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ARTICLE INFO ABSTRACT

Keywords:

To understand the influence of B-glucans structure on the emulsifying properties of protein-polysaccharide
conjugates, sodium caseinate (NaCas) was utilized to form glycosylation conjugates with varying degrees of
glycosylation (10.68-17.50%) using three B-glucans from bacteria, yeast, and oats. This process induced alter-
ations in the secondary structure of protein. The nanoemulsions prepared with the glycosylated conjugates
exhibited superior stability compared to those formulated solely with NaCas, particularly under conditions of
drastic pH fluctuations and extended storage periods. The nanoemulsion prepared with the NaCas-Salecan
conjugate demonstrated exceptional stability at pH 4 and 6, or storage for 20 days. Additionally, it signifi-
cantly attenuated the oxidation of unsaturated fatty acids and exhibited the lowest levels of aggregation, floc-
culation, and free fatty acid release rate during in vitro digestion. This study suggested the potential of the NaCas-
Salecan conjugates in enhancing the stability of nanoemulsions and facilitating the colorectal-targeted delivery

Glycosylation conjugates
O/W nanoemulsion
Stability

In vitro digestion

of sea buckthorn fruit oil.

1. Introduction

Sea buckthorn fruit oil is a functional oil extracted from Hippophae
rhamnoides L. pulp, rich in bioactive substances such as unsaturated fatty
acids, carotenoids, phytosterols and tocopherols (Chang et al., 2020).
Research indicates its anti-inflammatory, antioxidative, immune-
enhancing and cardiovascular and cerebrovascular-protective proper-
ties (Dong, Binosha Fernando, Durham, Stockmann, & Jayasena, 2023;
Olas, 2018; Vilas-Franquesa, Saldo, & Juan, 2020; Wang, Xu, & Liao,
2022). However, the oil’s instability and susceptibility to oxidation
shorten its shelf life, produce off-flavors, and constrain its applications
and market value (Waglewska, Misiaszek, & Bazylinska, 2022).

Oil-in-water nanoemulsions can enhance the stability and bioavail-
ability of lipophilic functional nutrients by inhibiting lipid oxidation and
providing more binding sites for digestive enzymes (such as lipase)

* Corresponding authors.

(Islam et al., 2023; Rave, Echeverri, & Salamanca, 2020; Tereshchuk,
Starovoitova, Vyushinsky, & Zagorodnikov, 2022). Emulsion stability,
crucial for retaining functional components, is largely determined by the
choice of emulsifier. (Xu, Mukherjee, & Chang, 2018). Protein-
polysaccharide conjugates formed via the Maillard reaction offer
promising potential as emulsifiers and stabilizers in food systems,
exhibiting improved solubility, emulsifying properties, thermal stabil-
ity, foaming ability, and gel properties (Nooshkam, Varidi, Zareie, &
Alkobeisi, 2023).

Previous studies utilized p-glucans from various sources to enhance
protein functionality via the Maillard reaction (de Oliveira, Coimbra, de
Oliveira, Zuniga, & Rojas, 2016; Sun et al., 2019). B-Glucans differ in
glycosidic bonds and molecular weights based on their sources. For
instance, the B-glucan from cereals consist of (1 — 3) and (1 — 4)
linkages, while yeast p-glucan contain § (1 — 3) and p (1 — 6) linked
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branches. Bacterial f-glucans exhibit diverse chemical structures,
ranging from linear to branched forms. Linear bacterial $-glucans consist
of repetitive glucose units linked via § (1 — 3) bonds, while branched
bacterial p-glucan contain glucose units connected by (1 — 3,1 — 6)
linkages (Kaur, Sharma, Ji, Xu, & Agyei, 2020). The structural dispar-
itles among f-glucans may influence the properties of protein-
polysaccharide conjugates in emulsion preparation. However, compar-
ative studies between p-glucans with different structures or sources are
rarely reported.

In this study, three different sources of f-glucan (from bacteria,
yeast, and oat) were utilized to form protein-polysaccharide conjugates
with sodium caseinate, and sea buckthorn fruit oil nanoemulsions were
prepared using these glycosylated conjugates. The above gap is
addressed by elucidating the impact of different p-glucan sources on
emulsion stability and functionality. This study provides insights into
the development and utilization of sea buckthorn fruit oil and p-glucan
glycosylated emulsifiers, and also provides a theoretical basis for opti-
mizing the formulation of sea buckthorn fruit oil functional foods and
improving their efficacy.

2. Materials and methods
2.1. Materials

Sea buckthorn fruit oil was purchased from Xinjiang Altay Food Co.,
Ltd. (Altay, China). Salecan (CAS 1439905-58-4, average MW 2.0 MDa),
a natural p-glucan from bacteria consisting of seven residues linked by
B-(1 - 3)/a-(1 — 3) glycosidic bonds, was obtained from Sichuan Hetai
Xinguang Biotechnology Co., Ltd. (Chengdu, China). Beta-glucan from
yeast (CAS 9012-72-0, MW 27.9-175 kDa) and p-glucan from oats (CAS
9041-22-9, average MW 1.6 MDa) were purchased from Henan Bangsu
Biotechnology Co., Ltd. (Zhengzhou, China). Sodium caseinate (NaCas,
CAS 9005-46-3, from milk), sodium taurocholate (CAS 145-42-6),
pepsin (CAS 9001-75-6, EC 3.4.23.1), bile extracts (CAS 8008-63-7), and
lipase (CAS 9001-62-1, EC 3.1.1.3) were purchased from Sigma Aldrich
(Shanghai, China). Phosphate-buffered saline (PBS), Nile red and SDS-
PAGE gels were purchased from Shanghai Sangon Biotech Co., Ltd.
(Shanghai, China). Methanol (chromatographic purity) was purchased
from Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Simulated
gastric fluid (SGF) and simulated intestinal fluid (SIF) were purchased
from Phygene Lifesciences Technology Co., Ltd. (Fuzhou, China).

