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Abstract

Dried emulsions leading to formulations exhibitengyigh level of colloidal stability post
rehydration would have many potential industrialleagpions and are of significant interest
to food scientists in that the dry formulations t&neasily stored and more cheaply
transported. The influence of powder storage tim@nditions on the long-term colloidal
stability of reconstituted oil-in-water emulsionsiaeen examined here. Emulsion systems of
20% oil were prepared with 2.5% hydrophobically fied starch acting as the emulsifier.
These were subjected to freeze drying followed pyou3 weeks of powder storage under
different conditions varying in relative humiditpétemperature. Rehydration was
performed at specific time intervals during storémyeeach set of powders. The change in
droplet size and morphology of the reconstitutedilsran showed that powder storage
temperature has a significant effect on the lomgteolloidal stability of reconstituted
emulsions. Powders stored under the lowest temperabndition produced the smallest
droplet size and were the most colloidally stalhilsions once rehydrated, whereas those
stored at higher temperatures showed inferior pesdoce in this respect. Freeze-dried
emulsion powder, stored at -30+1 °C for 3 weekseaehydrated gave liquid emulsions that
were stable for at least 2 weeks. In contrastciitation was observed upon reconstitution of
dry powders that were stored at relatively hightaste temperatures (4 °C and 20 °C), but
neither creaming nor extensive coalescence weseptepost rehydration. It is often
assumed that little change to the colloidal stathefsystem occurs during storage, once the
system has been fully dried. Our results indicétemvise. Even in the dried form, emulsion
droplets still undergo substantial changes in thgiface properties, impacting the
subsequent colloidal interactions and thus thdlotal stability during storage and

particularly post reconstitution.

[2]



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

a7

48

49

1. Introduction

Despite their high technological desirability in myadifferent industries, formulating fully
reconstitutable dry oil-in-water (O/W) emulsions tinnes to be a demanding and complex
problem for colloid scientists. We specifically ohef a fully reconstitutable emulsion as one
where, following the drying and after an extendedqa of storage in dried form, droplets of
the same size as the original emulsion are retlibyesimple and gentle rehydration.
Furthermore, the reconstituted emulsion thus formigllout the need for further
homogenisation, should exhibit a comparable lef/&@my-term colloidal stability as it had
prior to its drying. The difficulties of realisirguch formulations are probably nowhere more
challenging than in food related systems. FoodabKcientists are rather limited in the
variety of the stabilisers that they can includéiod related dispersions. With an increasing
demand on reducing, and the eventual phasing ayrahetic ingredients in foods, this
choice is likely to become even narrower in theifet Central production of dry
reconstitutable emulsions in one large facility noffgr economies of scale efficiencies, as
well as cost savings in such respect as the st@madéransportation of raw materials to a
single location. Of course, the extent of suchregsiwill depend somewhat on the size and

geographic distribution of local production sites.

The preparation of emulsions, followed by theiridgy is also a common practice for making
encapsulated (or microencapsulated) products. Hervexe wish to emphasise that the main
aims of microencapsulation are quite differentimse pursued here and often are focused on
production of a dry powder that entraps an othexwidatile food ingredient or flavour
(Adachi, Imaoka, Hasegawa, & Matsuno, 2003; Madé&aequot, Scher, & Desobry, 2006;
Tang & Li, 2013), or alternatively to protect a gooment from oxidative and other kind of
damage during storage (Aberkane, Roudaut, & Sa20é&l}; Ghouchi-Eskandar, Simovic, &
Prestidge, 2012; Klinkesorn, Sophanodora, ChinachimiClements, & Decker, 2005; Naik,
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Meda, & Lele, 2014; Zhang et al., 2014). Other gmegeasons for encapsulation are the
provision of vehicles for obtaining a desirable ttoled release profile (Ahmed & Aboul-
Einien, 2007; Giardiello, McDonald, Martin, Owen,Rannard, 2012) and more recently, to
achieve novel porous structures (Akartuna, Studayoort, & Gauckler, 2008; Qian &
Zhang, 2011) which for example can enhance therwl&esolution behaviour of the resulting
powder (Klinkesorn, Sophanodora, Chinachoti, DeckeavicClements, 2006). In all of these
applications, it is seldom the case that the redityain of the dried systems is required to
result, or indeed does lead to, the formation abadlly stable emulsion droplets of the
same size as those prior to drying (ChristensetieBen, & Kristensen, 2001; Domian,
Cenkier, Gorska, & Brynda-Kopytowska, 2018; HogdieNamee, O'Riordan, & O'Sullivan,
2001; Holgado, Marquez-Ruiz, Dobarganes, & Velag64d3; Jena & Das, 2012; Li, Woo, &
Selomulya, 2016; Millgvist-Fureby, Elofsson, & Bergstahl, 2001; Serfert et al., 2013; Tang

& Li, 2013).

An emulsion system undergoes major environmentalgggduring the drying operation
(Garti & McClements, 2012), whether this is achebterough spray drying, freeze drying,
heat drying or any other kind of drying proces®dze drying has been considered the most
suitable technique for drying food emulsions, where necessary to preserve most of the
structures and properties of the matrix (Desai &P2005; Ray, Raychaudhuri, &
Chakraborty, 2016). The porous structure of fredrzed emulsion accounts for the relatively
easy and quick rehydration process (Anwar & Kur@4,12 Domian et al., 2018). However,
the formation of ice crystals during the freeze pathe cycle can cause an increased
concentration of droplets in the remaining unfroesgions (Mun, Cho, Decker, &
McClements, 2008). The same also occurs for malty &ad other ingredients originally
dissolved in water as these are also excluded fhenfrozen ice (Thanasukarn,

Pongsawatmanit, & McClements, 2004). More tightlgksl emulsions, in the presence of
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an increasing concentration of electrolyte are npoo@e to destabilisation, particularly if a
part of the contribution to emulsion stability isaugh electrostatic means (Dickinson, 1992;
Hunter, 2000). Similarly, the provision of sterepulsion by colloidal stabilisers relies
heavily on the suitability of the dispersion medibaing a satisfactory solvent, for at least
some sections of the macromolecules (Dickinson, 1B828sel, Saville, & Schowalter, 1992)
that are adsorbed at the surface of the droplasskhown that the solubility of amino acids,
including the hydrophilic residues, whether chargegolar, tends to decrease significantly
as the temperature of water is lowered towardé$réezing point (Amend & Helgeson, 1997,
Dunn, Ross, & Read, 1933). Much of the same istalsofor sugar moieties that make up
the polysaccharide molecules. Thus, this decreasspulsive colloidal forces, induced by
the lowering of temperature, enhances the tendehpyotein stabilised emulsion droplets to
aggregate. When combined with the possible formaticsolid fat crystals in the dispersed
phase, this makes the aggregated emulsion dropld{sseparated from each other by thin
protein layers, quite susceptible to the well-kngMaenomenon of partial coalescence
(Walstra, Wouters, & Geurts, 2006). Subsequentlly cbalescence and breakup of the
emulsion dispersion follows when the fat crystalgibhéo melt during the thawing part of the
process. While each different drying process peeses$s own particular difficulties, the
above example typifies some of the challengesateataced in formulating a reconstitutable

dry emulsion.

