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Abstract

The effect of different concentrations of low methoxyl pectin (LMP) on lipid
oxidation and physical stability of sodium caseinate (CAS) stabilized nanoemulsions
under neutral pH was investigated. The addition of pectin at low concentration (< 0.10
wt%) had no significant effect on the average size of nanoemulsions, but a slight size
increase and phase separation were observed at higher concentrations of pectin (>
0.25wt%). This result suggests that LMP can not adsorb at the oil/water interfacial
CAS membrane at neutral pH. However, in the presence of LMP, the physical
stability of nanoemulsions against high salt concentrations and freeze-thaw cycles was
significantly enhanced. Moreover, nanoemulsions containing pectin have a better
ability to inhibit lipid and protein oxidation than nanoemulsions without pectin after 3
weeks, and the lowest lipid hydroperoxide content was observed for nanoemulsions

containing 0.25 wt% pectin.

Keywords: Nanoemulsion ; Physical stability ; Lipid oxidation ; Sodium caseinate ;

Pectin
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1. Introduction

Over the last few years, substantial efforts have been concentrated on
incorporating biologically active compounds into food formulations to endow food
products with more functional properties. In addition, there is a great interest to
produce delivery systems containing different types of natural lipophilic bioactive
ingredients, such as carotenoids, phytosterols, vitamins, and essential oils (Teng et al.,
2020). Nevertheless, there are many technical challenges to overcome such as low
water solubility, chemical instability, and sensitivity to oxidative degradation of
lipophilic compounds during production and storage. Fortunately, most of these
problems can be successfully solved by encapsulation technologies. Among these
technologies, nanoemulsion-based encapsulation systems have been widely used to
achieve these goals, such as protecting bioactive compounds, delivering active
molecules to target sites, increasing bioavailability, and extending their shelf
life...(Aphibanthammakit & Kasemwong, 2021). Indeed, compared with the
conventional emulsions, nanoemulsion-based systems exhibited better functionality,
such as enhanced protection, increased stability and improved bioavailability of
bioactive compounds, due to their nanometric size (20-500 nm) and high surface area
(Katsouli, Polychniatou, & Tzia, 2018). Moreover, nanoemulsions are kinetically
stable systems which are more stable to gravitational separation, coalescence, and
flocculation than conventional emulsions, but they are more prone to Ostwald
ripening due to their small droplet size (McClements & Rao, 2011) and generally

narrowly size distributed.
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The encapsulating wall material needs to be carefully selected, usually edible and
inexpensive, especially in the food industry (Teng et al., 2020). At present, many
encapsulation systems based on synthetic polymers have been established and
explored. However, some food safety issues may arise because the preparation of
these polymer-based synthetic microcapsules may involve the use of toxic organic
solvents (Li et al., 2019). Thus, it is increasingly necessary in the food industry to
replace synthetic emulsifiers with natural ones. Proteins and polysaccharides as
natural biopolymers have been applied in food industries. Particularly, many types of
food proteins, such as walnut protein (Cai et al., 2018), legume protein (Gumus,
Decker, & McClements, 2017), whey protein (Berton-Carabin, Schroder, Rovalino-
Cordova, Schroén, & Sagis, 2016; Khalloufi, Alexander, Douglas Goff, & Corredig,
2008), soy protein (Hu, McClements, & Decker, 2003; Q. Li, Zheng, Ge, Zhao, & Sun,
2020), casein proteins (Hu et al., 2003; Zhang, Cai, Ding, & Wang, 2021), etc, have
been well studied as wall materials for encapsulation systems due to their commercial
availability, film-forming, and excellent amphiphilic properties. Among them, casein
proteins, which are generally sold industrially in the form of sodium caseinate (CAS),
have been widely used as commercial emulsifiers in the food industry (Wang, Su, Jia,
& Jin, 2013). CAS has rather flexible structure and composed of a soluble mixture of
four different proteins, a(sl)- and a(s2)-caseins, B-casein, and k-casein. As a result,
they can be rapidly adsorbed by reducing the surface tension at the oil-water interface
and form thick interfacial films during the emulsification process (Dalgleish,

Srinivasan, & Singh, 1995; Singh & Sarkar, 2011). CAS was also reported to be
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effective in protecting emulsified oils from oxidation due to its unique iron chelating
properties (Hu et al., 2003). Antioxidant proteins could slow down the oxidation of
lipids in food, but during this process they are usually self-oxidized (Villiere, Viau,
Bronnec, Moreau, & Genot, 2005). Meanwhile, the products of lipid oxidation
generally could in turn promote the oxidation of proteins (Estévez, Kylli, Puolanne,
Kivikari, & Heinonen, 2008). These changes typically result in modifications of the
functional properties of proteins like their emulsifying ability (Berton-Carabin et al.,
2016) and produce toxic reaction products (Obando, Papastergiadis, Li, & De
Meulenaer, 2015). Therefore, it is necessary to simultaneously inhibit the oxidation of
lipids and that of proteins in food emulsions.

