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Abstract: Exploring the effect of bile salts on the properties of emulsion carriers containing hydropho-
bic bioactive compounds is particularly critical to understanding the stability and bioavailability of
these hydrophobic bioactive compounds in the digestive process. In this study, the effects of bile salts
on the stability and digestive characteristics of the ursolic acid (UA) self-stabilized water-in-oil (W/O)
emulsion were investigated via static and dynamic (with or without enzyme) in vitro simulated
digestive systems. The results showed that under the static system, the basic conditions had less
interference, while the bile salts had a significant effect on the appearance and microstructure of the
emulsion. The primary mechanism of emulsion instability is hydrophobic binding and depletion
flocculation. Under the dynamic condition, it was found that the low concentrations of bile salts can
promote the release amount and the rate of free fatty acids via displacement, while high concentra-
tions of bile salts inhibit the decomposition of lipid, which may be related to the secondary coverage
formed at the interface by the bile salts. These findings provide a theoretical basis for understanding
the digestive behavior of the UA emulsion and its interaction with bile salts, which are conducive to
developing and designing new emulsions to improve the bioaccessibility of UA.

Keywords: ursolic acid emulsion; bile salt concentration; in vitro simulated digestion

1. Introduction

Pentacyclic triterpenoids are widely found in various plants. They are one of the active
ingredients of many medicinal materials, which have rich biological activities, mainly
reflected in liver protection and the regulation of glucose and lipid metabolism disorders [1].
In recent years, its anti-inflammatory, antioxidant, antibacterial, anticancer, and other
pharmacological effects have also attracted attention [2,3], which is a hotspot in medicine
and health food. However, due to the polycyclic alkane structure, the water solubility of
pentacyclic triterpenes is generally poor and the oral bioavailability is very low, which
seriously limits the practical application of these compounds. Numerous experiments
have been conducted on how to improve its biological accessibility [4-6]. Bioaccessibility
refers to the proportion of substances released from the food matrix after digestion in the
gastrointestinal tract that can be absorbed and utilized by the body [7]. Itis influenced by the
interaction between the bioactive substances and the digestive fluid, as well as by different
types of carriers. Many studies have demonstrated that the lipid-based delivery system has
a significant absorption-enhancing effect on most hydrophobic bioactive compounds [8,9].

An emulsion is a thermodynamically unstable dispersed system formed by dispersing
one liquid in the form of tiny droplets (usually about 0.1~10 pm in diameter) into another
immiscible liquid [10]. It is an important food form and can be divided into the oil-in-water
(O/W) emulsion, the water-in-oil (W/O) emulsion, and multiple emulsions according
to the difference in the continuous phase. Some studies have found that the emulsion
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form positively affects the bioavailability of bioactive compounds. The construction of
a nanoemulsion delivery system (NDS) or nanoemulsion excipient system (NES) can
improve the oral availability of bioactive compounds in different ranges [11]. The emulsion
composition and the mode of delivery in contact with the bioactive compounds cause
different gastrointestinal reactions, in which the rapid digestion of the lipid phase results
in the formation of mixed micelles capable of dissolving and transporting hydrophobic
bioactive compounds [12]. Secondly, the addition of bioactive compounds to the lipid
droplets protects them from the chemical degradation caused by the components in the
aqueous phase [13]. In addition, certain lipid digests can increase the permeability of
epithelial cell membranes, thereby promoting the co-absorption of bioactive compounds
with lipolytic products [14]. In recent years, self-emulsifying drug delivery systems (SEDDS)
have also been commonly used to encapsulate lipophilic active molecules in various foods
and drugs, such as curcumin, dihydromyricetin, silybin, etc., which can improve their
solubility and bioavailability [15].

