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The digestion properties of natural oil bodies (OBs) are very important to their potential applications such as
traditional fat replacement or bioactive delivery systems. However, study on the complete digestion
behaviours of OBs has not been reported yet. In this paper, peanut OBs were extracted by an aqueous
medium method, and their digestion behaviour was studied using completed in vitro oral-gastric-
intestinal digestion simulation. In particular, the effects of saliva components, mainly a-amylase and
mucin, on the digestion of the peanut OBs were systematically investigated. The OB emulsion
microstructure, average particle size ds 3 (-potential, and surface protein compositions during oral,
gastric and intestinal digestion, and the free fatty acid (FFA) release rate of the peanut OBs during
intestinal digestion were determined. Interestingly, it was revealed from both the periodic acid-Schiff
staining technique and the confocal laser microscopy characterization that glycosidic bonds exist on the
surface of the peanut OBs, though how they were produced was unknown. The results from the

digestion measurements showed that a-amylase in saliva can break the glycosidic bonds in oral
Received 27th April 2021 digesti ting the digesti f the OBs in th tri d intestinal . ts. Sali .
Accepted 29th August 2021 igestion, promoting the digestion of the s in the gastric and intestinal environments. Saliva mucin
caused bridging flocculation of OBs by electrostatic attraction in the gastric tract, and depletion

DOI: 10.1039/d1ra032749 flocculation of OBs in the intestinal tract. The former hindered the fusion of oil droplets, and the latter
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1. Introduction

Oil bodies (OBs), also called oleosomes, are micron- or
submicron-sized organelles found mainly in plant seeds and
nuts, as well as other parts such as leaves, bulbs and fruits." The
biogenesis of OBs is a complex process and is initiated by the
synthesis of triglyceride (TAG) in the endoplasmic reticulum of
the cells of oil-bearing plant tissues.? The structure of the OBs is
mainly composed of a core of TAG, and the surrounding half-
unit phospholipid membrane embedded with OB surface
proteins.>* Depending on the sources, TAGs comprise about
94.0-98.0% (w/w), phospholipids (PLs) 0.6-2.0%, and proteins
occupy 0.6-3.0%.° The main surface proteins of OBs are
amphiphilic proteins mainly including oleosin, caleosin and
steroleosin, with oleosins being the dominant ones. Oleosin
(15-26 kDa) contains 3 domains: the highly hydrophobic
proline knot hairpin structure extending into the central
domain of TAGs, the hydrophilic C-terminal located on the
surface of OBs, and the hydrophilic N-terminal facing the
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promoted FFA release rate by increasing the contacting surface area of OBs with bile salts.

cytoplasm.® Caleosin (25-35 kDa) and steroleosin (40 kDa) have
similar structures to oleosin, but the hydrophobic domains are
shorter and the hydrophilic domains are longer. Oleosins and
caleosins are believed to be the main structural proteins of
OBs.® There are also some other interactions or structures on
the surface of the OBs, such as disulfide bonds between surface
proteins, and covalent interaction between protein/
phospholipid with glycosyl groups,”® which also contribute to
the structure of OBs, although the effect of these interactions or
groups on the function of oleosomes are not fully understood.”

The OBs can be extracted by the aqueous medium method
through soaking, crushing, filtering and centrifugation.® As-
extracted OBs are in the form of aqueous creams or emul-
sions, which are naturally emulsified without the addition of
other surfactants or chemicals, and nutrients such as fat-
soluble vitamin E and unsaturated fatty acids, which are the
naturally predominant components of the TAG molecules, can
be completely preserved. Moreover, the OBs in emulsions
extracted in this way have a relatively complete structure and are
stable to external physical and chemical disturbances. It is
believed that the physical stability of the OB emulsions were due
to the protection by the charged layers formed by the surface
proteins and phospholipids, as well as the steric hindrance
provided by the structure proteins of the OBs.»*'* On the other
hand, the chemical stability of the OBs, particularly the stability
against oxidative stresses is due to the protective effect by
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oleosins, acting as a barrier to oxidizing agents such as oxygen
and hydroperoxides,' the high amounts of naturally present
antioxidants such as carotenoids and tocopherols in OBs," and
the small peptides released during OB digestion.” Therefore,
due to the unique structure and compositions, safe and energy-
saving extraction process, richness in nutrients, and relatively
good physicochemical stability, OBs and their aqueous emul-
sions have received extensive attention. OBs can be potentially
used as alternatives to the traditional fat in food design such as
beverage development, edible films, coatings, salad dressings,
or other products and delivery of bioactive
compounds.>**"

In food design, an interesting and important problem is the
fat digestion of the OBs, since it strongly affects the product
quality and their functions, such as the bioaccessibility and
bioavailability of nutrients and bioactive compounds.>**2°
Consequently, researchers are interested in how the interface
structure affects the digestion behaviours of the OBs.**?* On the
other hand, the process of digestion of OBs is complex, occur-
ring in a sequence of operations including mouth, gastric, and
intestine.?® It starts with the mastication in the mouth, which
breaks the structure of the food into smaller particles and mixes
them thereafter, but it was reported that this force is insufficient
to disintegrate seed matrix and hence interfere with the
gastrointestinal digestion of the OBs was not found.***” In the
gastrointestinal digestion, the behaviour of OB emulsions is
expected to be similar to that of protein-stabilized emulsions as
their surfaces are entirely covered with oleosins,> and
researchers suggested that the structure of protein-phospho-
lipid membrane of OBs may slow down the digestion of oil and
thus increase the feeling of fullness.'®' However, most of the
currently used in vitro digestion experiments are not complete,
and failed to elucidate the physicochemical changes in OB
emulsions after oral process but prior to their digestion in the
gastric.” Particularly, the influence of saliva components on the
digestion of OBs has been ignored, which should not be, since
saliva components in the oral cavity such as anionic polymer
mucin, a-amylase, ions, etc., will cause a change in the structure
of emulsions which in turn affects the functional properties of
the OBs when used in the food formulation.**3¢