Unlike proteins can be adsorbed at the oil-water interface, most polysaccharides
such as pectin, xanthan gum, alginate, Arabic gum, etc. have little inherent surface
activity because of their strong hydrophilicity (Surh, Decker, & McClements, 2006;
Zang, Wang, Yu, & Cheng, 2019). Nevertheless, under the conditions that proteins
and polysaccharides have opposite charges, they can be adsorbed on the surface of
protein-encapsulated oil droplets through electrostatic interactions. Zhang et al. (2021)
investigated the effect of pH on emulsions stabilized by chitosan and casein and their
results indicated that emulsification pH range of casein could be effectively expanded
as the non-covalent protein-polysaccharide complexes formed by electrostatic
attractions between casein and chitosan. Zang et al. (2019) investigated the effect of
different anionic polysaccharides on the properties of rice bran protein-stabilized

emulsions and they found that the resistance of emulsions to environmental stresses
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(salt, pH) was significantly improved. On the other hand, even if the polysaccharide
has the same charge as the protein, the polysaccharide can act as an emulsion
stabilizer by forming an extended network, thereby affecting the viscosity of the
continuous phase (Cai et al., 2018). Khalloufi et al. (2008) demonstrated that flaxseed
gum is a non-interacting polysaccharide at neutral pH when mixed with whey protein
isolate stabilized emulsions and there was no visible phase separation at low addition
levels. Zhang et al. (2020) developed almond proteins and camellia saponin based
emulsions at pH 7. They found that the formation of lipid oxidation products was
significantly lower in the almond protein stabilized emulsions containing camellia
saponin, even though both the protein and the surfactant were negatively charged
(Zhang et al., 2020). In this regard, many studies have begun to focus on the use of
emulsifier blends to improve the emulsification effect and functional properties by
combining the properties of many functional molecules. Particularly, based on
electrostatic interactions between anionic polysaccharides and positively charged
proteins below their isoelectric point (pl), the benefits of polysaccharides as an
adsorbable layer in protein-stabilized emulsions have been widely reported (Cai et al.,
2018; Qiu, Zhao, & McClements, 2015; Qiu et al., 2015). On the other hand, when the
pH of the emulsions is higher than the pl of protein emulsifiers, anionic
polysaccharides cannot be adsorbed on the emulsion as a protective layer due to the
electrostatic  repulsions. Several studies have suggested that unadsorbed
polysaccharides can also improve the stability of protein-stabilized emulsion and

enhance its nutritional value (Khalloufi et al., 2008; Zhang et al., 2020). Nevertheless,
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there are still few reports on the influence of unadsorbed polysaccharides on the
physicochemical properties of protein-stabilized emulsions.

The purpose of the present article was to study if anionic polysaccharides could be
used to improve physical and chemical stability of proteins nanoemulsions at neutral
pH. Our previous study has indicated that no significant interactions were found at pH
7.0 between sodium caseinate and pectin by isothermal titration calorimetry (Wang,
Dumas, & Gharsallaoui, 2019). Thus, sodium caseinate (CAS) and low methoxyl
pectin (LMP) were selected as emulsifiers and stabilizers in this study to prepare
nanoemulsions at pH 7.0. To achieve this goal, the effects of LMP concentration on
particle size distribution, zeta potential ({-potential), creaming behavior,
microstructure, and environmental stresses (salt addition, heating, freeze-thaw) of
CAS stabilized nanoemulsions were measured. Moreover, the encapsulated lipid and

protein oxidation was also evaluated.
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2. Materials and methods
2.1. Materials