Only limited lipohydrolysis occurs in the oral and gastric phases of the emulsion [16].
When partially digested emulsions enter the small intestine from the stomach, they are
further exposed to complex physicochemical conditions, among which bile salt is an
important influencing factor [17]. It is a sodium or potassium salt formed by combining
the bile acids secreted by liver cells with glycine or taurine. Recent studies have shown
that bile salts can participate in lipid digestion via the following mechanisms: (1) Reduces
the surface tension and emulsifies the lipid droplets, thereby increasing the contact area
between lipase and lipids. (2) Accelerates the adsorption of lipase via displacement [18].
(3) Together with lipolysis products, hybrid micelles are formed, aiding their transport and
absorption [19,20]. (4) The dynamic adsorption and desorption behavior can coordinate
with lipolysis in real time. (5) Destroys the network structure of intestinal salt ions, such
as Ca®* and short-chain fatty acids, to promote lipolysis [21]. However, there are few
studies on the interaction between the emulsion system and digestive fluid, and most of the
experiments focus on the O/W emulsion. People know little about the interaction between
the W/O emulsion and digestive fluid, especially about the role of bile salts in the digestive
process of the W/O emulsion.

Previous studies have found that typical pentacyclic triterpenoids such as ursolic acid and
oleanolic acid have self-assembly characteristics, can form stable W/O emulsions, and their
bioaccessibility is significantly improved compared with direct oral administration [22,23]. It
shows that the emulsion form can solve the problem of the low bioavailability of pentacyclic
triterpenoids. Therefore, this study prepared a ursolic acid (UA) self-stabilized W/O emulsion
system for carrying this typical pentacyclic triterpene. For the first time, the behaviors of the
UA W/O Pickering emulsion during digestion and the impact mechanism of bile salts on it
were explored. We first ignored the processing of the emulsion in the oral cavity and stomach
and established a static in vitro simulated small intestinal digestion model (without pancreatic
enzymes) to elucidate the effects of bile salts on the properties of the emulsion by monitoring
the changes of appearance and morphology, microstructure, particle size, and the potential
of the emulsion. Then, a dynamic oral-gastroenteric digestive system was established to
measure the release amount and the rate of free fatty acids, as well as the UA content in
the micelle phase of the digestive fluid. Understanding the digestion of the UA emulsion in
the human body and its interaction with bile salts provides new research ideas for the full
utilization of UA and other bioactive compounds, and it also provides a theoretical basis for
expanding the application of the emulsion for the delivery of nutrients and medicines.

2. Materials and Methods
2.1. Materials

Ursolic Acid (UA, >98%) in the form of a white powder was purchased from Shaanxi
Jin Kang Tai Biological Technology Co., Ltd. (Xi Xian New Area, China). UA was used
without further purification. Rapeseed oil was purchased from a local store. Bile salt,
pepsin (>250 U/mg), pancreatic enzyme (P7545, 8 USP), and lipase (L3126, from porcine
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pancreas type II, 100-500 units/mg protein) were obtained from Sigma Chemical Company.
Phosphate buffered saline (PBS, pH 7.4) was obtained from Gibco Life Technologies (Grand
Island, NY, USA). All other reagents were of analytical grade.

2.2. Preparation of W/O Emulsion

UA particles (oil-water ratio = 7:3, 3 wt% oil) were dispersed in rapeseed oil, and the
UA oil dispersion was prepared via continuous stirring in a constant temperature water /oil
bath at 80 °C for 20 min. The 30 wt% aqueous phase was homogenized with the UA oil
dispersion in a T18 digital high-speed disperser Ultra-Turrax (IKA, Staufen, Germany) for
2 min at 13,600 rpm to produce the W/O emulsion, which was sealed and stored under
refrigeration immediately after preparation.

2.3. In Vitro Static Simulation of Intestinal Digestion

Synthesizing the methods of Qian [24], Sarkar [25], and Zhan [26] et al., with minor
modifications, the simulated intestinal fluid (SIF) is composed of bile extracts, intestinal
salts, pancreatin, and lipase composition. An amount of 0.1755 g of NaCl was weighed
and mixed with 10 mL of distilled water in a clean beaker, and a 1.0 mL CaCl, solution
(containing 110 mg of CaCl,) and 7.6 mL of a 0.1 mol/L NaOH solution were added. Dif-
ferent concentrations of bile salts were selected according to the experiment, pre-dissolved
with PBS, stirred, and added to the system, and the pH was adjusted to the desired value
(6.5 or 7.0). The prepared SIF should be preheated at 95 °C for 5 min to exclude any possible
enzyme activity in the bile salts. After the SIF is cooled, 1 g of the UA emulsion is added
and the resulting mixture is incubated for 2 h at 37 °C and 600 rpm.