Based on these observations, in this study, the peanut OBs
were extracted using the pH-controlled aqueous medium
method, and the complete in vitro simulated digestion of the
peanut OB emulsion starting from the oral cavity was investi-
gated. Effects of saliva components, particularly the a-amylase
and mucin, on the behaviour of peanut OBs during oral diges-
tion and the following gastrointestinal digestion were system-
atically investigated. Most interestingly, we found and proved
the existence of glycosidic bonds on the surface of the extracted
peanut OBs using different methods, and the effect of them on
the digestion of the peanut OBs was revealed.

systems

2. Materials and methods
2.1. Materials

Mucin from porcine gastric (with molecular weight (M,,) of
4000-5500 kDa), pancreatin (activity 4000 U mg ™), Nile red and
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Nile blue were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Pepsin (activity 3000 U mg™') and trichloroacetic
acid were purchased from Macklin (Shanghai, China). o-
Amylase was bought from Shuangxuan Microbe Medium
Products Plant (Beijing, China). Lectin Alexa Fluor® 488
conjugate of concanavalin A (Con A, Ae: 490 nm, Aey: 520 nim,
1mg mL " in 0.1 M sodium bicarbonate buffer, pH 8.3, 1 : 20 v/
v) were bought from Thermo Fisher Scientific (Waltham, MA,
USA). Other chemicals were of analytical grade and purchased
from Sinopharm Chemical Reagent Co. Ltd (Beijing, China).
Ultra-pure water was used for the preparation of all solutions.

2.2. Extraction of peanut OBs and composition
characterization

The peeled peanuts were soaked in distilled water (1 : 5, w/v) for
18 h at 4 °C. The soaked peanuts were then blended in buffer
solution (50 mM Tris-HCl, pH 7.5) containing 0.4 M sucrose
and 0.5 M NacCl for 180 s by a commercial food processor (KS-
520, Guangzhou City Electric Appliance Co, Ltd, China) to
obtain a homogenate of peanuts. The pH of the buffer solution
was adjusted using 2 M HCl. The homogenate was filtered
through three layers of cheesecloth, and then the filtrate was
centrifuged at 10 000xg, 4 °C for 30 min (Heraeus Multifuge X1/
X1R, Thermo Fisher Scientific, USA). The upper cream layer of
the centrifugate were collected and re-dispersed in the sodium
phosphate buffer solution (PBS, 50 mM, pH 7) and centrifuged
again as above. Then the collected product was dispersed in 8 M
urea solution (1 : 5, w/v) at 25 °C with magnetic stirring for 1 h.
The mixture was then washed with the buffer solution again
(50 mM Tris-HCI buffer, pH 7.5) for another three times. The
final centrifuged and collected creams are the peanut OBs
extracts.*”®

The composition including the moisture, the fat content,
and the protein content of the extracted peanut OB creams was
determined according to AOAC method.** The moisture content
of the peanut OBs was determined by 100 °C oven drying. The
fat content of the peanut OBs was determined by the Soxhlet
extractor system using petroleum ether as the extraction
solvent. For the protein content measurement, nitrogen content
of the peanut OBs was first determined by the Kjeldahl
method.* Then the 5.46 Kjeldahl N conversion factor was used
to convert percentage of nitrogen to protein content.*'

2.3. Emulsion preparation and characterization

The peanut OB emulsions with oil content of 10% (w/w) were
prepared by dispersing the OB cream into PBS (50 mM, pH 7),
and then magnetic stirring for 30 min.**** Droplet size and size
distribution of the peanut OB emulsions were determined with
the aid of a laser light scattering instrument (Malvern Master-
sizer 2000, UK). The refractive index of dispersed phase and
continuous phase was 1.47 and 1.33, respectively. The {-
potential of the droplets in the emulsion was calculated by
measuring the electrophoretic mobility of the droplets using
a capillary electrophoresis cell (Zetasizer Nano ZS series, Mal-
vern Instruments, Worcestershire, UK). During the measure-
ment, the emulsion sample was diluted 100-fold, and the ¢-
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potential of the emulsion droplets was determined by
measuring the actual electrophoretic mobility Ur of charged
particles via laser Doppler velocimetry at an angle of 173°
according to the equation { = 3nUg/2¢f(K,), where ¢ is the
dielectric constant, 7 is the viscosity of the medium, and f{K,) is
the Henry function, which is close to 1.5 under the Smo-
luchowski approximation (refractive index 1.47, dispersant
index 1.33, temperature 25 °C, viscosity 0.8872 cP). All
measurements were performed at 25 °C and repeated three
times. The microstructure of the OB emulsions were charac-
terized using an optical microscope (Olympus IX73, Olympus
Corporation, Tokyo, Japan).

2.4.
OBs

Characterization of fatty acid composition of peanut

In order to estimate the M,, of the triglyceride of peanut OBs,
which is needed in the fat digestion experiment, the fatty acid
composition of the peanut OB fat was determined by the Nash
method.* The fat in the peanut OBs was first extracted with
ether, and then 20 mg of fat sample, 3 mL of n-hexane solution,
and 0.5 mL potassium hydroxide-methanol solution (2 M) were
loaded in the esterification flask, and the methyl esterification
operation was carried out by shaking. Then 1 g of anhydrous
sodium sulfate was added to the flask, and the upper layer
liquid was filtered through the membrane and injected into the
high-performance gas chromatography (78204, Agilent, US) to
characterize the fatty acid composition. Chromatographic
column (TG-POLAR 26082-5030, Thermal Scientific) with
dimension of 105 m x 0.25 mm x 0.2 um was used. Injection
was done at 270 °C, and temperature of the detector was 280 °C.
Temperature was programmed to rise from initial temperature
of 100 °C to 180 °C first at a speed of 10 °C min~*, and hold for
6 min at 180 °C; then rise from 180 °C to 200 °C at a speed of
1°Cmin~ ", and hold for 20 min at 200 °C; finally from 200 °C to
230 °C at a speed of 4 °C min~", and holding for 10.5 min at
230 °C.

