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Abstract

Pomegranate seed oil is rich of conjugated fatigs which are highly appealing
for a variety of applications in food industry. tms research, ovalbumin (OVA) and
ovalbumin-inulin glycoconjugates with different Mard reaction times were used to
stabilize pomegranate seed oil emulsions and tmepact on physicochemical
stability and oxidative stability of the productsasvinvestigated. The OVA-inulin
glycoconjugate produced on 10th day of Maillardctiss has exhibited significantly
higher conjugation efficiency, lower surface hydropicity and lower surface tension
than other glycoconjugates. The secondary confoeomatf OVA and conjugates
determined by far-UV circular dichroism spectrosctias remarkably changed. The
reduction in intensity of Trp-fluorescence obserwedylycated proteins with inulin
indicated that the glycation affected partially thide chains of protein in tertiary
structure through the Maillard reaction without arelisruption of native structure.
The emulsion stabilized by OVA-inulin glycoconjugaibtained by 10 days Maillard
reaction has shown the best physicochemical stabiiompared with the OVA
emulsion, the oxidative stability of the glycatedvA® emulsion system was
significantly improved (p < 0.05)Fatty acid profile results also confirmed that
OVA-inulin glycoconjugates were able to prevent fh@megranate seed oil from
oxidation. It is suggested that the inulin attacke®VA by glycation played a vital
role in physicochemical stability and oxidative kslitdy of pomegranate seed oil

emulsions.
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1. Introduction

Pomegranate seed olil is rich of conjugated fattgisaaround 65-80% in weight),
among which conjugated linolenic acid stands outabee of its chemical
construction (Abbasi, Rezaei, & Rashidi, 2008; 8aeet al., 2010). Its bioactivity is
related to the inhibition of certain types of canerodulation of the immune system,
and reducing the risks of obesity and cardiovascdiseases (Hennessy, Ross,
Devery, & Stanton, 2011; Saha, Chakraborty, Ghd&hGhosh, 2012). Besides,
tocopherols and phytosterols can be found in poamege seed oil (Goula,
Papatheodorou, Karasavva, & Kaderides, 2016). Timay be able to regulate
oxidative stress and inflammation, leading to redludsk of various chronic diseases
(Aslani & Ghobadi, 2016; Zhang & Rong, 2016). Ponaegte seed oil has been well
developed for antioxidant properties, activity aftiaxidant enzymes, immune
function, lipid metabolism, and other potential lttiedenefits (Meerts et al., 2009;
Tong, Kasuga & Khoo, 2006; Yamasaki et al., 2006).

There has been growing interest in producing folmdsm pomegranate seed oll
instead of using pomegranate seeds as animal faaccosmetic products. However,
some environmental conditions, such as light, teatpes, oxygen, humidityetc.
could cause oxidation of unsaturated fatty acidd ather unwanted reactions
(Yekdane & Goli, 2019). Emulsion of pomegranatedseé has proven to be an
efficient way to protect and deliver unsaturatetlyfacids in foods. The key factor of
pomegranate seed oil emulsion was to choose eieutsiivhich would affect its
stability. Good emulsifiers could quickly adsorhtbhe surface of oil droplets, forming
a coating layer against aggregation and coalescgmeeet al., 2019). The glycated
food proteins after Maillard reaction could achiemebetter emulsion stability
compared to the unmodified proteins, which has veglhresearched (An et al., 2014;
Chen et al., 2016).

Ovalbumin (OVA) is a main constitute from egg whipeoteins, which has
demonstrated emulsifying ability and been most Widsed as a model protein (Ma,
Gao, & Chen, 2013). However, due to its poor siigbithe oil-in-water emulsion
prepared by OVA is not able to effectively prevgmmegranate seed oil from
oxidation. Therefore, different efforts have beeade to improve the stability of
OVA emulsions, among which the Maillard reactiorthyprotein is seen as the most
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promising one (Ozturk & McClements, 2016). In tletudy, we performed the
glycosylation of OVA with inulin which is considaetdo be a stabilizer for emulsions
(Lopez-Castejn et al., 2019). Inulin is a fructan consistinghatt entirely of linear
beta-1,2-linked fructose units with a terminal a@ptbeta2-linked glucose molecule,
presented in many plant species such as Jerusaliehmle, dahlia and chicory root,
or synthesized products from sucrose (Schaafsmda&irs 2015). The aim of this
research was to determine the impact of OVA-inuyjlycoconjugates on the
pomegranate seed oil-in-water emulsions. In pddicuwve would elucidate the
contribution of inulin (through Maillard reactiortp the antioxidant function by
analyzing radical scavenging activity and lipid a@edion in the pomegranate seed oll

in water emulsions.

In this work, oil-in-water emulsions were prepareg OVA and OVA-inulin
glycoconjugates with different reaction times tootpct the nutritional value of
pomegranate seed oil. The physicochemical stabiitypomegranate seed oil
emulsions was analyzed through droplet size didioh, zeta-potential,
hydrodynamic diameters and interfacial surfaceiteng-urthermore, DPPH- radical
scavenging activity, peroxide value determinatiod &atty acid profile composition
analysis were used to evaluate the oxidation s#tgbdf pomegranate seed oil
emulsions. The results of this research might sstgidpe 10D emulsifier (the sample
obtained after 10 days of Maillard reaction) hasvahthe best ability for stabilization
of pomegranate seed oil quality, and provided #whrical support for industrial

application of Maillard reaction products.

2. Material and methods

2.1 Materials.

High-performance inulin (degree of polymerizatioh0, Chicory) was supplied by
FANINON (Qinghai, China). Albumin Egg (A-5253), ueidthe commercial name of
Sigma, was purchased from Sigma-Aldrich, and poarege seed oil with 98%
purity was purchased from ZETONG (Xi'an, China)l-tljphenyl-2-picrylhydrazyl
(DPPH) was purchased from Aladdin Reagent Co. (§ain China). Ammonium
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thiocyanate, o-phthalaldehyde “Space” (OPA) and-Ar2ino-iso-hexanoic acid=
99%) were purchased from Macklin Biochemical Tedbgy Co. (Shanghai, China).
Other chemicals were purchased from Sinopharm GtenfReagent Co., Ltd
(Shanghai, China).