2.2. Preparation of protein-polysaccharide conjugates

Protein-polysaccharide conjugates were prepared following previous
reports (Capar & Yalcin, 2021). Briefly, NaCas and p-glucan (mass ratio
of 1:1) were dissolved in ultrapure water to form a 1% (w/v) protein-
polysaccharide mixture. The mixture was thoroughly dissolved by stir-
ring for 2 h and hydrated at 4 °C overnight. Then the pH of the mixture
was adjusted to 8, and the mixture was stirred at 90 °C for 90 min. The
reaction was terminated by rapid cooling to room temperature, followed
by freeze-drying to obtain glycosylated conjugates.

The degree of glycosylation (DG) was determined based on the
alteration in the quantity of free amino groups before and after the re-
action (Ding, Yan, Yu, & Liu, 2023). Specifically, 0.1 mL of sample so-
lution was mixed with 2.7 mL of o-phthalic aldehyde (OPA) reagent and
incubated for 1 min at room temperature. The absorbance was subse-
quently measured at 340 nm. The DG was calculated according to Eq.

1):
DG (%) = (Ag — A¢/Aq x 100% €}

where Ag is the absorbance value before glycosylation and A; is the
absorbance value after glycosylation.
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2.3. Preparation of sea buckthorn fruit oil nanoemulsions

The preparation of sea buckthorn fruit oil nanoemulsions refers to
previous reports (Rave et al., 2020). The NaCas-p-glucan conjugates
were prepared in a 1% (w/v) aqueous solution, stirred for 2 h to ensure
complete dissolution, and hydrated overnight at 4 °C. Then, the aqueous
solution was mixed with sea buckthorn fruit oil at a volume ratio of 9:1
and sheared at 13,000 rpm/min for 5 min using an ULTRA-TURRAX T25
homogenizer (IKA, Staufen, Germany). The mixture was homogenized
in a NanoGenizer 30 K high-pressure microfluidizer (Genizer, USA)
twice at 15,000 psi and 6 °C to prepare the sea buckthorn fruit oil
nanoemulsion. An emulsion prepared with unglycosylated NaCas was
used as a control.

2.4. SDS-page

SDS-PAGE analysis was performed on the protein-polysaccharide
conjugates using a 5% concentrated gel and 12% separating gel, and
stained with Coomassie Brilliant Blue R-250, refers to previous reports
(Zhang, Gong, Khanal, Lu, & Lucey, 2017).

2.5. Fluorescence spectroscopy

Fluorescence spectroscopy was obtained refers to previous reports
(Sofronova, Semenyuk, & Muronetz, 2019). Two milligrams of protein-
polysaccharide conjugates were dissolved in 1 mL of phosphate buffer
solution (20 mmol/mL, pH 7.0), and the fluorescence emission spectra
were measured using a FluoroMax-4 spectrofluorometer (Horiba Sci-
entific, Japan) at room temperature. The excitation wavelength was 295
nm, and the emission spectra were collected in the range of 310-450 nm,
with both excitation and emission wavelength slits of 5.0 nm.

2.6. Circular dichroism (CD) spectroscopy

CD spectroscopy was obtained refers to previous reports (Ding et al.,
2023). Two hundred micrograms of protein-polysaccharide conjugates
were dissolved in 1 mL of phosphate buffer solution (20 mmol/mL, pH
7.0). The secondary structure of the protein was analyzed using a
Chirascan Plus circular dichroism spectrometer (Applied Photophysics,
UK) with a collection wavelength range of 190-250 nm and a resolution
of 1.0 nm at 25 °C. Each sample was scanned three times. Distilled water
was used as a blank control. The spectra were smoothed using the in-
strument software. The proportion of each secondary structure was
calculated using CDNN software.

2.7. FTIR analysis

The FTIR spectra of the samples were analyzed using a Spectrum Two
FTIR spectrophotometer (PerkinElmer, USA) with an attenuated total
reflectance (ATR) probe at a pressure of 70 Pa at room temperature. The

wavelength range was 4000-650 cm ™}, and the resolution was 4 cm ™.

2.8. Nanoemulsion particle size, PDI and {-potential

The average particle size, PDI value and { potential of the nano-
emulsions were measured using a Zetasizer Nano ZS (Malvern, UK) at
25 °C after 100-fold dilution in ultrapure water. Emulsions with particle
sizes beyond the measurement range of the Zetasizer were measured
using a BetterSize 2600 laser particle size analyzer (Dandong Baxter,
China) at a detector angle of 90°.