Several relatively novel food-grade dispersants leeen tried in preparation of emulsions
for the purpose of microencapsulation in recentsiddowever, the suitability of these in
formation of reconstitutable fine emulsions, posseslong-term colloidal stability has
rarely been explored. One such technique is ther lay layer deposition method first
introduced to food systems by McClements and cd«ansr(2005). This involves the

adsorption of a layer of polysaccharide onto a primemulsion, already stabilised by protein

[5]
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(Guzey & McClements, 2006; McClements, 2006). Arralative involves the covalent
bonding of polysaccharide chains to proteins viall&ta reactions to produce amphiphilic
conjugates. Yet one further method is to make thgspccharides the actual emulsifying
agents. This can be achieved by incorporation a&deguate number of hydrophobic side
groups into the structure of the otherwise hydrlppiolysaccharide, thus turning it into an
amphiphilic molecule (Nilsson & Bergenstahl, 202607; Yusoff & Murray, 2011). Each
technique exhibits its own distinct advantages@rddvantages, as discussed in our recent

review (Ettelaie, Zengin, & Lishchuk, 2017).

Several authors have studied the stability of fenulilsions stabilised by hydrophobically
modified starch (HMS). Only octenyl succinic anhgér(OSA) is a permitted food-grade
reagent for the modification of starch (Liu, Zaét 2008). Interestingly, in most of these
studies the HMS remains in the form of granuleiplad. That is to say that the resulting
emulsions are particle-stabilised, i.e. the sceddlPickering” emulsions. Yusoff and Murray
(2011) produced starch particles by reacting noelsvg starch granules with OSA followed
by freeze-milling process. They found that just likany Pickering type emulsions, the oil
droplets stabilised by these starch particles sdaxeellent stability to coalescence, even
after several months, but that the mean droplet\wes relatively large, as big as 20 um in
some cases. Insensitivity to pH variations, inaesas background electrolyte and changes in
temperature are other features associated with fhigkemulsions that have also been found
to hold true for droplets stabilised by HMS gramsulslarefati, Rayner, Timgren, Dejmek, &
Sjoo, 2013; Murray, Durga, Yusoff, & Stoyanov, 2D1arefati et al. (2013) also
considered the effects of freeze-thawing and frelegieg on the stability of such O/W
dispersions. For cases where no thermal treatmenbéen applied to the emulsion before
freeze drying, the mean droplet size in the freshzed-rehydrated system was seen to be

similar to the original emulsion, although in batses the droplets were quite large b0
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Most food-grade particles suitable for making Pigig emulsions, even in the case of nano-
sized primary particles, have been found to prodatzively coarse emulsions and bubbles,
which are therefore more susceptible to creanimgractice, it is relatively difficult to

obtain an ideal dispersion of such individual gd&s due to their tendency to aggregate in
the agueous phase. This hinders the rapid diffiysofithe particles onto the interface
(Ettelaie & Murray, 2014, 2015) during high-presshiomogenization and high-intensity
ultrasound (Dickinson, 2012; Murray et al., 201fh)contrast, the adsorption and formation
of macromolecular HMS layers can produce signifilgaimer emulsions, ~ um,

(Chanamai & McClements, 2001; Tesch, Gerhards, I8uBert, 2002). Recent theoretical
work involving molecularly adsorbed HMS providethar evidence for the ability of such
layers to provide strong long ranged steric repulsietween droplets (Ettelaie, Holmes,

Chen, & Farshchi, 2016).

Freezing and drying of emulsions is nowadays cquitemmon practice, with the use of the
technique for microencapsulating and protectingiaialle active ingredient against oxidation
well-studied in the literature. In contrast verwfef such reported researches have reported
on the long-term colloidal stability of reconstédtemulsions. Furthermore, in the few
examples where such investigation has indeed leeied out, the reconstituted emulsions
produced for long-term stability were obtained frdng powders immediately after their
drying (Cheuk et al., 2015; Gallarate, Mittone, |G, Trotta, & Piccerelle, 2009; Matsuura
et al., 2015; O'Dwyer, O'Beirne, Eidhin, & O'Kenge#013), involving no powder storage
period between the end of drying and the starebydration processes. The assumption has
been that once dried, any surviving droplets insibled matrix undergo insignificant changes
during the powder storage period, due to their ifpirgation and the arrest of their
Brownian motion. In this study, amongst other tisinge wish to re-examine this

assumption. Given the already reported potenti&lME for producing reconstitutable
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emulsions (Cheuk et al., 2015; Domian et al., 20@@)have chosen this as the emulsifying
agents for our investigation here. An additionalsen for our choice was that, unlike protein
+ polysaccharide conjugates, for HMS, one only sgedonsider the behaviour of a single
type of biopolymer under the various encounteredagie conditions. This makes an initial
understanding of results somewhat easier to acesimipl such a preliminary study of the

behaviour of colloids in a rehydrated system obthjpest drying.

2. Materials and Methods

2.1. Materials

A commercial octenyl succinic anhydride (OSA) matifwaxy maize starch was a gift from
Ingredion UK Ltd. Typical molecular weight of OSAedified starch is 10 — 30 MDa, with
3% modification (Nilsson, Leeman, Wahlund, & Bergtanl, 2006). The average molecular
weight of this particular commercial product wasedained to be ~10 MDa (PDI = 11.9) by
asymmetrical flow field-flow fractionation (AF4), ing the method described by Modig,
Nilsson, Bergenstahl, and Wahlund (2006) with modtfon (see Supplementary Material
S1). Such molecular weight indicates some likelgrde of hydrolysis as one of the
processing steps during the commercial productiahisfHMS. Tesco® Pure Sunflower Oil
was purchased from a local supermarket. Sodiumpgbtase monobasic and sodium
phosphate anhydrate were purchased from Acros @)énSA). All other chemicals used
were obtained from Sigma Chemical Co. (USA). Mliwater (Millipore Corp., USA) was

used in all experiments.

2.2 Preparation of HMS solution

Phosphate buffer of 0.2 M at pH 5.5 was heated lootglate to 50 °C while stirred

magnetically. HMS of different concentrations byigie was added slowly to the meniscus

[8]
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of the solution created by stirring. The solutioasthen left on the hotplate for 60 mins to

ensure complete dissolution.

2.3 Preparation of O/W emulsion

Oil-in-water emulsions contained 20 wt% sunflowgraond 80 wt% HMS solution with
various emulsifier concentrations, expressed as gftéte total emulsion. Emulsions were
prepared using a University of Leeds in-house nd@iiéhomogenizer operating at a constant
pressure of 250 bar (Burgaud, Dickinson, & Nels@8Q). After emulsion preparation,

20 ml of each emulsion was transferred into a sa@awglass sample tube.