2.2 Preparation of OVA-inulin glycoconjugates.

OVA-inulin glycoconjugates were prepared accordimghe method published by
An et al (2014). Briefly, OVA was dissolved in 100 mL of gdgphate buffer (0.05
mM, pH 7.0). Inulin (0.25 g) was added into the O¥@&lution with stirring until it
was fully dissolved, and then the mixture was lyibped in a freeze-dryer (FD-1C-50,
Beijing, China). The dried powders were incubated6@ ‘C and 79% relative
humidity in a SPX-150B-Z incubator (Shanghai, Chiaad samples were collected
after 2, 4, 6, 8 and 10 days. OVA-inulin glycocaggtes with different reaction times
were obtained by dialyzing 3 days with 7 kDa diaysag, and were named 2D, 4D,
6D, 8D and 10D, respectively, sealed and store?at_ before use.

2.3 OVA-inulin glycoconjugates characterization.
2.3.1 FTIR.

FTIR spectra of OVA and OVA-inulin samples were sw@ad using the method as
previously reported (Han, Ratcliffe, & Williams, 20). The sample was mixed with
potassium bromide (KBr) at a mass ratio of 1:2%@ #hen pressed and subjected to
Fourier transform infrared spectroscopy (FTIR). @mewere obtained from 64 scans
at a resolution of 4 cthfrom a potassium bromide sample pan in a rangé06D
cm™* to 400 crit by using a Perkin Elmer Spectrum RXI FT-IR speauteter (Perkin

Elmer Instruments, Massachusetts, USA).
2.3.2 Conjugation efficiency.

The conjugation efficiency was determined, accaydia Davidov-Pardo et al.
(2015), by measuring the reduction in free aminougs using the OPA. The OPA
reagent was freshly made prior to use. In briefm@POPA (dissolved in 1.0 mL 95%
ethanol v/v), 25 mL sodium tetraborate buffer (pH)92.5 mL SDS solution (w/v),



142
143
144
145
146
147
148

149

150

151
152
153

154

155
156
157
158
159
160
161
162
163
164

165

166
167
168
169

170

and 0.10 mL 2-mercaptoethanol were mixed togethdrthen topped up to 50 mL
with deionized water. Then, 0.05 mL of the 5 mg/ounjugate solution was blended
with 1.35 mL OPA reagent and incubated for 1 minr@m temperature. The
absorbance of obtained solution was measured inatedgliat 340 nm using a
TU-1900 UV-VIS spectrophotometer (Beijing, ChinaJalibration curves were
constructed using L-leucine (1-5 mM) as a standardpound containing an amino

group. The following equation was used to defireedbnjugation efficiency.

amine groups after conjugatig)
amine groups before conjugatitv)

Conjugation efficiency(%)= (1- ) x100 (1)

2.3.3 Color measurement.

The brown color solution of glycated OVA (10 mg/mijas analyzed by
measuring the absorbance at 420 nm using a UVlgisfiectrophotometer (TU-1900,
Beijing).

2.3.4 Surface hydrophobicity().

The Hp values of OVA and OVA-inulin glycoconjugates werketermined
according to Shah, Umesh, & Singhal (2019) using hilgdrophobic fluorescence
probe with 8-Anilino-1-naphthalenesulfonic acid (BN The sample solution (1
mg/mL) was diluted to 0.00125, 0.0025, 0.005, 0@@2 mg/mL, respectively. 4 mL
sample solution was mixed with 200 of 8 mM ANS solution. The fluorescence
intensity of the mixed solution was detected atitakon wavelength 390 nm and
emission wavelength 470 nm using an F-4600 lumerese spectrophotometer
(Hitachi High-Technologies Corporation, Hitachi,pda). TheHy of samples was
determined by the slope of the relative fluoresee(RR) versus the percent protein

concentration (w/v).
2.3.5 Circular dichroism (CD) spectroscopy.

The sample solutions (0.2 mg/mL) were analyzed byJasco J-1500
spectropolarimeter (Jasco, Japan) and scanned I8fhto 250 nm at 25]. Each
spectrum was an average of three scans to reduse lmefore structural analysis was

performed.

2.3.6 Fluorescence spectroscopy.
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Fluorescence analysis of OVA and OVA-inulin glycopagyates was performed
according to Li et al. (2009) using a fluorescenspectrometer (Hitachi

High-Technologies Corporation, Hitachi, Japan).
2.3.7 Particle size and zeta potential

The mean particle diameter, polydispersity indexg garticle size distribution
based on number were obtained using a dynamicsigaitering instrument (Zetasizer
3000, 174 Malvern Instruments, Malvern, UK) accoglito the pervious method
(Han, Ratcliffe, & Williams, 2015). The hydrodynamiiameter was obtained from
the Stokes-Einstein relationship using the instminsoftware. The zeta potential of
samples was determined using particle electroploiBsthe same equipment. The
samples were diluted 20 times to avoid multiplettecamg effects and equilibrated at

25 °C prior to analysis.
2.3.8 Surface tension measurements.

The interfacial adsorption of OVA and OVA-inulinygbconjugates at the
oil-water interface changing with time was measurg@& TRACKER drop profile
tensiometer (Teclis Tracker, France) using the owreviously reported (Hu et
al., 2019). The experiments were carried out att25°C. Evaporation of the
agueous phase into air caused a reduction of tbpe @olume at the water/air
interface. The total experimental duration wasasef200 s.

2.3.9 DPPH- radical scavenging assay

The DPPH- radical scavenging activity of OVA and AMulin glycoconjugates
was evaluated according to Chang et al. (2017)L3sample solution was mixed
with 1 mL of 0.1 mM DPPH methanol solution. After 30 min @action in
darkness at room temperature, the mixture wasitteggd at 4000 g for 5 min to
remove insoluble aggregates. A was referred tabsorbance of the supernatant
measured at 517 nm; and ¥as referred to the absorbance of 3 mL gDhhixed
with 1 mL DPPH solution. The following equation wased to calculate the
DPPH radical-scavenging activity:

DPPH radical scavenging activity = A A)/A, X 100% (2)
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2.4 Preparation of pomegranate seed oil in water emulsions.

Six agueous phases were prepared by dissolving 8&nple (OVA, 2D, 4D,
6D, 8D, 10D) in 39.4 mL distilled water in six 100L tubes, respectively. 10 g
pomegranate seed oil was added in each of thad®es to make 20% oil-in-water
emulsions. Emulsification was achieved using an RGOY0 Digital

Ultra-Turraxhomogensier at 19000 rpm for 2 min.