Sodium caseinate (CAS) powder with 93.20% protein content (determined by the
Kjeldahl method, N=6.38) was purchased from Fisher Scientific (United Kingdom).
Low methoxyl pectin (LMP, esterification degree from 22% to 28% and acetylation
degree from 20% to 23%) with 81.21% carbohydrate content was bought from Cargill
(Baupte, France). Corn oil, trichloroacetic acid (TCA), thiobarbituric acid (TBA),
1,1,3,3-tetracthoxypropane, cumene hydroperoxide, ammonium thiocyanate, ferrous
chloride, imidazole, acetic acid, sodium azide, sodium hydroxide, and hydrochloric
acid were purchased from Sigma-Aldrich Chimie (St Quentin Fallavier, France). All
the solutions were prepared in deionized water.
2.2. Preparation of oil-in-water (O/W) nanoemulsions

Imidazole-acetate buffer solution was prepared by dispersing 5 mM imidazole and
5 mM acetic acid in deionized water, and then adjusting the pH to 7.0 with 1 M NaOH.
Stock solutions were prepared by dispersing separately 2.0 wt% CAS and different
amounts of LMP into 5 mM imidazole-acetate buffer (pH 7.0) and stirring overnight
at 4 °C to ensure complete hydration. The pH of the two stock solutions was adjusted
to 7.0 before use.

Firstly, continuous phases were prepared by mixing 2.0 wt% CAS and 0.0, 0.1, 0.2,
0. 5, or 1.0 wt% LMP stock solutions in a ratio of 1:1 at pH 7. Then, oil-in-water
coarse emulsions were formulated by mixing 10 wt% corn oil and 90 wt% emulsifier

aqueous solution by high-speed homogenization (IKA, Staufen, Germany) under 13
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500 rpm for 5 minutes. Finally, nanoemulsions were obtained by passing coarse
emulsions through a microfluidizer (Microfluidics LM20, Microfluidics Corp.,
Newton, MA, USA) 5 times at 5 x 10’ Pa. The pH of the nanoemulsions was then
immediately adjusted to 7.0. Sodium azide (0.02% final concentration) was added into
emulsions to prevent microbial growth (Chang, Gupta, Timilsena, & Adhikari, 2016).
All nanoemulsions were stored in 100 mL sealed glass bottles at room temperature in
the dark for three weeks. The hydrodynamic particle size of nanoemulsions as a
function of time was recorded.

2.3. Droplet hydrodynamic size and size distribution

The hydrodynamic particle size (nm) and size distribution were determined by
dynamic light scattering using a Zetasizer Nano-ZS90 (Malvern Instruments,
Worcestershire, UK) at a fixed angle of 90°. To eliminate multiple scattering effects,
nanoemulsions were diluted to a droplet concentration around 0.1 wt.% by 5 mM
imidazole acetate buffer (pH 7.0). After 90 s of equilibrium, each sample was
analyzed at least three times. Then the average droplet size and polydispersity index
(PdI) were obtained.

2.4. Zeta potential ()

To avoid multiple scattering effects, the nanoemulsions were diluted to a
concentration of around 0.05 wt% in imidazole acetate buffer. Diluted samples were
transferred to the zeta potential cell for electrophoretic mobility measurement using a
Zetasizer Nano-ZS90 (Malvern Instruments, Worcestershire, UK). All measurements

were performed at least three times and the measured electrophoretic mobilities were
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converted to Smoluchowski’s (-potential values via integrated software as the average
of three individual measurements.
2.5. Creaming stability measurement

The creaming index can provide indirect information about the extent of droplet
flocculation and aggregation in emulsion systems. Firstlyy, 10 mL of each
nanoemulsion were transferred into a cylindrical test tube (inner diameter 1 cm,
height 10 cm), tightly sealed with a rubber cap, and then stored at room temperature.
If phase separation occurred, emulsions will be separated into an optically thin
“creamed” layer at the top and a transparent (or turbid) ‘serum’ layer on the bottom
during storage. The total height of the emulsions (HE) and the height of the serum
layer (HS) were measured (Mwangi, Ho, Tey, & Chan, 2016). The creaming index (CI)
was calculated as follows (Eq. (1)):

CI(%) = 7=+ 100 (1)

2.6. Viscosity measurements

The apparent viscosity of nanoemulsions was measured by a dynamic shear
rheometer (Anton-Paar MCR 302, Graz, Austria) with a 40 mm parallel stainless-steel
plate. The nanoemulsions were transferred to the platform, and the gap between the
plate and the platform was adjusted to 1 mm. After equilibrating for 5 minutes at
25 °C, the interfacial viscosity measurement was carried out for a shear rate ranging
from 0.01 to 100 s™'. The flow data obtained was fitted with the Herschel-Bulkley
model by Origin 8.0 software (Originlab, MicroCal, USA).
2.7. Nanoemulsion stability to environmental stress

10
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Heating stability: 10 mL of each nanoemulsion were transferred into a cylindrical
test tube and then placed into water bath under 100 °C. After heating for 15 min, 30
min and 60 min, they were taken out and then cooled down to room temperature
before measuring droplet size distribution.