2.9. Fatty acid analysis by GC/MS
Fatty acid analysis refers to previous reports (Zheng et al., 2021).

Five hundred microliters of sample were mixed with 2 mL of n-hexane
for sonication extraction and then centrifuged at 5000 rpm for 10 min.
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Fig. 1. (A) SDS-PAGE analysis of NaCas, three mixtures and three conjugates. Lanes M ~ 7 are the standard protein marker, NaCas, Salecan mixture, yeast mixture,
oats mixture, Salecan conjugate, yeast conjugate, and oats conjugate, respectively. (B-E) Intrinsic fluorescence emission spectra of NaCas, three mixtures and three
conjugates. (NaCas: NaCas solution; Salecan mixture: the mixture of Salecan and NaCas; yeast mixture: mixture of yeast f-glucan and NaCas; oats mixture: mixture of
oat p-glucan and NaCas; Salecan conjugate: NaCas-Salecan conjugates; yeast conjugate: NaCas-yeast p-glucan conjugates; oat conjugate: NaCas-oat

B-glucan conjugates).

One milliliter of the upper organic phase was combined with 500 pL of
0.5 mol/L potassium hydroxide-methanol solution, and incubated at
80 °C for 10 min for methyl esterification. The product was centrifuged
at 5000 rpm for 5 min, and the upper organic phase was filtered for GC/
MS analysis.

The fatty acid composition was detected by a GCMS-QP2020 NX gas
chromatograph-mass spectrometer (Shimadzu, Japan) equipped with an
Rtx-5MS capillary column (30 mm x 0.25 mm i.d. x 0.25 pm, Restek,
USA). Helium was used as the carrier gas at 0.8 mL/min. The injector
temperature was 270 °C, and the split ratio was 20:1. The oven tem-
perature was was held at 100 °C for 2 min, increased to 180 °C at a rate
of 10 °C/min, was held at this point for 2 min, increased to 210 °C at a
rate of 2 °C/min, and was held for 2 min. The MS interface temperature
was 230 °C, and the ion source temperature was 200 °C. MS spectra were
obtained in the range of m/z 35-500.

2.10. Invitro digestion model

The digestion characteristics of the sea buckthorn fruit oil

nanoemulsions were assessed using a two-stage in vitro digestion model
according to previous studies (Minekus et al., 2014).

In the gastric digestion stage, the sample was mixed with simulated
gastric fluid (SGF, containing 6.9 mmol/L KCl, 0.9 mmol/L K;HPOy4, 25
mmol/L NaHCOs3, 47 mmol/L NaCl, 0.1 mmol/L MgCl,, 0.5 mmol/L
(NH4)2COs3, and 0.15 mmol/L CaCly) at a volume ratio of 1:1. Porcine
pepsin (EC 3.4.23.1) was added to achieve a concentration of 2000 U/
mL, and the solution was adjusted to pH 2.5. The mixture was incubated
for 2 h at 37 °C with continuous shaking at 100 rpm.

In the intestinal digestion stage, the chyme from the mixture of the
gastric digestion stage was combined with simulated intestinal fluid
(SIF, containing 6.8 mmol/L KCl, 0.8 mmol/L Ky;HPO4, 85 mmol/L
NaHCOs, 38 mmol/L NaCl, 0.3 mmol/L MgCly, and 0.6 mmol/L CaCly)
at a ratio of 1:1 (V/V). Bile extracts were added to achieve a concen-
tration of 10 mmol/L, the pH of the solution was adjusted to 7.0. Porcine
pancreatic lipase (EC 3.1.1.3) was added to attain a concentration of
2000 U/mL. The mixture was incubated for 2 h at 37 °C with continuous
shaking at 100 rpm.

To assess the digestion of seabuckthorn fruit oil in the nano-
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Table 1
The protein secondary structure of protein.
Sample a-Helix(%) Beta-Fold(%)  Beta-Turn Rndm.Coil
(%) (%)
NaCas (6)?7:5 41.7 + 0.24% 20.4 +0.24¢ 32.5 + 0.22¢
. 6.8 + 41.4 + 4 .
Salecan mixture 0.27 0.30% 20.4 £0.19 32.7 £ 0.23
. 7.2+ . . .
Yeast mixture 017 40.8 £+ 0.22 20.9 £ 0.23 32.6 = 0.20
. 7.1+ L 20.6 + .
Oats mixture 0.18° 41.3 +£0.19 0.26% 32.5 £ 0.19
Salecan 6.9 + 388+0320 21.4+023° 336 0.22°
conjugate 0.22!
. 71+ . 217+ b
Yeast conjugate 018 38.2 + 0.24 0.31% 33.8+£0.22
. 7.1+ £ a a
Oats conjugate 0.24 37.6 £ 0.28 21.9 £ 0.25 34.0 £0.19

Data presented are expressed as the mean + SEM (n = 3). The different letters in
each column represent a significant difference at P < 0.05. NaCas: NaCas solu-
tion; Salecan mixture: the mixture of Salecan and NaCas; Yeast mixture: the
mixture of yeast p-glucan and NaCas; Oats mixture: the mixture of oat p-glucan
and NaCas; Salecan conjugate: NaCas-Salecan conjugates; Yeast conjugate:

NaCas-yeast p-glucan conjugates; Oats conjugate: NaCas-oat p-glucan
conjugates.

emulsions, the liberation of free fatty acids (FFAs) resulting from lipid
digestion was monitored employing a pH-stat method, as described in
prior research (Borreani et al., 2017). The pH of the aforementioned
mixture was maintained at 7.0 by titrating with NaOH using a T7
automatic titrator (Mettler-Toledo, Schwerzenbach, Switzerland). The
consumption of NaOH was recorded to calculate the release of FFAs after
the addition of lipase to the mixture using the following Eq. (2):

FFAs (%) = (VNaOH(t) X CNaOH X MWoil )/(2 X Moil) x 100% (2)

— NaCas )
—— Sea buckthorn pulp oil
— Nanoemulsion

>

o
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where Vyaon () is the volume of NaOH consumed (L) at t min, Cnaon is
the concentration of NaOH (0.5 mol/L), MWy is the average molecular
weight of sea buckthorn fruit oil (878.7 g/mol), and My; is the initial
mass of sea buckthorn fruit oil (g) in the emulsions.

2.11. Data analysis

Each group of experiments was performed 3 times in parallel, and the
data are expressed as the mean + S.E.M. One-way analysis of variance
(ANOVA) followed by Duncan’s shortest significant range test was
performed using SPSS 22.0 software (SPSS, Chicago, USA).

Table 2

Particle size, {-potential, PDI of the nanoemulsions.
Group Size (nm) PDI Zeta (mV)
NaCas 255.27 + 4.27° 0.242 + 0.010% —60.53 + 1.40°
Salecan mixture 269.73 + 2.19° 0.207 + 0.010° —57.77 + 0.93°
Yeast mixture 255.37 + 2.56" 0.230 + 0.0112® —61.47 +1.02¢
Oats mixture 251.87 + 3.32° 0.223 + 0.014° —49.37 + 0.99°
Salecan conjugate 237.73 + 3.04¢ 0.178 + 0.016° —60.00 + 1.20°
Yeast conjugate 242.97 + 3.33¢ 0.227 + 0.011%° —65.33 + 0.764
Oats conjugate 239.63 + 3.65° 0.189 + 0.008° —64.33 + 1.95¢

Data presented are expressed as the mean + SEM (n = 3). The different letters in
each column represent a significant difference at P < 0.05. NaCas: NaCas solu-
tion; Salecan mixture: the mixture of Salecan and NaCas; Yeast mixture: the
mixture of yeast p-glucan and NaCas; Oats mixture: the mixture of oat p-glucan
and NaCas; Salecan conjugate: NaCas-Salecan conjugates; Yeast conjugate:

NaCas-yeast p-glucan conjugates; Oats conjugate: NaCas-oat f-glucan
conjugates.
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Fig. 2. Infrared spectra of sea buckthorn fruit oil nanoemulsions prepared with NaCas or three protein-polysaccharide conjugates. (A) Nanoemulsion prepared with
NaCas. (B) Nanoemulsion prepared with NaCas-Salecan conjugates. (C) Nanoemulsion prepared with NaCas-yeast f-glucan conjugates. (D) Nanoemulsion prepared
with NaCas-oat B-glucan conjugates. (NaCas: NaCas solution; Salecan conjugate: NaCas-Salecan conjugates; yeast conjugate: NaCas-yeast p-glucan conjugates; oat

conjugate: NaCas-oat -glucan conjugates).
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Fig. 3. Changes in the particle size (A, C, E) and {-potential (B, D, F) of sea buckthorn fruit oil nanoemulsions prepared with NaCas or three protein-polysaccharide
conjugates at different pH values, temperatures and bile salt concentrations. Data presented are expressed as the mean + SEM (n = 3). The different letters in same
treatment represent a significant difference at P < 0.05. (NaCas: Nanoemulsion prepared with NaCas; Salecan conjugate: Nanoemulsion prepared with NaCas-Salecan
conjugates; yeast conjugate: Nanoemulsion prepared with NaCas-yeast B-glucan conjugates; oat conjugate: Nanoemulsion prepared with NaCas-oat

p-glucan conjugates).
3. Results and discussion
3.1. Characteristics of NaCas-f-glucan conjugates

As shown in Fig. 1A, the comparison between NaCas and the three
mixtures of p-glucans with NaCas revealed no significant difference in
the gel bands. However, the main bands in the lanes corresponding to
the three NaCas-p-glucan conjugates appeared lighter, with evident
bands observed at the top of the separation gel. Some studies have
shown that the coupling of maltodextrin with glycosylated NaCas gen-
erates macromolecular polymers, which encounter difficulty in entering
separation gels (Zhang et al., 2017). These results indicated that NaCas
with the glycosylation of all three p-glucans resulted in the formation of
macromolecular conjugates (NaCas with Salecan, yeast f-glucan, and
oat p-glucan) were 14.98 + 1.5%, 17.5 + 3.54%, and 10.68 £ 0.94%,
respectively.