2.5 Physicochemical stability of pomegranate seed oil emulsions by OVA-inulin

glycoconjugates.
2.5.1. Droplet size distribution measurement

To evaluate the properties and stability of samples droplet size distribution of
pomegranate seed oil emulsions was determined wasiager diffraction technique
(Master-Sizer 2000, Malvern Instruments Ltd.) adowg to the literature (Han,
Ratcliffe, & Williams, 2015) and the particle sim@as given as the volume-weighted
mean diameter (D [4, 3]).

2.5.2 Influence of ionic strength and pH

The emulsifying properties of pomegranate seedeniulsions by OVA-inulin
glycoconjugates under different ionic strengths gmd conditions were also
investigated. NaCl solution (0—250 mM) was addedhe pomegranate seed oil
emulsions. In addition, the pHs of fresh emulsiarese adjusted to 3, 5, 7 and 9,
respectively, using 0.1 M HCIl or 0.1 M NaOH. Themmgranate seed oil emulsions
were then stored at 25 = 1°C for 24 h prior to ge¢a potential and droplet size

distribution analyses.
2.5.3 Peroxide value determination

Lipid hydroperoxides were measured as the primargation products using a
method adapted fromiu et al. (2019) 0.3mL emulsion was added to 1.5 mL of a
mixture of isooctane/2-propanol (3:1, v/v) , voedxshock three times for 10 s
each and centrifugated at 10,000 g for 2 min.MAL2of the organic phase was
added to a mixture of methanol/butanol (2:1, valjoiwed by 15uL of 3.94 M

thiocyanate and 1pL of 0.072 M F&" and the mixture was vortexed for 20 min.
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Its absorbance was measured at 510 nm using a T0-19V-visible
spectrophotometer (Beijing, China). The concerdratof hydroperoxides was

calculated from a cumene hydroperoxide standangecur
2.5.4 Fatty acid profile

The GC-MS analysis of pomegranate seed oil wasipeed according to Wang et
al. (2014). The experiment was performed using ajleAt 7890B/5977A/7693
Autosampler Series Gas Chromatograph (Agilent Telcigies, Palo Alto, CA) using
a DB-WAX capillary column (30 m x 0.25 mm x 0.25 nfilm thickness, Hewlett
Packard, USA).

2.5.5 Confocal laser scanning microscopy analy3isSM)

Microstructural analysis of emulsions was implensentising a Leica TCS SP8
Confocal Laser Scanning Microscope (Leica Microsyst, Mannheim, Germany) as
observed by Fredericet al. (2018). 1QuL of Nile Red and 1QuL of Nile Blue,
dissolved in ethanol (1 mg/mL), were mixed into IL af emulsions to stain oil drops
and emulsifiers, respectively. The excitation sfeof Nile Red and Nile Blue were
measured at 488 nm and 633 nm, respectively. Abhges were taken using
simultaneous dual-channel imaging. At least thqgecsnens of each sample were

observed to obtain representative micrographsrapges.
2.5.6 Transmission electron microscopy (TEM) obatown

To further evaluate the physical protective actidrconjugates in emulsion, TEM
images of the emulsions (OVA, 2D, 4D, 6D, 8D and)@vere observed using a
transmission electron microscopy (Tecnai 2, Hillsboro, USA) operating at an
acceleration voltage of 80 kV. The TEM analysippomegranate seed oil emulsions
was performed according to Pan et(2D19). One drop of emulsions and one drop of
phosphotungstic acid (1%, m/v) were mixed and mlace a copper grid of 200

meshes for 1 min.

2.6 Satistic analysis

Statistical analysis was carried out using SPS8 &PSS Inc., Chicago, IL). Data

were shown as meart: S.D. (n=3). Differences between means of eachpveere
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assessed using one-way analysis of variance fofldweDuncan's test. Significant

differences were accepted as a P-value < 0.05.

3. Resultsand discussion

3.1 FTIR spectra

FTIR spectra of OVA and OVA-inulin glycoconjugatesve been researched in this
study. The peaks for OVA at 1753 ¢ifamidel ) and 1615 cm (amidell ) indicate
C=0 stretching and N-H stretching, respectivelydllet al., 2016). The broad band
observed in the 3500-3000 ¢mange is attributable to free and bound O-H and N-H
groups, which are able to form hydrogen bondinghwite carbonyl group of the
peptide linkage in proteins (Sheng et al., 2014 htensities of -C-O stretching and
-OH deformation vibrations at 1050-1150 ‘tnin the OVA-inulin conjugates
increased, while the peak at 1754 “calecreased compared with native OVA,
indicating that partial amine groups were consurbgdMaillard reaction and the

saccharides were linked to OVA through covalentdsofsugumaran et al., 2013).
3.2 Characterization of OVA glycated by inulin

There are two factors to assess the glycosylatiemeldpment: conjugation
efficiency and a brown color solution (Bi et alQ1Z). The conjugation efficiency of
the glycoconjugates was determined using the OP&.skWown in Figure 1a, the
conjugation efficiencies of five glycoconjugatesD(24D, 6D, 8D, 10D) were
5.54+1.14%, 10.61+0.93%, 12.32+0.77%, 15.28+0.63%nd 16.19+0.52%,
respectively. It was found that the conjugationceghcy of OVA was significantly
increased with the reaction period of time, whiciggests that OVA glycated with
inulin through Maillard reaction more violently wwitprolonged reaction time.
Glycation was accompanied by a browning coloratinom the present research, the
brown color was originated from the secondary Nemdl reaction products. The 420
nm absorption spectra obtained for OVA-inulin glgonjugates during different
reaction times are also shown in Figure la. Withnmnease in reaction time, the

absorbance of five glycoconjugates at 420 nm aisceased. Clearly, the reaction
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rate in the OVA-inulin glycoconjugates was propamtl to the conjugation efficiency

during Marillard reaction.