Freeze-thaw stability: Nanoemulsion samples were transferred into 15 mL
centrifuge tubes and incubated in a -20 °C freezer for 24 h. After incubation, the
samples were thawed by incubating them in a water bath at 40 °C for 2 h. This
freeze-thaw cycle was repeated from O to 3 times and the droplet size distribution of
each nanoemulsion was recorded.

Salt stability: Nanoemulsions containing 0.1 wt% LMP was mixed with different
ratios of NaCl solution under continuous stirring. The final NaCl concentrations of the
studied nanoemulsions were 0, 50, 100, 200 and 300 mM. Lipid, CAS and LMP
content after dilution were 5.00 g/100 g, 0.50 g/100 g and 0.05 g/ 100 g, respectively.
The droplet size and zeta potential of these samples were measured. Meanwhile, the
microstructure of the nanoemulsions was observed using conventional optical
microscopy (DM2000, Wetzlar, Germany). Magnetic stirring is required before
analysis to ensure that the nanoemulsions were homogeneous.

2.8. Lipid and protein oxidation measurements

According to the method of Zhu et al. (2018), the nanoemulsions were incubated
at 45 °C in the dark for 21 days to accelerate the oxidation. The degree of the lipid
oxidation in these nanoemulsions was taken out periodically to evaluate the formation
of primary (lipid hydroperoxides) and secondary (2-thiobarbituric acid reactive

11
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substances, TBARS) oxidation products. In addition, fluorescence spectroscopy was
used to evaluate the impact of oxidation on the tertiary structure of CAS by means of
tryptophan loss (Beveridge, Toma, & Nakai, 1974).

2.8.1. Primary reaction products (lipid hydroperoxides)

For the lipid hydroperoxide analysis, 0.3 mL of each nanoemulsion sample was
mixed with 1.5 mL of an isooctane:2-propanol mixture (2:1, v/v) to extract the oil
phase and then, vortexed for 1 min. Thereafter, the mixed solution was centrifuged at
2 000 g for 5 min and the organic solvent phase was collected. Two hundreds pL of
the organic phase were subsequently mixed with 2.8 mL of a methanol:1-butanol
mixture (2:1, v/v), followed by the addition of 50 pL of 3.94 M ammonium
thiocyanate and 50 uL of 0.132 M ferrous iron solution. After 20 min, the absorbance
of the mixtures was measured at 510 nm using a UV-visible spectrophotometer
(Mettler Toledo, Columbus Ohio, USA). The concentration of lipid hydroperoxides
was calculated based on a standard curve prepared with cumene hydroperoxide.

2.8.2.  Secondary oxidation products (TBARS)

For the TBARS analysis, 1.0 mL of each nanoemulsion was mixed with 2.0 mL of
TBA reagent (formulated by mixing 15 g of trichloroacetic acid, 0.375 g of
thiobarbituric acid (TBA), 1.76 mL of 12 M hydrochloric acid, and 82.9 mL of
distilled water) in glass test tubes with screw caps and then vortexed for 1 min. These
mixtures were then transferred in a boiling water bath for 15 min, cooled to room
temperature for 10 min, and then mixed with 3 mL chloroform under stirring for 1 min.
After centrifugation at 3000 rpm for 15 min, the supernatant was collected. The

12
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absorbance of the samples was measured at 532nm using a UV-visible
spectrophotometer. The concentration of TBARS formed during storage was
calculated based on a standard curve prepared with 1,1,3,3-tetraecthoxypropane.