2.4. Polarized Light Microscopy

The optical microstructures of the original emulsion, emulsion-water, emulsion—
enteric salt, and emulsion-SIF mixture were observed using a BX53M polarized light
microscope (Olympus, Tokyo, Japan). A drop of the upper emulsion was taken on a slide,
covered with a coverslip, and compacted. Then, the structures were observed with 10x,
20x%, and 50x objectives and photographed and recorded, respectively.

2.5. Measurement of Droplet Size

A plain microscopic image of the emulsion was obtained via a 50 lens of a polarized
light microscope, and the emulsion (~2 pL) was deposited on a slide and covered with a
coverslip. The average surface diameter of the emulsion (D3 7)) was estimated using Nano
Measure 1.2 software and 100 droplets were selected for counting. D(3 5y was defined as:

~ Yonidi 3
Pea) = Ynidi 2

M

2.6. {-Potential Measurements

The emulsion-SIF mixture and the aqueous phase after centrifugation of the mixture
were diluted to approximately a 0.005 wt% droplet concentration, choosing an appropriate
background buffer solution and using a nanoparticle sizer ZETASIZER NANO ZS (Malvern,
UK) before being analyzed via laser Doppler velocimetry and the phase light scattering
(M3-PALS) technique, to measure the (-potential of the sample. Each individual {-potential
data point was calculated from the mean and standard deviation of at least ten readings on
the same sample.

2.7. In Vitro Dynamic Oral-Gastrointestinal Simulation of Digestion
2.7.1. Oral Phase

According to Ojeda-Serna [27] et al., with slight modification, 1 g of the emulsion
was mixed with 9 mL of the physiological salt solution and mucin (30 mg/mL), 25 uL of
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0.3 M CaCly, 975 uL of distilled water, and a final volume of 10 mL, and then incubated for
2 min at 37 °C.

2.7.2. Gastric Phase

SGF was prepared by mixing 10 mL of the oral phase with 10 mL of the NaCl solution
(2 g/L) and adding 1.0 M of HCl to adjust the pH to 2.0 [28]. Porcine pepsin (3.2 mg/mL)
was added and dispersed in the SGF. The pH of the mixture was adjusted to 2.0 and
incubated at 37 °C with constant stirring (100 rpm) for 2 h.

2.7.3. Intestinal Phase

According to the method of Qian et al. [24], with slight modifications, SIF consists of
bile extract, saline solution, pancreatin, and lipase. Take the stomach sample (20 mL) in
a clean beaker, incubate it in a water bath (37 °C) for 10 min, and then adjust the pH to
7 with the NaOH solution (0.05-1 M). Bile salts of different concentrations were selected
according to the experiment, pre-dissolved in PBS, and added to 20 mL of chyme with
stirring to adjust the pH to 6.8. Then, 1.0 mL of the CaCl, solution (containing 110 mg of
CaCly) was added and adjusted to pH 7.0. Finally, the pancreatin (2.4 mg/mL) and lipase
(3.6 mg/mL) powders were added to the mixture and the timing started. The resulting
mixture was incubated at 37 °C at 600 rpm for 2 h. During the digestion period, 0.1 M
of the NaOH standard solution was added dropwise to maintain the pH at 7.0, and the
consumption volume of NaOH at different digestion times was recorded. During simulated
intestinal digestion, the lipids are broken down into two molecules of free fatty acids and
one molecule of monoglycerides. Using the pH—stat method, the amount of total free fatty
acids released in the simulated digestion was calculated according to the formula.

CNaoH X VNaon % 1073
m il
2 X 3

oil

Tatal FFA released (%) = x 100% 2)

In the formula, Cy,0op is the concentration of the NaOH standard solution (mol/L),
VNaon is the volume (mL) of the NaOH standard solution consumed at different digestion
times (t), m,; is the mass of rapeseed oil contained in the digested emulsion (g), and M,; is
the average molecular mass (g/mol) of rapeseed oil, which is 930 g/mol [26].

2.8. Measurement of Digestive Properties

The average particle size and (-potential of the samples were measured after the
digestion system with different bile salt concentrations went through the various stages
of simulated GIT. The average particle size (d43) is measured via a laser particle size
analyzer MASTERSIZER 3000 (Malvern, Malvern City, UK), and the measurement method
of (-potential is the same as method 2.7. To avoid the effect of multiple scattering, all
samples were diluted with deionized water at the same pH.