There is a strong correlation between surfacedpftbbicity of a protein and its
functional properties, such as emulsifying propeftam stability, and fat binding
capacity (Liu et al., 2019). The effect of glycatitreatment on the conformational
state of modified OVA was evaluated By The results from Figure 1b show tl&t
of glycated OVA incubated for 2 days slightly inased compared to the native OVA.
It was probably related to the exposure of hydrdyxhpatches on the protein surface,
and the results reported by Liu et al. (2017) dmand the same slight increase
(Corzo-Martinez, Moreno, Olano, & Villamiel, 2008)/ith the increase in incubation
time (4-10 days),Ho of different glycated OVAs was significantly decsed
compared to the native OVA, which implies that gresence of hydrophilic cluster
molecules on the surface of glycated OVAs was redudt might be due to that
hydrophobic amino acids of protein, such as proliaacine, and valine, as well as
cationic groups in lysine and/or arginine, were ckhed by dextrans in the
glycoconjugates. Meanwhile, ANS may also stronglydbwith cationic groups of
protein (Liu et al., 2012). In addition, the difégice in conjugation efficiency might
be another reason to affect tHedifference in the glycoconjugates.

Surface tension kinetics for OVA and OVA-inulitygoconjugates with different
reaction times up to 7200 seconds are shown inr&iguThere was a sharp decrease
in surface tension during the first 500 secondsi)enh tended to become a steady
state with a relatively more gradual decrease nfasa tension after 1000 seconds.
Then the surface tension was maintained as a umi¥atue after 3000 seconds. It can
be seen clearly that OVA showed the highest surfeacsion, and the order of it for
the OVA-inulin glycoconjugates with different remet times was as follow: 2D> 4D >
6D > 8D > 10D. This was demonstrated by the finedegce tension values (at 7200 s)
of 42.28+0.077 mN/m, 38.83+0.096 mN/m, 39.33+0.649/m, 36.09+0.154 mN/m,
and 34.06+0.077 mN/m for OVA, 2D, 4D, 6D, 8D andD]l(Qespectively. These
results indicate that, with extending the reactiome, the ability of decreasing the
surface activity by OVA-inulin glycoconjugates waishanced compared to the native
OVA. This is also certified by the surface hydropteity values (Figure 1b) where
10D was the least hydrophobic ait} of different glycated OVAs significantly
decreased compared to the OVA with the increasedation time. This is consistent
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with the study by Liu et al. (2019). The surfacéeivaity of proteins was improved
because of glycation with a hydrophobic group natttean a hydrophilic group
(Rangsansarid et al. 2008). In this study, the dyiitic hydroxyl groups from inulin
lowered the surface activity of OVA. With the raaat time increasing, the
conjugation efficiency (Figure 1a) also increasesich means the OVA-inulin
glycoconjugates reduced the surface activity of O®dAnore and more extent. Some
previous studies have also shown that glycatiorh witucose led to more rapid
adsorption (Zhu, Wang, & Zhao, 2017; Liu et al., 19D The increased surface
interfacial activity would lead to improved emuisétion properties (Kristinsson &
Hultin, 2003).

The secondary structural composition for nativ€AOwas approximately as
follows: 38.2%a-helix; 16.85%pB-sheet; 16.1% Turn; and 28.9% random coil (Table
1), calculated by the CONTIN/LL program in CD Pafteare. There was a general
tendency of negative and positive band shifts t@elowavelength because of the
glycation, and the negative ellipticity of thesenda considerably decreased with the
reaction time compared to native OVA, indicatingttithe secondary conformation
was distinctly changed by the treatment. In addijtim the dry state, each protein
molecule unreacted in the reaction period was oselcontact with neighboring
molecules forming intermolecular hydrogen-bond@dsheets. The increased
inter-molecular interactions among the neighborprgteins possibly led to an
increase in the amount of intermolecutasheets and naturally a decrease-imelix

and random coil (Figure 2b and Table 1).

Trp-fluorescence is a common index used to detket dhanges of protein
conformation and amino acid (Sun et al. 2004). @panof the native OVA and
glycated OVAs in Trp-related fluorescence were ol by fluorescence emission
spectra following an excitation at 280 nm (Figum. 2n the results of OVA-inulin
conjugates, the Trp-fluorescence was lower tham thhanative OVA, where the
fluorescence intensity of native OVA (514.16) ispegximately 3 times of that
(157.49) of OVA-inulin conjugates when incubated 16 days. It might be due to the
shielding effect of the carbohydrate bound (Liale2017). The reduction in intensity
of Trp-fluorescence observed in glycated proteirigh vinulin indicates that the
glycation affected partially the side chains oftpmo in its tertiary structure through

the Maillard reaction without great disruption dadtive structure (Sun et al. 2004).
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Similar findings were achieved with OVA (Sun et 2004), phaseolin (Tang et al.
2011), and silver carp myosin (Liu et al. 2017)idgmglycation.

Figure 2d shows apparent mean zeta potentials oA Gwvid OVA-inulin
glycoconjugates as a function of pH. The total blgmer concentration was 0.1%
(w/w). The native OVA solution had an isoelectrioig (IEP) of 4.70 which was
corresponding to the literature value 4.75 (Cheal.e2018). The strongest reduction
of IEP was observed for the OVA-inulin incubated 1® days, which was down to
around 4.10. Meanwhile, it can be seen that wighinlcrease in reaction time, the IEP
decreased for the OVA-inulin glycoconjugates arelrttfEP values were lower than
that of the native OVA. It was possibly attributénl the glycation with dextran

reducing the amount of ionizable amino groups @ QWA (Liu et al., 2019).

The antioxidant activity of modified complexes wdwmracterized by measuring the
free radical scavenging rate (Habinshuti et al1®2Nooshkam et al., 2019). The
DPPH- radical scavenging activity of glycated OViasshown in Figure 3. The
results show a tendency that with the increaseeattron time, the DPPHadical
scavenging activity of glycated OVAs was signifitgnmproved (P > 0.05). The
DPPH- radical scavenging rate of native OVA sohlutwas 21%, but after the
OVA-inulin glycoconjugates were incubated for 2, @, 8 and 10 days, the
DPPH- radical scavenging rates were 27.5%, 48%, 80%), and 84%, respectively.
The Maillard reaction is a chemical method that hasn proposed to improve the
free radical scavenging activity, which could betipdly related to the caramelization
of glucose (Liu et al., 2012). According to Woosteral (2006), during the Maillard
reaction, a series of substances with strong adaox activity, which include
reducing ketones, melanoids and some small volaglerocyclic compounds, are
produced. As shown in Figure 1a, at reaction tipecu8 days or 10 days, there was
no significant change to the DPPH- radical scavengictivity (P > 0.05), which

indicates the upper limit of inhibiting oxidation.
3.3 The kinetics of adsorption