2.8.3.  Protein oxidation measurements

Ten pL of each nanoemulsion were diluted in 2 mL of 10 mM phosphate buffer
(pH 7) and then placed in a 4 mL quartz spectrofluorometer cell for analysis using a
fluorescence spectrophotometer (Agilent, Santa Clara, USA). The excitation
wavelength was 290 nm based on preliminary experiments, which showed that the
oxidation of the protein decreased the fluorescence intensity, but did not change the
maximum emission wavelength. Emission spectra of tryptophan were recorded in a
wavelength range from 300 to 400 nm at a scanning speed of 5 nm/s.

2.9. Statistical analysis

All experiments were carried out in triplicate. Statistical analyses were performed
utilizing a software package (SPSS 17.0, SPSS Inc., Chicago, IL, USA). Data are
reported as means + standard deviations, and the mean values of lipid oxidation were
compared using Duncan's multiple-range tests to identify significant differences

(p < 0.05).
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3. Results and discussion
3.1. Effect of pectin concentration on the properties of nanoemulsions

To investigate the effect of adding LMP on the properties of CAS stabilized
nanoemulsions at neutral pH, 2.0 wt% CAS solution was mixed with different
concentrations of pectin to obtain nanoemulsions, and pH was then adjusted to 7.0.
Fig. 1A depicts the particle size distribution and polydispersity index (Pdl) of
nanoemulsions. All nanoemulsions exhibited submicron size ranging from 273 nm to
324 nm with monomodal size distribution and the lowest diameter was obtained for
pectin free nanoemulsions. The addition of 0.05 and 0.10 wt% pectin has no obvious
effect on the average diameter of the nanoemulsions. These results also confirm no
adsorption of pectin on the surface of the oil droplets. In fact, the average
hydrodynamic size of the formulated nanoemulsions measured by Dynamic Light
Scattering was almost constant. Similar result tendency was observed in the case of
wheat protein-coated emulsion after addition of pectin and xanthan gum (Qiu et al.,
2015). However, as the pectin concentration increased from 0.1 to 0.5 wt%, the
average size of nanoemulsions showed slight increase, which can be attributed to a
slight flocculation that occurred in the original samples. In fact, the excess of free
pectin in the medium could reduce polysaccharide adsorption which promote the
flocculation of nanoemulsions via depletion process. Under neutral pH, increased size
was also observed for nanoemulsions stabilized by soybean lipophilic protein as the
concentration of hypromellose was increased (Li et al., 2020). Another possible
explanation is that some anionic polysaccharides are able to adsorb on the surface of

14



protein coated droplets even at neutral pH. Qiu et al. (2015) reported that xanthan

gum appeared to be capable of adsorbing to protein-coated droplet surfaces at neutral
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Fig. 1. Effect of pectin concentration on the mean particle size (A), zeta potential,
creaming stability (B), visual appearance and microscopic structure (C) and viscosity
(D) of caseinate stabilized nanoemulsions at pH 7.

Surprisingly, an opposite result was observed in the case of ovalbumin stabilized

oil-in water emulsions after addition of xanthan gum (Xiao et al., 2021). These results

showed that at pH 7, the average particle size of prepared emulsions gradually

decreased as the concentration of xanthan gum increased in the medium. These
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apparently contradictory results may be related to the used emulsifier, the type of
polysaccharide, the formulation, and the emulsion preparation method. Meanwhile,
with the gradual increase of the pectin concentration in the formulation, the
polydispersity (PdI) of the nanoemulsions increased slightly, but remains lower than
0.3, showing acceptable narrow size distribution.

Typically, the stability of emulsions can be reflected by the surface potential. The
larger the absolute value of the C-potential, the more stable the corresponding
emulsion system. As shown in Fig.1B, the C-potential of CAS stabilized
nanoemulsions for different pectin concentrations exhibited relatively high absolute
value (~ 42 mV). As can be observed, there is no significant effect of LMP
concentration on the {-potential of the CAS-coated droplets. At pH values above the
isoelectric point (pI) of the adsorbed protein, pectin molecules (pKa ~ 3.5) and
CAS-coated droplets are both negatively charged. Therefore, due to the relatively
strong electrostatic repulsions between the negatively charged droplets and the
negatively charged pectin molecules, the adsorption of pectin at pH 7 will be
negligible or even there will have no adsorption at all. As a result, pectin is then
mainly located in the aqueous phase of the emulsion rather on the droplets surface.
Zang et al. (2019) investigated the effect of different anionic polysaccharides on the
rice bran protein hydrolysate-stabilized emulsions. They found that, at pH 7, adding
pectin and Arabic gum did not significantly change the (-potential of rice brand
protein-coated droplets, but the addition of xanthan gum and alginate showed slightly
increases. This result was attributed to the high charge densities of alginate and