2.5. Characterization of surface proteins of peanut OBs

The composition of the peanut OB surface proteins was
analyzed by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) method described by Su et al.*° but with
slight modification. The peanut OB emulsion with oil content of
10 wt% was used as the initial sample to mix with the SDS buffer
directly. The following treatment is the same with Su et al. After
electrophoresis, the gel was stained with 0.025% (w/v) Coo-
massie blue G-250 in 10% (v/v) acetic acid overnight, and
destained by methanol in acetic acid and deionized water with
3:1:6 (V/V/V).

2.6. Characterization of glycosylation of the OBs

Con A staining of glycosidic bonds was first used to determine
whether glycosylation exist on the surface of the extracted
peanut OBs: 400 pL of each OB emulsion sample (with oil
content of 10 wt%) and 20 pL of 1 mg mL™ " Con A (in 0.1 M
sodium bicarbonate buffer, pH 8.3, 1:20 v/v) were used for
staining glycosidic bonds because Con A can selectively bind to
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the o-mannopyranosyl and o-glucopyranosyl residues on
proteins or lipids which results in a green fluorescent complex.”
The microstructure of the Con A stained OB emulsion sample
was characterized by Confocal Laser Scanning Microscopy
(CLSM).

The periodic acid-Schiff (PAS) technique was then used to
determine the existence of glycoproteins on the surface of the
OBs according to the method following electrophoresis on
acrylamide gels.** A piece of the acrylamide gel after electro-
phoresis of the proteins was soaked with 10% trichloroacetic
acid for protein fixation for 25 min, and rinsed with distilled
water for 2-3 times. Then the gel was soaked with 1% periodic
acid for 15 minute oxidation reaction, and rinsed with distilled
water for 2-3 times. After this, the gel was soaked with the Schiff
reagent and stained for 1 hour in dark. The Schiff reagent was
prepared as follows: 1 g basic Fuchsin was dissolved in 200 mL
boiling water, and then cooled to 40-50 °C; 1.37 g sodium
metabisulfite, 20 mL 1 M HCI, and 30 mL of activated carbon
were then added under stirring until the solution became
colorless; then the activated carbon was filtered and the filtrate
was used as the Schiff reagent. After staining, the gel was
washed with 0.5% sodium metabisulfite, and finally stored
within acetic acid solution. The PAS-treated gel was finally
compared with the one untreated.

2.7. Invitro digestion

A three-stage digestion model consisting of mouth, gastric, and
small intestinal phases was used to simulate the conditions of
human digestion.*® The compositions of the simulated diges-
tion solutions at each stage are shown in Table 1.

2.7.1. Oral digestion. In order to investigate the effect of
the main saliva compositions on the digestion of the peanut
OBs, the SSF (see Table 1 for its composition) was prepared with
and without a-amylase or mucin as indicated by As, As + a-
amylase, As + mucin, or As + a-amylase + mucin in Table 1,
respectively. Each of 7.5 mL of the OB emulsion (with oil of
10 wt%) was mixed with 7.5 mL of the SSF in an incubated
shaker, with pH adjusted to 6.8 using 1 M HCI and NaOH. Then
the mixed samples were digested for 10 min, and taken out for
further characterization or the following gastric digestion.

2.7.2. Gastric digestion. 15 mL of SGF (see Table 1 for its
composition) was added to each OB emulsion sample (15 mL)
after oral digestion for 10 min. The pH of the mixed system was
quickly adjusted to 2.5 with 1 M HCI, and the digestion was
carried out in a constant temperature water bath at 37 °C for 2 h.

2.7.3. Intestinal digestion. After the gastric digestion was
completed, the pH of the mixed system was quickly adjusted to
7.0 with 1 M NaOH. 7.5 mL of SIF (see Table 1 for its compo-
sition) were added to the gastric digested OB emulsion sample
(30 mL) with the pH of the mixed system adjusted to 7 with 1 M
sodium hydroxide again, and then the sample system was
digested in a constant temperature water bath at 37 °C for 2 h.

The release rate of free fatty acid (FFA) hydrolyzed from the
oil in the peanut OB emulsion under the action of lipase in the
intestinal tract was measured following the pH-stat method by
Mun et al.*® The total volume of the digestion solution was 37.5

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The compositions of the simulated digestion solutions®
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SSF

As As + a-amylase As + mucin As + a-amylase + mucin SGF SIF
Composition (mg mL™) (mg mL ™) (mg mL ™) (mg mL 1) (mg mL™Y) (mg mL ")
Sodium chloride 1.594 1.594 1.594 1.594 2.0 43.740
Ammonium nitrate 0.328 0.328 0.328 0.328 — —
Potassium hydrogen phosphate 0.636 0.636 0.636 0.636 — —
Potassium chloride 0.202 0.202 0.202 0.202 — —
Potassium citrate 0.308 0.308 0.308 0.308 — —
Urea 0.198 0.198 0.198 0.198 — —
Sodium lactate 0.146 0.146 0.146 0.146 — —
a-Amylase — 0.600 — 0.600 — —
Mucin — — 3 3 — —
Hydrochloric acid — — — — 0.007 —
Pepsin — — — — 3.2 —
Calcium chloride dihydrate — — — — — 7.340
Bile salt — — — — — 2.330
Pancreatin — — — — — 0.533

“ As, simulated oral digestive mother solution; SSF, simulated saliva fluid; SGF, simulated gastric fluid; SIF, simulated intestinal fluid.

mL. The pH in the reaction vessel was maintained at 7.0
adjusted with 0.1 M NaOH. By counting the volume of NaOH
solution used for titrating, the FFA content released during
digestion is calculated as:**

FFA (%) = 100 x (VNaOH X Cnaon X MLipid)

Wiipia % 2

where the meanings of the symbols are: Vyaon, the volume of
NaOH solution consumed by neutralizing FFAs (mL); Cnaon, the
molar concentration of NaOH used (mol L™%); Wiipia, the mass
of initial oil in the digestive reaction (mg); My,pia, the molar
mass of triglyceride in peanut OBs (g mol ).

