 Emulsification and Stabilisation properties
4.3.2.1 Adsorption on the surface

OS-W and OS-N were then used in fabricating emulsions, and the
adsorbed modified starch was recovered from the surface of oil droplets
using the method described in section 4.2.4. The recovered OS-starch is
referred to as OS-Wr and OS-Nr. As shown in Table 4.1, both adsorbed
starch showed significantly (two-tailed paired t-test, p<0.05) higher DS than
the bulk (OS-W and OS-N). This suggests that modification with OSA
improves the surface affinity of the starch molecules, with the ones having a
higher level of attached OS groups being preferentially adsorbed on the
interface. For starch adsorbed on the surface of droplets, OS-Wr contained
a significantly larger percentage of amylose than OS-W in bulk, whereas
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OS-Nr did not when compared to OS-N. The increase in AC from OS-W to
OS-Wr indicates a stronger adsorption for amylose molecules than
amylopectin, and thus once again seems to support the previous findings
that OSA preferentially attaches to amylose (Shogren et al., 2000; Wang et
al., 2013; Liu et al., 2018).

As the amount of amylose content of starch increases, one would
expect smaller differences in DS between chains in bulk and those on the
surface post adsorption. However, difficulties in obtaining amylose
molecules in their dissolved form with OS-N may also have played a role
and cannot be ruled out. As AC rises, the gelatinization temperature of a
starch is elevated, making it harder to achieve full gelatinization (Jeong and
Lim, 2003). During the cooling down of starch solution before
homogenization, retrogradation is more pronounced with higher AC (Dobosz
et al., 2019), and thus possibly less amylose can remain in the form of free
molecules available for adsorption.

4.3.2.2 Destabilising emulsions by lowering pH

One of the major advantages of OSA modified starch as a molecularly
adsorbed colloidal stabiliser, is that it predominantly relies on the provision of
steric repulsion for stabilizing oil droplets, rather than electrostatic forces. As
a result, the emulsions formed by these are more resistant to changes in
environmental factors such as variation in pH and electrolyte concentrations
(Chanamai and McClements, 2002; Sweedman et al., 2014a). In order to
verify and compare the steric stabilising effect of OS-W and OS-N,
emulsions produced by these emulsifiers (referred to as W and N,
respectively) using a Jet Homogeniser, were subjected to a series of pH
changes and electrolyte additions. When adjusting pH of the emulsions,
0.5 M HCI or NaOH was added to the system. This of course can also affect
the electrolyte concentration, aside from changing pH. In order to rule out
this interference, NaCl was added to the emulsions to bring the background
electrolyte concentration up to 0.003 M. This ensures that any changes we
caused by adjusting pH would remain negligible compared to this pre-
existing background electrolyte level.

Figure 4.2 captures the changes in Das3 average droplet size for
emulsions kept under different pH conditions, after various periods of
storage. The sizes of droplets initially produced at pH 6.5 were 440 nm and
550 nm, for W and N samples, respectively. At day 0, emulsion W showed
little variation in droplet size with pH adjustment throughout the range 3.5 to
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Figure 4.2 Mean droplet size Da,3 for emulsions measured under different
pH conditions, following various periods of storage (day 0 to day 21);
A) emulsion W, B) emulsion N.

9.5. However, with time, there was a slight increase in the droplet size of W
when the sample was kept at more acidic pH values, increasing from
500 nm to 910 nm after 21 days at pH 3.5. On the other hand, almost
immediately from day 0, emulsion N kept at acidic conditions (pH < 6.5)
possessed markedly larger droplets than those stored at alkaline pH. For
example, the average size at pH 7.5 was 549 nm, while at pH 3.5 it was
found to be 1.91 uym. This difference in droplet sizes was maintained as the
emulsions went through 21 days of storage, with the droplet size at pH 6.5
on day 21 growing to 1.71 ym, while at pH 3.5 it measured at 3.24 ym (see
Figure 4.2). Due to the —COO- groups in the OS chain, the OS-starch is
slightly negatively charged at neutral and alkaline pH. As a result, droplets
with surfaces covered by OS-W and OS-N had negative (-potentials (Figure
4.3). As pH is decreased to acidic values, the carboxylic groups become
protonated (-COOH) and lose their negative charge. This is seen (Figure
4.3) in the smaller value of the measured (-potential. Nevertheless, it is
worth pointing out that even at pH 7.5 to 9.5, the measured (-potential of
approximately -6 mV to -11 mV was considered just short of sufficient (at
0.003M electrolyte) for the resulting electrostatic repulsion to act as the sole
stabilising mechanism for emulsion droplets over a period of as long as 21
days. This was verified with calculation of DLVO interactions (not shown
here) (Hunter, 2001).

These results indicate that emulsion W, based on OS-starch of lower
amylose content, was reasonably stable across the pH range 3.5 to 9.5 for
at least 21 days (Figure 4.2A). As pH changed from 9.5 to 3.5, the
electrostatic force between droplets was almost completely removed, as is
evident from the measured (-potential of merely -1.35 mV at pH 3.5
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Figure 4.3 Variation of {-potential of emulsion droplets with pH, measured
after varying periods of storage (day 0 and day 14); A) emulsion W, B)
emulsion N.

(Figure 4.3). The fact that emulsion W was still sufficiently stable under such
a condition, even after 21 days, suggests that OS-W is capable of stabilising
the emulsion almost entirely by the virtue of its induced steric repulsion
forces between the oil droplets. On the other hand, our emulsion N, with its
higher AC, exhibited lower emulsion stability as electrostatic interaction was
removed by the decrease in pH. It was safe to conclude that any steric
stabilising effect, as there might be due to OS-N starch adsorbed layers, was
not strong enough to stabilise emulsion droplets on its own. It is most likely
then that OS-N starch stabilised droplets, in contrast to OS-W ones, were at
least partially dependent on electrostatic interactions for the provision of their
stabilising mechanism.

4.3.2.3 Destabilising emulsions by increasing electrolyte concentration

Because OS-starches are slightly negatively charged molecules, both
a lowering of pH and increasing the background electrolyte concentration of
the continuous phase should reduce or screen out the electrostatic repulsion
between the oil droplets. If our conclusion regarding the partial reliance of
the stability of our N emulsions on electrostatic forces is true, then the same
droplet behaviours should also present itself in systems with elevated
electrolyte concentration.

In order to change the electrolyte concentration of emulsions without
altering pH, various amounts of NaCl were introduced to emulsions W and
N, and the resulting emulsions were kept and observed for 21 days. In
Figure 4.4, we have plotted the average droplet size as a function of storage
time for emulsions containing different concentrations of electrolyte, at pH
6.5. When there was no additional NaCl, both emulsions maintained their
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Figure 4.4 The evolution of the average droplet size, D43, in W emulsion
(black solid lines) and N emulsion samples (red dashed lines) with the
storage period. Samples are considered with A) no additional
electrolyte, B) addition of 0.02 M NaCl, C) addition of 0.1 M NaCl, D)
addition of 0.2 M NaCl. Standard deviations are represented as error
bars.

droplet sizes at around 500 nm throughout the 21 days. For W samples (i.e.
ones stabilised by low AC modified starch) emulsions containing higher
electrolytes retained their submicron size for the entire storage period. In
comparison, the N emulsions (i.e. ones stabilised by higher amylose content
modified starch) destabilised over time (Figure 4.4). At 0.1 M and 0.2 M
NacCl, the droplet size of N samples exceeded 1 um within hours of the NaCl
addition.

Values of C-potential values of W and N emulsions, with or without
addition of NaCl are presented in Table 4.2. With no additional electrolyte, W
and N droplets had measured C-potentials of -17.11 + 1.02 mV and -15.13 *
0.63 mV respectively. Upon the introduction of 0.2 M NacCl to the system, the
charge on the droplet surface was screened and the (-potential dropped
to -2.5 mV for both of our emulsions. At such electrolyte concentrations then,
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Table 4.2 Measured (-potentials of emulsions W or N without any added
electrolyte and with 0.2 M added NaCl.

W with no W with 0.2M N with no N with 0.2M

additional additional additional additional
electrolyte NaCl (mV) electrolyte NaCl (mV)
(mV) (mV)

(-potential -17.11+1.02 -285+0.38 -15.13+0.63 -2.3+0.18

the electrostatic repulsion between droplets must be very small. The impact
on the stability behaviour of the two sets of emulsions is seen to be identical
to that of reducing pH, as discussed earlier. Thus, the same conclusions are
reinforced with regards to the stabilising mechanism of OS-W and OS-N
starch. In the case of emulsion W stored at 0.2 M NaCl concentration, one
observes that the average droplet size remains at a submicron size, despite
the lack of electrostatic repulsion between the droplets. Once again this
shows that in these W emulsions, OS-W emulsifiers are able to provide
strong steric forces that are sufficient to stabilise droplets on their own, even
in the absence of electrostatic forces. However, for emulsion N, even though
the steric forces may still be of some importance, the electrostatic repulsion
between the droplets are necessary to ensure their colloidal stability. Once
this latter is removed, e.g. by an increase in electrolyte screening or
decrease of pH, destabilisation of the emulsion system is observed.

Rheological behaviours of the emulsions at various NacCl
concentrations were characterised by measuring shear rates and
corresponding shear stresses according to the method described in
section 4.2.6.3, for each of the emulsion samples (Appendix B, Table B2). A

power law fluid equation (Barnes et al., 1989; Sopade and Filibus, 1995)
was fitted to logarithmic plots of apparent viscosity, #, vs. shear rate y

n=Ky"

for the measured data. In the above equation, K is the flow consistency
index and n the flow behaviour index. Newtonian behaviour of a fluid can be
distinguished by an n value close to 1. Both emulsions W and N, in the
absence of any added electrolyte exhibited Newtonian behaviour during the
observed time, with n =0.99 and 0.98 at day 21, respectively (Appendix B,
Table B2). With 0.2 M of added NaCl, N emulsion became shear thinning, as
indicated by the flow behaviour index changing to n = 0.65 < 1, as shown in
Figure 4.5. This is likely due to the possible formation of a weak network of
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Figure 4.5 Power law fits to apparent viscosity results, n, plotted on a log-
log graph against shear rate, obtained in the range 5-200 s-1.

Emulsion W (solid line) and N (dotted line), were stored for 21 days at
NaCl concentrations of 0.2 M prior to the measurements. The resulting
flow consistency index, K, and the flow behaviour index, n, are
indicated on the graph for each case. The low value of n-1 indicates a
near Newtonian behaviour for W sample.

oil droplets (Chanamai and McClements, 2001), as both OS-W and OS-N
solutions on their own exhibited Newtonian behaviour when subjected to the
same measurement (Appendix B, Figure B4). The results in Figure 4.5 are
after 21 days of storage, although the shear thinning behaviour was already
evident even at earlier times. In contrast, W emulsion has n ~1.04 at day 21
and remains Newtonian even after such a long period of storage.

A weak network formed by emulsion droplets suggests aggregation
rather than coalescence. For example, depletion flocculation in emulsions
are reversible by dilution or shearing, whereas coalescence is an irreversible
destabilisation process (Dickinson, 2019). Droplet aggregation in an
emulsion stabilised by biopolymers can normally be distinguished from
droplet coalescence by addition of sodium dodecyl sulphate (SDS). The
dilution by SDS breaks many possible types of bonds between the droplets.
So long as the droplets have not coalesced, this leads to a marked decrease
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Figure 4.6 Droplet size distribution of emulsion N with the addition of 0.2 M
NaCl at day 0, and after 7 days of storage, before and after the
addition of 2% SDS.

in the measured particle size as the network of droplets falls apart
(Demetriades and McClements, 2000). Upon the addition of 2 wt% SDS to
emulsion N, at 0.2 M of added NaCl and kept for 7 days, the second peak in
the droplet size distribution shifted significantly to the left. At the same time,
the first peak at the lower sizes became visibly more pronounced (Figure
4.6). This large shift in the droplet size distribution to lower values suggests
that the destabilisation in N was primarily due to droplet aggregation, with
only a limited degree of coalescence having taken place. The formation of
flocculated aggregates in N with 0.2 M salt can also be clearly observed in
the microscopic images in Figure 4.7. In both W and N with no additional
electrolyte, droplets remained uniformly dispersed, retaining their submicron
sizes over the period of observation. With the introduction of 0.2 M NaCl, the
average particle size of emulsion W increased slightly from 550 nm at day O
and to 830 nm at day 4 but continued to remain below one micron even after
21 days. In contrast, in emulsion N the formation of large flocs (but without
any extensive coalescence) was noticeable starting from day 11. This
coincided with the time when shear-thinning behaviour began to also
manifest itself in our rheological measurements of this system.
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Figure 4.7 Microscopic images of emulsions W and N with either no
additional electrolyte, or 0.2 M NacCl, after various periods of storage.