2.4 Freeze drying, storage and reconstitution aflsion

Emulsions used for freeze drying were made with 2® wunflower oil and 2.5 wt% HMS at
pH 5.5, using the method described. Exact 20 + @flegach emulsion was weighed into six
Petri dishes (internal diameter 92 mm), then storexdfreezer overnight at -30 + 1°C, which
has an estimated freezing rate of 0.42 °C/min.fidwen samples were dried with a Christ
Alpha 1-4 LD plus (Martin Christ Gefriertrocknunggagen GmbH, Germany) freeze dryer
at a constant vacuum pressure of 2.5 mbar, whigleggonds to a temperature of -10°C. The
dried powder was stored at six different powderagie conditions varying in temperature

and relative humidity:

1. 20+ 1 °C, 72% RH (achieved by a desiccator witbrsaturated NaCl solution),
coded as HRH (high relative humidity)

2. 20x£1 °C, 2% RH (achieved by a desiccator wititaibeads), coded as LRH (low
relative humidity)

3. 20£1 °C, sealed, coded as R (room temperature)

4. 4 +1 °C, sealed, coded as F (fridge temperature)

[9]
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5. -18 £ 1 °C, sealed, coded as L (low temperature)

6. -30 £ 1 °C, sealed, coded as VL (very low tempeggtu

The amount of water lost during drying was determhibg calculating the weight loss of
sample. After certain periods (0, 1, 2, 5, 8, 4,117, 21 days) of powder storage in the
above conditions, reconstitution was performeddirg back the weight loss with MilliQ
water containing 0.02 wt% sodium azide. The tub@aiaing reconstituted emulsion was
then capped and placed on a Vortex Mixer for 15smidroplet size measurements were
taken 60 mins after the mixing. All reconstitutedwdsions were stored under refrigeration

temperature.

To clearly identify different samples and the caiodis of their dry powder storage, the

following naming system is adopted:

Non-freeze-dried emulsions are called fresh. Adéfre-dried samples are coded by their
storage conditions with the convention Tg¢where T is the powder storage condition as
coded above; ts defined as the powder storage time (in dayisy po reconstitution, and is
defined as the post reconstitution storage timeekample, R2.7 refers to a sample that was
freeze-dried, sealed and stored as powder under teimperature condition, i.e. 20+ 1 °C
and sealed (R) for 2 days. Once rehydrated, thdtirgg reconstituted emulsion was then
kept for further 7 days before it was subjectedanous measurements. Samples
reconstituted immediately after freeze-drying agsignated as DQ.{(with t; once again

signifying the post reconstitution storage period).

2.5 Size measurement for starch in solution androjplets in emulsion

Hydrated size of starch in solution was determingidg a dynamic light scattering
instrument Zetasizer nano ZS (Malvern Panalytio&l). Before the measurement, the

samples were diluted to the appropriate conceatratith 0.2 M phosphate buffer of pH 5.5
[10]
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and then transferred to a disposable sizing cuvEtte refractive indices of water and starch

were set at 1.330 and 1.520, respectively.

The droplet size of emulsions was measured uslagea light scattering instrument
Mastersizer 3000 (Malvern Panalytical, UK). Befdreplet size measurement, emulsions
were shaken by hand to ensure homogeneity. Sangdedded to the dispersion unit
connected to the laser light scattering instrunoeitit an obscuration between 1% and 4%
was obtained. The mean droplet size was reportéteaslume-weighted mean diameter,

d,s = (X n;di/Y n; d}), wheren; denotes the number of droplets with a diameter
2.6 Rheological measurements

The apparent viscosity of both HMS solutions andilsions was measured within 3h after
their preparation using a Kinexus Ultra rheomeltéalyern Panalytical, UK) and a double
gap concentric cylinder DG25 geometry (cup diam2625 mm, bob internal diameter

24 mm, bob external diameter, 25 mm). The samp&s gently mixed, poured into the
temperature-controlled measurement cell, and atiowequilibrate at 25 °C for 10 min prior
to the measurement. Apparent viscosity of emulsieas measured at shear-rates in the

range 0.2-208 ! using continuous shear, at 25 °C.
2.7 Water activity (g) and moisture determination

The value of g in the freeze-dried powders were determined usiygyélab C1 with HC2-
AW accessary (Rotronic Instruments, UK). Care was@sed to ensure sufficient
equilibration time before readings were taken. fifoesture content of the powders (1 g) was

determined gravimetrically by vacuum oven dryind.@% °C and 29 in Hg for 24 h.

2.8 Scanning Electron Microscopy (SEM), and CrydvSE

[11]
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Scanning Electron Microscopy on dried samples vempmed by using Carl Zeiss EVO
MA15 SEM (Carl Zeiss Microscopy, Jena). Cryo SEMagas were obtained using an FEI
Helios G4 CX (Fei, USA), and a Quorum PP3010 criB/FEM preparation system

(Quorum Technologies, UK) as the cryo system.
2.9 Differential Scanning Calorimetry (DSC)

A differential scanning calorimeter (Perkin EIme8O 8000, Perkin-Elmer, Norwalk, US)
was used to record the DSC thermogram of the ghaseters. Approximately 10 mg powder
was placed in an aluminium pan and the pan wasddgrmetically. An empty pan was
used as reference. The thermal analysis was pegtbusing a three-cycle scan model, with
temperature range from 25 °C to -45 °C, with hep#ind cooling rates of 10 °C/min under a

stream of nitrogen with a flow rate of 20 mL/min.
2.10 Cold-Stage X-Ray Diffraction

Dried emulsion powder and bulk sunflower oil was@ived for X-ray pattern using a

Phillips P’Analytical XPert pro MPD X-ray diffractoster (Malvern Panalytical Ltd., UK)

with CuKa radiation (K-Alphal wavelength = 1.54,0598 A) gexted from a copper source
operating at a voltage of 40 kV and a current o The test samples were packed into an
AP TTK-450 sample holder. The samples were scanmnedtbe range of 4 — 409Zscan

step size = 0.0334, scanning time per step = 135cans were performed at -70 °C, -18 °C,

and 25 °C.
2.11 Statistical analysis

All measurements, unless stated otherwise, werategén triplicates. The mean value of
the three readings was calculated and reportedan ease. Pearson correlation and linear

regressions with associated coefficient of detertiina? were performed where applicable.
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All calculations were completed using Microsoft Ek2013 and statistical significance was

assigned at the level p < 0.05.

3. Results and discussions

3.1 Hydrophobically modified starch solution

Rheological behaviour of emulsions subjected t@ashan often provide valuable
information regarding the colloidal state of theplets. In order to be able to interpret such
data correctly, it is necessary that any possibieatications arising from the flow properties
of the continuous phase itself are appropriatekgiianto account. In systems considered
here, the continuous phase contains HMS. Dependirnieolevel of the hydrophobic
modification, as well as the value of pH and metfadreparing the solution, HMS may
remain in granular aggregated form. Alternativélgan also be present as dissolved
individual macromolecules in the solution and maynary not associate to form weak
networks (Sweedman, Tizzotti, Schaefer, & Gilb2@13). As mentioned in the introduction,
in both of these forms, HMS can stabilize emulgiaoplets. In the latter case (Chanamai &
McClements, 2002), the general stabilising mecmamal be similar to that for emulsions
stabilised by other amphiphilic type macromoleciesilst in the former the emulsions will
be of particle stabilised “Pickering” type (Marefat al., 2013; Yusoff & Murray, 2011).
Measurements of low shear viscosity for dilute 8ohs can be used to determine the typical
size of entities that are dispersed within the smu¢Chanamai & McClements, 2001), and
thus potentially allow us to distinguish betweeesth alternative possible scenarios. In this
section, we present and discuss the results ofrhigctiogical measurements for HMS