2.9. Determination of UA Content via HPLC

HPLC determinations were performed using an Agilent 1100 LC system equipped
with a quaternary solvent delivery system, autosampler, and diode array detector (DAD).
The detection wavelength is 210 nm. The separation was performed on a YMC-Pack ODS-A
(250 x 4.60 mm) column, and the oven and autosampler were kept at 30 °C. The mobile
phase was HPLC grade methanol, the flow rate was 1 mL/min, the injection volume was
20 uL, and each sample was analyzed at least three times. A series of concentrations
(20, 40, 80, 160, and 320 ng/mL) of the ursolic acid standard was prepared. Taking the
concentration of ursolic acid as the abscissa and the peak area as the ordinate, the standard
curve of ursolic acid was drawn. The linear regression equation is:

A =0.8437 m + 4.1702 )
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where A is the peak area of UA (mAUS), and m is the UA concentration (ug/mL). The
correlation coefficient (R?) is 0.99743.

The UA content in the aqueous phase (micelles) of the digested samples was deter-
mined according to the method of Martin et al. [8], with slight modifications. At the end
of digestion, the samples were centrifuged at 10,000 rpm for 10 min. After centrifugation,
the intermediate micelles were collected using a syringe, where 1 mL of the sample was
extracted from the micelles with 3 mL of anhydrous ethanol for 2 h at room temperature
with stirring, left overnight, and then the supernatant was aspirated across the membrane
(0.22 pm). The UA content in the micelles was determined via high-performance liquid
chromatography, and the UA concentration in the aqueous phase of the sample could be
calculated from the peak area and the standard curve of ursolic acid.

2.10. Statistical Analyses

All experiments were repeated three times, and the results were expressed as
mean *+ standard deviation. We used Excel 2016 (Microsoft, Redmond, WA, USA), Power-
Point 2016 (Microsoft, Redmond, WA, USA), and Origin 2022 (OriginLab, Northampton,
MA, USA) for graph analysis.

3. Results
3.1. Effect of pH and Intestinal Salts on Emulsion Stability

The basic conditions of the intestinal digestion model are intestinal salts, pH, bile
salts, and pancreatic enzymes [24]. Before exploring the role of the influence of bile salts,
we investigated the properties of emulsions in the presence of only enteric salts to clarify
whether intestinal pH and ionic strength would have any potential effect on emulsion
stability. In general, the physiological ionic strength and the pH of the duodenum change
significantly after a gastric emptying of food due to the food content, the presence of buffer
salts, and the release of digestive products such as free fatty acids [29]. Therefore, in this
part of the experiment, pH 6.0 and pH 7.5 were used to simulate the fasting and eating
states, respectively. In addition, the pure water-emulsion control group without intestinal
salt was set up, of which the pH was about 6.0.

3.1.1. Appearance and Microstructure

Figure 1 shows the digested solution after partial simulated digestion (37.5 °C, 600 rpm,
2 h), which was left for a period to observe the change in emulsion morphology. It was
found that the thickness of the emulsion layer in the pure water group was thinner, and
some of the emulsion attached to the inner wall of the beaker could be observed. The
digestive juice of the enteric salt group had obvious layers after standing; the upper layer
was a thin emulsion, and there was no obvious difference to the naked eye; the middle
layer was the water phase; and the bottom layer was the salt ion precipitation. Comparing
Figure 1(B1,C2), it was found that the pH 7.5 system had significantly more white flocculent
precipitates than the pH 6.0 mixed system, from which it can be concluded that pH affects
the formation of salt precipitates such as Ca(OH),, while the type and amount of salt ions
affect the stability of the emulsion. It can be seen that the mechanisms of pH and ionic
strength on emulsion stability are interrelated, and these two factors themselves also affect
each other.
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UA Emulsion+water  Emulsion-SIF pH6.0 Emulsion-SIF pH7.5

Standing
layered

After
standing

After
centrifugation

Figure 1. Appearance and microstructure images of UA emulsion + pure water pH 6.0 (A1-A3), UA
emulsion + intestinal salt pH 6.0 (B1-B3), and UA emulsion + intestinal salt pH 7.5 (C1-C3). The arrows
and circles in the image circle larger droplets of emulsion due to effects such as salt-induced aggregation.