The endogenous fluorescence emission spectra (Fig. 1B-E) revealed a
significant reduction in fluorescence intensity for the three NaCas-
B-glucan conjugates compared to NaCas and their respective mixtures.
Given that tryptophan serves as fluorescent probe in proteins, NaCas
features a solitary tryptophan residue (Trpl57) situated within the
protein’s hydrophobic region (Mirdha & Chakraborty, 2019).This
reduction in fluorescence intensity is attributed to the shielding effect
exerted by covalent reaction of the polysaccharide with tryptophan,
resulting in diminished absorption of tryptophan residues (Sofronova
et al., 2019). Consequently, it suggests a covalent coupling reaction
between NaCas and the three p-glucans, with the NaCas-yeast $-glucan
conjugate showing the largest decrease in maximum fluorescence in-
tensity, consistent with the results of DG. In addition, the significant
redshift in the maximum emission wavelengths of the three conjugates
indicates the movement of tryptophan residues to a hydrophilic envi-
ronment during the coupling reaction (Sofronova et al, 2019).
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Typically, such outcomes signify that the glycosylation reaction induces
irreversible changes in the protein’s secondary structure (Ding et al.,
2023).

Furthermore, CD spectroscopy (Supplementary Fig. 1 A-D) revealed
significant differences in the spectra of the three conjugates compared to
NaCas, suggesting an alteration in the secondary structure of the protein
due to p-glucan coupling. Analysis of protein secondary structures
(Table 1) indicated mainly a decrease in p-sheet content and an increase
in B-turns and random coils in the conjugates. Such modifications pro-
mote the formation of intermolecular hydrogen bonds and exposure of
hydrophobic amino acid residues (Abd El-Salam & El-Shibiny, 2020).
Flexibility and surface hydrophobicity are recognized as pivotal struc-
tural factors influencing the interfacial properties of emulsifiers. The
Maillard reaction can disrupt various structural interactions in proteins,
including hydrophobic interactions, hydrogen bonds, electrostatic at-
tractions, van der Waals forces, and covalent bonds, rendering them
more flexible (Nooshkam et al., 2023). Consequently, conjugates
exhibiting higher surface hydrophobicity can enhance the hydrophobic
interaction between oil droplets and proteins, facilitating a quicker
reduction in interfacial tension. This phenomenon is advantageous for
the formation and stability of emulsions (Nooshkam & Varidi, 2020).

3.2. Characteristics of sea buckthorn fruit oil nanoemulsions

The infrared spectra of the nanoemulsions depicted in Fig. 2 revealed
characteristic peaks corresponding to NaCas and sea buckthorn fruit oil.
NaCas exhibited characteristic peaks at 1635 em ! (C=0 stretching)
and 1515 cm ™ (C—N stretching) (Masoumi, Tabibiazar, Fazelioskouei,
Mohammadifar, & Hamishehkar, 2023), while the 1100-1000 em ™!
region displayed typical peaks associated with the C-O-C stretching vi-
bration of the sugar molecule in the glycosylated conjugate (Li, Li, Han,
Zeng and Han, 2023). The characteristic peaks of sea buckthorn fruit oil
included the C—H stretching vibration peaks of saturated carbon at
2925 and 2854 cm™}, the C=0 stretching vibration peak at 1746 em™},
the methylene bending vibration peak at 1464 cm ™, the carbon chain
skeleton vibration peak at 722 cm™!, and the G—O stretching vibration
peak in triglycerides at 1165 cm ™! (Mousa et al., 2022). All four nano-
emulsions exhibited characteristic peaks of both NaCas and sea buck-
thorn fruit oil, indicating successful preparation.

Steric and electrostatic repulsion play crucial roles in stabilizing
emulsions formed by protein-polysaccharide conjugates (Jiang et al.,
2023). Larger particle sizes in oil-in-water (O/W) emulsions tend to
diminish steric repulsion (Cheng, Xu, Wen, & Chen, 2005). Surface
charge directly influences electrostatic repulsion. Table 2 presents the
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Table 3
Changes in the fatty acid content of sea buckthorn fruit oil during storage.
Storage time  Palmitic acid Palmitoleic acid Stearic acid Oleic acid Linoleic acid Linolenic acid SFA MUFA PUFA
(day) (Ci6:0) (Ci6:1) (Cig:0) (Cig:1) (Cig:2) (Ci8:3) (%) (%) (%)
(%) (%) (%) (%) (%) (%)
30.95 + . . 10.94 & N . 3314+ 43.82 + 23.04 +
o 0 0.21¢ 32.88 + 0.24 2.19 £0.01 0.05¢ 9.02 £ 0.02 14.02 + 0.06 0.22f 0.29% 0.08%
34.95 + a 2.79 £ 9.58 + £ d 37.74 £ 43.24 + 19.02 +
20 0.54% 33.66 + 0.46 0.03d 0.025 6.74 + 0.01 12.28 + 0.12 0.572 0.48% 0.13°
30.72 + be . 1137 + b . 3332+ 43.48 + 23.2 +
Naas 0 0.27¢ 32.11 + 0.32 2.6 + 0.05 0.03% 8.84 + 0.01 14.36 + 0.04 0.3 0.35% 0.05%
. e 3.62 + 10.76 + d L 3558+ 42.84 + 21.58 +
20 31.96 £ 0.61°  32.08 + 0.72 0.05" P 8.15 + 0.06 13.43 +0.13 0.c6° 0.76% 0.10¢
31.04 + be 2.49 £ 11.21 + 8.87 £ a 33.53 + 43.49 + 22.99 +
Salecan 0 0.34¢ 32.28 +027 0.008 0.04% 0.02%° 14.12£0.06 0.344¢f 0.31% 0.08%°
conjugate 30.98 + ¢ 3.45 + 11.12 + b a 34.43 £ 42,72 + 22.85 +
20 0.46¢ 31.6 £0.71 0.02° 0.14° 8.84 £ 0.06 14.01 +0.13 0.48¢ 0.85° 0.19%
31.24 + be 2.42 + 11.3 + ab a 33.66 + 43.43 £ 23.05 +
Yeast 0 0.45¢ 32.13 £ 0.52 0.01" 0.01% 8.9 + 0.07 14.19 + 0.04 0.460% 0.53° 0.11%
conjugate 30.73 + R 3.37 + 11.08 + . . 3414 42.96 + 22.58 +
20 0.69¢ 31.88 + 0.61 0.01¢ 0.144 8.53 £ 0.07 14.04 + 0.23 0.7% 0.75% 0.32
30.52 + o 2.64 + 11.44 + 8.94 + a 33.16 £ 43.32 + 23.11 +
Oats 0 0.374 31.88 £0.34 0.01° 0.12* 0.02%° 14.17 £ 0.08 0.38° 0.46 ° 0.10°
conjugate 33.47 + be 3.37 + 10.41 + . . 3684+ 42.88 + 20.28 +
20 0.64° 32.47 + 0.58 0.02 0.14f 7.32 £ 0.05 12.96 + 0.21 0.66 0722 0.264