Both alterations of pH and changes in electrolyte concentration,
demonstrate that OS-W is more efficient in provision of steric stabilisation.
This low AC modified starch is less dependent on the availability of the
electrostatic repulsion in order to provide a sufficient degree of colloidal
stabilisation of droplets, as compared to OS-N. The size and structure of
starch granules to some degree depend on their botanic source and specific
cultivar. However, if and once fully gelatinised, the granules of OS-W and
OS-N can be considered to have disappeared and the starch then exists in
the solution in the form of dissolved modified amylose and amylopectin
molecules in our systems. Therefore, in such a state the fundamental
difference between dissolved OS-W and OS-N starch has to be largely
sought in their composition, including the ratio of their amylose and
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amylopectin content. Therefore, the conformation adopted by these two
molecules adsorbed on the oil/water interface is likely the main contributor to
the different steric stabilising properties of OS-W and OS-N, seen in our
study here. Ettelaie et al. (2016) conducted numerically based calculations
using Self-Consistent Field (SCF) theory in order to compare the interfacial
behaviours of amylose and amylopectin. In their somewhat idealised
models, all aspects of the structure of amylose and amylopectin were
considered identical, including their molecular weights, degrees of
hydrophobic modification and various interactions parameters associated
with monomer comprising the chains. The only difference left was the level
of branching, with amylose represented as a linear biopolymer and
amylopectin as a highly dendritic branched macromolecule. The
computations provided the interactions mediated by the overlap of adsorbed
adjacent layers on neighbouring droplets. Also, the direct attractive van der
Waals forces were accounted for in the calculations. However, it was
assumed that the system was under the conditions where electrostatic
repulsion was negligible (e.g. low pH or high salt). It was found that for both
modified amylose and amylopectin, when each considered on their own,
there was a shallow energy minima (< 5 ksT) in particle interaction
potentials, occurring at droplet separations where the adsorbed layers just
began to overlap. This happened at shorter separations for amylopectin,
which was attributed to its more compact but rather denser interfacial layers.
The depth of such minima is too small to cause any appreciable droplet
aggregation. However, the calculated interaction potentials between two
droplets, as stabilised by modified amylose, also exhibited a second energy
minimum at a closer droplet-droplet separation distance. This second energy
minimum was much deeper. Its presence may well be important in
accounting for the inferior relative steric stabilising ability of the
hydrophobically modified amylose, as is observed in our current study. The
theoretical models attributed the second energy minimum to the less dense
and more extended conformation of modified amylose layers, when
compared to layers formed by amylopectin of the same hypothetical
molecular weight. This allowed for various OSA hydrophobically modified
sites on the amylose to become more easily associated with two different
nearby surfaces. In other words, Ettelaie et al. (2016) concluded that
hydrophobically modified amylose has some affinity for inducing bridging
flocculation, not otherwise present for amylopectin of a comparable Mw. Of
course, in reality amylopectin is not of comparable molecular weight to
amylose, but on average typically 100 times larger. Therefore, even with
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chains having a higher tendency to extend away from the surface, it is likely
that the linear amylose molecules still form thinner interfacial layers, and
thus weaker steric repulsion than amylopectin. Coupled with preferential
attachment of OS groups to amylose as discussed previously, and with its
higher tendency for bridging, the modified amylose when possessing little
charge will have a higher potential to cause aggregation of the droplets.

Our experimental results with emulsion N are largely in line with the
above theoretical predictions. We further verified that 23.59% amylose
content on the interface was enough to induce flocculation of the droplets,
when electrostatic repulsion was largely absent.

4.3.3 Destabilisation of emulsion through enzymatic digestion of
OS-starch in the oral phase

4.3.3.1 Enzymatic destabilisation in oral phase: in vitro

To study the destabilisation of W and N emulsions induced by
enzymatic digestion of OS-W and OS-N starch interfacial layers, emulsions
were produced by Microfluidizer and the conditions were optimised so that
the final emulsions W and N both had the same droplet size of Ds3 = 0.55
um (Appendix B, Figure B1). The final emulsions were stored and tested for
their colloidal stability during a period of 16 days (Appendix B, Figure B2),
and new batches were made under the same conditions to be used within 3
days for in vitro and in vivo experiments.

The changes in droplet size of W and N upon the action of 2 g/L
a-amylase solution are shown in Figure 4.8A. In order to exclude any
destabilisation of emulsion resulting from changes in the environmental
factors, such as an elevated temperature (37 °C) and shaking (100 rpm),
control samples were made by mixing emulsions with equal amounts of
Milli-Q water. These were subjected to exactly the same temperature and
shaking as samples containing the enzyme. The emulsion average size in
both control samples (W control and N control) remained at D43 = 0.55 pm
within the 1200 seconds duration of the study. In contrast, both enzyme-
treated samples W and N exhibited larger droplet sizes as a result of the
action of a-amylase. In the presence of a-amylase, droplet size of W
increased to 8.62 um in the first 10 seconds, and 70.96 um at 1200 s. On the
other hand, the change in N was markedly more gradual, with D4,3 measured
at 4.78 um at the end of the 1200 s time period of the observation. During
the oral stage, the enzyme a-amylase would cleave a-1,4 glycosidic bonds
in the starch chains, leaving the branching points that are a-1,6 glycosidic
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Figure 4.8 Changes in D43 of W and N emulsion samples treated with
enzyme, and their corresponding control samples with no enzyme,
plotted as a function of time post introduction of the enzyme.

Results are obtained during in vitro oral digestion with A) amylase
solution, and emulsions stored at 25 °C (for W emulsions this is
shown in the inset), B) artificial saliva, and emulsions stored at

4 °C, C) artificial saliva, and emulsions stored at 25 °C, and D)
artificial saliva, and emulsions stored at 50 °C.
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linkage in amylopectin untouched (Smith and Morton, 2010a).
Destabilisation of emulsion by the action of a-amylase was found to be more
rapid for W system, which was stabilised by amylopectin rich OS-W, than in
emulsion N with its higher AC. It is worth noting that the impact of the
enzyme digestion on the stability of our two emulsion samples is completely
opposite to that due to the addition of salt or lowering of pH discussed in the
previous section.

After it was confirmed that a-amylase was able to digest OSA
modified starch adsorbed at droplet interfaces, and therefore cause
destabilisation of the emulsions as a result, artificial saliva (formulation given
in Appendix B, Table B1) was used to better mimic the electrolyte and
protein rich environment in the oral cavity. In order to exclude impact of
environmental factors such as changes to electrolyte concentration and the
presence of protein that may induce flocculation (Silletti et al., 2007; Sarkar,
A. et al., 2017), the control samples in this experiment were mixed with
empty artificial saliva, which is a solution containing all the inorganic salts
and mucin (as highlighted in Appendix B, Table B1), except for a-amylase.
Prior to mixing with artificial saliva, the emulsion systems were kept at
various temperatures (4 °C, 25 °C, 50 °C) to mimic cold, room temperature
and hot beverages. As seen in Figure 4.8B, 8C and 8D, in all three cases,
both emulsions W and N were destabilised by the action of a-amylase. At
the same time, the control samples maintained stable droplet sizes.
Moreover, at all three temperatures, the enzyme treated W emulsions
presented higher measured Da3 values than their N counterparts, when
measured at 300 s, 600 s, and 1200 s following the introduction of the
artificial saliva. In terms of the temperature of the emulsion prior to digestion,
for the same emulsion type (emulsion W or N), temperature did not have any
obvious influence on droplet size during destabilization.

When the digested emulsions were observed under optical
microscope, it was very clear that significant coalescence of droplets was
induced in emulsion W, while in emulsion N the formation of large clusters
and extensive flocculation was more prominent (Figure 4.9). These
observations are supported by our droplet size measurements, when the
flocs in N were easily broken up into smaller clusters and even individual
droplets, by the dilution and shearing within the dispersion unit of
Mastersizer (Silletti et al., 2007). However, it is important to note that even
though flocculation was also observed for emulsion N under high electrolyte
conditions discussed in section 4.3.2.3, the situation here is somewhat
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Figure 4.9 Microscopic images for emulsions W and N stored at 25 °C
during in vitro oral digestion, obtained at various times following the
introduction of artificial saliva.

different. It is tempting at first to associate the flocculation with the raised
electrolyte concentration in artificial saliva. However, the calculated
electrolyte concentration in the emulsion system following the mixing with
artificial saliva is estimated to be around 0.038 M. Destabilisation induced by
such a relatively low salt concentration is rather slow and would take a few
days to become noticeable. This was confirmed by the N control sample,
which showed no obvious changes in size or the level of aggregation in the
absence of a-amylase under this salt and protein concentrations, during this
short initial exposure time (20 mins maximum). Recall also that our addition
of salt experiments of section 4.3.2.3, displayed immediate flocculation only
at electrolyte concentrations at or above 0.1 M. Therefore, the OS-N
interfacial layer must have degraded partially at least by a-amylase to cause
this degree of flocculation of the droplets. But presumably, the degradation
must have proceeded at a slower rate than that in the OS-W case, with the
extensive coalescence seen in the latter largely absent for N emulsion
system. The distinctions we observe in the destabilisation of the enzyme
treated W and N emulsions must have arose from their different AC
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contents, with a faster rate of enzymatic degradation for low amylose content
based emulsifier in system W.

Enzymatic digestion by a-amylase induced coalescence in emulsion
stabilised by OS-W which have 3.93% amylose content. Their impact on
emulsions stabilised by OS-N with 21.86% amylose, over the same short
period of 20 min, was to cause emulsion flocculation. Once gelatinised and
cooled down to room temperature, amylose and amylopectin molecules start
to recrystallize to some extent, and this retrogradation phenomenon is
known to be more prominent with amylose, making them less sensitive to
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Figure 4.10 Changes in D43 occurring with time during the in vivo oral
digestion of emulsions W (black solid lines) and N (red dashed lines).

Results are only shown for three of the ten panellists, to provide some
examples.
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enzymatic digestion (Fredriksson et al., 2000; Patel et al., 2017; Sikora et
al., 2019). As found by Zhou et al. (2013), post gelatinisation and
retrogradation, normal corn starch contains more resistant starch than waxy
corn starch. It is speculated that for this reason, despite the fact that droplets
in emulsion W started with thicker interfacial layers of OS starch, a higher
digestion rate is associated with OS-W. This leads to a more rapid
degradation of the protective surface films in emulsion W. In addition, upon
the digestion by a-amylase, amylose is cleaved into shorter straight chains
of glucose polymer, while amylopectin is chopped into straight chains and
small fragments around branch points (Smith and Morton, 2010b). Variations
in the surface activity of the fragments resulting from digestion would affect
the surface coverage of emulsions and hence their destabilisation behaviour.

Distinctions between the rates of a-amylase induced destabilisation
behaviour of emulsions fabricated with OS-starch, involving different AC,
provides a possibility for achieving tailored controlled release profiles for
flavours or other food active ingredients. Our results show that this in
principle can be engineered by careful mixing of such emulsions at
appropriate ratios, to yield the desired release profile.

4.3.3.2 Enzymatic destabilisation in oral phase: in vivo

Emulsions W and N (both with initial droplet size of ~550 nm) were
then subjected to in vivo oral digestion with 10 panellists, and the in vitro
results were successfully reproduced here. Figure 4.10 shows the droplet
size changes of emulsions with three representatives of the ten panellists. In
all ten cases, emulsion W had larger increases in D43 values than N at the
time points 10 s, 30 s and 60 s. There were large variations in the final
droplet sizes from different panellists, and this is attributed to the various
saliva secretion rate and a-amylase level in saliva among individuals
(Carpenter, 2013). The microscopic images in Figure 4.11 again revealed
similar results as the in vitro experiment. W was destabilised by coalescence
of droplets, whereas N sample displayed the formation of flocs from
submicron, otherwise intact droplets, with no extensive levels of
coalescence.