The upper emulsion of the digested solution was made into microscope slides after
resting. Comparing the pH 6.0 intestinal salt group and the pH 6.0 pure water group,
some larger droplets appeared at the interface (Figure 1); considering that salt ions have
been mentioned in several studies to produce a salt-induced aggregation on the emulsion
droplets, i.e., Ca?*,Na*, and other salt ions will cover and wrap around the droplet surface
and even shield the droplets from mutual electrostatic interactions [25,30,31], it is presumed
that the figure shows a similar phenomenon. The intestinal salt groups of pH 6.0 and pH 7.5
were compared with each other, and some larger droplets appeared in the microscopic
images while other differences were not obvious.

Centrifugal stability can be used to simulate the state change in the samples after
a long time of natural standing. It is a fast method to evaluate emulsion stability. The
comparison of the images in the second and third rows shows that after centrifugation, part
of the emulsion droplets increased significantly (Figure 1), but no demulsification and other
phenomena occurred. It can be considered that the centrifugal stability of the UA emulsion
is good, and the enteric salts and pH only accelerate the process of emulsion instability to
some extent.

3.1.2. Particle Size and (-Potential

Particle size and (-potential results of the emulsion in pure water (pH 6.0) and the
emulsion in the intestinal salt solution (pH 6.0 and 7.5, respectively) after simulated diges-
tion are shown in Figure 2. There is no significant difference in particle size between the
groups for both the upper emulsion after standing and the upper emulsion after centrifuga-
tion. The particle size of the centrifuged group would be higher than that of the resting
group as a whole for the same reason as stated above. In comparison with the pH 6.0
enteric salt group, the pH 7.5 enteric salt group showed a larger change in particle size after
centrifugation, further indicating that pH affects the centrifugal stability of the emulsion.
The emulsion—pure water group at pH 6.0 and the emulsion—enteric salt group at pH 6.0
had no significant difference compared with each other, which represented that the enteric
salt had little effect on the particle size and centrifugal stability of the emulsion.
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Figure 2. Emulsion + pure water pH 6.0, emulsion + intestinal salt pH 6.0, and emulsion + intestinal
salt pH 7.5 after simulated digestion, static upper emulsion, and centrifugal emulsion particle size (A),
and the (-potential value of homogeneous system and water phase after centrifugation of the three
samples (B).

(-potential reflects the electrostatic interaction between colloidal particles and can
be used to determine the stability of the system. Generally speaking, the stability of
the emulsion is proportional to the absolute value of the (-potential. It is known that the
potential magnitude of the pure UA solid in the water phase is negative (—28.20 &+ 0.78 mV),
so the negative potential of the emulsion—pure water system is probably related to the
part of UA released in the emulsion. Comparing it with the enteric salt group at pH 6.0,
the absolute value of the uniform potential of the system decreases after the addition
of salt ions, which may be related to the electrostatic repulsion between Na*, Ca%*, and
other cations added. pH is one of the important factors affecting the (-potential, and the
(-potential decreases with the increase in pH. Comparing the pH 6.0 intestinal salt group
with the pH 7.5 intestinal salt group, there was no significant decrease in potential. It is
speculated that more UA particles are released in the enteric salt system at pH 6.0. In
general, pH and enteric salt both have a certain degree of influence on the stability of the
emulsion, but the effect is not large.

3.2. Effect of Different Bile Salt Concentrations on Emulsion Stability

The analysis of the test results in the first part shows that the pH and intestinal salts
have little effect on the stability of the emulsion, so we further investigated the effect of
different bile salt concentrations on the characteristics of the emulsion by keeping the
pH and ionic strength constant without the addition of pancreatic enzymes. Since the
ingestion of the emulsion is in the fed state and the intestinal pH fluctuates between 6~7.5,
the pH was chosen to be fixed at 7.0 for this part of the experiment [25]. In addition, the
concentration of bile salts in the intestine varies depending on the feeding state and food
components ingested [20]. To comprehensively consider all cases, a concentration gradient
of 0 to 25 mg/mL was selected for the experiment.