Data presented are expressed as the mean + SEM (n = 3). The different letters in each column represent a significant difference at P < 0.05. Oil: sea buckthorn fruit oil;
NaCas: Nanoemulsion prepared with NaCas; Salecan conjugate: Nanoemulsion prepared with NaCas-Salecan conjugates; Yeast conjugate: Nanoemulsion prepared
with NaCas-yeast p-glucan conjugates; Oats conjugate: Nanoemulsion prepared with NaCas-oat p-glucan conjugates.

particle size, PDI, and {-potential of the nanoemulsions. Nanoemulsions
prepared with the conjugates exhibited superior characteristics
compared to those prepared with the corresponding mixtures or NaCas
in terms of particle size, PDI, and {-potential. This suggests that the
enhanced emulsification properties of the conjugates stem from
augmented steric and electrostatic repulsion. The observed variations
among emulsions prepared with different conjugates also suggest the
influence of the structure and source of p-glucan on the emulsifying
properties of the prepared conjugates.

3.3. Nanoemulsion stability analysis

3.3.1. Effect of the pH on nanoemulsion stability

Electrostatic repulsion is the primary mechanism that prevents
emulsion flocculation, but it is highly sensitive to pH changes. Near the
protein’s isoelectric point, emulsion flocculation occurs due to inade-
quate electrostatic repulsion (McClements & Gumus, 2016). The
appearance, particle size and {-potential of the four nanoemulsions at
different pH values are depicted in Supplementary Fig. 2 and Fig. 3A and
B. When the pH crossed the isoelectric point of casein (pI = 4.6), all the
nanoemulsions except for the those prepared with the NaCas-Salecan
conjugates exhibited noticeable flocculation stratification. Concur-
rently, there was a significant increase in particle size, indicating inad-
equate electrostatic repulsion near the isoelectric point and insufficient
steric hindrance to stabilize the emulsion (McClements & Gumus, 2016).
When the pH decreased from 7.0 to 3.0, the surface net charge of these
nanoemulsions also shifted from negative to positive, whereas the
preparation of nanoemulsions with glycosylated conjugates delayed the
pH-dependent change in {-potential. This delay was attributed to the
covalent and noncovalent binding of proteins to polysaccharides, which
decreased the isoelectric point of casein (Wooster & Augustin, 2007).
Remarkably, the nanoemulsions prepared with NaCas-Salecan conju-
gates did not exhibit obvious flocculation stratification at any pH, and
the changes in particle size and {-potential were minimal. This indicated

that NaCas-Salecan conjugates were more effective in inhibiting
attractive interactions and aggregation between droplets during emul-
sion preparation. This phenomenon may be attributed to the positively
correlated between the thickness of the interface formed by the conju-
gates and the molecular weight of the polysaccharide. Larger-molecular-
weight polysaccharides provided greater steric repulsion during the
formation of glycosylated conjugates, thereby preventing coalescence
and aggregation of emulsions (Fan, Yi, Zhang, Wen, & Zhao, 2017;
McClements & Gumus, 2016).

3.3.2. Effect of temperature on the nanoemulsion stability

The changes in nanoemulsion particle size and (-potential at
different temperatures are shown in Fig. 3C and D. The particle sizes of
the nanoemulsions prepared with NaCas-Salecan conjugates and NaCas-
yeast B-glucan conjugates exceeded those of NaCas, possibly due to
increased electrostatic repulsion and steric hindrance induced by
glycosylation, which augmented negative charges around the protein
(Sriprablom, Luangpituksa, Wongkongkatep, Pongtharangkul, &
Suphantharika, 2019). However, the (-potentials of these nano-
emulsions remained above —30 mV at all temperatures, indicating their
relative stability and ability to withstand pasteurization from 30 to
90 °C.