To further characterise the behaviour of W and N when digested by
a-amylase in the oral cavity, the Turbiscan backscattering profile (20 min)
was obtained. Emulsions were mixed with either artificial saliva or freshly
collected human saliva, before starting the measurement. Same
characteristic behaviours of digested emulsions were observed for artificial
saliva and human saliva. Here in Figure 4.12, only the profiles for samples
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Figure 4.11 Examples of microscopic images for emulsions W and N
during in vivo oral digestion, from samples obtained for one
representative panellist.

treated with human saliva are shown, as human saliva was more potent in
destabilising droplets and thus differences in behaviours of W and N can be
more clearly observed. A rapid phase separation can be seen in W, which is
a result of the large coalesced droplets creaming out. Destabilisation in N
was significantly slower than that in W sample. Any visible serum layer at the
bottom of the sample took a much longer time to form. Once again, this
preliminary in vivo experiment confirmed the findings of our in vitro
investigations. We hope that the results provided here will stimulate more
extensive in vivo based studies involving larger and border range of
panellists, as well as including sensory aspects. Such trials are beyond the
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scope of the present work, but no doubt are necessary to establish the idea
of mixing of emulsions, stabilised by hydrophobically modified starch of
different amylose content, as a feasible way of realising highly tailored novel
controlled release vehicle in future.

Figure 4.12 Backscattering (IR) profiles of emulsions W and N, mixed 1:1 v/v
with freshly collected human saliva. The percentage BS is reported as a
function of time following the mixing (0—20 min) throughout the height of
the emulsion sample (0—40 mm).

4.4 Conclusion

Upon hydrophobic modification with OSA, both waxy maize starch
(denoted by W) and normal corn starch (referred to here as N) were able to
produce modified starch with satisfactory emulsifying and stabilising abilities.
Emulsion stabilised with OS-W was highly resistant to pH and electrolyte
concentration variations. This indicated the likely provision of strong steric
repulsion as the main stabilising mechanism as provided by the adsorbed
layers of this biopolymer. On the other hand, OS-N stabilised emulsions
exhibited a significant degree of flocculation and an increase in droplet size,
at acidic pH conditions as well as at high electrolyte concentrations. The
interfacial films formed by OS-N seem to provide weaker steric forces, and
therefore are more dependent on the presence of some electrostatic
interactions as compared to OS-W ones. We have attributed this to the
higher amylose content in OS-N modified starch and the possibly thinner
surface layers it forms. There is some theoretical justification for this
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provided by some recent self-consistent field type calculations. It has been
shown that the linear nature of hydrophobically modified amylose makes it
more prone to forming bridging contacts between two closely spaced
neighbouring oil droplets, as compared to a more compact layer formed by
highly branched polymers (Ettelaie et al., 2016). It was also noticed that
while aggregation in OS-N fabricated systems occurred quickly upon
addition of salt, the subsequent droplet coalescence proceeded much more
slowly. This was demonstrated here through dilution with SDS, resulting in a
significant downward shift in the droplet size distribution of the aggregated
system, even when carried out after 11 days of storage.

As for enzyme-induced destabilisation, both in vitro and in vivo oral
digestion revealed more rapid increase in the size of emulsions stabilised by
OS-W starch (lower amylose content) relative to those fabricated with OS-N
(higher AC). Digestion of W emulsion was associated with extensive droplet
coalescence. In contrast, a-amylase digestion of N samples led to
flocculation but without appreciable coalescence, at least over shorter time
scales (~ 20 min) post enzymatic treatment. This interesting difference in the
behaviour of the two emulsions under enzymatic digestion, suggests that
interfacial adsorbed films of modified starch of various amylose content are
enzymatically degraded at differing rates. Thus, while OS-W layers provided
stronger steric forces and therefore were not as sensitive to changes in pH
or electrolyte concentration, they were more prone to enzymatic degradation
and droplet destabilisation due to a-amylase activity.

The result is significant in that it provides the potential to generate a
gradient of flavour release. In principle, one can fabricate emulsions
stabilised by several hydrophobically modified starch of different amylose
content. The droplets include a required flavour or an active ingredient within
the dispersed phase. These emulsions can then be mixed together at an
appropriate ratio. When treated with enzymes, as for example during the oral
consumption, droplets stabilised by different starch layers in the system will
become destabilise at different rates. A desired controlled release profile can
be engineered and simply tailored by changing the mix ratio of different
emulsion droplets.

In future research, it would be interesting to investigate in greater
depths the interfacial arrangements of amylose and amylopectin, details of
their digestion by a-amylase, and any conformational changes occurring on
the interface that is caused by the digestion process. Once such a deeper
understanding and a better control of the structure and the amylose content
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of the modified starch becomes available, formulations for combining
emulsions fabricated with various starches can be produced to tailor
specifically desired release profiles, in the manner outlined above.
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Chapter 5
Effect of polymer architecture on the adsorption
behaviour of amphiphilic copolymers: A theoretical study

Abstract

Polymer architecture has been found to have an impact on its adsorption
behaviour in various experimental and theoretical studies. Here a new
approach is proposed to compare the inherent adsorption affinity of
polymers by extrapolating their Henry’s adsorption constant, k. Briefly, the
polymer adsorption isotherm is obtained by the Scheutjens and Fleer
scheme of Self Consistent Field (SCF) calculations, and then kjy is
calculated from the dilute or mushroom regime of the isotherm. Validation of
this method is conducted with a few structures whose ky can be analytically
calculated. Linear, star-like, and dendritic amphiphilic polymers were
characterised by their ky in this study, to compare the difference in their
surface affinity. The distribution and location of their adsorbing monomers
among the polymer structure is also considered. It is found that the branched
structures (star polymers and dendrimers) can be viewed as analogues of
linear block polymers based on the location of their adsorbing units. Their
adsorption behaviour resembles the well-known phenomenon in linear
copolymers, where under the condition that they are of the same size and
composition, the diblocks adsorb more strongly than their triblock
counterparts. Stars and dendrimers with structures resembling diblocks are
also found to have higher ky than those resembling triblcoks.

5.1 Introduction

Adsorption of polymers onto solid surfaces is of great importance due
to its practical implication in colloid science, lubrication, surface treatment,
controlling surface wettability, and in design of biocompatible films (Fleer et
al., 1993; Hubbell, 1999). In relation to emulsions, the “surface” considered
in both experimental and theoretical studies are often taken as a
hydrophobic surface, mimicking an otherwise non-solid oil-water interface. A
good emulsifier needs to be surface active so that it can rapidly adsorb to
the interface and reduce the surface tension, which usually requires the
molecules to have amphiphilic structures, containing both hydrophobic and
hydrophilic segments. The driving force for such adsorption is a combination
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of hydrophobic interactions and the low solubility of hydrophobic segments
of the macromolecules in agueous environment. In foods, agrochemicals,
pharmaceuticals, and other biologically related applications, apart from
proteins, hydrophobically modified starch is also a particularly good example
of amphiphilic bio-macromolecule that can be viewed as a copolymer.
Hydrophobically modified starch has been shown to be an excellent
emulsifier (Dickinson, 2009). In recent years, experimental studies on
hydrophobically modified starch have found that the ratio of linear and
branched starch molecules (amylose and amylopectin) has an significant
impact on the emulsifying behaviour of the modified starch (Song et al., 2014;
Sweedman et al.,, 2014; Mu et al., 2021), which leads to a more general
guestion as to what influence does the chain architecture have on the
adsorption of amphiphilic copolymers?

In some cases, this problem was investigated in the context of
modifying surfaces. High density monolayers (i.e. brush like films) can be
formed when polymers saturate the surface. These have been studied in
relation to surface grafting for the impact of the grafted polymer architecture
on the subsequent adsorption of another entity, such as a protein, onto the
grafted surface (Gingell and Owens, 1994; Schroen et al.,, 1995; Freij-
Larsson et al., 1996; Ishihara et al., 2020). A well-known example is the
surface treatment to prevent the attachment of molluscs and other agueous
organisms to the surface of ships, platforms, and structures under water.

Many attempts have also been made at deciphering the relationship
between polymer architecture and the adsorption of chains themselves, both
experimentally and through theoretical calculations. Experimentally,
Bulychev et al. (2010) studied the adsorption of amphiphilic linear polymers
onto different surfaces and found that the adsorption layer formed by diblock
linear polymers was thicker than that formed by multi-block linear structures.
Trégouét et al. (2019) focused on the dynamic properties of interfacial layers
formed by polymers, having various lengths and grafting densities for their
hydrophobic segments. It was found that at high grafting densities, the
adsorbed layers have larger elastic penalty upon compression and therefore
these polymers desorb faster as compared to those with lower grafting
densities. As for more complex structures such as amphiphilic combs, Tian
et al. (2005) focused on the scaling analysis in good solvents, and proposed
that using a branching parameter it is possible to describe the overall effect
of branching on the equilibrium properties of the adsorbed layers of comb
polymers. Experimental studies have also been done to compare linear and
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bottle-brush homopolymers of comparable molecular weights. Linear
polymers were thought to form more extended adsorbed layers than their
bottle-brush counterparts (Naderi et al., 2008). The same conclusion was
also drawn from a theoretical study conducted by Ettelaie et al. (2016),
comparing linear and branched amphiphilic polymers representing simple
models for hydrophobically modifies amylose and amylopectin starch.

Experimental methods are time and resource bounded, and some
parameters (e.g. degree and position of substitution in modified starch) and
conditions (e.g. a theta solvent for glucose residues in starch) are hard to
control or achieve in practice. In comparison, theoretical methods give us the
essential tool to design more idealised conditions, and to focus on a specific
parameter of interest, without altering others. For example, the transition
from weak to strong adsorption can be achieved by increasing the strength
of monomer-surface interaction (Sikorski, 2002; Sikorski and Romiszowski,
2005; Rolinska and Sikorski, 2020; Wessels and Jayaraman, 2020) without
changing size or architecture of chains. Similarly, the degree of polymer
overlap on the surface can be adjusted to a desirable level by varying its
concentration in the bulk to very low dilutions, not always feasible in practical
situations.

When polymers adsorb onto a surface, the adsorption amount is limited
by the lateral interactions between the neighbouring molecules. For
copolymer chains of interest here, this is usually the excluded volume
interactions between the solvent loving parts of the chains. The full coverage
scenario, involving saturated surface layers, has been studied both for
homopolymers and in relation to amphiphilic macromolecules. Leermakers
et al. (2020) focused on the saturated adsorbed regime for homopolymers
comparing various chain architectures with each other. In this study the de
Gennes scaling exponent (de Gennes, 1980; De Gennes, 1987) for polymer
density in the central region of the adsorption layer was characterised. It was
suggested that comb-like polymers are better at providing colloidal
stabilization than their symmetrically branched counterparts, in that they
mediate stronger steric repulsion between colloidal particles covered by
them.

Many studies are interested in the conformation taken by polymers at
an interface. The distribution or length of trains, loops, tails are often
characterised, and structures with long tails are known to form thicker
adsorbed layers (Sikorski, 2002; Sikorski and Romiszowski, 2005; Ettelaie et
al., 2016; Leermakers et al., 2020). Besides other factors such as solvent
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guality and adsorption strength, the location or distribution of the adsorbing
units along the copolymer backbone also has a major influence on the
polymer conformation adopted by the chains on the surface. As such then,
the location of hydrophobic anchoring groups also strongly affects the
thickness of the resulting adsorbed layers (Balazs and Siemasko, 1991; Van
der Linden et al., 1996).

The above-mentioned studies each examined certain aspects of
adsorbing polymers in relation to polymer architecture, ranging from dynamic
properties of the interfacial layers to the equilibrium conformations adopted
by adsorbed polymers. This again indicates that polymer architecture does
play a prominent role in the adsorption behaviour of amphiphilic chains.

Here we would like to focus on another aspect of characterising the
adsorption properties of polymers, by mainly examining the dilute regime
(the mushroom adsorption regime (Carignano and Szleifer, 1995; Szleifer,
1997)) of the Langmuir Isotherm. In such a case the polymers are sparsely
distributed on the surface. Without crowding and overlapping at the surface,
polymers would act as independent molecules and behave irrespective of
the other chains surrounding them. Therefore, Henry’s law for adsorption of
the amphiphilic molecules is applicable in this adsorption regime. It is our
aim to calculate Henry’s constant ky for different architectures and use this
to compare the inherent adsorption property of a given chain structures,
without the crowding interference from neighbouring polymers. More
specifically we aim to investigate the impact of a particular polymer
architecture on the affinity of the chain for adsorption on the surface. Linear,
star, and dendritic structures are investigated and compared here. We hope
to provide insight to the manufacture of amphiphilic emulsifiers with tailored
hydrophobic positions and structures in cases involving synthetic amphiphilic
copolymer. Similarly, our study should prove useful in providing further
insight into behaviour of different biomacromolecular architectures at
interfaces, of which hydrophobically modified starch is a good example.