2.7.4. Characterization of peanut OBs emulsion at each
digestion stage. Since the main function of a-amylase in the
saliva is the enzymatic digestion of carbohydrates, although the
highly glycosylated mucin mainly plays a lubricating role in the
oral cavity,”?® we should first characterize how the surface
proteins of the peanut OBs change after treatment by the
simulated saliva fluid and how does this affect the structure of
OBs in the following gastric digestion stage. Therefore the
proteins of the products of the peanut OB emulsion after oral
digestion and during gastric digestion were characterized using
SDS-PAGE.

The droplet size and size distribution, and the {-potential of
the peanut OB emulsion samples at different digestion stages
were also characterized respectively by the Malvern Mastersizer
2000 and Zetasizer Nano ZS series as mentioned before. The
peanut OB emulsions were diluted 100-fold in ultra-pure water,
the gastric digested samples were diluted 100-fold in a 10 mM
citrate buffer (pH 2.5), and the intestinal digested samples were
diluted 100-fold in phosphate buffer solution (pH 7.0).° The
microstructure of the digested OB emulsions was characterized
by CLSM. Nile blue (Ax: 631 nm, Ayy: 660 nm) was used to label
proteins, and Nile red (Aex: 549 nM, Aepny: 628 nm) to label lipids.
At the end of the gastric or intestinal digestion stage, 1 mL of

© 2021 The Author(s). Published by the Royal Society of Chemistry

the digested OB emulsion sample was added with 40 pL
prepared staining solution for 10 min. Then the stained
samples were imaged using CLSM under 60x oil lens.

2.8. Statistical analysis

Each sample was prepared at least three times, and each
measurement was repeated at least in triplicates. The statistics
were calculated to obtain the averaged value with the standard
deviation.

3. Results and discussion

3.1. Structure and compositions of the extracted peanut OBs

Fig. 1a and b show the microstructure and size distribution of
the extracted peanut OBs. It can be seen that the peanut OBs are
unimodally distributed with averaged particle size d, ; of 2.55 +
0.05 pm. From Fig. 1c we can find that the isoelectric point (IEP)
of the OB emulsion sample is around pH 4.7 (the pH of each
single point in Fig. 1c was obtained by adjusting the pH of the
OB emulsion from pH 8 to pH 2 using acid/base, and then ¢-
potential was measured at each specific pH during this down-
ward pH change).

The moisture content of the peanut OB cream was measured
to be about 18.2 £ 0.1% (w/w), and the fat content is about 78.6
+ 0.4% (w/w), and the protein content about 0.646 + 0.002% (w/
w), respectively. Each measured parameter is determined
independently, so that the protein content, oil content, and
water content do not sum up to 100%. The fatty acids of the
extracted peanut OBs were mainly long-chain unsaturated fatty
acids of oleic acid and linoleic acid as shown in Table 2.
Therefore, the averaged M,, of the triglyceride in peanut OBs can
be calculated by their mass weighting, which is 278.25 £ 0.10 g
mol .

RSC Adv, 2021, 11, 30520-30531 | 30523
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Fig. 1 The microstructure and surface properties of the extracted
peanut OBs. (a) Microstructure image from optical microscopy; (b)
particle size and size distribution from light scattering measurement;
(c) ¢-potential.

Table 2 Compositions of the peanut OB fatty acids

Types of fatty acids Content (wt%)

Palmitic acid (C16:0) 13.31 + 0.05
Oleic acid (C18:1n9c¢) 49.51 £ 0.02
Linoleic acid (C18:2n6c¢) 37.18 £ 0.03

3.2. Effects of saliva components on oral digestion of peanut
OBs

3.2.1. Change of OB surface proteins after oral digestion.
After the peanut OBs were digested in the oral stage by the
simulated saliva fluid SSF with different components, As, As + a-
amylase, As + mucin, or As + a-amylase + mucin as listed in
Table 1, the changes of the surface proteins of peanut OBs were
characterized using SDS-PAGE first, and the results are shown
in Fig. 2a-c. For comparison, the surface protein compositions
of the undigested peanut OBs were also characterized. As can be
seen (Lane 5 in Fig. 5a and b, and Lane 4 in Fig. 5c¢), the undi-
gested peanut OB surface contains mainly the endogenous
proteins, and some residual exogenous proteins, the similar to
what we found previously.* The endogenous proteins of the
extracted peanut OBs include oleosins with M,, of 16-18 kDa,
caleosins of 25 and 30 kDa, and steroleosins of 40 kDa. The
exogenous proteins are mainly those with M, greater than 41
kDa.* However, the compositions of the simulated saliva has
obvious effects on the surface proteins of the digested peanut
OBs. As shown in Fig. 2a, when the saliva only contained As, the
protein bands of peanut OBs hardly changed after they were
digested for 1 or 10 min (Lane 1 and 2 respectively in Fig. 2a),
compared with the undigested OBs (Lane 5). For comparison,
Lane 3 and Lane 4 in Fig. 2a are the electrophoresis of As itself
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As
Undigested

a Imin  10min Asitsell Mark OBs

1 2 3 4 5

110 kDa
70 kDa
§5 kDa

40 kDa
35 kDa
25kDa

15 kDa

10 kDa

As + a-amylase
b a-amylase Undigested
1 min 10min itselfl  Mark OBs 1min 10 min
5 6 7

As + mucin
——

1 2 3

-

As + g-amylase + mucin

Undigested

1min 10 min Mark OBs

c 1 2 3 4
110 kDa
70 kDa
55 kDa
40 kDa
35 kDa

10 kDa

Fig. 2 Effects of saliva component on the peanut OB surface proteins
after oral digestion. (a) Lane 1 and 2, proteins after digested by As for 1
and 10 min respectively; Lane 3, As itself; Lane 4, marker proteins; Lane
5, undigested OBs; (b) Lane 1 and 2, OB proteins after digested by As +
a-amylases for 1 and 10 min respectively; Lane 3, a-amylase in saliva
itself; Lane 4, marker proteins; Lane 5, undigested OBs; Lane 6 and 7,
OB proteins after digested by As + mucin for 1 and 10 min respectively;
(c) Lane 1 and 2: OB proteins digested by As + a-amylases + mucin for
1and 10 min, respectively; Lane 3, marker proteins; Lane 4, undigested
OBs.