3.3.3. Effect of bile salts on nanoemulsion stability

Bile salts play a crucial role in promoting the digestion and absorp-
tion of fat-soluble nutrients (Liu et al., 2019). The effect of bile salts on
nanoemulsions is shown in Fig. 3E and F. With increasing bile salt
concentration, the particle size initially increased and then decreased.
This phenomenon is attributed to bile salts shielding some surface
charges on the emulsion, thus weakening electrostatic repulsion be-
tween droplets (Romanski, 2007). However, due to the synergistic effect
of bile salts as emulsifiers with NaCas, the nanoemulsion particle size
decreased at higher bile salt concentrations (Dickinson, 2010). The
(-potential of the nanoemulsions gradually decreased with increasing
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Fig. 5. Changes in the particle size (A) and {-potential (B) of sea buckthorn fruit oil nanoemulsions prepared with NaCas or three protein-polysaccharide conjugates
during in vitro digestion. (C ~ F) Changes in the particle size distribution of nanoemulsions prepared with NaCas or three protein-polysaccharide conjugates during in
vitro digestion. Data presented are expressed as the mean + SEM (n = 3). The different letters in same digestive stage represent a significant difference at P < 0.05.
(NaCas: Nanoemulsion prepared with NaCas; Salecan conjugate: Nanoemulsion prepared with NaCas-Salecan conjugates; yeast conjugate: Nanoemulsion prepared
with NaCas-yeast p-glucan conjugates; oat conjugate: Nanoemulsion prepared with NaCas-oat B-glucan conjugates).

bile salt concentration, which was consistent with previous studies and
may be due to the electrostatic shielding effect caused by bile salts
(Sarkar, Ye, & Singh, 2016). Notably, the stability of the nanoemulsions
prepared with NaCas-Salecan conjugates and NaCas-oat conjugates
exhibited significantly better stability than those of the nanoemulsions
prepared with NaCas, indicating that the polysaccharide conjugates
effectively enhance emulsion stability by increasing the steric and
electrostatic repulsion.

3.3.4. Storage stability of nanoemulsions

The appearance, particle size and {-potential of the nanoemulsions
stored at room temperature for 20 days after pasteurization are shown in
Fig. 4. With increased storage time, all nanoemulsions experienced
gradual particle size increases and {-potential absolute value decreases.
Notably, nanoemulsions prepared with NaCas-Salecan and NaCas-yeast
B-glucan conjugates exhibited less pronounced changes during this
period. However, by the 20th day, except for the nanoemulsion prepared
with NaCas-Salecan conjugates, all other nanoemulsions appeared a
visual phase separation.

Nanoemulsions are thermodynamically unstable colloidal disper-
sions (Fan et al., 2017). Over time, alterations in protein conformation at
the interfacial layer and interactions with the two phases promote

droplet flocculation by increasing hydrophobic attraction and forming
disulfide bonds between proteins located in different droplets (Ozturk &
McClements, 2016). Protein-polysaccharide conjugates, with optimized
hydrophilic-lipophilic balance, envelop oil droplets, inhibiting aggre-
gation and flocculation during storage via electrostatic and steric
repulsion(Seidi, Nasirpour, Keramat, & Saeidy, 2023). Additionally, the
viscosity increase of proteins post-glycosylation reduces the gravita-
tional separation rate and Brownian motion of oil droplets, contributing
to emulsion stability(Nooshkam et al., 2023). Polysaccharides with
higher molecular weights yield conjugates with elevated viscosities
(Dunlap, Coté, & Chemistry, 2005). The higher molecular weight of
Salecan compared to other p-glucans may be the reason for the better
storage stability of nanoemulsions prepared with NaCas-Salecan
conjugates.

3.4. Changes in of fatty acid composition during storage

Sea buckthorn fruit oil, rich in unsaturated fatty acids (UFAs), suffers
from poor stability (Caballero & Davidov-Pardo, 2021). The changes in
the fatty acid composition of sea buckthorn fruit oil after 20 days of
storage at room temperature are shown in Table 3. Nanoemulsion
preparation did not alter the fatty acid composition of the oil. However,
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Fig. 6. (A) Micromorphological changes in the nanoemulsions during in vitro
digestion. (B) The free fatty acid release rate of the nanoemulsions during the
intestinal digestion stage.

storage led to increased saturated fatty acids (SFAs) and decreased
polyunsaturated fatty acids (PUFAs) in sea buckthorn fruit oil, indicative
of oxidation converting PUFAs into monounsaturated fatty acids
(MUFAs) or SFAs during storage (Waglewska et al., 2022). In contrast,
the fatty acid content in the four nanoemulsions changed less, suggest-
ing effective PUFA preservation. Notably, the relative content of un-
saturated fatty acids in the nanoemulsions prepared with NaCas-Salecan
conjugates and NaCas-yeast conjugates did not change significantly after
storage. Some studies have shown significant differences in the antiox-
idant activity (oxygen radical absorbance capacity and ferric reducing
antioxidant power) of f-glucans with various MWs and from different
sources, although the antioxidant mechanism of f-glucan was not clear
(Minekus et al., 2014). These findings suggest that nanoemulsions
formulated with NaCas-Salecan and NaCas-yeast conjugates may offer
enhanced antioxidant efficacy, thus effectively preserving the functional
components of sea buckthorn fruit oil.