5.2 Theoretical calculations

5.2.1 Self-Consistent Field calculations

The Scheutjens and Fleer formulation of Self Consistent Field theory
can be applied to complex copolymers (Scheutjens and Fleer, 1979; Fleer et
al., 1993). This model considers two parallel flat surfaces with the gap
between them filled with a solution of polymers. In this study, the space
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between the two surfaces is subdivided into a lattice (cubic one in our case
here) and each cell is occupied by either a monomer (belonging to chains) or
a solvent molecule. The polymers are taken as chains of beads, with latter
representing individual monomers. No atomic details regarding actual size
or shape of monomers are taken into account in this somewhat coarse-
grained view of the chains. However, the Flory-Huggins interaction
parameters between the monomers, solvent and the surfaces are specified
to reflect their affinity for each other and thus also specifying their chemical
nature. The adsorption amount can be calculated from the density profiles at
any given bulk volume fractions, provided that the two surfaces are far apart
S0 as not to affect polymer adsorption on each other.

Briefly, the calculations start by averaging the molecular degrees of
freedom which provides a free energy functional related to the density
profiles of each monomer type, as well as the solvent (see for example
Akinshina et al. (2008) and Ettelaie et al. (2014)).

f Z Z(qbl (") - o) dr - f [Zwa(r)qul (r)]
2 > Xepdf @)

i#j a®f

dr

N| =

_|_

+
N[ =

J
Lo
| qjel(r)anchf‘(r)‘dr
oL a i

+ ) Tas ) [67(0) + @) .

a L

where N is the total number of monomers, and the variation of the density of
monomer residues of kind a belonging to chains of type i with distance r is
denoted by ¢{*(r) and their bulk volume fraction far from the plates by &.
The distance r is measured relative to one of the plates, with the other
surface located at r = L. The symbols ks and T denote the Boltzmann
constant and temperature, respectively. The enthalpic contribution is
captured by the last three terms in the above equation, and the first two
terms provide the entropic part of the free energy. The Flory-Huggins
interaction parameter y,z indicates the strength of interactions between two
different monomer species a and B. The electrostatic potential Y (r) is
included in Eg. 5.1 for completeness but is of no concern in this study since
no charged species are present in our study.

During the derivation of the free energy functional, a set of auxiliary
fields y,(r) enters the calculations. These fields need to be the ones that
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project out the same density profiles for which the free energy is being
calculated in Eqg. 5.1. If these fields are given, then the corresponding
density profiles are easy to compute by first calculating the segment
distribution functions. For a monomer species a belonging to a
macromolecule of type i, the density at any layer z away from the surface,
within the gap between the plates, is given by the composition equation
(Ettelaie et al., 2014)

Ny
ary = La i) (Gf(n, 2)G"(N; —n, Z)6a,ti(n)>
HORET z (i)

Each density profile has an associated probability of occurring, which
is proportional to ~ exp(—F({¢{(r)})/ksgT), where F({¢{(r)}) is the free
energy for that specific density profile/s as given by Eq. 5.1. The most

5.2

probable case occurs when free energy is minimized. It is assumed that the
corresponding density profile/s, for which the free energy takes its lowest
value, dominates the behaviour of the system. Therefore, instead of
averaging the thermodynamic quantities of interest over all the possible sets
of density profiles, one makes the approximation that the values are given by
the density profile with the lowest free energy. In other words, fluctuations
around the most dominant profile are ignored, just as is the case in any
mean field type theory. An additional incompressibility constraint is also
often assumed when determining the profiles with the minimal free energy.
This is done by demanding that the sum of concentrations of all species at
any point to always be a constant. The incompressibility restriction is

ZZM@ = ZZ‘I’ .

It is possible to show that the profile/s and their corresponding auxiliary fields
satisfy the following relation when the minimum free energy occurs

Yal) = 9n() + | D xap ) 0F |+ a7 @)
B i

+ Xas[(8() + 8(r — 1))] 5.4

where 3(r) represents the Dirac’s delta function and wyn(r) is a hard core
potential that ensures the incompressibility of the system, Eq. 5.3 (Ettelaie et
al., 2014).

It is clear that if either the mean fields or density profile is known, the
other one can be calculated accordingly. However, neither of them is known
in the system in advance. Unlike molecular dynamic and Monte Carlo
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methods whose accuracy depend on their runtime due to the sampling of
configurations, SCF is a numerical calculation and accounts for all possible
configurations. How a polymer behaves depends on all its neighbouring
entities, all of which are unknowns. Hence, SCF employs an iterative
process to tackle this problem. To start, an initial guess density profile is
assumed and is used to calculate the set of fields according to Eq. 5.4. From
these fields a new set of density profile/s can now be calculated and
compared to the previous one. This process is repeated until the difference
between the density profiles in two successive iterations is within a certain
pre-determined level of accuracy. When the calculations reach convergence,
any thermodynamic quantity of interest, including the colloidal interaction
mediated by the macromolecules (per unit area) between two flat surfaces,
can be obtained from the results. In turn, with the help of Derjaguin
approximation, the interaction potential between two spherical colloidal
droplets of radius R,Vpar, can also be calculated from those obtained
between two flat surfaces, V, as follows (Scheutjens and Fleer, 1979;
Ettelaie et al., 2014)

L

Voar(L) = MR j V(x)dx

o 5.5

The polymers considered here consists of two types of monomers

only, hydrophilic ones that prefer staying in the solvent, and hydrophobic
residues that favour adsorption onto the surface. Three types of polymer
architectures are examined here, linear, star-like, and dendritic polymers.
They are schematically illustrated in Figure 5.1, without the hydrophobic
monomers being specifically labelled out. The first structure is a basic linear
chain (Figure 5.1a), and here they are all designed as being diblocks. The
molecular weight for the linear and all the star polymers are the same at 400
total monomers. For star-like polymers, while they all have the same
molecular weight, the number of arms varies from 3 to 7 (Figure 5.1b). This
obviously means that the more arms there are, the shorter each arm would
be. The dendritic polymers (Figure 5.1c) are designed to have a central
section beginning with a 3-armed star, thus avoiding a long linear region at
the root. The individual strands are of equal length, each being 40
monomers, and apart from the central 3-arm root, bifurcation at all other
branching points are kept at 2. Number of generations (i.e. the number of
bifurcation starting from root, as one moves down towards the tips)
considered are 2, 3, 4 and 5, giving the total number of monomers as 361,
841, 1801, 3721, with the corresponding number of free ends being 6, 12, 24,
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48, respectively. The monomers belonging to each generation away from the
root are coloured differently in Figure 5.1, to better highlight the structure.

a -~ ~._ — /}jﬂ
c S 1A
b AT

Figure 5.1 Schematic illustrations of the three models used in this work,
without highlighting the hydrophobic monomers explicitly; (a) linear
structures with no branching points. (b) star polymers with arms of
equal length (example shown has 3 arms), (c) symmetrical dendrimers
of generation g, with a starting branching of 3 at the root, followed by a
bifurcation of 2 at each branch point further down towards the tips.
Each individual linear strand between any two branch points has 40
monomers. The example here shows a chain with 4 generations, and
thus 45 linear segments.

The degree of hydrophobic modification is kept at the same level for
all the star and dendritic architectures. There is one hydrophobic monomer
in every 40 monomers. This results in each star polymer having 10
hydrophobes, regardless of the number of arms. In dendrimers, each linear
strand contains on average one hydrophobe, thus leading to a total of 9, 21,
45 and 93 hydrophobes in dendrimers of increasing complexity, with
generation numbers 2, 3, 4 and 5, respectively.

In order to investigate the role of the position and distribution of
hydrophobic monomers along the chain backbone, these are varied within
each polymer architecture type. Based on the spatial distribution of
hydrophobic monomers on the backbone, these can either all be placed on
one segment of the structure (i.e. all hydrophobes are connected to each
other), or positioned as smaller numbers of monomer groups distributed
along several different segments (Figure 5.2, a, b versus c). Furthermore,
hydrophobic monomers can be located either at the centre, or at the free
ends of the structures (Figure 5.2, b versus a, c).



-121 -

Figure 5.2 Schematic illustration of the position of hydrophobic
monomers in star polymers. Position of hydrophobes are
highlighted here with thick red lines. Here a 3-arm star is presented
as an example. Hydrophobic monomers are (a) positioned at a free
end on one arm only; (b) evenly distributed among all arms, placed
at the centre; (c) evenly distributed among all arms, with all the
hydrophobes located at the free ends.

The surface affinity of the above structures is characterised by
Henry’s constant k;, which indicates the inherent adsorption properties of
single individual chains, without the complexation of their interactions with
the neighbouring polymers, when adsorbed. For chains that behave
irrespective of their neighbours, there exists a relationship between k; and
the change in the free energy, AG, upon adsorption:

AG
ky o exp (kB_T 56

where AG = E — TS includes both an enthalpic term £ and an entropic term
S. For a single monomer, the entropic change upon its adsorption onto the
surface is normally assumed to be 0 (assuming that the configuration of a
small molecule on surface is not all that different to when it is in bulk).
Therefore, for molecules comprising of a single monomer, ky is solely
dependent on the enthalpic term

ky = e 5.7
where y, is the Flory-Huggins interaction parameter between the monomer
and surface, as relative to that between the monomer and the solvent,
dictating the adsorption energy of this monomer. However, for amphiphilic
polymeric chains the entropic term .S does make a significant contribution. As
the chains adsorb onto the surface, they lose configurational entropy due to
restrictions presented by the interface. Therefore, in order to still obtain the
same relationship for k; as that above, the entropic term needs to stay
constant for the adsorbing units, when adsorption onto the surface takes
place. If hydrophobes are all in one block, and sufficiently strongly adsorbed
so that the whole block is lying flat on the surface without forming any loops,
one of the requirements for this condition will be met.
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Prior to applying the method to more complicated structures such as
stars and dendrimers, it is useful to first validate the approach using several
more straightforward cases. For these a prediction for the value of ky, or its
variation with ys, number of hydrophobes, or other such parameters, can
feasibly be made. Dimers and simple amphiphilic linear chains are chosen
as model structures for this validation, with their k; either analytically
calculated or known to follow a predictable trend.

5.2.2 Langmuir isotherm and Henry’s constant

From the SCF program discussed in previous section, the adsorbed
amount for a range of bulk concentrations (or volume fractions here) can be
calculated. Using these the adsorption isotherm is determined by plotting the
adsorbed amount vs. bulk volume fraction. A full isotherm is illustrated
schematically in Figure 5.3., and broadly will have features resembling a
Langmuir isotherm. At very low concentration, adsorption increases linearly
as there are excess space on the surface, and chains adsorb independent of
each other. As the bulk volume fraction increases, the surface starts to
saturate with polymers, and further increments in adsorbed amount slows
down (Hunter, 2001). This is a transition from mushroom to brush regime, as
surface loading increases (Carignano and Szleifer, 1995; Szleifer, 1997).

Surface Coverage

/ Linear region

Volume Fraction

.

Figure 5.3 Schematic illustration of a Langmuir adsorption isotherm.

Here we mainly focus on the dilute or mushroom regime of the
adsorption isotherm, where the linear relationship between adsorbed amount
and bulk concentration is followed. In this regime, polymers do not overlap
and behave as individual isolated molecules on the surface. This dilute
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regime can be further reinforced by setting the interaction potential between
the hydrophilic monomer and solvent molecule to x = 0.5, therefore making
the solvent a theta solvent for the hydrophilic parts of the chains. At very low
adsorption level, the excluded volume interactions between the adjacent
adsorbed chains is usually not a huge concern. Even so, in most cases here
we still assume a theta solvent for the hydrophilic sections to largely switch
off the effects of this excluded volume interactions. Then, this linear regime
follows Henry’s law, and Henry’'s constant ky; can be determined from the
slope of the linear part of the calculated isotherm.

Assume a lattice consisting on N sites, of which n are occupied by
adsorbed monomers. The number of arrangements available (Q) is
N!

