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A B S T R A C T

The limited bioaccessibility of pentacyclic triterpenes remains a critical challenge in their practical application. 
To address this, our study developed novel self-constructed Pickering emulsions by self-assembled pentacyclic 
triterpene nanoparticles. FTIR analysis confirmed that pentacyclic triterpenes, including ursolic acid (UA), 
maslinic acid (MA), and betulinic acid (BA), self-assembled into nanoparticles within the oil phase driven by 
hydrogen bonding between their inherent hydroxy- and carboxyl- groups. Interfacial characterization demon
strated that these self-assembled nanoparticles absorbed onto the water/oil interface to stabilize emulsions. 
Quantitative analysis revealed distinct interfacial behaviors with MA nanoparticles exhibited the highest inter
facial absorption capacity (>95.0%), and the lowest equilibrium interfacial tension (20.6 mN/m), followed by 
UA and BA nanoparticles. Crucially, in vitro simulated gastrointestinal digestion showed that interfacial delivered 
pentacyclic triterpenes in the resulting emulsions enhanced their bioaccessibility by over 20.0% compared to 
their free forms. Collectively, this work proposed interfacial engineering via pentacyclic triterpene self-assembly 
as a promising approach for improving their bioaccessibility.

1. Introduction

Pentacyclic triterpenes are one of the most important natural prod
ucts (Li et al., 2023), available in a wide range of plant sources, such as 
vegetables, fruits, cereals, officinal plants, and so on (Hierro et al., 2018; 
Sohag et al., 2022). Ever-emerging evidence has proved that they are 
practically non-toxic compounds with various beneficial properties, 
including but not limited to anticancer (Tang et al., 2022), antiviral (Si 
et al., 2018), antioxidant (Wang et al., 2010), anti-inflammatory (Zhou 
et al., 2017), and hepatoprotective effects (Liu et al., 2008). In view of 
these bioactivities, certain pentacyclic triterpenes have been introduced 
as functional ingredients in dietary supplements and pharmaceuticals. 
However, their efficacy is limited by relatively low bioaccessibility. As 
reported, the bioaccessibility of free oleanolic acid (OA), ursolic acid 
(UA), and betulin was merely 6.22% (Pan et al., 2025), 0.34% (Liu et al., 
2023), and 0.20% (Zeng et al., 2024), respectively.

To overcome this limitation, many delivery vehicles, including li
posomes, nanoparticles, and emulsions, have been developed. For 
example, phospholipid liposomes increased the bioaccessibility of OA by 
3.55-time, with further improvements (5.91- and 7.36-time) achieved 
through chitosan and polygalacturonic acid coatings (Pan et al., 2025). 

Similarly, gelatin nanoparticles improved the bioaccessibility of UA by 
8.46-fold (Karimi et al., 2020), and a self-nanoemulsifying system 
enhanced the bioaccessibility of 11-keto-β-boswellic acid and acetyl-11- 
keto-β-boswellic acid by 2.75- and 2.29-fold, respectively (Ting et al., 
2018). Despite these advances, safety concerns persist due to the po
tential toxicity of introduced wall materials, organic solvents, and sur
factants, which may cause allergies or intestinal damage (Dai et al., 
2015). Therefore, developing novel alternative strategies to enhance 
the bioaccessibility of pentacyclic triterpene remains critically impor
tant. In this context, carrier-free vehicles, leveraging the intrinsic self- 
assembly behavior of bioactive compounds, emerge as a promising so
lution to these challenges by eliminating reliance on exogenous carrier 
materials (Karaosmanoglu et al., 2021).

Pentacyclic triterpenes, comprised of six isoprene units, featured a 
core skeleton of closed pentacyclic rings with multiple sites available for 
substitution. Based on their core skeleton structures, they are mainly 
classified as oleanane-, ursane-, lupane-, and friedelane-type, of which 
the first three are more common (Montesano et al., 2018). Their unique 
structures endow their ability to self-assemble. Recently, our team 
denoted the self-assembly behavior of OA in the oil, facilitating its 
anchoring at the oil-water interface, further leading to the formation and 
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stabilization of surfactant-free emulsions (Liu et al., 2024). Importantly, 
research has proved that these emulsions could improve the bio
accessibility of OA to more than 10.0% (Li et al., 2024), confirming 
interfacial delivery was an effective approach to improve the bio
accessibility of bioactive ingredients. Inspired by these findings, we 
reasonably speculate that self-stabilized pentacyclic triterpene emul
sions are novel delivery systems to improve their bioaccessibility, with 
the inherent self-assembly behavior of pentacyclic triterpenes providing 
the fundamental basis for constructing such systems.

Herein, this study aims to unveil the self-assembly and interfacial 
absorption behaviors of pentacyclic triterpenes, and to investigate the 
possibility of the resulting self-stabilized emulsions improving their 
bioaccessibility. On this basis, three representative pentacyclic tri
terpenes, including oleanane-type maslinic acid (MA), ursane-type UA, 
and lupane-type betulinic acid (BA), were chosen to prepare self- 
constructed emulsions using an ultrasonic emulsification method. The 
self-assembly mechanism of pentacyclic triterpenes in the oil was 
elucidated using Fourier transform infrared spectroscopy (FTIR). And 
the interfacial absorption behaviors of self-assembled nanostructures 
were analyzed by interfacial wettability, and dynamic interfacial ten
sion. Besides, the gastrointestinal digestion behavior of the formed self- 
constructed emulsions, and the bioaccessibility of pentacyclic tri
terpenes within them were assessed. We hypothesized that these pen
tacyclic triterpenes can self-assemble into interfacially active 
nanostructures in the oil, enabling the formation of self-stabilized 
emulsions that enhance the bioaccessibility of them through interfa
cial delivery.