solution in the absence of oil droplets.
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At sufficiently low volume fractions of the dispers phase/dissolved macromolecules, the
viscosity of the solutiorny (Pas), varies in a linear fashion with the concentrati (mol/L)

of the molecules as shown in equation (1)
1=1,(1+[7]c) 1)

wherer, is the viscosity of the pure solvent phase afjdHe intrinsic viscosity of the
macromolecules (or colloidal particles) added ®4blution (Barnes, 2000). Indeed,
Chanamai and McClements (2002) have already shioatrthie viscosity variation of well
dissolved HMS solutions, at low concentrations, i@sonably be approximated by Eq. (1).
Following their work, we also measured the visgosériation of our HMS solution, as a
function of biopolymer content in the low concetitra limit. This was conducted for both
the solution just prior to homogenisation and omt@d passed through the homogeniser
(without addition of any oil phase). In Fig. 1 theta for both cases have been plotted as
[(n/ny) —1] vs.c. For both the homogenised and the non-homogesetions, a very
reasonable fit to equation (1) was obtained. Howete value of intrinsic viscosityy] was
found to be somewhat higher at ~0.52 prior to hoenggation, as compared to 0.37 dl/g for
that following homogenisation. We suspect that ilidue to small residual starch clusters
that are not fully broken up and dissolved un# solution is subjected to the higher shears
encountered in the homogeniser. More likely, @lso the result of some degradation of the

HMS, known to take place in the homogenisation @ssdModig et al., 2006).

The value of intrinsic viscosity obtained from lepe of the graphs in Fig. 1 can be used to
obtain an estimate of the size of macromoleculeth@r aggregates) present in the solution.
In the low dilution limit, HMS molecules in the smion will not overlap with each other due
to the strong excluded volume interactions betwbem. Therefore, the total effective
volume fraction occupied by such molecules willgre 4TR.*n/3, whereR; is the
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311 hydrodynamic radius of the chains (approximatelysdu@e as their radius of gyratid)

312 andnthe number density of the HMS molecules as giwebhDO&N,/Mw, if ¢ is expressed
313 in g/dl. Here Mw denotes the average molecular weight of the HMS:oudés andNa =

314 6.022 x 16%is the Avogadro’s constant. For spherical dispkesgtities, occupying a volume

315 fraction @ Eg. (1) can also be expressed in terng@fs given by Einstein equation:

316 1 =11+ 25¢) - )

317 From a comparison of Egs. (1) and (2) it followatth

_ 3™, 1]

3
318 R, 17N, . 3)

319 Molecular weight for modified starch varies largélgm one to several hundred MDa.

320 Typical values following degradation due to shearraeasured to be around 30 MDa

321 (Nilsson et al., 2006). Taking this value togetiwéh our measuredrf|=0.37 dl/g, we obtain
322 Ry=56 nm. The absolute size of the measured enhgigtself is not an indication of their
323 particulate nature or otherwise. However, the mesbradius here agrees well with the value
324  of the radius of gyration for a single HMS molegds reported by Nilsson et al. (2006)
325 measured using dynamic light scattering (DLS). V&lee is also in accord with our own
326 data using AF4 (R ~ 50 nm), as well as our DLSItesuth d =112 nm (PDI < 0.1). This
327 strongly indicates that our HMS was not in the fahgranules, but much more likely that it
328 had dissolved to form a starch solution. Subsedyasit droplets that are emulsified in this
329 solution cannot be classified as Pickering typé¢ doe instead stabilised by adsorbed

330 macromolecular layers of modified starch. There Hsaen studies reporting on modified
331 starch stabilised Pickering emulsions with dropleé of 391.5 nm (Liu, W., Li, Chen, Xu, &

332 Zhong, 2018). However, this probably requires $tap@nules no larger than ~ 40 nm, which
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is as small as, if not smaller than the size ahgle hydrated starch chain. Thus, even if such

granules truly exist, they cannot contain more theny few HMS molecules.

3.2 Fresh liquid emulsion

In order to find the optimum HMS concentration £20% O/W system, emulsions with
different HMS content were prepared. A very inténggsrelationship was observed when the
normalised viscosity of emulsions was plotted agatMS concentration. The presence of a
biopolymer such as starch in a solution can byfitseise a significant change in the solution
viscosity. Therefore, here the normalised visga@jt/7,) was plotted to compensate for the
effect of increasing starch concentration, wherie the viscosity of emulsion, angis the
viscosity of HMS solution at the same correspondinlik concentration, but in the absence
of oil droplets. It can be seen that the relatiszwosity of the emulsion dropped to a
minimum as the concentration of HMS increased wi%, and then started to rise again
beyond a concentration of 4 wt% (Fig. 2A). Incremseiscosity is often associated with
emulsion instability, especially flocculation, whioften is considered as the very first step in
the possible destabilization of emulsion (Dickins2®)9). Bridging flocculation tends to
occur at low emulsifier concentration, while degetflocculation tends to occur at high
emulsifier concentration (Dickinson, 1989) whemsigant excess biopolymer remains non-
adsorbed in the bulk solution. Related to the tesnlFig. 2B, we also find a mild shear-
thinning behaviour at HMS concentration of 1 wt%islbehaviour disappears and becomes
completely Newtonian for emulsions at higher HMSaamtrations from 2 wt% to 4 wt%.
Yet, at still higher concentrations of HMS, the ahthinning behaviour once again manifests
itself (Fig. 2B). These graphs in our opinion ré$tdm the classic bridging flocculation—
stable emulsion—depletion flocculation trend asdtwcentration of HMS increases. It is

particularly interesting to note that this situatiswvery similar to what occurs for other types
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of biomacromolecular emulsions, such as sodiumiateemulsions (Berli, Quemada, &
Parker, 2002). While the depletion flocculationtgerthis trend has been experimentally
observed and presented for HMS in the research afo@hanamai and McClements (2001),
the complete curve, showing both types of bridgind depletion flocculation occurring for
the same HMS stabilised system over the varyingeafdiMS concentrations, has not been
reported previously to the best of our knowledgeeHsa common feature between the
colloidally-induced behaviour in protein stabilissad HMS stabilised emulsions, is

interesting and worthy of further investigationfurture.