=N 5.8

Therefore, entropy of the lattice can be calculated using Boltzmann formula
S=keIn(€2) and written as
N!
§=ks-In Gy 5.9

According to the Stirling’s formula, when the number of lattice squares and
molecules are large, the above equation can be approximated into

S =kg - [NIn(N) — nln(n) — (N —n)ln (N — n)]
The total free energy of the system and its enthalpic term are respectively

F=E-TS 510

E=n-%s 5.11
where y; is the adsorption energy for one adsorbing monomer. The equation
for free energy can be rearranged into

F

— =n-y; — NIn(N) + niln(n) + (N —n)ln (N —n)

kg T 5.12

For simplicity, we have assumed the strength of interaction between
monomers with solvent is 0. Therefore, the chemical potentials u for the
solute and solvent in the bulk now read

=In(1-¢)

Usotvent
kT

Usotute

kpr (@) 5.14

5.13
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where ¢ refers to the bulk volume fraction (or concentration in a lattice
model) of total monomers. The change in free energy can be expressed as

AF F
I{BT = kB_T — N Usotute T N ° Usolvent

=N Xs — N Usotute T N * Usotvent — NIN(N) + nln(n) + (N

—n)ln (N —n) 5.15
When the system is in equilibrium, free energy is minimized,
oF
a0 5.16
thus, leading to
) _N—n
 exp (Xs — Usotute + Usolvent) = N 517
Therefore, the surface coverage, or adsorption of monomers is given by
r= n
N 5.18
T d)e_XS
T 14 ple s —1) 5.19

With Henry’s constant for a single monomer given as Eq. 5.7, the adsorption
of monomer can be written as

Pky

[~ —
1+ pky 5.20

The above relationship between adsorbed amount I', bulk volume fraction ¢
and Henry’s constant ky not only holds true for monomers, but also for all
structures as long as they are in the dilute regime. In other words, when the
surface is not saturated, i.e. ¢ << 1, the Langmuir isotherm is in the linear
region and I' can be approximated to be

F'=ku¢ 5.21

logl' = log ¢ + logky 5 22

Therefore, when adsorption is plotted against volume fraction on a
logarithmic graph, a straight line is expected with the slope equal to 1. The
intercept of such a line with y-axis is the log (ky), for the particular polymer
for which the isotherm is computed. For simple monomers, the value of ky is
shown above to be ky = e™4s. However, for complex polymeric chains, their
entropic change upon adsorption complicates the relation and as a result
their ky cannot be calculated analytically. The above relationship for such
polymers merits more complex SCF calculation, as a possible way for



- 125 -

extrapolating ky for these more sophisticated structures than simple
monomers.

This work intends to determine and use Henry’s constant as a
parameter to describe the adsorption behaviour of copolymers with various
differing architectures, which otherwise would be too complex to be
calculated analytically.

5.3 Results and Discussion

In this section, we first provide a verification of the proposed method
with dimers and certain amphiphilic linear polymers whose surface affinity
are more predictable. The validated method is then extended to examine
and contrast more complex structures: amphiphilic linear, star and dendritic
type polymers.

5.3.1 Verification of the method
5.3.1.1 with dimers

We first verify the method by applying it to some simple structures
whose kj can be calculated analytically. We stress that the examples in this
section are merely used to allow for the verification of the method, rather
than being realistic models of any specific molecules per se. The first simple
structure is a dimer of two adsorbing hydrophobic monomers, where each
monomer has an interaction strength (xs) with the surface varying from -2 ksT
to -5 ksT. Ideally, the interfacial layer formed by adsorbing dimers of dilute
volume fractions is 2 layers thick at most, making it convenient to calculate
the adsorbed amount, and hence ky , by considering the possible
configurations that the dimer might take on the surface. The adsorption
isotherms of this structure are presented in Figure 5.4, where the intercepts
are log(ky) values. The obtained ky are listed in Table 5.1 for various values
of xs. The lower limit of volume fraction selected is bounded by computational
accuracy of the program implementing SCF calculations. The upper limit is
bounded by physical considerations, i.e., polymer saturation at the surface,
moving the adsorption out of the linear regime.

The number of monomers belonging to chains (i.e. the adsorbed
amount) present in the first layer at a specific bulk volume fraction ¢ can be
calculated. There are two possible conformations of a dimer that would
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Figure 5.4 Linear part of the adsorption isotherm for a dimer with a
tendency to adsorb flat on the surface.

Logarithm of the adsorbed amount versus logarithm of volume
fraction is plotted. The equation and R? for the fitted linear
regression line are included for each value of x2s, showing slopes
that are very close to 1, as expected.

result in its monomers being present in layer 1 (i.e. in contact with the
surface). One is the dimer lying “parallel” to the surface, contributing two
monomers to the first layer. The relative probability of dimers taking this
conformation (relative to its confirmations in the bulk) is 2(§e‘2Xs). Here

e~ %Xs is the Boltzmann factor associated with the two monomers of the
dimmer, each with a surface interaction strength of ¥, % is the lattice

parameter A indicating the possibility of two monomers both being in the
same layer, and the term is multiplied by 2 because the monomers are
interchangeable in terms of their position. The second conformation is the
dimer adsorbing “perpendicular’ to the surface, contributing only one
monomer to layer 1 adjacent to the surface, with the other monomer residing
in layer 2 and not on surface. The relative probability in this case is 2(%9‘)(5),

where similarly e #s is the Boltzmann factor for one monomer interacting
with the surface, %is the lattice parameter A indicating the possibility of

monomers being in adjacent layers, and once again the entire term is
multiplied by 2 due to the interchangeability of the monomers with regards to
their positions. Adding the two possibilities together, and considering the
bulk volume fraction ¢ and number of monomers per polymer, N, the
adsorption (T') in layer 1 can be expressed as
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¢

= 2_(ie_2)(s +le_)(s)
T N6 6 5.23

For a dimer, the degree of polymerisation N is equal to 2, so expressing I" in
terms of the number of adsorbed chains (rather than total amount) the
equation becomes

4 -2 1 —X
F=(€e S+ge S)'¢ 524
Because I' = ky¢, we therefore have
k., = fe_z)(s + le_)(s

When the magnitude of the interaction potentials xs are sufficiently large (and
favourable, i.e., xs is negative), the majority of the adsorbed dimers should lie
flat on the surface, with both monomers in layer 1. This means the “parallel”
adsorbed conformation dominates, and the other, perpendicular

configuration, can be ignored to a first approximation. In other words, in such

a case ky = %e‘ZXS. These analytically predicted values of ky, obtained for

various interaction potentials xs, are listed in Table 5.1a for comparison with
SCF obtained results. The ky from SCF calculations are largely in good
agreement with the analytically calculated values. The analytically
determined value of ky is expected to be slightly lower, because of the
approximation discussed above.

Next, the kg associated with the “perpendicular-to-surface”
configuration is considered. In the effort to make sure of that we can
engineer a model situation where this is the main configuration that the
adsorbed dimers take up, one of their monomers is now made hydrophilic by
assigning to it a high unfavourable interaction strength xis of +9 ksT with the
surface. The other remaining monomer is still hydrophobic with s varying
from -2 to -5 ksT, as before. The solvent is assumed an athermal solvent
with x = 0 for both types of monomers. Thus, the hydrophobic monomer
would adsorb to the surface, whereas the hydrophilic monomer prefers to

stay away from the surface. In this case, the “perpendicularly” adsorbed
configuration dominates and ky = %e‘hs. As listed in Table 5.1b, for this

type of dimer ky calculated from SCF adsorption isotherms are again in
reasonable accord with those inferred from analytical calculations.

From the above results, we can see that the method proposed here
for determining kg, based on the use of SCF calculations, is able to provide
sensible values, in line with expectations for these simple test dimers.
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Table 5.1 The kj calculated from SCF and analytical calculations, for dimers
consisting of (a) two identical hydrophobic monomers, with xs varied
from -2 ksT to -5 ksT, (b) one hydrophilic monomer (x1s = +9 ksT), and
one hydrophobic monomer (x2s varied from -2 keT to -5 ksT).

Composition of xs (keT) of

. ky (SCF) ky from analytical calculations
dimers hydrophobe
a. -2 38.6 36.4
two hydrophobic
-4 1941.8 1987.3
-5 14598.2 14684.3
b. 2 1.06 1.23
one hydrophobic
-3 3.17 3.35
+ one hydrophilic
monomer -4 8.82 9.10
-5 23.72 24.74

5.3.1.2 Results for linear amphiphilic polymers

The next set of structures employed for testing the methodology
involve linear diblock polymers. With the length of hydrophilic segments now
made much larger than the hydrophobic anchoring groups, the following
calculations are performed for the theta solvent case (x=0.5 for the
hydrophilic monomers). It is worth noting that here the solvent strength for
hydrophobic monomers is set as x = 0.0. Having a “hydrophilic” solvent
favouring the solvent-hydrophobe interactions above solvent-hydrophile
interactions, is usually not achievable in practice. However, as we had
emphasised previously, in this section we wish to seek model systems that
allow for validation of the method, rather than being a realistic representation
of any specific system. Setting x = 0.0 means that it is no longer necessary to
worry about the changes in the number of contacts between the anchoring
groups and the solvent molecules, whether the latter are in bulk or adsorbed
on the surface.

The interaction potential of hydrophiles with the surface is kept at
x1s= 19 to ensure hydrophilic segments of the chains avoid the interface
upon their adsorption. In this case, the linear diblock polymers should take
the train-tail conformation on the surface. For the same size of the
hydrophilic blocks, and with their much smaller hydrophobic segments lying
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almost flat on the surface, the loss of configurational entropy of the
hydrophilic part extending away from surface will be the same for chains with
different number of the anchoring hydrophobic residues. Note that of course
this is only true when the degree of coverage is low (very dilute systems)
and the adsorbed chains on the surface do not overlap. Above
considerations make the relationship between the value of ky and the
adsorption energy more predictable. In the two systems studied below, the
size of the hydrophilic block of the chains are kept constant. In the first case
the hydrophobic block consists of just one monomer, but we vary the
strength of the (favourable) interaction energy with the surface. In the
second model, the interaction strength is kept the same, but the number of
hydrophobic anchoring groups is altered instead.

The first linear diblock structure consists of 390 hydrophilic
monomers, and as mentioned above, just one hydrophobe. The surface
interaction parameter 7y for the hydrophobic residue is varied from -9
to -15 ksT. By keeping the number of the two types of monomers constant,
and ensuring no contact between the hydrophilic segments and the surface
(due to the high degree of unfavourable interaction of +9 ksT), one hopes to
rule out any variation in the entropic contribution for different polymers,
resulting from their adsorption. This then only leaves the enthalpic change to
consider. Because there is only one hydrophobic monomer responsible for
adsorption, the kj is expected to be proportional to the Boltzmann factor for
adsorption of this monomer onto the surface, namely:

—X2s
ey oc € 5.26

or

ln(kH) = _XZS + a 5.27

where the intercept a is a constant independent of .

Using graphs similar to those in Figure 5.4, the value of ky for chains
with different s is determined from SCF calculation results. In Figure 5.5a,
the value of In(ky) is plotted against the Flory-Huggins parameter for the
interaction of hydrophobic monomer with the surface. A clear linear
relationship, with the slope very close to -1 and in good accordance with our
prediction in Eq. 5.27, is obtained.

Another set of linear diblock amphiphilic polymers used here for the
verification purpose, has a constant number of monomers in its hydrophilic
block, in much the same as that above (a total of 390). However, the number
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Figure 5.5 (a) In(kn) plotted against x2s for linear amphiphilic polymers
containing only one hydrophobic monomer, with x2s being varied from -
9 keT to -15 keT. (b) In(kn) plotted as a function of the number of
hydrophobic monomers, for a linear amphiphilic polymer. The number
of monomers in the hydrophobic block varies from 4 to 8, but with x2s
now kept constant for all cases. The fitted straight line equation and R?
for its linear regression is also included.

of hydrophobic monomers is now varied from 4 to 8, while the value of s is
kept constant at -2 ksT. Again, by maintaining the size and the nature of the
hydrophilic part of the chains the same, the entropic contribution to
adsorption free energy for these structures should remain the same. This
leaves the enthalpic part accountable for the difference in ky and the
adsorbed amount for different chains. The variation in ky is the result of the
addition of hydrophobes one by one as we increase these from 4 to 8. With
each addition the adsorption free energy changes by 2= -2 ksT per chain.
Therefore, for such a model
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k —X2sMHB
Hxe 5.28

where nus is the number of monomers in the hydrophobic block. In other
words

In(ky) = —x2s "nyp + b 529

Where %2 is -2 keT and b is a constant independent of nws. Using our SCF
calculations, we determined the adsorbed number of chains per surface as a
function of bulk volume fraction. Considering the dilute regime where the
relation between these two quantities is linear, we obtained the values of ky
for nus between 4 and 8, using the same procedure as in Figure 3.3. As
shown in Figure 5.5b, a plot of In(ky) versus the number of hydrophobic
monomers (nws), produces the expected straight line with a slope of 1.9849.
This is in excellent agreement with the predicted value of | 2 |= 2 as
indicated by Eqg. 5.29. Such a correspondence suggests that hydrophobic
block is lying flat on the surface, confirming that at the current adsorption
strength the block forms a train conformation with little or no loops. The
results above also imply that by having the same length of hydrophilic block,
the entropic loss upon adsorption of the chain stays the same, irrespective of
how strong the hydrophobic monomer is anchored onto the surface.