and the marker proteins, respectively. However, if the SSF
contained As + o-amylase, as can be seen from Lane 1 and 2 in
Fig. 2b, the peanut OB surface proteins shifted their SDS-PAGE-
assessed M,, of 16-18 kDa gradually towards about 13-14 kDa,
compared with the undigested OBs (Lane 5 in Fig. 2b). There-
fore the appearance of a-amylase in the SSF changed the SDS-
PAGE-assessed M, of the surface proteins of the OBs. Since
that the main function of a-amylase is the enzymatic digestion
of carbohydrates such as starch or glycogen,* it is speculated
that the change in SDS-PAGE-assessed M,, of the OB surface
proteins here may be due to that there are glycosidic bonds
existing on the proteins, and SDS-PAGE-assessed M,, decreases
after the glycosidic bonds being treated by a-amylase. The
existence of glycosidic bonds on some OB surface proteins has
been reported previously, such as on coconut OBs” and Arabi-
dopsis thaliana OBs.® There is also the possibility that the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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tertiary rearrangements upon adsorption/desorption and
interactions with As + a-amylase components, which could alter
the hydrodynamic profile of the glycoproteins, thus affecting
their mobility on the polyacrylamide gel. However, previous
research didn't find such changes of the OB surface proteins
after oral digestion,”**” which probably because only micro-
scope was used to observe the microstructural changes of the
OB droplets, but no electrophoresis was executed to charac-
terize the protein composition.

When the saliva contained As + mucin, the electrophoretic
bands of the peanut OB proteins did not change significantly
after digested (Lane 6, 7 in Fig. 2b respectively). Whereas, when
the saliva contained As + a-amylase + mucin, as can be seen
from Lane 1 and 2 in Fig. 2c, the proteins of 16-18 kDa
decreased to about 13-14 kDa respectively as well. Therefore,
these results indicate that o-amylase in saliva has an effect on
the SDS-PAGE-assessed M, of the peanut OB surface proteins
during oral digestion, while mucin does not.

3.2.2. Particle size and {-potential change of the peanut
OBs after oral digestion. Fig. 3a shows the particle size distri-
bution of the peanut OBs after digested by different SSF, As, As +
a-amylases, As + mucin or As + a-amylases + mucin. It can be
seen that different saliva components have no significant effect
on the peanut OB particle size, and the peak size of the OBs is
almost the same with the peak size of the undigested OBs. At the
same time, we did not observe a obvious flocculation of the
emulsion after the addition of mucin, though mucin is a well-
known flocculant of emulsions. This is probably because both
the emulsion droplets and mucin are negatively charged under
the pH in mouth (pH 6.8), so the electrostatic repulsion between
the droplets and mucin prevents the flocculation to some
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Fig. 3 Particle size and size distribution (a) and ¢-potential (b) of
peanut OBs after digested by different simulated saliva components at
pH 6.8.
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extent. Together with the electrophoresis results, these results
indicate that although the SDS-PAGE-assessed M,, of the surface
proteins of the peanut OBs changed after the treatment of a-
amylases, the OBs were not completely decomposed. This is
consistent with the results by previous studies that no change in
the microstructure morphology of OBs was observed using
optical microscope after the oral digestion.”®*’

Fig. 3b displays the {-potential of the peanut OBs after
digested by different SSF. It can be seen that addition of a-
amylase or mucin, increases the value of the {-potential of the
peanut OBs slightly. The increase of {-potential value by mucin
was probably due to the negatively charged nature of them-
selves. For the a-amylases, on one hand, the a-amylase is also
negatively charged at pH 6.8 in the SSF; while on the other hand,
a-amylase may not only change the SDS-PAGE-assessed M,, of
the OB surface proteins, but also destroy the structure of the
OBs, such as glycosidic bonds on the surface proteins,”® which
may also lead to changes in the charge properties of surface
proteins. Therefore, in the following, we conducted an in-depth
analysis of whether there are glycosidic bonds existing on the
surface proteins of the peanut OBs, and how they interact with
a-amylase and consequently affect the digestion of the peanut
OBs before moving to the gastric and intestinal environment.

3.2.3. Microstructure of the peanut OBs with glycosidic
bonds by CLSM. Con A can selectively bind to the o-man-
nopyranosyl and a-glucopyranosyl residues on proteins or
lipids, forming a complex with green fluorescence.” Fig. 4a, c, e,
and f show the CLSM fluorescent micrographs of the Con A-
stained peanut OBs undigested or digested by a-amylases. It
was found that compared with OBs under light field (Fig. 4b),
after Con A staining, the outer surface of the peanut OBs dis-
played green fluorescence (Fig. 4a), which indicates that glyco-
sidic bonds do exist on the surface of the peanut OBs, though
how the glycosides was produced was unknown. In order to
eliminate the influence of sucrose which was added in the
extraction process on the production of glycosides, the peanut
OBs extracted without adding sucrose were also stained by Con
A for comparison in Fig. 4 ¢ and d. Comparing with the light
field image in Fig. 4d, the outer surface of the peanut OBs in
Fig. 4c still showed green fluorescence after Con A staining. This

Fig. 4 CLMS and light field images of the peanut OB surface before
and during oral digestion. (a) & (b) Undigested OBs stained with Con A;
(c) & (d) undigested OBs extracted without sucrose and stained with
Con A; (e) & (f) OBs digested by As + a.-amylase for 10 min and stained
with Con A; (g) & (h) OBs digested by As + a-amylase overnight and
stained with Con A. Green dots represent glucosides. Arrows of the
same color are guide for comparison.
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indicates that the existing glycosidic bonds on the surface of the
peanut OBs were not produced by the sucrose added during the
extraction process. The fluorescent and corresponding light
field images for the peanut OBs digested by saliva containing As
+ o-amylases for 10 min and overnight, are also shown in
Fig. 4e, f, g and h, respectively. It can be observed that the green
fluorescence of the outer surface of individual peanut OB
partially or completely disappeared after digested by As + a-
amylases (indicated by the paired red/green/blue arrows). These
results indicate there are glycosidic bonds on the surface of the
peanut OBs, while a-amylase can destroy these glycosidic bonds
to some extent during oral digestion.