In order to determine the dynamic adsorption of O\@kd OVA-inulin
glycoconjugates at the oil-water interface, 0.1%/WwWw OVA or OVA-inulin
glycoconjugate solution was used as the aqueousephad the oil phase was

pomegranate seed oil. The dynamics of OVA and ON#un glycoconjugates
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adsorption at the pomegranate seed oil-water atderivere examined over the time
scale ranging from seconds to several hours by umegsthe interfacial tensions at
25 °C (Figure 4). It has been clearly observed thatinterfacial tension decreased
progressively along with the adsorption time, wéhter changes at earlier adsorption
period indicating that there was a spontaneousrptiso of OVA and OVA-inulin
glycoconjugates at the interface. After the integfavas formed, the decrease was
initially steeper followed by an asymptotical pktieng. This shape was characteristic
for the interfacial tension evolution of the emiisi laden oil/water interface.
Meanwhile, the initial interfacial tension of OVAdlin glycoconjugates was
significantly lower than that of OVA, indicating ah the adsorption rate of
OVA-inulin glycoconjugates at the pomegranate seikdvater interface increased
with longer reaction time. It was the conjugatidficeency that affected the ability of
interfacial adsorption. The time required for reidgcinterfacial tension by 30% of
the initial value at the pomegranate seed oil-wiaterface due to the adsorption of
OVA and OVA-inulin glycoconjugates and the equilibn interfacial tension at 7200
s at 25 °C are shown in Table 2. The interfaciahsien of OVA-inulin
glycoconjugates showed more rapid adsorption coatbén the native OVA and
better ability to reduce the equilibrium interfdci@nsion. It indicated that the
adsorption rate of OVA-inulin glycoconjugates irmsed with the incubation time. It
might be due to that the surface hydrophobicitg(Fe 1b) and zeta potential (Figure
3d) of OVA-inulin glycoconjugates decreased witk tieaction time. Hence there are
many factors to be considered which may affect adsorption rate among the
different emulsifiers such as: emulsifier size, toghobicity, instability, charge and
disulfide bond (Hu et al., 2019).

3.4 Physicochemical stability of pomegranate seddemulsions stabilized by
glycated OVA

Emulsions are thermodynamically unstable systemith the possibilities of
creaming, flocculation and coalescence (Schrodeal.et2017). The droplet size
distribution and volume mean diameter (D[4,3]) die tfreshly prepared 20%
pomegranate seed oil emulsions stabilized by OVé @Y A-inulin glycoconjugates
were measured to evaluate their emulsion stakalitg0 | (Figure 5a and 5b). The
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emulsions contained 1.2% OVA or glycated OVA with?2 pomegranate seed oil as
mentioned in the experimental section. The drogilst distribution of the emulsions
stabilized by OVA and OVA-inulin (2D) showed almasi change during the first 3
days; and neither did the emulsions formed by 4@ &h after storing 5 days at
The size distribution of the emulsion stabilizedI®p stayed the same over 9 days at
60 [ which was the best one. These emulsions had eififfetroplet sizes, where the
smallest droplet size ¢d 14.0pum) emulsion was made by 1.2% glycated OVA (10D)
and the biggest one €18.0 um) was made by 1.0% native OVA. All the glycated
OVAs (OVA-inulin) have formed a smaller size emaisiP < 0.05) compared to the
one made by native OVA. Noticeably, no significdat> 0.05) change was observed
in the volume mean diameter D [4,3] for acceleraeulilsion formed by 10D during
storage time up to 9 days, indicating its high ditgbagainst coalescence. The better
storage stability was attributed to smaller drogiee (Liu et al., 2019), which is due
to the adsorption ability at the oil-water intedacThe strong emulsifiers could
rapidly adsorb at the oil-water interface to lowee interfacial tension then form a
smaller droplet. The data of interfacial tensiong(fe 4) indicate the 10D could
stabilize an emulsion with smallest droplets comgarto other OVA-inulin
emulsifiers with shorter incubation time. Visual sebvation of the emulsions
prepared by OVA and glycated OVAs is shown in Fegbc. OVA glycosylates with
carboxymethyl cellulose of different substitutioregdees also show a better

emulsifying activity (Su et al., 2018).

The droplet sizes and zeta potentials of pomegeaseed oil emulsions with OVA
and OVA-inulin glycoconjugates at different pHs aieen in Figure 6a. At pH = 3
the zeta potentials with OVA and glycated OVAs weositive because the IEP were
4.70 for OVA and 4.50-4.10 (Figure 2d) for OVA-imulglycoconjugates with
different reaction times from 2 days to 10 dayse @bsolute value of glycated OVAs
was significantly higher (p < 0.05) than that of ®MWeanwhile, at pH 5-9 the zeta
potentials of pomegranate seed oil emulsions wit/AOand OVA-inulin
glycoconjugates were negative and the absoluteewals also significantly higher (p
< 0.05) for OVA-inulins compared to the native OVAhe droplet size of the

emulsions made by OVA-inulins decreased signifigafi < 0.05) with the reaction



452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

time increasing, where the smallest size of pomredeaseed oil droplet was found in
the emulsion stabilized by OVA-inulin with 10 daysaction. With increasing pH, the
mean diameter of the emulsion formed with 10D desed from 3Qum to 16um. It
was due to that the electrostatic repulsive foetgvben the oil bodies was weak when
the pH was near the isoelectric point, which mayake& the stability of the
emulsions at pH 3 and pH 5 according to the workSof et al. (2018). The
electrostatic and steric repulsion between thémplets increased because they were
surrounded by a charged layer, concurrently redutie van der Waals attraction
(Lesmes et al., 2012). At pH 7 and pH 9, the maaméter of pomegranate seed oll
emulsions was relatively small, which could beilatited to the stronger electrostatic
repulsion between the oil droplets that preventesr taggregation. Compared to the
native OVA, the glycated OVA-inulins clearly shoWwat coating the pomegranate
seed oil droplets can greatly extend the rangetbivplues at which they remain

stable and prevent their aggregation.