From the above results, 2.5 wt% HMS was determioggive excellent emulsion stability

and therefore emulsions with this HMS concentrati@ne used for subsequent freeze drying
studies. Emulsions stabilised with 2.5% HMS gavet&amean diametet;,, (d;, =

(X n; d¥/¥ n; d?), of approximately 300 nm, antj; of 480 nm at pH 5.5. Fresh emulsion’s
stability was monitored over the course of four keed3y appearance, there was no creaming
visible to the naked eye after two months of stomge °C. The values of both, andd,;
remained stable over the whole storage period @BY.indicating very little or no

flocculation in the emulsion system. Samples teatatifferent storage times all gave
Newtonian type behaviour, as seen in Fig. 3A, ttnuse again supporting the view that no
aggregation of droplets occurred prior to dryinge3e results are largely in line with
previously reported studies regarding the stabidftproperly prepared HMS stabilized

emulsions.
3.3 Effect of freeze drying

Through the freeze-drying procedure, dried powdergaining 80 wt% oil and 10 wt% HMS
were prepared. The other 10% of the powder combkadteetained buffer salt and 3.02% +

0.74% moisture, with water activity of 0.087 + 0803 he non-sticky, white-in-colour dried
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emulsion had a flaky texture, and became powdecg tanoken gently. The droplet size
distributions of both the fresh emulsion, as welkaulsions reconstituted straight after
drying are shown in Fig. 4. For the latter samtle,particle size was determined both
immediately after reconstitution (D0.0) and 14 dpgst rehydration (D0.14). Comparing the
fresh and D0.0 samples, the valuelgf is seen to have changed four fold from QuE®to
almost 2um. The distribution has also widened and a secea#t pppeared at approximately
10 um as a result of the drying process. Upon eitheasonication or addition of SDS, the
second peak was reduced and the first peak inceasis height (data not shown). This
indicates that the appearance of the second pesiknaily due to aggregation of droplets
either during drying or at the point of rehydratibtowever, once reconstituted, the average
droplet size and its distribution did not changestantially over the next 14 days (Fig. 4,
D0.0 and D0.14). It is worth noting that even thlmsgb-micron droplet size was lost after
freeze-drying, the reconstitutedith droplets are still reasonably fine and considgrabl
smaller than HMS granular-based Pickering emuls{@usoff & Murray, 2011). Coupled
with their excellent stability after rehydratiohjg should make them of useful practical

interest in many potential applications.

During the freezing step, formation of ice crystalgy have started to destabilise the
emulsion droplets by limiting their spatial arrangmnts, by increasing the local electrolyte
concentration in the none frozen regions, and pbsalso by penetrating the adsorbed layer
of emulsifier, as discussed extensively in previstuslies (Marefati et al., 2013; Mun et al.,
2008; Zhu, Zhang, Lin, & Tang, 2017). The freezpmuint of sunflower oil is -17 °C, but
homogenized oil droplets in 300 nm size range ape@ed to have a very high degree of
supercooling, (Cramp, Docking, Ghosh, & Couplar@)4£ Elwell, Roberts, & Coupland,
2004). Despite this, the freezing temperature 6f @ was sufficiently low for fat

crystallization to take place, as the crystalli@atiemperature of freeze-dried emulsion
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powder was determined here to be -24 °C by DSC Sopplementary Material S2). The

lipid crystals penetrating the adsorbed interfaleigérs would cause some desorption of the
HMS. This in turn could cause further disruptiorthie provision of steric repulsion forces
(Cramp et al., 2004; Marefati et al., 2013). WHes drying phase of the freeze-dry cycle is
initiated at a temperature of -10 °C, oil crystatsuld start to melt. As drying proceeds, there
is an increasing reduction in the volume of the figueous phase. Despite this, the bulky
hydrophilic parts of HMS, responsible for provisioistrong steric forces, could still
physically provide some protection against totaleszence (Donsi, Wang, & Huang, 2011),
though not necessarily against aggregation of dte@nymore. With a compromised
adsorbed layer of HMS, and the combination of cdmgédactors discussed above, some
degree of aggregation and even partial coalesaaagenell be expected (Cramp et al.,
2004). After all, the adsorption of HMS occurredaatoil-water interface during preparation
of the original emulsion. In contrast, after dryjitige interface is essentially one between the
starch in the matrix and the oil phase. The adsorftehaviour of HMS molecules is not
necessarily expected to be the same at these ther different interfaces. The degree of
aggregation (and possibly partial coalescence)gmued further once rehydration happened
and the droplets became more mobile again. Weueelies is the main cause of the increase
in droplet size and the wider size distributionrst dried and then immediately rehydrated

emulsions, when they are compared to fresh ongs 4F.i

Fig. 5 shows the SEM images of the above freezddymulsion, at several levels of
magnification. The irregular flaky structure candieserved in Fig. 5A, with internal porous
structures evident on the breaking sites of theeBaThis is typical of freeze-dried materials
(Laine, Kylli, Heinonen, & Jouppila, 2008; Sousdakt al., 2013). Reconstituted droplet
size reduction upon ultrasonication or additiorBfS suggests aggregation, and this is

supported by the fact that only a very small nunddearger droplets can be observed in
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SEM micrographs. However, coalescence cannot led ut completely, as the arrows in
Fig. 5B indicate, there is possible evidence fatiglacoalescence of oil droplets. Despite
these, as seen in Fig. 5C, many oil droplets hameved the drying process, and retained
their submicron droplet size. Considering thatdhepowder consisted of 80 wt% oil and
only 10 wt% HMS, the spherical entities observezhaary likely oil droplets, as there would
not be enough HMS to form so many particulate estieven in the extreme case where all

HMS was to desorb from the surface of droplets.

3.4 Storage condition and its effect on recongtdigmulsions

By freeze-drying samples under the same conditimaiscarefully characterising them both
before and after the process, it is ensured thantheence of freeze-drying on HMS
stabilized emulsions would be the same for all sasplhus, the only variables remaining
are the powder storage conditions and the duratitime dry storage before rehydration.
SEM images were taken of powders, after varyingoperof storage (ranging from 0 to 21
days) and for all of the different powder storagaditions considered in this work. No
obvious differences were observed between the pewdéh all of them being visually
similar to D0.0 shown in Fig. 5 (See Supplementaygerial S3). In particular the sizes of
droplets in various powders seem approximatelyséme in all of the SEM micrographs.
Thus, any differences in the behavior of reconsdiemulsions are not simply due to the
variation of droplet size caused during the powaderage period. However, this does not
mean that the adsorption behavior of HMS remaiastme. For example, HMS may get
desorbed from the surface to varying degrees, digpgion the length and conditions of
powder storage. However, these differences camiigtrhanifest themselves as changes in
the size of droplets, due to lack of aggregaticulteng from very low mobility of droplets in
all powders. As noted, when powders are rehydratddieoplets become mobile once again,

these differences result in quite dissimilar retituied droplet sizes.
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In Fig. 6, the normalised droplet size, definedhasratio of droplet sizes between emulsions
reconstituted after a powder storage timg ahtl those reconstituted straight after freeze-
drying (sample D0.0), is plotted as a function ofvper storage period. Fig. 6A compares
samples R, HRH and LRH to examine the impact @ftire¢ humidity during powder storage,
and Fig. 6B compares samples R, F, L, VL to exarthaeof powder storage temperature.
The results demonstrate that all dry powders, thighexception of VL, gave reconstituted
emulsion that became more coarse with longer postdeage times;.tin contrast, for VL
samples, the reconstituted droplet size seemeginain relatively stable irrespective of t
The Pearson correlation analysis (Table 1) confitmasin all samples but VL, the
reconstituted droplet size was significantly (p 85).correlated to the period of powder
storage,st These differences imply that any possible dektalion occurring during
reconstitution was sensitive to the period of powglerage, even though visually no major

differences between powders may be seen priothtgdration.