3.2.4. SDS-PAGE of peanut OBs with glycoproteins using
PAS staining. We also tried PAS staining method to prove the
existence of glycoproteins on the peanut OB surface. Fig. 5a and
b show the SDS-PAGE results of the peanut OB proteins stained
by Coomassie blue and PAS respectively, for comparison. The
electrophoresis using PAS staining uses periodic acid to oxidize
the glycogen of the glycosidic bonds, changing the hydroxyls on
the adjacent C-C bonds into aldehyde groups.** The resultant
aldehyde compounds combine with Schiff base producing
complex with purplish red fluorescence.** Comparing the
results of Coomassie blue staining in Fig. 5a, it can be observed
in Fig. 5b that the proteins with M,, of 16-18 kDa are stained by
PAS, and the darkness of the band increases with the increase of
sample concentration (from 5 pl to 20 pl). The proteins with
other M,, did not appear in the PAS electrophoresis image.
These results indicate that glycosidic bonds may exist on the
16-18 kDa proteins of the peanut OBs. Jolivet et al., who used
AgNO; to stain the protein electrophoresis gel, also found the
existence of glycosylated proteins in Arabidopsis thaliana OBs.?

M  20pL  15pL  10uL  SpL
a 1 2 3 4 5
70 kDa
55 kDa
40 kDa
35kDa
25kDa
15 kDa
b M 20l  1SuL  10uL SuL
1 2 3 4 5
70 kDa

S5kDa
40 kDa

35kDa
25kDa

15 kDa

Fig. 5 SDS-PAGE image of undigested peanut OBs using different
staining methods with loading concentration as indicated. (a) Coo-
massie blue staining; (b) PAS staining. M, protein markers. The
measurement for each staining method was performed for 3 times,
and the resultant best figure is displayed in grey color.
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They further identified two of the glycosylated proteins using
nano-chromatography-mass spectrometry: an aquaporin and
a glycosylphosphatidylinositol-anchored protein with unknown
function. Protein glycosylation was also found through SDS-
PAGE electrophoresis analysis in previous report,*”” which indi-
cate that with the increase of the size of the saccharides, a large
number of high M,, glycation aggregates appeared. Therefore,
combined with the observation of glycosidic bonds by CLMS in
Fig. 4, the stained proteins by PAS in Fig. 5b, the shift of the
electrophoresis bands to lower SDS-PAGE-assessed M, of OB
surface proteins after digested by a-amylase in Fig. 2b, and the
slight change in {-potential in Fig. 3b, we conclude that at least
part of the surface proteins of OBs formed glycosidic bonds, and
a-amylase can act on these glycosidic bonds, causing the
change of the SDS-PAGE-assessed M,, of proteins on the OB
surface. Alternatively, as we mentioned above, there is the
possibility that upon adsorption/desorption and interaction
with the As component, tertiary rearrangements might also
occur and alter the hydrodynamic characteristics of the glyco-
proteins and thus affect their mobility on the polyacrylamide
gels.

3.3. Effects of saliva components on the gastric digestion of
peanut OBs

3.3.1. Change in surface proteins. After oral digestion, the
peanut OBs were further digested under the simulated gastric
conditions, where pepsin hydrolyzes peptide bonds on the N-
terminus sides of aromatic residues of proteins.”®* Coomassie
blue SDS-PAGE was first used to investigate the hydrolysis of the
peanut OB surface proteins by pepsin after digestion by using
different saliva components for 10 min. The results are shown
in Fig. 6a-d. After oral digested by As and the following gastric
digestion by SGF, we can see from Fig. 6a that, the 16-18 kDa
oleosins, the 25 and 30 kDa caleosin, the 40 kDa steroleosin and
the exogenous proteins with M,, greater than 41 kDa were all
gradually degraded since the darkness of the SDS-PAGE bands
decreased with the increase of digestion time. This means all of
the peanut OB surface proteins were hydrolyzed to lower M,,
peptides (about 6.5-14 kDa). This result is consistent to
previous study by Gallier et al.,* who found that almond OBs
were rapidly digested in the gastric environment, and after
15 min of simulated gastric digestion, no further proteolysis
was observed, and only several undigested peptides were
detected.

In contrast, after oral digestion by As + a-amylase and the
following gastric digestion by SGF, we can see by comparing
Lane 2 with Lane 1 in Fig. 6b, that the peanut OB proteins of 16—
18 kDa were shifted to lower SDS-PAGE-assessed M,, at 0 min
during the gastric digestion. This is induced by the decompo-
sition of the glycosidic bonds on the peanut OB surface by o-
amylase as we discussed above. As the gastric digestion
continued, e.g., for 15 minutes, the original 16-18 kDa oleosins
have been decomposed into even lower M, polypeptides of
about 6.5-14 kDa (as shown in Lane 3 in Fig. 6b). No further
change of the electrophoresis bands was seen after digestion for
120 min (Lane 3-7 in Fig. 6b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effects of saliva component on M,, of the peanut OB surface
proteins during gastric digestion. SSF containing (a) As; (b) As + a-
amylases; (c) As + mucin; (d) As + a-amylases + mucin. In each frame:
Lane O, the marker proteins with M,, as indicated; Lane 1, undigested
OBs; Lane 2-7, gastric digestion for 0O, 15, 30, 45, 60, and 120 min,
respectively.

During the oral digestion by As + mucin and the following
gastric digestion by SGF, there was no significant change in the
protein M,, at 0 min of gastric digestion compared to the
undigested peanut OB proteins (Lane 2 compared to Lane 1 in
Fig. 6¢). After gastric digestion for 15 min, all oleosins (16-18
kDa) and other proteins with higher M,, have been decomposed,
and there were no significant change in the electrophoresis
lanes later until gastric digestion for 120 min (Lane 3-7 in
Fig. 6¢), similar to the results by As in Fig. 6a. Fig. 6d shows the
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SDS-PAGE results for the peanut OBs after oral digestion by As +
a-amylase + mucin and following gastric digestion by SGF.
Similar change in protein bands to that in Fig. 6b for OBs after
oral digestion by As + a-amylase can be seen.