As shown in Figure 6b, the zeta potential absolalee of pomegranate seed oil
emulsion stabilized by OVA remarkably decreased (®05) from -32 mV to -17.5
mV with the salt concentration up to 250 mM NaGlwhs due to the electrostatic
screening effects of sodium ions (Xu et al.,, 2012hwever, the OVA-inulins
stabilized emulsion has shown no significant (pG5) changes on their zeta potential
values, which were relatively high at pH 7 awayE® (4.50-4.10). Figure 6¢c shows
that the mean diameter of pomegranate seed oilstongl maintained the same trend
as zeta potential. The droplet size dramaticallyx (05) increased from 18,5n to
22 um with the salt concentration varying from 0 to 26M. However, there was no
significant (p > 0.05) change on the mean diamaténe droplets for the OVA-inulin
glycoconjugates formed emulsions. These resultsvetiothat the OVA-inulin
glycoconjugates used as a layer to coat oil drapieatly improved the salt stability
of pomegranate seed oil emulsions, which may hanymoitant implications for their

utilization in food products.
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The peroxide value (PV) is an important indicdatojudge the quality of oil, which
mainly reflects the change of hydroperoxide contertil (Soleimanian et gl2018).
As shown in Figure 7, lipid hydroperoxides wereedé&td in the pomegranate seed oil
emulsions stabilized by OVA-inulin glycoconjugathsing storage at 25 + 1 °C. The
degree of oxidation of the emulsion gradually iased with the storage period
extended. After 4 days, there was a difference he PV of the OVA-inulin
glycoconjugates with different conjugation efficogs. The oxidation stability of the
glycated OVA emulsion system was better than theA@vhulsion (p < 0.05), and
with the reaction time increasing, the oxidativabdity of the glycated OVA
emulsions improved. The PV of the OVA emulsion wias largest, being 47.58
mmol/kg oil after storing over a week, while the BWV10D emulsion was just up to
31.27 mmol/kg oil. It may be due to that the glgch©OVAs adsorbed at the oil-water
interface formed a dense physical barrier, whiaidéred the entry of free radicals
into the interior of the emulsion droplets and stfdwdown the rate of lipid oxidation
(Xie et al. 2019). Meanwhile, with the extensionreéction time, more sugar chains
were covalently grafted with OVA molecules. Thetpim molecules adsorbed at the
oil-water interface formed a viscoelastic proteetfim, and the sugar chains formed
a spatial three-dimensional network structure enailiter side. It further increased the
thickness and mechanical strength of the interfdoe and greatly improved the

oxidation stability of the emulsion (Shi et al. 201

3.5 Fatty acid profile of pomegranate seed oil e temulsion stabilized by

OVA-inulin glycoconjugates

Pomegranate seed oil is particularly susceptibtexidation because of high degree of
unsaturation. Oil oxidation could influence fattgichcomposition, and the changes of
fatty acid class imply oil quality (Wang et al. 200 The pomegranate seed oll
fractions were determined from the fatty acid pgesfiobtained by GC-MS analysis
(Table 3). It was possible to see that PUFAs regmtesl content more than 83.2% of
total fatty acids, linolenic C18:3 fraction beirfgetmajor component (76.3% of total

fatty acids). After storing a week at 60 °C, theataontent of SFA in pomegranate
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seed oil increased, and the total content of PUleArehsed, which reduced the
overall unsaturation. Among all the emulsions, #@raulsion stabilized by 10D

showed the minimum change on the content of SFARPANEA compared to the initial

values, which were 10.8% and 81.5%, respectiveliye dhange in UFA content was
mainly caused by the change of C18:3. The conte6t18:3 in pomegranate seed oil
completely exposed to air was reduced by 8.1%,tl@adne in pomegranate seed oil
in OVA emulsion was reduced by 7.2%. With reactiome increased, the content of
C18:3 gradually decreased. However, the C18:3 ohgmranate seed oil in 10D
emulsion only decreased by 3.2%, which was posdiidyresult of the oxidative

cleavage of fatty acids during storage (Tironi &t 2007). To some extent, the
emulsion by OVA-inulin glycoconjugates would be ald prevent the pomegranate

seed oil from oxidation, particularly the OVA-inolwith 10 days reaction time.
3.6 CLSM and TEM

CLSM micrographs (including red, green and ovetfigid) of fresh emulsions
(OVA, 2D, 4D, 6D, 8D and 10D) were shown in Figse The green fluorescence
resided in spherical droplets, whereas red fluemse resided in emulsifiers,
certifying the type of emulsions was oil-in-wate€ompared to the emulsions
stabilized by OVA-inulin glycoconjugates, the CLSivhages of OVA emulsion
indicated that the OVA was unevenly distributedagueous phase instead of being
well adsorbed at the interface of emulsion. Intemgky, the red fluorescence around
the oil droplets in images of 6D, 8D and 10D wdkia but compact layer, while that
of 10D was thicker and more dense. Furthermorerdtefluorescence layer around
the oil droplets in 2D and 4D was not as conspisuasi those of 6D, 8D and 10D.
According to the previous study (Fernandes e®éll7), emulsifying agents generally
stabilize emulsions by forming a coating over oibmlets and, thus, preventing
agglomeration and oxidation. The change of theiapatructure is due to the
combination of OVA and inulin through the Maillardaction, which can quickly
adsorb on the surface of the oil droplets to forrfilm, making the particle size

smaller and more uniform. Similar findings were iaged by whey protein
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isolate-gum acacia conjugates (Chen eR@l9), Pea protein isolate-gum (Zéiaal

2019), and soy protein isolate-maltose (Xu e2@l9) during glycation.

As illustrated in TEM, the stability of emulsiongaanst environmental stress and
lipid oxidation could be basically affected by tbempactness and thickness of the
network structure around oil droplets. TEM was dddpto visualize the network
structure of emulsions (OVA, 2D, 4D, 4D, 6D, 8D ahdD) and the result was
presented in FiguresSThe droplets in OVA showed the gauzy and discowtirs
interfacial film composed of peptides, which wakted to the unwound and flexible
structure of OVA and the incomplete repulsion atican equilibrium between the
side chains of peptides. A thick and continuousvoek structure was observed in the
interface of emulsions stabilized by 8D and 10Dd ahe compactness and
consecutiveness of network structure were reliedhenconjugation efficiency and
adsorption capacity of OVA in conjugates. As shawi®VA-inulin glycoconjugates
(2D,4D,6D,8D and 10D), the interfacial layer in 2ibd 4D appeared loose and
discontinuous, while a tight cross-linked netwottusture around oil droplets in 8D
and 10D were observed, which contained the OVA Wigh conjugation efficiency
(Shiet al 2019). The thickness and compactness of intetfitiawere decisive not
only to the intensity of electrostatic forces, also to the magnitude of steric
repulsion. The enhancement in the stability of esmonls stabilized by conjugates
(especially 10D) was primarily ascribed to the khiess and compactness of
interfacial layer around oil droplets, which actslphysical barrier to provide great
steric hindrance, and restrain the diffusion arittration of transition metal ions and

oxidation initiators into oil droplets to ameliogahe oxidative stability of emulsions.