3.2.1. Appearance and Microstructure

The appearance and microstructure of the emulsion after the static simulated digestion
conditions (without enzymes) at different bile salt concentrations is shown in Figure 3.
When the bile salt concentration is 5 mg/mL, the upper layer of the digest was visible
as an oil-like emulsion (Figure 3(A1)). When the bile salt concentration was 10 mg/mL,
the upper layer became a white mixture of oil and flocculent (Figure 3(A2)). When the
bile salt concentration was 15 mg/mL and 20 mg/mL, the upper layer of the digest was
completely white flocculent. And, by the time the concentration was 25 mg/mL, there was
no visible upper layer material (Figure 3(A5)). In summary, bile salts had a large effect on
the appearance of UA emulsions.
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10mg/mL BS 15mg/mL BS 20mg/mL BS 25mg/mL BS
A4 g

Figure 3. Appearance (A1-A5) and microstructure (B1-B6) of emulsions as a function of bile salt
concentration in a simulated digestive system without the addition of pancreatic enzymes. The
arrows and circles of (B3) are deformed droplets. Due to the increased concentration of bile salts, the
droplets of the emulsion change from round to irregular. The arrows and rectangles in (B6) circle
some ursolic acid fragments. Due to the high concentration of bile salts, the droplets of the emulsion
are broken, and some ursolic acid fragments are also displaced.

As shown in Figure 3(B2), when the bile salt concentration is 5 mg/mL, the complete
emulsion droplets are visible in the field of view. When the bile salt concentration is
10 mg/mL, some droplets in the interface become larger in diameter and appeared as
clearly deformed droplets. Since the concentration of bile salt added at this time is much
higher than the critical micelle concentration (CMC), a large number of bile salt micelles are
self-assembled in the continuous phase. These micelles are squeezed from the space of the
emulsion drops, which brings a depleting effect to the system. This entropy force brings the
droplets closer to each other and clumps together to form larger particles [32]. On the other
hand, the hydrophobic binding of bile salts to the UA molecules at the interface destroys the
Pickering stabilization mechanism of UA crystals, resulting in the surface deformation of
droplets and the loss of emulsion stability. Combined with the appearance morphology at
the concentration of 10 mg/mL in Figure 3(A2), the emulsion slowly changes from oil-like
to white flocculent from this concentration.

When the bile salt concentration was 15 mg/mL and 20 mg/mL, the droplet size in
the field of view slowly became smaller. At this point, the emulsion morphology changed
to a white flocculent form, and the original size droplets were broken down into smaller
droplets. More precipitates in the background may be crystallites formed by the bile
salts and Ca?*. When the bile salt concentration was 25 mg/mL, the droplet size became
smaller and massive crystals appeared at the interface as UA crystals. So, it can be clearly
seen from Figure 3B that the droplet size continues to decrease with the increase in bile
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salt concentration. The salt-induced aggregates that appeared at the previous interface
ruptured [33-35].

3.2.2. Particle Size and (-Potential

Figure 4A shows the average particle size of the UA emulsion in the presence of
different bile salt concentrations. Initially, the droplet size was about 2.37 £ 0.22 pm.
When the bile salt concentration was 5 mg/mL, a slight increase in the mean size of the
emulsion was negligible. When the amount of bile salt added was higher than 5 mg/mL,
the average particle size decreased significantly and did not decrease further after reaching
a relatively constant low value. This indicates that there is a certain interaction between
the UA-stabilized emulsion droplets and bile salts. The addition of more bile salts resulted
in a decrease in the apparent size of the droplets, possibly because the previously formed
salt-induced aggregates break up [25]. Due to the salt-induced effect, the charge on the
surface of the emulsion droplet is unstable, which is easy to agglomerate and form droplets
with a larger particle size. However, the addition of bile salt will affect or even destroy the
previous salt-induced aggregates, and the larger droplet will disperse and become a small
droplet. For another, bile salts bind to the UA crystals on the interface via hydrophobic
interaction, or replace UA with a continuous phase, breaking its stability mechanism for
the W/O emulsion so the droplets break up and the size of the system decreases.
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Figure 4. Emulsion particle size (A) and (-potential (B) changes of emulsion homogeneous system
and centrifugal aqueous phase under static simulated digestion system (without pancreatic enzyme)
with different bile salt concentrations.