These results indicate that though the proteins on the
peanut OB surface were decomposed due to the digestion of the
glycosidic bonds by a-amylase in the saliva, no significant
change was observed in the SDS-PAGE for these proteins during
further gastric digestion.

3.3.2. Droplet size, microstructure and ¢-potential. As
shown in Fig. 7a, after oral digestion by different SSF and the
following gastric digestion by SGF for 120 min, at which point
the gastric digestion was expected to be completed, the digested
OBs showed an irregular multimodal distribution, and the
average particle size d, ; of the OBs were larger than that of the
undigested oil bodies (2.55 £ 0.05 um from Fig. 1b). This was
similar to the result observed for sunflower seed OBs by White
et al.’® The order of the average particle size d,; was As + o-
amylase + mucin (109.25 + 6.85 pm) > As + mucin (80.62 £ 9.79
pm) > As (56.53 & 4.57 um) > As + a-amylase (45.72 £ 5.23 pm). A
peak around 4 um appeared for the OBs after oral digested by As
+ o-amylase in Fig. 7a. The images in Fig. 7b shows the CLSM
images of the peanut OBs after oral digestion with different SSF
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@ As + a-amylase
N Aed
4 As + mucin T
8 ® As + a-amylase + mucin

C 20+
i~ 15+
E
S 104
3
@
H
& 57
0+
S5 As +
A As + As + a-amylase +
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Fig.7 Effects of saliva component on the digested OB emulsions after
gastric digestion for 120 min: (a) droplet size distribution, (b) the CLMS
images with SSF as indicated (b1-b4 represent the OBs after the action
of As, As + a-amylase, As + mucin or As + a.-amylase + mucin) and (c)
the {-potential at pH 2.5. Scale bars at the bottom right in (b) represent
25 um.
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and the following gastric digestion for 120 min. It can be seen in
Fig. 7b1 that the size of the peanut OBs are larger than that of
the undigested ones as shown in Fig. 1a. By the action of pepsin,
the surface structure of oil bodies was destroyed to some extent
and the oil droplets fused into large oil droplets due to the
insufficiently strong surface. Meanwhile, aggregated OBs are
seen as well, which may be caused by the weak electrostatic
attraction between oil droplets at this pH. In the image in
Fig. 7b2, after oral digestion by As + a-amylases and gastric
digestion, the oil droplets are much larger than those in
Fig. 7b1, probably because the oil droplet interface was
destroyed more severely due to the presence of a-amylase.
Therefore oil droplet coalesced into more and larger droplets.
There are also droplets with smaller droplet size in Fig. 7b2 as
shown by the green spots. Intensive aggregations after oral
digestion by As + mucin appeared in Fig. 7b3, which is probably
caused by the strong electrostatic attraction between mucin and
the oil droplets as mucin is negatively charged and oil droplets
are positively charged at this acidic pH. In Fig. 7b4, more
aggregations of oil droplets than other samples and larger oil
droplets were seen under the action of both o-amylases and
mucin.

In Fig. 7c, the {-potential for the peanut OBs after oral
digestion by As and the following gastric digestion for 120 min,
is about 14.7 mV, which is similar to that of soybean OBs in
a previous study.'® Combining this with the results in droplet
size analysis and in SDS-PAGE about the protein change during
gastric digestion, we speculate that the peanut OBs coalesce
during gastric digestion due to the hydrolysis and destruction of
peanut OB surface proteins by pepsins. Furthermore, the
destruction of the surface proteins causes the charge on the
surface of the OB droplets to decrease, resulting in insufficient
electrostatic repulsion or steric hindrance, and consequently
the OBs became aggregated to some extent.”>** The {-potential
of the digested OB emulsion was positively charged with around
16.0 £+ 3.2 mV after oral digestion by As + a-amylase and the
following gastric digestion (in Fig. 7c). Since o-amylase is
a protein, its own positive charges contribute to the positive {-
potential value of the digested OB emulsion. Liu et al. showed as
well that the soybean OB-stabilized emulsion had increased
positive charges as the degree of enzymolysis increased.””
Therefore the increase of droplet size of the peanut OBs here is
mostly from their coalescence rather than aggregation. In
addition, it was reported that the glycosylation of the
membrane proteins plays a protective role against hydrolysis by
pepsin.>® We believe that this enhanced coalescence phenom-
enon was because of the destruction of glycosidic bonds on the
OB surface proteins by a-amylase, which in turn promote the
hydrolysis of the OB surface proteins by the pepsins. This strong
digestive effect continues until the late stage of the digestion.
The {-potential of the digested OBs after oral digestion by As +
mucin and the following gastric digestion was slightly nega-
tively charged with value around —2.2 + 1.8 mV (Fig. 7c), which
may be due to the neutralization by the negative charge of
mucin.”* Thus the strong aggregations (Fig. 7b3) can be
explained by the bridging flocculation of the digested droplets
caused by the negatively charged mucin.*® The {-potential of the
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digested OBs after oral digestion by As + a-amylase + mucin
(Fig. 7c) was similar to that of the digested OBs after oral
digestion by As + mucin. But from the CLSM image in Fig. 7b4,
larger oil droplets with aggregations are seen, which are ex-
pected due to both coalescence and flocculation caused by the
combination of a-amylase and mucin as illustrated above in Fig.
7b2 and b3 respectively.