For both dimers and linear diblock amphiphilic polymers, the results of
SCF calculations agrees closely with the predictions. Therefore, the
approach for determination of ky has shown to work well. In the next section
we will apply the method to more complex chain architectures, where
predicting kj is not as straightforward.

5.3.2 Adsorption constant for linear amphiphilic polymers

As the model is applied to more complex architectures, the Flory-
Huggins interaction potential parameters are now chosen to be more
representative of the real systems. From this point onwards, unless stated
otherwise, the strength of interaction between hydrophilic and hydrophobic
monomers on one hand and solvent molecules on the other are taken as 0.5
and 1.0 ksT, respectively.

The first structure examined, where variation of kywith chain size is
not trivial to predict, is a linear amphiphilic chain containing identical number
of hydrophobic monomers (10, with each having Y= -2 ksT). The
magnitude of s is sufficiently large to ensure that the block of 10 anchoring
monomers will lie flat on the surface. Hence, the adsorption energy
associated with each linear chain on the surface is the same, irrespective of
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the length of its hydrophilic section. We alter this latter for the polymers,
ranging from 10 to 390 monomers. Setting the adsorption potential of
hydrophilic monomers to xi1s = +9 ksT, ensures that the hydrophilic parts will
strongly avoid the interface and instead will extend away from the surface
into bulk solution. At low levels of surface coverage (i.e. a very dilute
solution), and with the enthalpic change the same for chains with the same
hydrophobic block sizes, the main differences in the conformational statistics
for the adsorbing polymers are governed by the level of enthalpic penalty
loss upon their adsorption. The reduction in the conformational entropy
arises due to the restrictions that the impenetrable interface imposes on the
adsorbed chain. For the set of different chains considered here then, this
entropy loss should be a function of the length of the hydrophilic sections
only (Striolo and Prausnitz, 2001).
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Figure 5.6 Power relationship between kn and the degree of
polymerisation of the chains, involving linear diblock polymers each
containing 10 hydrophobes and varying numbers of hydrophilic
monomers, ranging from 10 to 390.

A power law relationship is found between k; and the hydrophilic
block size of these polymers, with a R? value of 0.9971 for the straight line
fitted to log(ky) plotted against logarithm of the hydrophilic block size (Figure
5.6). The relation is determined to be ky ~ Nn#3. While having the same
adsorption enthalpy, the linear chains with larger sizes tend to experience a
greater level of conformational entropic loss upon adsorption. As a result,
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the value of Henry’'s adsorption constant k; also decreases with increasing
chain size.

5.3.3 Factors affecting the adsorption behaviour of branched
polymers

5.3.3.1 Star-like polymers

In star-like polymers, both the number of arms and the position of
hydrophobic monomers are possible factors affecting the adsorption
behaviour. As stated in the last section, the solvent strength for hydrophilic
and hydrophobic monomers are 0.5 and 1.0 ksT, respectively. All the star
polymers considered here have the same number of monomers: i.e. 391
hydrophilic residues (with xis= 0 ksT) and 10 hydrophobic ones (with s = -2
ksT). Number of arms ranged from 3 to 7. Obviously, the larger the number
of arms, the shorter each arm will be. Having the same number of
hydrophobic monomers, and provided that all hydrophobic residues of an
adsorbed chain do lie on the surface, the overall adsorption enthalpy should
be the same for all the polymers with different number of arms. Furthermore,
since we have chosen the chemical composition and the degree of
polymerisation (at 400 monomers) to also be identical, then any difference in
the adsorption constant must largely be attributed to differing levels of
conformational entropy loss, when these star polymers of different number of
arms are compared.

Four different positions of the hydrophobic monomers are taken into
consideration, as is schematically illustrated in Figure 5.2. The hydrophobic
residues are either all placed together as a single block on one arm or are
evenly distributed among all arms. A further architecture studied here places
all the hydrophobes at the centre of the chain, while another locates them at
the free ends. It is worth noting that structures with hydrophobes on one arm
are the only ones breaking the symmetrical design of the polymers. We
emphasise that such a none-symmetrical structure is of course not available
for studies involving equal-sized-armed homopolymers, and therefore useful
to include here.

Star polymers with their hydrophobic monomers in the central parts,
but equally distributed among the three arms (markers as thick red lines in
Figure 5.7), behave in an identical manner to chains with their hydrophobes
still in the central part but only on one arm (data not shown). On the other
hand, for polymers with hydrophobic monomers at the free ends (with
markers as green triangles and blue circles in Figure 5.7), the positional
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distribution of hydrophobes between different arms is found to greatly
influences the affinity of the copolymers for adsorption onto the surface.
Polymers having hydrophobic monomers equally distributed among all free
ends had a value of ky two orders of magnitude lower than those with all
hydrophobes concentrated at the free end of one arm only. This observation
resembles the well-known phenomenon for linear diblock polymers, where
the diblocks adsorb more strongly than their triblock counterparts,
possessing the same size and chemical composition (Fleer and Scheutjens,
1990). Structure (a) in Figure 5.7, where the adsorbing monomers are
concentrated at one free end somewhat resembles a diblock structure, in
that it has a single large hydrophobic block. As such, its non-adsorbing
segments are able to extend further away from the surface, thus escaping
the restrictions imposed by the impenetrable interface. Large sections of
such chains behave as if they were in the bulk, with relatively smaller loss in
conformational entropy upon adsorption. Structure (b) in Figure 5.7 is more
reminiscent of a triblock linear polymer, with its adsorbing segment in the
middle, and its two non-adsorbing blocks shorter than the diblock
counterpart. With these latter blocks unable to extend as far as those in
structure (a), a higher conformational entropic penalty loss is expected upon
adsorption. Structure (c) of Figure 5.7 has non-adsorbing blocks of the same
length as those in structure (b). However, because now these are connected
at the single cross-link point at the centre of the star-shaped polymer (with
the free ends of all arms being hydrophobic), the possible configurations of
the individual arms are significantly restricted. For strongly adsorbing
hydrophobes, each arm has its hydrophobic free end adsorbed on the
surface, with the other end of the arm having to return to the same cross-link
point as that for all the other arms. It is clear that in this case the decrease
in the number of accessible configurations upon adsorption is far more than
if the anchoring groups where close to the central (i.e. cross-link point) part
of the polymer. Consequently, the entropic penalty paid by structure (c),
when adsorbed, is the highest among the three-star structures studied here.

Generally all three star-like architectures in Figure 5.7 show a
decrease in the magnitude of k; as the number of arms increases. However,
where the hydrophobes are placed as a block on one end of a single arm,
the decrease is seen to be only marginal (Figure 5.7 (a)). There, the value of
ky remains large compared to the other two star-shaped architectures
studied, irrespective of the number of arms involved. As the number of arms
increases, the hydrophilic blocks become smaller. However, the fact that any
changes in ky are small for the structure (a), indicates that the arms remain
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reasonably long. In particular, it seems that the crosslink point can reside
sufficiently far away from the surface. Thus, the presence of interface is only
really felt by the single arm containing the anchoring groups. As for all the
other arms of the star-polymer, these remain far from surface so as not to be
much effected by it. This then provides an explanation for the modest
decrease of ky with the number of arms one observes in Figure 5.7, for
polymer structure labelled (a).

18

Q

16

14

12

-~ 10
=
£
8
6 C
4
1 2 3 4 5 6 7 8 9 10

number of arms

Figure 5.7 The In(kn) of star polymers plotted against the number of arms,
on a semi-log scale. Positions of hydrophobic monomers
are: (a) ~“ concentrated on one arm only, at one free end,
(b) ™ evenly distributed among all arms, at the centre, and
(c) —®— evenly distributed among all arms, at all free ends.

Figure 5.8 shows the saturation adsorbed coverage for each star
structure studied in Figure 5.7, but now at sufficiently high polymer bulk
concentrations. The saturation values are taken from the plateau regime of
the adsorption isotherm. At this stage the variation of the adsorbed amount
with the increase in bulk concentration is very small. Nonetheless, to have a
more representative value, the adsorptions at bulk volume fractions of 104,
103, and 1072 (all in the plateau regime) are averaged to obtain the surface
coverage presented here. In the same figure we have also displayed the
SCF calculated results for the volume fraction profile for each polymer
architecture possessing 3, 5 and 7 arms. In each case the polymer bulk
volume fraction is set to be 10-3. This bulk concentration was found to be
sufficient for polymers to attain their saturation surface coverage, limited by
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Figure 5.8 Saturation surface coverage for different displayed star
polymer architectures, and the corresponding volume fraction
profiles, plotted against distance away from the interface, for
polymers with 3, 5 and 7 arms, all at a bulk volume fraction of 103,

the overlap of neighbouring chains. As the number of arms increases, the
adsorbed layers are seen to become more compact in all three cases. This
is expected, since polymers with larger number of arms but the same
molecular weight, are more compact entities than those with only a few arms.
In turn, any overlaps between neighbouring adsorbed polymers within a
more compact, less extended, interfacial layer increase more rapidly. This
tends to limit the number of adsorbed chains more strongly and keeps the
amount of maximum coverage low. A clear decrease in the amount of
adsorbed polymer, with increasing number of arms, is evident for all three
cases presented in Figure 5.8. In particular, it is interesting to note that this
consideration applies as much to structure (a), where the anchoring groups
are located only at the free end of one of the arms. The variation of the
maximum adsorbed coverage with the number of arms is in stark contrast to
the behaviour we observed in the low end of the Langmuir isotherm, for this
polymer architecture. Recall (see Figure 5.7 (a)) that the value of ky,
characterising the low end, early stage of the isotherm, was not overly
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sensitive to variation in the number of arms, whereas the maximum surface
coverage clearly is (Figure 5.8a).

The other two star-shaped structures also have maximum surface
coverages decreasing with an increase in the number of arms. The
percentage decreases when arm number increases from 3 to 7 for three
structures are (a) 41.7%, (b) 90.3%, and (c) 77.3%. The volume fraction for
7-arm stars drops more quickly as compared to that of 3-arm structure, for
example in case (a), the volume fraction for 7-arm star returns to bulk at a
distance of 32 while the same for 3-arm star occurs at 48. This is observed
for all three star-like structures.

5.3.3.2 Dendritic polymers

As with the star polymers above, in this section the solvent strength
for hydrophilic and hydrophobic monomers are once again maintained at 0.5
and 1.0 ksT, respectively. Similarly, the strength of interaction with the
surface for hydrophobic monomers is kept at a favourable value of
X2s = -2 ksT.

The dendritic polymers studied here have their overall monomer
numbers increasing with generations. We define each generation to be the
next level of branching in the tree-like structure for these polymers. Since the
ratio of hydrophobic monomers to total monomers is kept at 1 to 40,
polymers of higher generation now contain a larger number of hydrophobic
entities, and as a result may be expected to also have higher ky values. It is
worth noting that the polymers in this study are designed to be flexible.
Therefore, hydrophobic monomers, no matter where they are along the
backbone, can be exposed and adsorb onto the surface. This consideration
applies equally to hydrophobes at the very centre of the polymer.

Here five types of hydrophobic monomer distribution are considered,
as are illustrated in Figure 5.9. The last two cases (d and e) are ones where
the hydrophobes are equally distributed among all strands (one on each),
being located either at the middle of each linear strand or next to the
branching points. Both patterns would result in a lack of large single
adsorbing blocks in such polymer architectures. As a matter of fact, the
pattern where hydrophobic monomers are positioned in the middle of every
strand (Figure 5.9e) leads to a non-adsorbing behaviour of the polymer (data
not shown), indicating that the adsorption potential is so weakened that the
chain essentially loses its amphiphilic property. On the other hand, in the
case where hydrophobes are positioned next to each branching point



Figure 5.9 Schematic illustration of the position of hydrophobic monomers in
our model dendritic polymers.

Locations of hydrophobes are highlighted with thick red blocks. Here a
dendrimer with 4 generation level is being displayed as an example.
Hydrophobic monomers are (a) concentrated at the very centre of the
polymer, with equal numbers on each of the three centrally connected
strands; (b) distributed only among 1/3 of all the free ends; (c) evenly
distributed at all free ends; (d) evenly distributed near each branching
point; and (e) evenly distributed in the middle of each linear strand.