16
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xanthan gum compared to pectin and Arabic gum, affecting the charge characteristics
of protein-coated droplets. Zhang et al. (2020) developed oil in water emulsions using
almond protein isolate / camellia saponin and they described that some of camellia
saponin adsorbed to the almond protein-stabilized oil droplets despite the fact that
both surfactant and protein were negatively charged. Moreover, steric repulsions
could also participate in the maintenance of emulsion stability, and the magnitude of
these repulsions was shown to be dependent on the properties of the polysaccharide
(Zang et al., 2019). Creaming index is another indicator related to the long-term
stability of the emulsion. In absence of pectin or in presence of a small amount of this
polyanionic biopolymer (< 0.1 wt%), CAS stabilized nanoemulsions were stable to
creaming within 1 day (Fig. 1B). Indeed, even after 3 weeks of storage at room
temperature, no obvious serum layer was detected in these nanoemulsions (data not
shown), indicating that most of the droplets are small enough and the repulsions
between them are sufficient to resist to creaming and did not aggregate during storage.
However, when the concentration of pectin was increased to 0.25 and 0.50 wt%, the
nanoemulsions were highly unstable to phase separation, which may be caused by
depletion flocculation at neutral pH. The results of the microscopic structure (Fig. 1C)
could support this conclusion. Interestingly, based on particle size measurements (Fig.
1A), the creaming of CAS-based emulsions arising from depletion flocculation is
reversible, and the clusters of droplets could be disrupted by gentle stirring or dilution.
This result was consistent with the study of Zang et al. (2019). The maximum
creaming of protein-based emulsions at pH 7 was clearly observed at high
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concentration of anionic polysaccharides, however, creaming had no significant effect
on the hydrodynamic particle size. The viscosity (Fig.1 D) plays an important role in
the taste and stability of food emulsions. The apparent viscosity decreased with
increasing shear rate, which means that these nanoemulsions are pseudoplastic fluids
(He, Peng, Wei, Li, & Tian, 2020). Meanwhile, there was no significant difference
between the CAS-stabilized nanoemulsions containing no pectin or containing low
pectin concentrations (< 0.1wt%), while at higher pectin concentration, a significant
increase in viscosity was observed and the highest value was obtained for
nanoemulsions containing 0.5wt% LMP. This clearly showed the formation of
flocculated droplets at higher pectin concentrations due to depletion flocculation,
which was also supported by the creaming results (Fig. 1C). In fact, pectin is a
non-adsorbing linear polysaccharide, and its aqueous solution had an excellent
viscoelasticity. Besides, Table 1 exhibited the Herschel-Bulkely parameters of these
nanoemulsions and the obtained flow data is fitted well with this model (R? > 0.99).
The flow behavior index of all nanoemulsions was in a range of 0.810-0.957, which
means that nanoemulsion containing no LMP or low concentrations of LMP exhibited
a Newtonian behavior, whereas, at high concentrations of LMP, the nanoemulsions
exhibited a shear-thinning behavior, clearly demonstrating the presence of flocculated
oil droplets domains. Similar phenomena was found in nanoemulsions stabilized by
whey proteins (Khalloufi et al., 2008). The yield stress (to) is the instantaneous
pressure required to initiate material flow, and the value obtained in these
nanoemulsions is almost zero. The consistency coefficient (k) represents the viscosity
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behavior of a fluid and the results demonstrate that the k value of nanoemulsions

increases gradually with increasing the pectin concentration.

Table 1. The parameters of Herschel-Bulkely model for caseinate stabilized
nanoemulsions containing different pectin concentrations at pH 7.

Pectin
concentration n k (Pa.sn) 0 (Pa) R?
(%, wiw)
0.00 0.937+£0.008  0.0016+0.0001  0.0023+0.0004 0.999
0.05 0.957+£0.009  0.0017£0.0001  0.0001+0.0050 0.999
0.10 0.876+£0.011  0.0025+£0.0001  0.0000+0.0007 0.998
0.25 0.810+£0.009  0.0057£0.0003  0.0000+0.0011 0.998
0.50 0.841+£0.004  0.0043£0.0001  0.0014+0.0006 0.999

Value are means + standard deviation of triplicates.