4. Conclusion

Overall, the excellent storage stability anggstal stability against environment
stress exhibited in pomegranate seed oil emulsistabilized by OVA-inulin

glycoconjugates, which were attributed to the comabi action of stabilization
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emulsifiers (formed by the Maillard reaction of OMAith inulin) and increasing
adsorption rate. The OVA-inulin glycoconjugates’®HP+ radical scavenging rate of
the polymer increased and the peroxide value optireegranate seed oil emulsions
grew slowly during storage, indicating that the é&siun prepared by the OVA-inulin
glycoconjugates could effectively delay the pomegta seed oil oxidation and
protect its quality. CLSM and TEM further showec tMaillard reaction between
OVA and inulin significantly improved the emulsifig properties of OVA. In
particular, the 10D emulsion had the best stabilityis study provides a promising
approach to add value to the protection of pomegearseed oil and OVA

applications.
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Figure Captions:

Figure 1. (a) Conjugation efficiency of OVA glycoconjugatasnd nonenzymatic
browning which was determined by UV/vis absorbaat&20 nm as a function of
reaction time; (b) Surface hydrophobicitidg] of OVA and glycoconjugates as a

function of reaction time. Different letters indieasignificant (P < 0.05) differences.

Figure 2. (a) Surface tension response to adsorption of QWA glycoconjugates
(2D, 4D, 6D, 8D, and 10D) of OVA at the air/watetarface; (b) Far-UV CD spectra
of OVA and glycoconjugates (2D, 4D, 6D, 8D, and )0(@) Intrinsic fluorescence
emission spectra of OVA and glycoconjugates (2D, @D, 8D, and 10D); (d) Zeta
potentials as a function of pH for OVA and glycopmates (2D, 4D, 6D, 8D, and
10D).

Figure 3. DPPH radical-scavenging activity as a function of reactime.

Figure 4. Linear plot of adsorption kinetics of OVA and OViAdlin glycoconjugates
with different reaction times (2D, 4D, 6D, 8D, ahdD) at the MCT-water interface
at 2571.

Figure 5. (a) Particle size distribution of 20% oil-in-watemulsions prepared using
1.2% OVA and OVA-inulin glycoconjugates with difeart reaction times (2D, 4D,
6D, 8D, and 10D) after storing at 5 for 9 days; (b) Time evolution in D [4,3] of 20%
oil-in-water emulsions prepared by using 1.2% OVAnda OVA-inulin
glycoconjugates with different reaction times (2ID, 6D, 8D, and 10D) after storing
at 60C for 9 days. Error bars represent the standardatlemi of at least two
independent replicates. (c) Visual observation@%f62il-in-water emulsions prepared
using 1.2% OVA and OVA-inulin glycoconjugates wdliferent reaction times (2D,
4D, 6D, 8D, and 10D) after storing at’60for 9 days.

Figure 6.(a) pH effect on mean particle diameter D [4,3] aeth potentials of 20%
oil-in-water emulsions prepared using 1.2% OVA &\dA-inulin glycoconjugates
with different reaction times (2D, 4D, 6D, 8D, ad@D); (b) Salt effect on zeta
potential of 20% oil-in-water emulsions preparethgsl.2% OVA and OVA-inulin
glycoconjugates with different reaction times (2, 6D, 8D, and 10D) at pH 7; (c)
Salt effect on mean particle diameter (D [4,3]) 20% oil-in-water emulsions
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prepared using 1.2% OVA and OVA-inulin glycoconjtegawith different reaction
times (2D, 4D, 6D, 8D, and 10D) at pH 7.

Figure 7. Peroxide values (PV) of pomegranate seed oil aondsstabilized by OVA
and glycoconjugates (2D, 4D, 6D, 8D, 10D) of OVA4t+ 1 °C for 7 days.
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Table Captions:

Table 1. Secondary structural compositions, characteristiceative and glycated
OVA samples at pH 7.0.
Table 2. The time (T) required to reduce interfacial tenstyy 30% of the initial

value at the pomegranate seed oil-water interfaceeguilibrium interfacial tension
at 7,200 s at Z6.

Table 3. Fatty acid profile (% total fatty acid) of nativadiglycated OVA samples
analyzed by GC-MS.
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Supporting Figure Captions:
Figure S;. FTIR spectra of OVA and glycoconjugates (2D, 4D, 8D, and 10D)

Figure S,. Confocal laser scanning micrographs of the frephdypared oil-in-water
emulsions (OVA, 2D, 4D, 6D, 8D and 10D). Oil draglevere stained with Nile Red
and observed under 488 nm, and aqueous phaseawsdsivith Nile Blue and
observed under 633 nm (helium neon laser). Theagiaphs were excited for Nile

Red, Nile Blue A and over laps, respectively.

Figure S;. Transmission electron micrographs (TEM) of theslitg prepared

oil-in-water emulsions (OVA, 2D, 4D, 6D, 8D and 10D
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Figure 1. (a) Conjugation efficiency of OVA glycoconjugatesd nonenzymatic
browning which was determined by UV/vis absorbaat&20 nm as a function of
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Figure 2. (a) Surface tension response to adsorption of @GWd glycoconjugates
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potentials as a function of pH for OVA and glycogmates (2D, 4D, 6D, 8D, and

10D).