It is interesting to note that in all reconstitutgdulsions no creaming was visible. Similar to
DO0.0, all other samples showed no additional inktalluring a further 14 days of
observation after rehydration)({Fig. 7), albeit having produced quite differemulsion

sizes when initially reconstituted. In particulen, VL samples freeze-dried under the
aforementioned processing condition, with the dywger stored at -30 £ 1 °C and sealed for
up to 3 weeks, the reconstituted droplets maintbiheir stability with an average droplet
size of less than 2m, for at least 2 further weeks. The ability to fxkeltied emulsion

powders for 3 weeks and then produce such staidesfnulsions simply by rehydration, is a
particularly important first step in designing grukconstitutable submicron emulsion

systems, capable of transportation and storageygsoavders, for long periods of time.
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3.4.1 Effect of relative humidity during storagepaiwder

The impact of relative humidity was examined by panmg HRH, LRH and R, as shown in
Fig. 6A. In these three conditions, all powdersevatored at the same temperature of 20 °C.
The powder R was sealed at room humidity to premagitfurther moisture exchange
subsequently. In LRH, the environment of 2% RH sapped moisture uptake of the powder.
On the other hand, in HRH case, where moistureangd with an environment having 72%
RH was allowed, the powders rehydrated slowly dustorage by absorbing moisture from
the surrounding air. These were evidenced by alsmahtion in weight (See Supplementary
Material S4) and more prominently a noticeable clkeanghe texture of the powders. Both R
and LRH powders stayed relatively dry until recdnsibn, where they were rehydrated

quickly.

Even though several authors reported higher degragglomeration with higher RH during
powder storage in encapsulation studies of antheggAlvarez Gaona, Bater, Zamora, &
Chirife, 2018; Garcia-Tejeda, Salinas-Moreno, Baeigueroa, & Martinez-Bustos, 2018),
as seen from Fig. 6A, the slopes of the lineareggjon lines for HRH and LRH (0.2066 and
0.2049 respectively) are comparable. This showstiigarates of change in reconstituted
droplet size with respect to powder storage timeevegjuivalent for HRH and LRH samples,
despite the difference in relative humidity of thedwder storage conditions. Therefore,
relative humidity during powder storage did not@avstrong impact on reconstituted droplet
size. The relatively large standard deviation betweiplicate samples prepared under same
condition, for both HRH and LRH cases, indicateghHevel of emulsion breakdown and
instability as the powders were rehydrated. Thieeratild impact of humidity may be the
result of hydrophobic modification of starch, whitiakes the affinity of matrices consisting

of HMS for the uptake of water lower than thoseiomodified starch.
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When Fig. 6A is contrasted to Fig. 6B, it is cldaat humidity at best played only a minor
role, at the studied temperature range. The effidlstimidity, being a less significant and
more subtle parameter, should be looked at in etail for a wider range of storage
temperatures, but this was beyond the scope afutrent preliminary study. The more

prominent factor, temperature, will be discussethénext section.

3.4.2 Effect of temperature during storage of pawde

After storage under various temperatures, moistaneent of powders increased slightly,
varying from 3.39% to 5.13% (See Supplementary N&ltB), but otherwise remained low.
During freeze drying, the adsorbed layer of HMSerow the surface of oil droplets will
tend to be disrupted to some extent by the cryséaditructure of oil (Cramp et al., 2004;
Marefati et al., 2013). This is likely due to theich altered nature of the interface between
the dispersion medium and dispersed phase, if phetb solidify. Once the dried powders
are removed from the freeze-dryer, the temperatitiee subsequent storage determines the
morphology and kinetic mobility of the constituenfg¢he system. Compared to room
temperature storage conditions (sample R), it 8ol that the sensitivity of change in
droplet size to powder storage timejd reduced with lowering temperature (Fig. 6B).
Emulsions formed by rehydration of the powder, esticait -30 °C, showed no variation with
the duration of powder storage. The beneficialatftd lower temperature might be due to a
lower kinetic and reduced mobility, and therefordawving down of aggregation (Su, Guo,
Mao, Gao, & Yuan, 2018). Nevertheless, the impanpamt here is that this reduction in
mobility does not only refer to the Brownian motigindroplets, as for example occurs when
the continuous phase becomes a gel, as also se#reintype of applications. For all of the
sufficiently dried and sealed powders, at any si@tamperature, the mobility of droplets is
expected to be very small. Thus, the reduction abiiity with temperature that we refer to
here, is that which also includes the movementubfa oil molecules themselves, as well as
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desorption kinetics of HMS from the surface. Thiggests that processes such as Ostwald
ripening may have a bearing on destabilisation opléts when in the dry powder form. On
one hand, the larger significance of Ostwald ripgnn the dry system seems reasonable,
given that in such samples the oil volume fract®approaching 80%. This is a very
concentrated emulsion system, indeed. But on ther dtand, the solid (glassy) nature of the
dispersion medium should resist and slow down &nynlkage of droplets, unless if HMS can
only form rather weak and mechanically fragile nta prone to rearrangement between
droplets. In any case, the absence of obvious Mssgias of change in the size of droplets,
between powders stored at different temperatures Ssipplementary Material S3) prior to
rehydration, seems to rule out Ostwald ripeningdpéine main contributor for the formation
of more coarse droplets observed upon rehydrafibuas, the exact mechanism through
which the mobility of oil molecules in the dry powdmntributes to this observed coarsening
of droplets, is more likely to be desorption of H¥8&m the surface of droplets and/or some

degree of arrested partial coalescence, as wasdltocabove.

To better understand how components of the dry poswere affected by low temperatures,
oil crystallization and glass transition were atsmsidered and characterised. Samples of
powders stored for 20 days at -30 °C and 4 °C,alkas bulk sunflower oil, were scanned
for X-ray diffraction pattern while held at scangitemperatures of 25 °C, -18 °C and -70 °C
(Fig. 8). A temperature of 25 °C is well above tigstallization temperature of bulk
sunflower oil, typically between -20 to -17 (-20 hére as determined by DSC, see
Supplementary Material S2). Therefore, the oil ponent in the dry powders remained fluid
with no characteristic peak associated with oiktallisation detectable (Fig. 8A). Dry
emulsion powder stored under -30 °C and bulk aivgd no crystallinity, while that stored

at 4 °C was overall molten with some small pealmwever, these peaks are most certainly

not associated with the oil phase, but seem miadiylio be contributed by the buffer salt
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NagPQy in tetragonal structure (standard pattern 04-01&0AS seen in the patterns
scanned at -18 °C (Fig. 8B), the supercooling ¢ffequite obvious as bulk sunflower oil
showed distinctive peaks for crystallinity while #@ulsion powders still remained molten,
with no such peaks visible. As the scanning tentpegavas further lowered to -70 °C (Fig.
8C), pronounced peaks from oil crystallization cbloé observed in all three samples. The
appearance of additional peaks compared to bukcaihned at -18 °C indicates a possible
transition froma-form crystalline tf’ structure (Calligaris, Arrighetti, Barba, & Nidol
2008). Phase transition involving crystallizatioasaalso captured by the thermogram
generated by DSC, involving a temperature scahdrrdange -45 °C to 25 °C. For the three
stored emulsion powders (20 days at 4 °C, -18 A@,-80 °C respectively) examined by
DSC, the crystallization temperature (during cagliwas approximately -24.6 °C (Fig. 9A),
the melting point (during heating) was -27.5 "Qy(FIB), and no glass transition was
identified in the tested temperature range (Floteso, & Narine, 2014). The observation
that all dried emulsion powders, irrespective ofrtbeaginal storage temperature, exhibited
the same degree of supercooling is a reflecticam ©Mmilar size of the droplets in all these
powders (see Supplementary Material S3). As meatigameviously, oil droplet size in dry
powder did not change during powder storage, aa@tlect of powder storage temperature
on droplet size only manifested itself once rehyydrawas performed. As evidenced here,
destabilization upon reconstitution does not seebetthe result of alterations in the oil
phase, but most likely related to desorption arddsorption behaviour of HMS in dried
oil/starch matrix, as well as on the reformed OAtéiface upon rehydration. Nonetheless,
the fact that the oil droplets in VL powder (powdésrage temperature of -30 °C)
crystallised, rather than remaining in molten oogohous states during their storage, can in
itself have some bearing on the desorption of HM#&fthe surface of droplets. This