3.5. Characteristics of the nanoemulsion in vitro digestion model

The nanoemulsions underwent various degrees of damage during in
vitro digestion, leading to phenomena such as flocculation, aggregation,
and demulsification, as depicted in Fig. 5 and 6A. In the gastric digestion
stage, significant increases in particle size and droplet aggregation
occurred due to reduced electrostatic repulsion in the low-pH environ-
ment of simulated gastric fluid (Lv, Shi, Binks, Jiang, & Cui, 2023). In
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particular, the nanoemulsions prepared with NaCas exhibited the largest
changes in particle size and aggregation, likely due to NaCas hydrolysis
by pepsin, exposing oil droplets and promoting aggregation (Liu et al.,
2019). Conversely, glycosylation products exhibited high electrostatic
repulsion and steric hindrance, inhibiting pepsin hydrolysis to some
extent (Kenmogne-Domguia, Meynier, Viau, Llamas, & Genot, 2012).
Interestingly, except for the nanoemulsions prepared with NaCas-
Salecan conjugates, the other nanoemulsions were positively charged,
possibly due to the electrostatic shielding effect of SGF’s greater ionic
strength (Davidov-Pardo, Perez-Ciordia, Marin-Arroyo, & McClements,
2015). The nanoemulsions prepared with NaCas-Salecan conjugates can
maintained a negative potential and had the lowest degree of aggrega-
tion in SGF, attributed to Salecan’s higher molecular weight and strong
steric hindrance.

During the intestinal digestion stage, all nanoemulsions exhibited
decreased particle sizes, reduced aggregation, and diminished fluores-
cence brightness compared to the gastric digestion stage, likely due to
bile salts replacing the interfacial layer and promoting the lipase to enter
the interior of the oil droplets. Bile salts could also adsorb to form a new
emulsion interface, reducing particle size (Lin, Liang, Williams, &
Zhong, 2018). At the same time, the significantly chang in {-potential
may result from the neutral environment of SIF and the adsorption of
anionic colloidal particles (bile salts, free fatty acids and peptides)
(Zhang, Zhang, Zhang, Decker, & McClements, 2015). As shown in Fig. 5
(C—F), the particle size distributions became broader with bimodal or
multimodal distributions, indicating the presence of various colloidal
particles, such as undigested oil droplets, micelles, and undissolved
calcium salts (Lin et al., 2018).

To understand the release of sea buckthorn fruit oil in the nano-
emulsions during the intestinal digestion stage, the free fatty acid release
rate was detected using the pH-stat method, and the results are shown in
Fig. 6B. The oil in all the nanoemulsions was rapidly digested by lipase
within 10 min, with the release rate stabilizing thereafter. Nano-
emulsions prepared with the NaCas-Salecan conjugates exhibited
significantly lower free fatty acid release rates, likely due to higher
viscosity and thicker interfacial layers inhibiting lipase entry and fat
hydrolysis (McClements, Decker, & Park, 2009). Similar studies have
shown that the release rate of fatty acids was inversely proportional to
the molecular weight of glycosylated polysaccharides (Lesmes &
McClements, 2012). In addition, increased release of fatty acids during
gastric and intestinal digestion stages leads to decreased fat delivery to
the colorectum (Li, Hwang, Chen, & Park, 2016). Droplet interfacial
composition and properties play a crucial role in altering the in vitro
digestion process of emulsions with similar mean particle sizes and PDIs
(McClements et al., 2009). These results highlight the superior stability
of nanoemulsions prepared with the glycosylation products compared to
those with NaCas during in vitro digestion. Particularly, nanoemulsions
prepared with the NaCas-Salecan conjugates exhibited minimal aggre-
gation, high digestion resistance, and superior stability, suggesting po-
tential for targeted delivery of sea buckthorn fruit oil to the colorectum.

4. Conclusion

In this study, p-glucan from three different sources were utilized to
prepare protein-polysaccharide conjugates with NaCas, serving as
interface materials for sea buckthorn fruit oil nanoemulsions. These
conjugates were formed through covalent coupling reactions, altering
the secondary structure of casein. Nanoemulsions prepared with glyco-
sylation conjugates exhibited superior stability compared to those with
NaCas. Among them, the nanoemulsions prepared with NaCas-Salecan
conjugates demonstrating the highest stability and antioxidant effects
on unsaturated fatty acids in sea buckthorn fruit oil. This enhanced
stability and antioxidant activity can be attributed to the electrostatic
repulsion and steric hindrance generated by the high molecular weight
of Salecan. In vitro digestion experiments also corroborated the superior
stability of nanoemulsions prepared with the NaCas-Salecan conjugates,
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exhibiting minimal emulsion aggregation, flocculation, and a lower
release rate of fatty acids. Consequently, sea buckthorn fruit oil nano-
emulsions formulated with NaCas-Salecan conjugates offer prolonged
storage stability, enhanced emulsion stability, and the potential for
colorectal-targeted delivery in functional foods. However, their in vivo
bioavailability and impact on gut microbiota need to be explored in
further studies.
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