Figure 4B shows the (-potential of the digested system for different bile salt concen-
trations. As the bile salt concentration increased from 0.0 mg/mL to 25.0 mg/mL, the
(-potential of the homogeneous system also decreased substantially from —8.81 £ 0.42 mV
to —37.10 =+ 3.04 mV. The change in the overall potential is related to the addition of the
bile salts. The polar surface of bile salts contains negatively charged -COOH groups [36],
which will reduce the potential of the system. And also, possibly due to the displace-
ment of UA crystals at the oil-water interface [37,38]. During the whole experiment, the
(-potential of the system did not reach the zeta-potential of supersaturated bile salt droplets
(=51.3 £+ 2.5 mV) [25], which indicates that there must be some interaction between the
bile salts and the droplet that makes the UA neither completely displaced nor secondarily
covered by the bile salt.

3.3. Effect of Different Bile Salt Concentrations on the In Vitro Simulated Digestion of Emulsion

After the above static in vitro simulated digestion test (without enzymes), we have
confirmed that bile salts have a certain effect on the properties of the emulsion. In the
following experiments, 2.4 mg/mL pancreatin and 3.6 mg/mL lipase will be added to more
realistically simulate in vitro oral-gastric—gut digestion. Different bile salt concentrations
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0f 0.0, 1.0, 2.0, 5.0, 10.0, and 15.0 mg/mL were also selected to further investigate the effect
of bile salts on the digestion of the emulsion and UA bioaccessibility by observing the
appearance of the digests, measuring the particle size and (-potential of the samples, and
calculating the UA concentration in the aqueous phase.

3.3.1. Appearance

After the UA emulsion was digested in the oral, gastric, and intestinal phases and
was left to stand for one day, the appearance was photographed. The results are shown in
Figure 5. All samples showed a clear layering phenomenon, where the upper layer was the
undigested emulsion, the middle layer was the water phase, and the lower layer was the
salt ion precipitation. From Figure 5(A1), it is clear that the emulsions were poorly digested
when bile salts were not added. When the bile salt concentration was less than 5 mg/mlL,
the upper emulsion was digested relatively cleanly, and no obvious emulsion was observed.
Compared to the samples without the added bile salts, it can be shown that the low level
of bile salts facilitates the digestion of the emulsion. When the bile salt concentration was
higher than 10 mg/mL, the digestibility of the emulsion turned down. It can be seen that
the high concentration of bile salts did not further promote the digestion of the emulsion,
but inhibited lipolysis.

Img/mL BS 2mg/mLBS Smg/mLBS 10mg/mLBS 15mg/mL BS

Figure 5. The appearance of the emulsion after digestion is simulated in vitro with different bile salt
concentrations. The image on the top line is a top view of the digestive juice, which allows a clearer
view of the floating emulsion in the upper layer. The image below is a front view of the digestive
juice, which allows a clearer view of the layering phenomenon.

3.3.2. Particle Size and (-Potential

Figure 6A shows the changes in the particle size of the emulsions after in vitro simu-
lated digestion with different bile salt concentrations. The digestive solution without bile
salts has a smaller particle size. The reason may be that many emulsions are undigested,
flocculent, lumpy, and are not uniformly mixed in the entire system. The particle size was
relatively small for the bile salt concentrations of 1 mg/mL and 2 mg/mL, which is also
consistent with the FFA release curve in Figure 7. Due to the higher degree of digestion
of the emulsion, the larger droplets in the system are decomposed into small molecular
particles. When the bile salt was added at 5 mg/mL, the amount and rate of the FFA
release were reduced, so the particle size was larger. When the bile salt concentration was
10 mg/mL, its particle size should be larger according to the FFA release curve, but after
measurement, its particle size was smaller than the sample group of 5 mg/mL instead.
This may be because the oil-water interface was filled with bile salt molecules and the
UA crystals were forced to be displaced and recombined into small droplets via bile salt
wrapping. As expected, when the bile salt concentration reached 15 mg/mL, the particle
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size was the highest, reaching 38.2 4= 5.02 um. This is because the high concentration of
bile salts inhibits the decomposition of lipase.
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Figure 6. The particle size (A) and (-potential (B) of the emulsion after digestion is simulated in vitro
with different bile salt concentrations.