3.2. Effect of pectin concentration on the ageing stability and environmental

stress resistance of nanoemulsions

The mean droplet size of CAS-stabilized nanoemulsions containing different
pectin concentrations stored at room temperature for 3 weeks were measured and the
obtained results are reported in Fig. 2. From the particle size point of view, all
nanoemulsions showed excellent storage stability and there was no significant change
within three weeks. This could be attributed to CAS properties having relatively high
negative charge at pH 7, which led to stronger electrostatic repulsions between oil
droplets. Interestingly, a slight increased particle size was observed in the
nanoemulsions containing 0.5 wt% LMP after 21 days storage. This result suggests
that although flocculation caused by higher concentration of pectin in the
nanoemulsions is reversible as mentioned in the previous section, the long-term

storage effect may produce some irreversible growth of particle size.
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Fig. 2. Effect of pectin concentration on the ageing stability of caseinate stabilized
nanoemulsions at pH 7.

To evaluate the effect of environmental stress on the properties of nanoemulsions,
different heating times, freeze-thaw cycles, and salt concentrations were used to
simulate conditions which might be experienced during manufacture, cooking or
utilization. For each dispersion, droplet size distribution of the nanoemulsions was
measured to evaluate their stability. Fig. 3 presented the effect of heating time (at
100 °C) on the stability of nanoemulsions containing different concentrations of LMP.
All nanoemulsions appeared to be very stable to heat treatment and showed stable
unimodal particle size distribution within 1 hour of heating. This can be attributed to
CAS as adsorbed layer which provides these nanoemulsions excellent thermal
stability, because the structure and the conformation of caseinate is not significantly
affected by thermal treatment (Srinivasan, Singh, & Munro, 2002). The C-potential of
nanoemulsions was also measured (data not shown) and was found to be not

significantly affected by the thermal treatments, the surface charge was not
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significantly changed upon thermal treatments, demonstrating, that such emulsions

showed excellent stability against heating.
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Fig. 3. Effect of heating time (100 °C) on caseinate stabilized nanoemulsions
containing different concentrations of pectin at pH 7.

Food in emulsion forms may also undergo freezing and thawing treatments during
the storage and consumption, so it is necessary to understand the stability of
nanoemulsions during the freeze-thaw process. Fig. 4 presented the effect of
freeze-thaw times on the average hydrodynamic size of nanoemulsions containing
different concentrations of LMP. In the absence of LMP, there was a marked increase
in the mean particle size after freeze—thaw cycles. Crystallization of either the lipid or
water phase during freezing can explain this phenomenon. When a nanoemulsion is
thawed, the droplets tend to aggregate, thereby resulting in an increase of
hydrodynamic particle size (Liu, Sun, Xue, & Gao, 2016). However, in the presence
of LMP, nanoemulsions were much more stable to droplet aggregation after three
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freeze—thaw cycles, especially the nanoemulsions containing 0.10 wt% and 0.25 wt%
LMP. This result could be attributed to the ability of pectin to increase the amount of
non-frozen aqueous phase in the nanoemulsions. A similar result was found in the
case of nanoemulsions stabilized by multilayered biopolymers (B-Lactoglobulin—
-carrageenan—gelatin) (Gu, Decker, & McClements, 2007). Meanwhile, some large
individual oil droplets were observed in nanoemulsions after thawing treatment,
which indicated that the lipid may leak from the droplet (because there were no large
droplets in the untreated nanoemulsions). This phenomenon may explain the
decreased size observed for nanoemulsions containing 0.25% pectin after 2
freeze-thaw cycles. A decreased droplet size after freeze-thaw treatments was also
observed in lecithin and modified starch-based nanoemulsions (Donsi, Wang, &
Huang, 2011). In addition, some large irregularly shaped aggregates appeared in the
nanoemulsions after dilution, especially for pectin free nanoemulsions, which may be
caused by the massive aggregation of CAS during freezing and thawing. Thus, the
presence of free pectin could prevent the aggregation of caseinate coated droplets to a
certain extent during the freezing process and then participate on the dissociation of
aggregates during the thawing step due to the repulsive forces between CAS and

LMP.
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Fig. 4. Effect of the number of freeze-thaw cycles on caseinate stabilized
nanoemulsions containing different concentrations of pectin at pH 7.