difference may be a possible reason for the supegsistance of VL sample against
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578 aggregation/coalescence upon reconstitution, wberpared to other powders stored at
579 higher temperatures, i.e. where droplets remaingtem (Bhandari & Howes, 1999). A
580 study of the processes involving desorption of HElSoccurring throughout the storage

581 period within the dry state, is not trivial. Themnains an area for future investigation.

582 Normal starch in dry state has an estimated gfassition temperature gIno lower than
583 227 °C (Bhandari & Howes, 1999; Bizot et al., 199¥ford, Parker, Ring, & Smith, 1989).
584 Even though the presence of water is known to Bogmtly reduce 7§, it has been established
585 that a moisture content as high as 22% is requiréalver Ty of high molecular weight

586 (> 10 MDa) starch down to room temperature (Bizatle 1997). With the amount of

587 moisture in our powders determined at 3-5%, theflour HMS is estimated to be above
588 50 °C, very unlikely to be as low as room tempeawatet alone below zero degrees (Lim &
589 Roos, 2018; Liu, P., Yu, Liu, Chen, & Li, 2009; L.iR. et al., 2010; Mizuno, Mitsuiki, &
590 Motoki, 1998). Therefore, the HMS matrix in all tamulsion powders studied here are
591 thought to have remained in glassy state througth@upowder storage period (i.e. the only
592 differentiating factor between various samples)tte the rubber-glass transition is not
593 considered here as a process playing a signifrcdain altering the colloidal stability

594  behaviour of different samples, seen post rehyainatiad for example the matrix consisted
595 of a low molecular weight hydrocarbon (e.g. maltddae) instead, then clearly this could

596 have been a very different proposition.

597 Interestingly, in Fig. 6B where the droplet sizésexonstituted emulsions are plotted against
598 powder storage time, three different regimes can be identified forri®l & samples. There is
599 a short period of initial plateau, where dropletesdid not seem to change much with t
600 When powder storage period exceeded 2 days, thaga/eehydrated droplet size became
601 larger and showed higher sensitivity {0A second plateau was reached when the powders

602 were stored for 8 days or more before reconstiytishere the droplet size showed no
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further changes with increasingonce again. It is possible that dry powders stated 8 °C
(i.e. sample L) actually followed the same patigfrnehydrated size variation withds the R
and F samples. However, in this case the seconkdneegn which large variation of
reconstituted droplet size was observed, was ceratly delayed due to the prolonged first
plateau regime (no droplet size change wjthit other words, had our observation time been
far longer, samples for all three storage tempegattinat were higher than crystallization
temperature of the oil phase, would have resultethé same pattern of droplet size change
with the duration of the powder storage period praorehydration. This delaying effect with
lower storage temperature is quite clear from F@, which shows the change in
reconstituted droplet size distribution at differant Similar effect of different storage
temperatures on the deterioration of freeze-drietties was found in the microcapsules
produced by Malacrida, Ferreira, Zuanon, and Nitioleelis (2015), but their focus was on
retention percentage of encapsulated material rdki@an reconstituted droplet size, unlike

that here.

3.4.3 Long-term stability of reconstituted emulsfoom dry stored powders

It was observed that the powders stored at roompéesture (samples R) developed a weak
gel-like texture subsequent to post reconstitusitmnage. These seem similar in appearance
to those often encountered in the presence of wtedctive depletion interactions between
droplets. The structure was found to break dowilyeagth gentle hand shaking. The
samples were subjected to rheological measuremariteyen at the very lowest shear rates,
the gel was already too fragile and had sufficiehtbken down to show any pronounced
rheological characteristics. Presumably, as wasudsed before, some HMS molecules
desorbed from the interface during freeze-dryingl(possibly powder storage period). Upon
reconstitution the free HMS did not re-adsorb quiakhough, if at all, back onto the surface
of the droplets. Presence of a small amount ofdtarch in solution could lead to depletion
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flocculation of oil droplets. The effect was disreghtoy much higher dilution and the gentle
shear that droplets suffer in the Mastersizer 300@. weak flocs took a short period to
separate. This manifests itself as an initial evotudf droplet size distribution in the
Mastersizer over a period of 10 minutes or so,hig@ca steady final value after that period.
Interestingly a similar result was reported by Rals et al. (2013) with regards to a delay in
complete break up of depletion flocculated aggregatcurring during similar

measurements, though in their case the droplets stabilised by soy bean protein.

Figure 11 shows Cryo-SEM images on reconstitutedlgons F11.87 and VL11.153, in
which flocculation was suspected despite the latkcr@aming. These samples were
rehydrated and then flash frozen before imaginglessribed in the method section. Like all
other samples, in these two cases the dropletsimained fairly constant once samples were
reconstituted (6.am for F11.87 vs 3.9um for F11.0, and 1.8m for VL11.153 vs 1.18m

for VL11.0). Occasionally, single droplets of aesiaver 10um were detected, but the vast

majority of droplets were only visible under higlagmification, as shown in Figure 11.

In Fig. 11A, sample VL11.87 (with powder storagmperature of -30 °C) showed a uniform
spatial distribution of droplet positions, havingital sizes of lum. Some of the droplets
aligned along the ridges, which was the result d¢firgge pushed together by flash freezing of
water. On the other hand, in Fig. 11B for powderage of 4 °C samples (samples F), it can
be seen that a large cluster @) was formed by aggregation of small dropletshwsizes
less than Lum. Similar clusters were also seen in all the othsamples. Again, this seems to
indicate some degree of flocculation in such caltas.interesting that the droplets in these
large flocs remained intact as individual dropletgher than coalescing into bigger ones.
This was the case even for our samples after a pmrgpd of time, i.e. 153 days post
rehydration. The molecularly adsorbed layer of HM&st still be mostly intact, as indicated

by the clear edges around each droplet withinlthesf Presumably the thick HMS layer still
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could act as a physical barrier preventing extenswalescence, even after freeze-drying,
long period of powder storage, and many days psinstitution. In Fig. 11C, we show one
interesting rare droplet with an approximate siz8 pm. On the surface of this large droplet,
there is a small region that does not seem to Ibedovered, and in this loosely packed area,
particle-like material can be observed. One coylelcalate that the surface of this droplet
was covered by aggregated HMS particles, judginghleynon-spherical shape of the small
particulates. Presence of these droplets, thougie gaie, could indicate that a very small
amount of HMS may not have been completely disshlvemaining in residual particulate

form. These in principle can adsorb onto the serfaicdroplets and lead to the formation of
Pickering droplets. Alternatively, some of the noollarly adsorbed HMS on the surface of
droplets may be reverting back to form particle raggtes during freeze-drying or in the
subsequent storage period. In any case, the oliserd these types of large droplets was
too rare to allow us to perform a more systemagiaited examination, or for it to have any

significant practical implications.