Figure 6B shows the potential magnitudes in the simulated digestion system in vitro
at different bile salt concentrations. After adding a certain amount of bile salts, the potential
has been maintained at a relatively stable —28 mV, which is very close to the potential of
the pure UA solid in the aqueous phase (—28.20 = 0.78 mV). Combined with the digestion
curve in Figure 7 and the particle size in Figure 6A, this situation is likely to be related to
the replacement of bile salts. After the bile salts were adsorbed to the oil-water interface,
the UA crystals were replaced and squeezed into the continuous phase [20]. Some studies
have also shown that the significantly negative (-potential during intestinal digestion may
be due to the release of free fatty acids or the presence of anionic species such as hydroxyl
ions [39]. When the bile salt concentration was increased to 15 mg/mL, there was a small
decrease in the (-potential. This is related to excessive bile salt addition. The remaining
free bile salt molecules dissolve in the water phase, and their -COOH reduces the potential.

3.3.3. Free Fatty Acid Release Rate (FFA%) and Bioaccessibility

The FFA release rate of the emulsion in the external simulated digestion system
with different bile salt concentrations is shown in Figure 7A. From the figure, when the
concentration is 1 mg/mL and 2 mg/mL, the release amount of FFA is relatively high,
reaching 42.83% and 39.13%, respectively. This is consistent with the conclusions of other
literature, which stated that the low concentration of bile salt can promote the digestion via
various mechanisms. When the addition of bile salts increased to 5 mg/mL, although the
total FFA release was not low, the rate was very small during the first 1 h of the simulated
digestion. This is related to the adsorption and desorption behavior of bile salts [40]. The
interface behavior during lipid digestion is relatively complex: firstly, bile salts are adsorbed
to the oil-water interface, and then they interact electrostatically with colipase to help the
lipase bind to the oil-water interface dominated by the bile salts [38]. In addition, some
of the early production of lipolysis products further accumulated on the interface, so the
digestion rate in the early stage is very slow. When the addition of bile salts increased above
10 mg/mL, both the rate of the FFA release and the total FFA release was significantly
reduced. At this time, excessive bile salts covered the interface twice, occupying the binding
site of the enzyme and the space where the lipolysis reaction occurs.
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Figure 7. The free fatty acid release rate (A) and the UA concentration in the aqueous phase of the
digestive fluid (B) during emulsion digestion at different bile salt concentrations.

The UA concentrations in the aqueous phase of the digestive juice under different
bile salt concentrations are shown in Figure 7, which can be used for the rough analysis
of the bioaccessibility of UA. It is known that the oil solubility of UA is better, and when
the bile salt concentration is 0 mg/mL, the highest concentration of UA is present in the
system. This indicates that, during the simulated digestion, many factors will affect the
stability of the UA emulsion, resulting in the release of UA. After adding a little bile salt,
the concentration of UA in the aqueous phase remained high, which was just in line with
our previous hypothesis that bile salts displaced UA at the interface, which was conducive
to lipase adsorption. At the same time, the UA displacement also promoted the instability
process of the emulsion and accelerated the decomposition and utilization of lipase to the
oil phase. As the bile salt concentration continued to increase, the release rate and the total
level of free fatty acids in the emulsion decreased, and the UA content in the continuous
phase also decreased. The depleted flocculation caused by the formation of a large number
of bile salt micelles in the continuous phase forces UA in the water phase to adsorb to the
interface to maintain the stability of the emulsion, and bile salt binds to the interface via
hydrophobic action to cover the UA crystals twice.

4. Conclusions

This study explored the effects of bile salts on UA’s emulsion stability and digestion
characteristics. The results show that basic factors such as pH and intestinal salt had
little effect on the emulsion itself. In the static simulation of small intestine digestion,
bile salts can significantly affect the stability of the emulsion. With the increase in bile
salt concentration, the emulsion morphology changes, the stability decreases, and the
particle size also drops, which could be caused by the emulsification of bile salt and the
hydrophobic interaction with UA. In dynamic oral-gastric—gut in vitro simulated digestion,
the addition of bile salts can significantly affect the digestibility of emulsions by changing
the degree of hydrolysis and the rate of the FFA release. Low concentrations of bile salts
can promote emulsion digestion via displacement, while high concentrations of bile salts
inhibit emulsion digestion due to the secondary coverage. Understanding the stability and
digestion of the UA emulsion in the human body provides a theoretical basis for expanding
the practical application of the UA emulsion and also gives information for improving the
bioavailability of hydrophobic bioactive compounds.
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