3.4. Effects of saliva components on intestinal digestion of
peanut OBs

3.4.1. Droplet size, microstructure and {-potential. As seen
in Fig. 8a, after oral digestion by different SSF, gastric digestion
by SGF and intestinal digestion by SIF for 120 min, the particle
size of peanut OBs was reduced compared to the particle size
after gastric digestion (in Fig. 7a), and the size distribution
shows a wide multimodal distribution. In the intestinal diges-
tion stage, under the action of bile salts, the surface proteins of
OBs can be replaced, and the internal oil inside the OBs will be
hydrolyzed by the pancreatin.® Then as the droplet surfaces
were destroyed further, the oil inside the droplets was contin-
uously digested resulting in the slight decrease of the droplet
size.>® The CLSM image in Fig. 8b1 shows that after the action of
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Fig.8 Effects of saliva component on the digested OB emulsions after
intestinal digestion for 120 min: (a) droplet size distribution, (b) the
CLMS images with SSF as indicated (b1-b4 represent the OBs after the
action of As, As + a-amylase, As + mucin or As + a-amylase + mucin)
and (c) {-potential at pH 7.0. Green dots in (b) are the remaining oil
droplets while yellow dots are the remaining oil droplet and protein
mixtures. Scale bars at the bottom right in (b) represent 100 um.
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As in SSF and the following gastric and intestinal digestion, the
droplets aggregated (yellow) to some extent while there were
still small oil droplets (green) distributed, which is consistent
with the droplet size distribution (with averaged size of 52.58 +
2.55 pm) measured by the light scattering in Fig. 8a. The
digestion products of oil bodies probably also spontaneously
coalesced to form larger oil droplets than the oil bodies them-
selves although the total amount of oil droplets decreased. One
difference between the gastric digestion and intestinal diges-
tion stage is that the OB droplets were negatively charged in the
intestinal environment while positively charged in the gastric
environment. Therefore the flocculation of the droplets became
weaker due to the increase of the repulsion between droplets
(also supported by the {-potential results displayed in Fig. 8c).
The image in Fig. 8b2 shows that after the action of As + a-
amylase and the following gastric and intestinal digestion, both
the aggregation (yellow) and the oil droplets (green) are smaller
than those in Fig. 8b1. These are due to the decomposition of
the glycosidic bonds by the a-amylase which facilitated the
replacement of the surface proteins on the peanut OBs by bile
salts and speeded up fat digestion. In contrast, Lesmes et al.>*
found inefficient displacement of glycated proteins at the oil-
water interface during the digestion of p-lactoglobulin-
dextran Maillard conjugates in the small intestine, which may
impede lipase adsorption or lipolytic activity. This was probably
because that the glycosidic bonds were not broken by a-
amylase.

The CLSM image in Fig. 8b3 shows that after the action of As
+ mucin and the following gastric and intestinal digestion, the
oil droplets and the aggregations are more evenly distributed.
Mucin mainly plays a lubricating role in the oral cavity, and it
cannot be digested by SGF or SIF either. From the original
mucin added in SSF to the following gastric and intestinal
digestion, however, the relative concentration of mucin to oil
droplets in the intestinal digestion stage increased compared to
that in the oral digestion stage as the oil droplets were digested
in the intestinal environment. Therefore, the high concentra-
tion non-adsorbing negatively charged biopolymer of mucin in
the aqueous phase of the OB emulsion are expected to increase
the attraction between the oil droplets (negatively charged
protein emulsions) through the depletion effect.?®*** The results
for the peanut OBs after oral digestion by SSF of As + a-amylase
+ mucin, gastric digestion by SGF, and intestinal digestion by
SIF are displayed in Fig. 8b4, which can be viewed as the
superposition of results shown in Fig. 8b2 and b3. Clearly, they
are from the combination effects of both a-amylase and mucin
in the saliva.

All of the peanut OB emulsions had negative {-potentials
after digestion by SSF with different components, SGF, and SIF
as shown in Fig. 8c. The digested products of the intestinal
finally were composed of a large amount of the mixture of PLs,
FFA and polypeptides, or undigested OBs which are all nega-
tively charged.®»*® When the simulated saliva contains both a-
amylase and mucin (As + o-amylase + mucin), the negative
potential was the largest, which was mainly due to the dual
effect of a-amylase and mucin.
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Fig. 9 Effects of saliva components on the FFA release rate of the
peanut OB emulsion at different times during intestinal digestion.

3.4.2. FFA released during intestinal digestion of the
peanut OBs. By measuring the FFA release rate at different
times during the intestinal digestion process, the digestion rate
and degree of the oil digested in the emulsion can be reflected.
As seen in Fig. 9, the rate of FFA release was fast in the first
10 min, but then slowed down from 20 min until 120 min since
the accumulation of lipolytic products at the interface of the
OBs prevented the pancreatic lipase from accessing the
triglyceride core.”® There was no significant difference in the
early stage of FFA release among the four investigated SSF, but
in the later stages, the As + mucin + a-amylase treated OBs has
the highest FFA release amount, followed by the As + mucin
treated OBs, then the As + a-amylase treated OBs, while the As-
treated OBs had the lowest FFA release amount. After the action
of pancreatin, the digested OBs spontaneously coalesced
forming larger oil droplets. The a-amylase in the saliva destroys
the glycosidic bonds on the surface of the peanut OBs as dis-
cussed above, which facilitate the replacement of the surface
proteins by bile salts in the intestinal tract, and consequently
both the release rate and the amount of fat was increased
during the intestinal digestion. The mucin could cause deple-
tion flocculation of the peanut OBs in the intestinal, which may
hinder the fusion of oil droplets and thus promoting fat
digestion by increasing their contacting surface area with bile
salts.>* The superposition of the two effects results in the
maximum release of FFA for OBs treated by SSF of As + mucin +
a-amylase.

4. Conclusions

This study investigated the effects of the main saliva compo-
nents on the digestion of the peanut OBs extracted by aqueous
medium method using complete in vitro oral-gastric-intestinal
digestion simulation. With CLMS technique using Con A as
the staining agent and the electrophoresis characterization
using PAS method, glycosidic bonds were found to exist on the
surface of the peanut OBs. When saliva components contain o-
amylase, it can break the glycosidic bonds on the surface of the
OBs, and the OBs structure is disrupted more severely and form
larger oil droplets as they coalesced, and thus promoting the
digestion of the peanut OBs in the gastric and intestinal envi-
ronment. When saliva components contain mucin, bridging
flocculation of OBs occurs in gastric environment, and
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depletion flocculation in intestinal environment, in addition to
the oil droplets fusion. The former hinders the fusion of oil
droplets in the gastric digestion and the latter promotes fat
digestion by increasing the contacting surface area of OBs with
bile salts in the intestinal environment.
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