Adding edible salt to improve the taste of emulsion-based food products is a
common requirement in the diet, and so it is essential to understand the effect of salts
on the performance and stability of emulsions. Nanoemulsions containing 0.1 wt%
pectin were selected in this section because they are highly stable to creaming and
flocculation (Fig. 1C). The effect of different NaCl concentrations on the mean
particle diameter, zeta potential, visual appearance and microscopic image of
nanoemulsions containing or not 0.1 wt% pectin was examined (Fig. 5). The
nanoemulsions containing no pectin were colloidally stable since no droplet
aggregation (Fig. 5SA) and creaming (Fig. 5B) were observed in the absence of salt but
showed significantly increased mean particle size and phase separation in the
presence of ionic force above 100 mM NaCl. The microscopic images (Fig. 5C) of

nanoemulsions without LMP also showed a droplet aggregation phenomena. It was
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well established that at neutral pH, salt has the ability to promote the flocculation of
droplets stabilized by protein based emulsifiers, which can be attributed to
electrostatic screening and ion binding (McClements, 2004). The zeta potential
measurements (Fig. 5A) showed that the addition of NaCl did not markedly change
the magnitude of the droplet charge, but a slight decrease (from -43.1 to -37.9 mV)
could be observed in the free pectin nanoemulsion. It is interesting to notice that, in
the presence of pectin, the nanoemulsions exhibited better salty tolerance, but when
the salinity was higher than 200 mM NaCl, the particle size of the nanoemulsions
increased significantly. Through visual appearance and microscopic images, no phase
separation (Fig. 5B) and obvious aggregation (Fig. 5C) occurred in the nanoemulsion
containing 0.1 wt% pectin in the investigated range of salt concentrations, except for
300 mM NaCl (some clusters were observed). This result indicates that even if both
CAS and LMP are negatively charged at pH 7, LMP can still provide inhibition of
aggregation. This may be attributed to the formation of gel-like network induced by
free pectin in the aqueous continuous phase. Qiu et al. (2015) also reported that
adding xanthan gum can improve the properties of wheat protein-stabilized emulsions
against high ionic strengths at pH 7, but the addition of pectin had no obvious effect.
They attributed this phenomenon to the fact that xanthan gum has a higher linear

charge density than pectin.
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484  Fig. 5. Effect of ionic strength on the mean particle size and zeta potential (A), visual
485 appearance (B) and microscopic structure (C) of caseinate stabilized nanoemulsions
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488  3.3. Effect of pectin addition on the oxidation of protein and emulsified lipid

489 The influence of pectin addition on the lipid oxidation of nanoemulsions was
25



490  evaluated by monitoring the generation of primary (lipid hydroperoxides) and
491  secondary (TBARS) reaction products for 3 weeks storage at 45 °C (Fig. 6). As
492  expected, the lipid hydrogen peroxide and TBARS contents of all nanoemulsions
493  gradually increased during storage, indicating that lipid oxidation was progressing.
494  The results of primary reaction products (Fig. 6A) showed that, at neutral pH, the
495  nanoemulsions containing pectin showed better (p<0.05) antioxidant activity than
496  nanoemulsions without pectin after 3 weeks, and the lowest (p<0.05) lipid
497  hydroperoxide content was measured in the case of nanoemulsions containing 0.25 wt%
498  pectin. This may be related to several reasons. Firstly, it is reported that pectin have a
499  certain antioxidant capacity and therefore the unadsorbed pectin molecules may react
500  with free radical scavenging in the emulsion system (Celus et al., 2020; Kumar et al.,
501  2021). Celus et al. (2018) reported that the antioxidant capacity of pectin was mainly
502  determined by the degree of methyl esterification (DM) and the LMP exhibited higher
503  antioxidant activity than the HMP (High Methoxyl Pectin). Indeed, the high numbers
504  of active hydroxyl and carboxyl groups on galacturonic acid (GalA) residues of pectin
505  are essential for its antioxidant activities (Cui et al., 2021). In addition, the antioxidant
506  activity could be probably attributed to the non-pectic compounds, such as individual
507  polyphenols and their conjugates in the extracted pectin (Ahn, Halake, & Lee,
508  2017). Secondly, unadsorbed pectin may prevent water-soluble oxidants from
509  reaching lipids by forming a weak gel-like network in the aqueous continuous phase
510  (Zhang et al., 2020). The lipid oxidation was also reported to be affected by the
511  viscosity 