4. Conclusions

Extensive attention has been paid to encapsulatistudies involving drying of emulsions.

In contrast, long-term stability of rehydrated esnohs has rarely been considered, either as
part of such microencapsulation studies or oth&sarch involving drying of emulsions.
Similarly, the effect of powder storage conditi@msthe degree of entrapment of numerous
active ingredients, their retention during dry atgg and their protection against possible
oxidation have been widely researched. Once atmiltess research has involved the impact
of powder storage on colloidal stability of theaastituted emulsions. In the present study,
we have shown that powder storage temperature playajor role on the size and emulsion
stability of droplets that are obtained after relayidn of the dried powder. This most likely

is resulted from the limited diffusion of oil moldes, since the oil phase was found to be in
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crystalline form at temperatures below ~ °24 showing some degree of supercooling as
may be expected. The relative humidity on the oliaerd plays a rather minor role. This is
perhaps due to hydrophobic modification of stasdmewhat reducing its affinity for uptake
of moisture. Flocculation was observed in rehysitagmulsions, for samples reconstituted
from powders stored at higher storage temperatti@sever, extensive coalescence and
emulsion breakdown were absent once the powderetgslrated back to an emulsion. It is
shown that during the powder storage period, @ptéts in the emulsion powder were not
altered in morphology or size. Future studies ghéntus on characterising the HMS
adsorbed layers on the surface of droplets witiendried powders. In particular,
desorption/re-adsorption behaviour of HMS, as afédy powder storage temperature,
should be investigated. We note that a study di guacesses, occurring on the surface of
droplets while in the dry form, remains quite caafling. Nonetheless, we have
demonstrated in the current work that dry recomstitle emulsions can be made and stored
for considerable periods of time (more than 3 wgekkere upon simple rehydration (i.e. not
needing any additional re-homogenisation), colliblydstable droplets of size < |Zn were
achieved (stable for more than 100 days after tdation). The result can have major
commercial potential such as the possibility ofriiness production of the dried emulsion
powders in one central site, shipment of the povalether locations, and storage and
rehydration of these as and when required. Howevien,further studies on optimising the
relevant drying and storage conditions mentionexvapwe believe that the realisation of
even smaller, eventually stable sub-micron rectutatile emulsions, formed by gentle

rehydration of already dried emulsions, is a vighigposition.
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Figure Captions

Fig. 1.

Fig. 2A.

Fig. 2B.

Fig. 3.

Fig. 4.

[ /ne) — 1] plotted as a function of the HMS concentrationdr starch
solutions before and after homogenization, wherg and ng are the
apparent viscosity of the solution and of the pursolvent, respectively.
The slopes of the best-fit lines in each case proe the corresponding

intrinsic viscosities of the HMS solutions.

Normalised viscosity (at a shear rate & s%) of 20 wt% O/W HMS

stabilised emulsions with different HMS concentratns (wt%).

Apparent viscosity of emulsions plottedsaa function of shear rate.
Curves for three different HMS concentrations (wt%), 1% (dotted), 2%

(dashed) and 8% (solid line) are displayed.

Apparent viscosity vs shear rate for nonreeze-dried emulsions, on the
day they were made (dashed line) and after 22 daydotted line). These
emulsions contained 20 wt% oil and 2.5 wt% HMS. Thénset shows the
variation of the mean droplet size for non-freeze4ded emulsions over a

period of 28 days.

Droplet size distributions for non-freezedried emulsions & ), emulsions
reconstituted immediately after freeze drying D0.0--), and the latter

sample 14 days post rehydration DO.14.(.. ).
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941 Fig. 5. SEM images of freeze-dried emulsion powdetkat underwent no powder

942 storage (i.e. straight after drying). Arrows indicae some possible evidence
943 for partial coalescence. Micrographs are taken at ifferent

944 magnifications, A) 500 X, B) 2.50K X, C) 30.00K X.

945 Fig. 6. Normalised average reconstituted droplet se plotted versus the powder
946 storage period (). All measurements were performed immediately afte
947 rehydration (ts=0). Normalised droplet sizes are obtained as thatio of
948 droplet sizes between emulsions reconstituted afterpowder storage time
949 of t; and those reconstituted straight away after freezdrying (sample

950 D0.0). Error bars represent calculated standard demation. Linear

951 regression lines are shown with equations and’®Ralues. (A) Effect of
952 relative humidity with samples that underwent powde storage with high
953 (HRH), low (LRH), and typical room (R), humidity conditions. (B) Effect
954 of temperature with samples that underwent powdert®rage at room

955 temperature (R), 4 °C (F),—18 °C (L), and-30 °C (VL).

956 Fig. 7. Assessing the long-term stability of recatituted emulsions by monitoring
957 das (nm) for samples VL11.t and R11.t at different ts (days) post

958 rehydration.

959 Fig. 8 XRD patterns for 20-day stored emulsion powers and bulk sunflower oil,
960 scanned while holding the samples at A) 25 °C, B}8 °C, C) -70 °C.
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Fig. 9

Fig. 10

Fig. 11

Table 1

DSC thermograms for freeze-dried powders &fr 20 days of powder

storage, A) cooling from 25 °C to -45 °C, B) heatmfrom -45 °C to 25 °C.

Droplet size distributions of reconstituéd emulsions from powders that
had been stored for 2, 8 and 17 days in conditiond. (=30 °C, sealed), L
(=18 °C, sealed) and R (20 °C, sealed). All the difiutions were obtained

shortly after rehydration.

Cryo-SEM micrographs of reconstituted emudions; A and C were for
samples VL11.153 (i.e. 11 days of powder storagellbwing by 153 days

post rehydration) while B was for sample F11.87.

The correlation coefficients and associaley values for Pearson

correlation analysis, on reconstituted droplet size vs powder storage

time, showing data size (n) and correlation coeffient (r).
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Fig. 2
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Fig. 3
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Fig. 4
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Fige 5A
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Fig. 5B
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Fig. 5C
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Fige 6A
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Fig. 6B
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Fig. 7
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Fig. 8A
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Fig. 8B
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Fig. 8C
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Fig. 9A
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Fig. 9B
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Fig. 10
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Fige 11A
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Fig. 11B
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Fig. 11C
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Table 1.
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




Highlights

1) The impact of dry storage conditions on propsrtf reconstitutable
emulsions has been investigated.

2) Dried OSA starch stabilised emulsions, keptfaveeks, produced2m
droplets by gentle rehydration, stable for 100 days

4) Dry storage temperature plays a major role terd@ning the size and
stability of reconstituted emulsions.

5) Humidity, in the temperature range studied, atasest only a minor factor in
determining the quality of reconstituted emulsions.