(Figure 5.9d), the amphiphilic nature is retained, allowing ky to be
successfully determined (Figure 5.10d). The surface affinity of polymers with
this pattern of spatial hydrophobic distribution does not alter much with the
number of generations, or polymer size. This is probably the result of the
constant number of hydrophobic/hydrophilic monomer ratio (1 in 40 here)
irrespective of the number of generations. The non-adsorbing segments in
structure (d) of Figure 5.10 cannot stretch very far away from the surface,
with the polymer thus being forced to lie flat on the surface. As a result,
chains with the structure (d) (Figure 5.10) experience a very large degree of
conformational entropic loss upon adsorption. Consequently, this structure is
also found to have the lowest k; values among the four shown in Figure
5.10.

Dendrimers with the other three distribution patterns have their affinity
for surface increased with the number of generations. For cases where
hydrophobic monomers are at the free ends, the ky value is higher for
structure (b) where all hydrophobes are concentrated at 1/3 of the free ends
than structure (c), the case with equal distribution at all free ends. Here
dendrimer (c) loosely resembles a triblock linear polymer whose central non-
adsorbing segments extending away from the surface, but with the two
anchoring free ends having to reside on the surface. Dendrimer (b) on the
other hand, according to same analogy, resembles a diblock linear polymer
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where those free ends without adsorbing monomers are free to extend away
from the surface into the bulk solution. This is true for such structures of all
generations. Much in the same way that a linear diblock chain has a higher
ky value than its triblock counterpart, here also we find the same for
structure (b) relative to (c) (see Figure 5.10).
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Figure 5.10 The In(kn) of dendritic polymers plotted against the number of
generations, on a semi-log scale. Positions of hydrophobic monomers

are: , (a) —™ concentrated at the centre, with equal number on each of
the three strands joining in the middle; (b) ~“ distributed only amongst
1/3 of the free ends; (c) == evenly distributed among all free ends; (d)

—®— evenly distributed near each branching point.

The polymer with the highest surface affinity (i.e. largest k) here is
found to be the one where all the hydrophobic residues are located at the
central part, as a single continuous block (dendrimer (a) in Figure 5.10).
Though the linear analogue for dendrimer (a) is closer to a triblock polymer,
this time the triblock analogue chain will have its anchoring groups in the
centre, with the two non-adsorbing blocks on either side. It is found that ky
value for this structure is significantly higher than that for dendrimer (b),
especially with a larger number of generations. This is because structure (a)
has all its outer generations freely extending away from the surface. The
nature of dendrimer structure for the model used here, dictates that the
number of linear strands in each generation is twice that of the previous one.
Our results here show that even if structure (b) had more extending free
ends, the entropic loss associated with its adsorption is still larger than that



- 140 -

incurred by structure (a), where more segments are allowed to extend out.
This is true even with shorter individual strands. Such distinctions in the
adsorption behaviour of diblock and triblock structures are well known for
linear polymers (Fleer and Scheutjens, 1990; Kilbey et al., 2001). Here we
have shown that the same can largely explain the behaviour of different
dendrimer architectures, too.

It is clear that for both star-like and dendritic polymers, the spatial
distribution and position of hydrophobic monomers on the polymer backbone
greatly impacts their surface affinity. In general, some of the principles
regarding linear chains seem to still hold for these much more complex
structures. The more closely spaced, fewer large block distribution of
hydrophobic monomers that one has, the higher the affinity for adsorption
seems to be. Polymers resembling diblock linear chains (with one large
single anchoring block) adsorb more than those resembling triblocks,
multi-blocks or random co-polymers, if the chemical composition and
numbers of hydrophobic and hydrophilic residues remain the same.

5.4 Conclusions

This study focuses on the low adsorption end of the Langmuir
Isotherm, and establishes a method for calculating Henry’s constant kj for
amphiphilic polymers, using SCF calculations. The method is successfully
validated by comparing the calculated kj value from SCF results and that
obtained from analytical calculations, for several simple cases involving
dimers or certain linear polymer architectures. The method is then applied to
complex structures where k; cannot be analytically estimated. The entropic
change for linear chains with constant number of adsorbing hydrophobic
monomers, but varying hydrophilic tails, is found to follow a power law with
the length of the non-absorbing hydrophilic tails. The significance of the
value of the power index remains to be determined. For star and dendritic
polymers, different spatial distribution patterns of hydrophobic monomers
along the chains are also considered. The kj values for star polymers are
examined in relation to varying number of arms and the arm size. As the
number of arms increases and the length of each arm gets smaller, all
structures show a decrease in the value of ky due to larger entropic
restrictions upon adsorption. One exception to this trend is the star shaped
polymer where all anchoring hydrophobic groups are placed at one free end
only. The surface affinity of this particular architecture remains more or less
the same, regardless of the decreasing size of each arm. On the other hand,
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for all the three star-shaped structures here, the maximum surface coverage
decreased with increasing number of arms. In dendrimers, the distribution of
hydrophobic monomers is again found to greatly influence their surface
affinity. The closely spaced adsorbing units in small number of large blocks,
exhibit a higher ky value. Such findings may provide guidance to future
experimental work. One example is in providing information on the optimum
grafting position of hydrophobic residues on to a hydrophilic backbone,
during the process of manufacturing suitable amphiphilic surface active
polymers (emulsifier, steric stabilisers, etc).
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Chapter 6
General discussion

6.1 Introduction

Food-grade emulsifiers and stabilisers are important constituents of
food additives. A great number of food products are present as colloid
systems, with emulsion being the most prevalent colloid type. In the last
decades, the food industry is marked by a trend of moving away from
synthetic additives, and therefore also an increasing demand for utilising
biopolymers suitable to stabilise emulsions. Many different biopolymers have
been examined for their possible use as emulsifiers to meet the needs of
food industry, and starch has been considered a promising choice due to its
abundancy, sustainability, and its relatively inexpensive price. Native starch
are hydrophilic molecules that exist in the form of water-insoluble granules,
so hydrophobic modification needs to be performed to improve their surface
activity, whether these are used as dissolved biopolymers or as granular
particle (Pickering) stabiliser.

Starch modified with octenyl succinic anhydride (OSA) attains
amphiphilic properties, and has a wide range of applications as a texturizer
and emulsion stabilizer (Caldwell and Wurzburg, 1953). Despite its long
history of industrial application, OS-starch continues to attract the interest of
many researchers who continuously strive to explore new applications or
further improve its functional properties. With the trend towards healthy
foods, OS-starch has been used to formulate gluten-free bread and low-fat
products (Klaochanpong et al., 2017; Bajaj et al., 2019; Korus et al., 2021).

The functionality of OS-starch as an emulsifier depends not only on
the hydrophobic modification, but also on the structure of the original native
starch (Sweedman et al.,, 2014). As discussed in Chapter 2, due to the
complexity of starch structure, the exact relation of starch structural features
to OS-starch functionality remains to be unveiled. This Thesis aims to
advance the research on OS-starch by both seeking novel applications and
deciphering the impact of one of its structural characteristics, namely
amylose content, on its functionality.

In the effort to create new possibilities for the application of OS-starch
as a beverage emulsifier, truly reconstitutable emulsions were produced with
a commercial OS-starch made from waxy maize starch (Chapter 3). By truly
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reconstitutable emulsions, we have in mind dried emulsions that not only
form their original pre-dried droplet sizes upon their rehydration, but also
have the same long-term colloidal stability as any freshly made emulsion.
Such dried emulsions can be readily used in given food formulations, and
therefore have considerable advantages in saving storage and
transportation costs. The storage conditions for the dried emulsion power
were carefully evaluated for their impact on the stability of reconstituted
emulsions.

To better understand why most of the commercial OS-starch are
based on waxy maize starch, both experimental and theoretical
investigations were carried out on the effect of amylose content on the
emulsifying and stabilising properties of OS-starch. Experimentally, the
strength of steric stabilisation provided by OS-starch of varying amylose
content was evaluated in three stressed conditions: variation in pH, increase
of electrolyte concentration, and enzymatic digestion (Chapter 4).
Theoretically, SCF calculations were performed on amphiphilic copolymers
with different architectures and location of hydrophobic blocks (Chapter 5).
The adsorption behaviour of linear, star and dendritic polymers were
characterised by computing Henry’s adsorption constant, ku, extracted from
theoretical adsorption results for the low coverage part of their adsorption
isotherms.

This work hopes to unveil the linkage between amylose content and
emulsifying and stabilising properties of OS-starch, open up new
approaches for selecting the suitable native starch that would produce OS-
starch with better functionalities, which can in turn have more potential
applications in foods.

6.2 Summaries of key findings

6.2.1 Fabrication of reconstitutable O/W emulsion with
commercial OS-starch

Stable O/W fresh emulsion made with a commercial OS-starch was
fabricated and freeze-dried to produce dried emulsion powder. A
reconstituted emulsion was obtained by rehydrating the dried powder
immediately after the freeze-drying process, and its droplet size d,; with no
post-reconstitution storage was found to increase (~2 ym) as compared to
that of the fresh emulsion (0.5 pm). With ultrasonication and addition of SDS,
the change in droplet size caused by freeze-drying was mainly attributed to
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aggregation, with little coalescence. This result suggests that the original
droplets remain intact, despite the process of drying and rehydration. The
formation of ice and lipid crystals during the freezing process may have
disrupted the adsorbed layer of OS-starch, and upon hydration resulted in
flocculated droplets. This results in the moderate increase observed in the
measured droplet size after rehydration, as compared to droplets prior to
drying.

In order to evaluate the impact of relative humidity and temperature
during dry storage phase, on the stability of reconstituted emulsions, the
freeze-dried emulsion powders were stored at various storage conditions
before rehydration. Relative humidity was found to have at best a mild
impact on the reconstituted droplet size in the studied temperature range
(-30 °C ~20 °C). In contrast, temperature during dry storage phase was the
more prominent factor, in determining the final size of the droplets in the
reconstituted emulsions.

When samples were reconstituted from powders stored at higher
storage temperatures (4 ‘C, 20 °C), flocculation was observed in the
rehydrated emulsions, but surprisingly extensive coalescence and emulsion
breakdown were absent. The crystallization temperature for bulk sunflower
oil is typically between -20 to -17 °C, but supercooling effect was highly
pronounced in these dried emulsion powders. As found by Differential
Scanning Calorimetry, the crystallization temperature of oil in the emulsion
powder was determined to be approximately -24.6 °C, and the melting point
(during heating) was approximately -27.5 °C. Cold-Stage X-Ray Diffraction
confirmed that emulsion powder scanned at -18 °‘C remained molten, and
peaks for oil crystallization were observed in powders scanned at -70.0 °C.

The idea of fabricating fully reconstitutable emulsion powder that
upon rehydration can result in emulsion of comparable droplet size as those
of the original fresh emulsion, was realised in one of the storage conditions
tested in this work. Dry reconstitutable emulsion powder was successfully
fabricated and stored at -30 °C for more than 3 weeks, where upon simple
rehydration, colloidally stable droplets of size ~ 2 ym were achieved
(consequently stable for more than 100 days post rehydration). At -30 °C,
the oil phase crystallised and became completely immobile. The physical
state of the oil phase during storage was crucial to the stability of the
reconstituted emulsion. This has major commercial potentials such as the
possibility of mass production of the dried emulsions in a central site, much
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cheaper and easier shipment of the dried powder to other locations, and
storage and rehydration of these as when required.

6.2.2 Effect of amylose content on the steric strength provided by
OS-starch

Steric stabilisation is the most characteristic and advantageous
feature of OS-starch (Sweedman et al., 2013; Dickinson, 2018) employed as
an emulsion stabiliser. In the effort to explore the effect of amylose content
(AC) of OS-starch on the strength of steric stabilisation it provides, waxy
maize starch (denoted as W, with amylose content determined to be 5.48 +
0.99%) and normal corn starch (denoted as N, with amylose content
determined to be 28.37 + 0.10%) were modified with OSA to produce OS-
starch. The native starch with lower AC (native W) yielded a lower DS than
that with higher AC (native N), in line with the preferential attachment of OSA
to amylose molecules as found by previous researches (Shogren et al.,
2000; Wang et al., 2013; Whitney et al., 2016; Liu et al., 2018).
Nevertheless, both OS-starches had satisfactory emulsifying and emulsion
stabilising abilities at neural pH and for low electrolyte concentrations,
producing stable sub-micron emulsions with a droplet size d,; of 0.5 -
0.6 um.