SO

OOOOOOOOOO
999999999

4 6 8 10
Time of incubation (days)

2

0

a function of reactime.

nging activity as

40 Figure 3. DPPH radical-scave



25

® OVA
— 2D
g 20
pa o ® 4D
E ( 7YY
\C, oooooooooo....... m 6D
S1s 0"“ 0000000000¢000000000000000 4 3D
% _,... 00““, vorens ® 10D
it AA I...... 000000000....
o A\ L™ 9640400000000 %,
= 107 ..A Aday, ......llIIIIIIIIIIIIIII===IIIII====
'O o000
f‘j oooooo‘“““““6““»uunnnuunu
Q L
E 5
oty
0 1000 2000 3000 4000 5000 6000 7000

Time (s
841 )

842  Figure4. Linear plot of adsorption kinetics of OVA and OMAulin glycoconjugates
843  with different reaction times (2D, 4D, 6D, 8D, afhfD) at the pomegranate seed
844  oil-water interface at 25.
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847  Figureb. (a) Particle size distribution of 20% oil-in-watemulsions prepared using
848 1.2% OVA and OVA-inulin glycoconjugates with difeert reaction times (2D, 4D,
849 6D, 8D, and 10D) after storing at 60 for 9 days; (b) Time evolution in D [4,3] of 20%
850 oil-in-water emulsions prepared by using 1.2% OVAnda OVA-inulin

851  glycoconjugates with different reaction times (2ID, 6D, 8D, and 10D) after storing
852 at 60C for 9 days. Error bars represent the standardatlewmi of at least two
853 independent replicates. (c) Visual observationG8f62il-in-water emulsions prepared
854  using 1.2% OVA and OVA-inulin glycoconjugates wilfferent reaction times (2D,
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Figure 6. (a) pH effect on mean particle diameter D [4,3fl aeta potential of 20%
oil-in-water emulsions prepared using 1.2% OVA &MA-inulin glycoconjugates

with different reaction times (2D, 4D, 6D, 8D, a@@D); (b) Salt effect on zeta
potentials of 20% oil-in-water emulsions preparsthg 1.2% OVA and OVA-inulin

glycoconjugates with different reaction times (2, 6D, 8D, and 10D) at pH 7; (c)
Salt effect on mean particle diameter (D [4,3]) 20% oil-in-water emulsions
prepared using 1.2% OVA and OVA-inulin glycoconjtegawith different reaction
times (2D, 4D, 6D, 8D, and 10D) at pH 7.
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876  Table 1. Secondary structural compositions, charestics of native and glycated
877  OVA samples at pH 7.0.

Samples Secondary structure composition (%)
Molar Reaction period a-Helix® B-Sheef  Turns Random
ratio (days) coil
native 0 38.2 16.85 16.1 28.9

2 36.4 24.3 12.1 27.2
4 36.6 23.0 12.3 28.2
1:4 6 30.6 29.9 11.3 28.3
8 31.0 37.8 6.2 25.0
10 22.8 45.3 8.4 23.5

878 a Combined regular and distortedhelix.
879 b Combined regular and distortpesheets.

880



881 Table 2. The time (T) required to reduce interfa@asion by 30% of the initial value
882 at the pomegranate seed oil-water interface andlilegum interfacial tension at
883 7,200 s at 25.

Solution sample T (s) Equilibrium interfacial (mN/m
OVA 1332 15.12
2D 1129 13.11
4D 849 10.33
6D 709 9.39
8D 549 7.27
10D 429 7.13

884
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Table 3. Fatty acid profile (% total fatty acid) pbmegranate seed oil emulsions

stabilized by OVA and glycoconjugates (2D, 4D, @D, 10D) of OVA at 60 £ 1 °C

for 7 days.

Fatty Initial oil

aicd(%) 0 day

Bulk oil

OVA

2D

4D

6D

8D

10D

7 days

Palmitic C16:0
(%)
Stearic  C18:0
(%)
Oleic C18:1
(%)
Linoleic C18:2
(%)
Linolenic C18:3
(%)
Arachidic C20:0
(%)

2.99+0.08

2.45+0.03

5.94+0.0%

6.88+0.01

76.3+0.03

4.36+0.08

SFA (%) 9.80+0.06
UFA (%) 89.1+0.11
MUFA (%) 5.94+0.03

PUFA (%) 83.2+0.0%

5.31+0.08

5.21+0.03

6.24+0.04

7.36%0.03

68.2+0.04

4.42+0.01

14.9+0.02
71.8+0.07
6.24+0.08

75.6+0.02

5.12+0.01

5.08+0.01

6.01+0.02

7.03+0.08

69.1+0.02

4.40+0.02

14.60.01
75.1+0.08
6.01+0.03

69.1+0.08

4.76+0.06

4.85+0.0%

7.01+0.02

6.82+0.03

70.3+0.03

4.54+0.01

14.2+0.0%
84.1+0.08
7.01+0.02

77.1+0.04

5.37+0.03

4.63+0.0%

6.59+0.08

6.77+0.04

69.5+0.03

4.47+0.02

14.5+0.0%
82.8+0.04
6.59+0.03

76.3+0.08

4.55+0.03

3.24+0.0%

5.21+0.02

6.92+0.01

71.4+0.04

4.50+0.08

12.3+0.04
84.410.08
5.21+0.0%

79.2+0.08

3.63+0.0%

3.05+0.02

5.68+0.02

6.87+0.01

72.6+0.02

4.43+0.08

11.1+0.04
86.1+0.04
5.68+0.03

81.3+0.0%

3.42+0.04

2.89+0.03

5.30+0.0%

6.68+0.01

73.1+0.02

4.48+0.08

10.8+0.04
89.8+0.07
5.30+0.08

81.5+0.02

abedgronts mean ranking in all treatment groups by Rurs Multiple Range Tests.

Values are mean+SD, n =3

SFA saturated fatty acidJFA unsaturated fatty acidlUFA monounsaturated fatty

acid, PUFA polyunsaturated fatty acid, The fatty acid data exhibited significant

difference (p <0.05).
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Figure S;. FTIR spectra of OVA and glycoconjugates (2D, 4D, 8D, and 10D)
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Figure S,. Confocal laser scanning micrographs of the frephdypared oil-in-water
emulsions (OVA, 2D, 4D, 6D, 8D and 10D). Oil draglevere stained with Nile Red
and observed under 488 nm, and aqueous phaseatrsedsivith Nile Blue and
observed under 633 nm (helium neon laser). Theagiaphs were excited for Nile

Red, Nile Blue A and over laps, respectively.

Figure S;. Transmission electron micrographs (TEM) of theslitg prepared

oil-in-water emulsions (OVA, 2D, 4D, 6D, 8D and 10D



Highlights

1) OVA glycosylates with inulin showed a better emulsifying activity.

2) The OVA-inulin emulsion could prevent pomegranate seed oil from oxidation.

3) OVA-inulin can greatly extend the range of pH vaues at which they remain
stable.

4) OVA glycosylates with inulin clearly show improving the salt stability.
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