Emulsion stabilised by OS-W showed high resistance to variations in
pH and electrolyte concentration, while OS-N stabilised emulsions were
observed to undergo a significant level of flocculation and an increased
droplet size at acidic pH or at high electrolyte concentrations. Such results
indicate that strong steric repulsion was the main stabilising mechanism for
OS-W, whereas in the case of OS-N, the steric repulsive forces alone were
not strong enough. In the latter case the interfacial film was to some degree
also reliant on provision of additional electrostatic repulsions to achieve
droplet stability. The electrostatic repulsion (as provided by OS-starch) is
known to decrease at lower pH. Similarly, electrostatic forces tend to get
screened by the addition of more electrolyte. The difference between the
behaviour of emulsions made by OS-W and OS-N has been attributed to the
fact that OS-N, with its higher amylose content, tends to form thinner
interfacial layers. The linear nature of modified amylose also makes it more
likely to adsorb simultaneously onto two closely spaced neighbouring
droplets. This leads to a higher possibility of bridging flocculation in OS-N
systems, as compared to the more compact layers formed by highly
branched polymers in OS-W (Ettelaie et al., 2016).
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6.2.3 Effect of amylose content on the oral digestion behaviour of
emulsions stabilised by OS-starch

After establishing their difference in stabilisation mechanism,
emulsions stabilised by OS-W (lower AC) and OS-N (higher AC) were
subjected to enzymatic degradation, mimicking the oral digestion process of
beverage products. In vitro experiments were conducted both with 2 g/L
a-amylase solution and artificial saliva with the same enzymatic
concentration. Control samples were included to rule out flocculation
induced by the environmental factors, such as the presence of salt and
protein (Silletti et al.,, 2007; Sarkar et al.,, 2017).Subsequently, in vivo
experiments were conducted as well, involving panellists placing the
emulsion samples in their oral cavity and spitting it into a container after a
designated time interval.

With both in vitro and in vivo experiments, the enzyme-treated
samples of W and N emulsions exhibited larger droplet sizes as a result of
enzymatic digestion of OS-starch. It is worth noting that the impact of
enzymatic treatment on the stability of emulsion samples was found to be
the opposite to the one resulting from changes in electrostatic interactions
(i.,e. varying pH and electrolyte concentrations). Here, the emulsion
stabilised by OS-W (lower AC) was destabilised more rapidly than that by
OS-N. Microscopic images confirmed the presence of significant
coalescence in emulsion stabilised by OS-W, but mainly flocculation in
emulsions stabilised by OS-N.

This distinction in colloidal behaviour upon enzyme digestion
suggests that the interfacial layers, formed by OS-starch of various amylose
content, are enzymatically degraded at different rates, providing a potential
possibility for tailoring the controlled release of flavourings, or other active
ingredients. In principle, by mixing emulsions stabilised by OS-starch of
different amylose content, at suitable ratios, one can achieve any desired
release profiles.

6.2.4 Theoretical evaluation of the adsorption behaviours of
polymers with various architecture

After our experimental evidence, showing that the amylose content of
OS-starch is an influential factor in determining the colloidal behaviour of
emulsions fabricated with it, theoretical calculations were conducted to
examine the differences in adsorption behaviour of linear and various
branched polymers. To simplify and generalise the problem, the calculations
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focused on copolymers of various architectures, where hydrophobic blocks
are the adsorbing units. A method of determining Henry’s adsorption
constant, k, through examination of SCF (self-consistent field) calculated
adsorption isotherms, was proposed. The method and the resulting Henry’s
constants provide useful information for characterising the adsorption
behaviour of different polymer architectures. Validation of the method was
performed by comparing the ky obtained from SCF calculations with the
analytically inferred values, for several simple molecules including dimmers
and simple diblock linear structures. In all cases, ky values determined in
both ways agreed well with each other, proving the suitability of the method
for extrapolating k.

The method was then applied to structures whose ky cannot be
estimated through analytical calculations. These included linear, star-like,
and dendritic copolymer structures. A power law relationship was found for
the ky of linear chains and the length of their hydrophilic tails, when the
number of monomers in their hydrophobic block was kept constant. The
relation had a power index of -1.3167 ~ -4/3. For star-like copolymers of
equal total monomer number, as the number of arms increased and the
length of each arm got smaller, the ky decreased due to larger entropic
restrictions imposed by the presence of the impenetrable surface. However,
the decrease in ky was seen to be less pronounced when all the
hydrophobic monomers were placed in one single block, at only one free
end of the star-shaped polymer. This particular architecture resembles
somewhat a diblock structure, and similarly maintains a high level of surface
affinity, regardless of the reduction in the size of arms. In dendrimers, much
in the same way, the distribution pattern of hydrophobic blocks was found to
have a large impact on the value of k; and surface affinity. In general, linear
structures have higher surface affinity than branched ones. For both star and
dendritic copolymers, the observations resemble the well-known behaviour
seen in linear copolymers. That is to say that chains with a diblock
architecture adsorb more strongly than their triblock or multi-block
counterparts, given the same size and chemical composition (Fleer and
Scheutjens, 1990). Star-shaped and dendritic polymers, with structures
possessing a single hydrophobic block (thus more like a diblock in this
respect) have higher ky values than those resembling multi-blocks.
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6.3 Conclusions and future directions

This Thesis aims to find possible novel applications for OSA-modified
starch and relate amylose content (linear vs branched polymers) to the
emulsifying and stabilising ability of OS-starch. The proposed new
application of OSA-modified starch, which is the fabrication of reconstitutable
emulsion, was successfully achieved with commercial OS-starch (with low
amylose content) at powder storage temperatures below the crystallization
point of the oil phase. Through a systematic investigation by altering pH,
electrolyte concentration, and enzymatic treatment, OS-starch with lower
amylose content was found to provide stronger steric stabilisation but
degrade more rapidly upon enzymatic digestion. Theoretical calculations
found that at the same molecular weight and number of hydrophobic
monomers (i.e. degree of substitution), a linear diblock copolymer will have
the highest surface affinity among all possible chain architectures. Similarly,
for star-shaped or dendritic polymers, the spatial distribution of hydrophobic
blocks that provides a single hydrophobic anchoring block (thus more closely
resembling the diblock structure for linear counterparts) gives the
architecture with a higher surface affinity.

The above findings provide directions in improving the emulsification
efficacy of OS-starch, namely by selecting starch molecules of more
appropriate structures, controlled grafting of OSA preferably onto a group of
glucose units close to each other, and on a larger scale, selection of OS-
starch of an amylose content based on the desired properties (stronger
steric stability or higher resistance to enzymatic digestion). In terms of
industrial applications, reconstitutable emulsion could be made with OS-
starch of higher amylose content, examining if the same storage conditions
for that of low amylose content are required for the dried emulsion to be fully
reconstitutable. Tailored controlled release, achieved through mixing multiple
OS-starch of varying amylose content, can have great potential in delivery
type applications, but calls for further analytical investigation and possible
sensory evaluations in future work.
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Figure A1l. Molecular weight determination of HMS with asymmetrical flow
field-flow fractionation (AF4).

Table Al. Molecular weight determination of HMS with asymmetrical flow
field-flow fractionation (AF4).

Mw (g/mol) Rg (nm) Recovery (%)

Purity Gum Ultra | 1.0 x 107 52.7 82
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Figure A2. Differential scanning calorimetry for A) bulk sunflower oil, B)
freeze-dried powder with no dry storage.
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Figure A3. SEM images on samples that has been dry stored for A) 14 days
at 4°C, B) 7 days at -30°C, C) 2 days at -30°C.



Table A2. Weight change in HRH, LRH and R samples. Normalised
increase in weight is shown as the ratio of weights between sample
after t day storage and sample with O day storage.
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HRH Before drying After drying

Days of Woample Woaamplerdish ~ Wsamplerdish ~ Wwaterloss ~ %weight of Normalised

storage (g) (g) (g) (g) dried sample increase
0 20.0014 35.5325 20.4830 15.0495 24.76% 1.00
1 20.0030 35.7846 20.8673 14.9173 25.42% 1.03
2 20.0018 35.5143 20.6300 14.8843 25.59% 1.03
5 20.0020 35.7509 20.9403 14.8106 25.95% 1.05
8 20.0002 35.5449 20.8150 14.7299 26.35% 1.06
11 20.0056 35.7942 21.0926 14.7016 26.51% 1.07
14 20.0010 35.5226 20.8034 14.7192 26.41% 1.07

LRH Before drying After drying

Days of Weample  Wsamplesdish ~ Wsamplesdish =~ Wawaterioss ~ %weight of Normalised

storage (g) (g) (g) (g) dried sample increase
0 20.0014 35.5325 20.4830 15.0495 24.76% 1.00
1 20.0020 35.5105 20.4888 15.0217 24.90% 1.01
2 20.0034 35.7486 20.7275 15.0211 24.91% 1.01
5 20.0003 35.5331 20.5131 15.0200 24.90% 1.01
8 20.0036 35.7790 20.7561 15.0229 24.90% 1.01
11 20.0042 35.5214 20.5000 15.0214 24.91% 1.01
14 20.0032 35.7595 20.7408 15.0187 24.92% 1.01

R Before drying After drying

Days of Wsample Wsample+dish Woamplesdish ~ Wwater loss %weight of Normalised

storage (g) (8) (8) (g) dried sample increase
0 21.0018 36.6165 20.8974 15.7191 25.15% 1.00
1 21.0094 36.9558 21.2409 15.7149 25.20% 1.00
2 21.0008 36.9459 21.2450 15.7009 25.24% 1.00
5 21.0160 36.9862 21.2724 15.7138 25.23% 1.00
8 21.0076 36.9570 21.2838 15.6732 25.39% 1.01
11 21.0092 36.9760 21.3042 15.6718 25.41% 1.01
14 21.0040 36.9462 21.2709 15.6753 25.37% 1.01
17 21.0020 36.4518 20.7769 15.6749 25.36% 1.01
21 21.0134 36.4326 20.7453 15.6873 25.35% 1.01
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Table A3. Moisture content of freeze-dried emulsion powders stored under
different temperatures

Dry storage conditions Moisture content (wt%)
0 day storage 3.02% £ 0.74%
-30°C, 10 days 3.39% + 0.42%
-18°C, 10 days 3.58% + 0.12%
4°C, 10 days 4.97% + 0.19%

20°C, 10 days 5.13% + 0.00%
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Table B1. Composition of artificial saliva used in current work

Chemicals Content (g/L)
NaCl 0.111
KCl 1.492
NaHCOs 3.948
CaClz 0.278
MgClz -6H20 0.096

Mucin from porcine stomach type Il 1 5

a-amylase from porcine pancreas
(4000 U/g)

Table B2. Flow consistency index (k) and flow behaviour index (n) of
emulsion samples W and N, with and without addition of salt.

Results were obtained by fitting the power law fluid equation to
apparent viscosity vs. shear rate measurements.

W, no salt N, no salt W, 0.2 M N, 0.2 M

Day0 Day1l Day2l DayO Dayll Day2l Day0 Dayll Day21 Day0 Dayl1l Day 21

k 0.0021 0.0027 0.0022 0.0016 0.0020 0.0023 0.0026 0.0017 0.0017 0.0119 0.0276  0.0304

n-1  0.0079 -0.0485 -0.0026 0.0441 0.0108 -0.0144  -0.0589 0.0344 0.0431 -0.1767 -0.3820 -0.3522
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Figure B1. Droplet size distribution of the emulsions prior to enzymatic
digestion, A) emulsion W, B) emulsion N. Initial similarity of the
distributions in both emulsions is quite evident from these graphs.
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Figure B2. Average size of the oil droplets in emulsions W and N, at pH=
6.8, plotted vs. storage time. The graphs highlight the excellent stability
of both emulsions in the absence of any enzymatic treatment.
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Y (o)

Figure B3. Backscattering (IR) profiles of emulsions W and N mixed with all
the electrolytes and mucin in artificial saliva, but without the enzyme
a-amylase.

The percentage BS is reported at equal time intervals of 30 seconds,
from O - 20 min following the mixing, throughout the entire height of the
emulsion sample (0 - 40 mm). These results demonstrate that in the
absence of a-amylase, the addition of other components of the artificial
saliva had no major impact on the stability of either emulsions, in the
first 20 minutes.
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Figure B4. Apparent viscosity of starch solutions plotted as a function of
shear rates. Curves for (A) OS-W and (B) OS-N are displayed.
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Figure B5. Droplet size distribution of emulsion N with the addition of 0.2 M

NacCl after 0 and 7 days of storage, before and after the addition of 2%
SDS, plotted on a linear scale.
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Figure C1. Henry’s constant (k+) calculated for various structures of the
similar molecular weight.