2. Materials and methods

2.1. Materials

UA, MA, and BA with purity >98% were supplied by Spring & 
Autumn Biological Engineering (Nanjing, China). Soybean oil was 
bought from a local store (Beijing, China). HPLC grade phosphoric acid 
was procured from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, 
China). HPLC grade acetonitrile, and ethanol were secured from Thermo 
Fisher Scientific (Waltham, MA, USA). Nile Red, Nile Blue A, pepsin, 
trypsin, lipase, and bile salt were obtained from Coolaber Science & 
Technology Co., Ltd. (Beijing, China). Sodium chloride and sodium 
hydroxide were purchased from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). Concentrated hydrochloric acid was bought from 
Modern Oriental (Beijing) Technology Development Co., Ltd. (Beijing, 
China). Water was generated using a Synergy 185 Ultrapure Water 
System (Millipore, MA, USA).

2.2. Self-stabilized emulsions preparation

Pentacyclic triterpene-based emulsions were fabricated using an 
ultrasonic-assisted emulsification method. Briefly, a certain amount of 
each pentacyclic triterpene (UA, MA, BA) was added to the oil (1.0%, w/ 
v), and then completely dispersed by ultrasonication for 20 s (20 kHz, 
Cole-Parmer, Vernon Hills, IL, USA). Then, water was added to the 
resulting oil phase with a final water phase volume fraction of 0.4 (v/v), 
followed by ultrasonic treatment for another 30 s to obtain emulsions.

2.3. Microstructure observation

The microstructures of emulsions were observed using optical mi
croscope, CLSM, and cryo-SEM. For optical microscope observation, a 
drop of freshly prepared emulsions was put on a glass slide, and then 
covered with a cover slip for 630 × magnification observation. Then, the 
images were captured with a DMi8 inverted microscope instrument 
(Leica, Frankfurt, Germany) equipped with a DFC 9000 microscope 
camera, and the droplet size of emulsions was measured by Image J 
software (National Institutes of Health, Bethesda, MD, USA). For CLSM 

observation, Nile red (0.01%, w/v) and Nile blue A (0.1%, w/v) were 
added to oil and water for pre-staining before emulsification, respec
tively. Then, the stained sample was spread on a glass slide, and covered 
with a cover slip for observation under a 63 × oil immersion lens. The 
images were captured with a CLSM instrument (SP8, Leica, Frankfurt, 
Germany) at excitation wavelengths of 488 nm and 633 nm. For cryo- 
SEM observation, a drop of emulsions was dropped onto a copper 
specimen holder and immediately frozen in liquid nitrogen, followed by 
transfer to the cryo-preparation chamber by a transmission system 
(PP3010T, Quorum, UK) for sample fracture. Subsequently, the sample 
was sublimated at − 90 ◦C for 5 min, and then coated with sputtered gold 
particles (10 mA, 60 s). Afterward, the sample was inserted into the 
observation chamber, and the images were taken using a Helios Nano
Lab G3 UC scanning electron microscope (SEM, FEI, MA, USA) at an 
accelerating voltage of 2 kV.

The morphologies of pentacyclic triterpenes were visualized using an 
SEM instrument (Regulus 8100, Hitachi, Tokyo, Japan). Briefly, each 
pentacyclic triterpene was fixed on the aluminum pan, and then gold- 
plated by a sputter coater (MC 1000, Hitachi, Tokyo, Japan). After 
which, their morphologies were observed under an accelerating voltage 
of 10 kV.

2.4. Fourier transform infrared spectroscopy (FTIR) determination

The molecular interactions between pentacyclic triterpenes were 
studied using FTIR. Briefly, each pentacyclic triterpene was combined 
with potassium bromide (KBr), after which they were compressed into 
tablets for FTIR scanning. Each mixture of pentacyclic triterpene and oil 
after ultrasonication was directly spread onto a transparent KBr tablet 
for FTIR scanning. Then, their infrared spectra were recorded in the 
region of 4000–500 cm− 1 with a resolution of 4 cm− 1 (Nicolet IS 5, 
Thermo Fisher Scientific, Waltham, MA, USA).

2.5. Wettability measurement

The three-phase contact angle of each pentacyclic triterpene nano
particle was measured using a sessile drop method for wettability 
analysis. In brief, each pentacyclic triterpene nanoparticle was com
pressed into a tablet at 20 MPa (YP-15, Tianjin Hench Technology Co., 
Ltd., Tianjin, China), after which it was placed into the bottom of a glass 
cuvette containing oil. Then, a water droplet was injected onto the tablet 
surface, and the shape of the droplet was automatically recorded by an 
OCA20 contact angle measuring device equipped with a high-speed 
camera (Dataphyscis, Berlin, Germany). And the corresponding three- 
phase contact angle was then calculated using the Young equation.

2.6. Interfacial behavior analysis

The interfacial absorption kinetics of each pentacyclic triterpene 
nanoparticle were analyzed using a pendant drop method. Briefly, oil 
containing pentacyclic triterpene nanoparticles was placed into the sy
ringe, and immersed into a transparent glass cuvette filled with water. 
Then, oil was slowly injected into the water until a pendant droplet was 
formed, after which standing for 3600 s at ambient temperature to 
ensure the absorption of pentacyclic triterpene nanoparticles at the oil- 
water interface. The formed droplet shape was constantly recorded 
using an LSA 100 optical contact angle meter, and the interfacial tension 
was calculated based on the Young equation (LAUDA Scientific, Lauda, 
Germany). Then, the surface pressure (π) was calculated using the 
following equation. 

π (mN/m) = γ0− γ                                                                              

where γ0 and γ are the interfacial tensions between water and free oil/oil 
containing pentacyclic triterpene nanoparticles, respectively.

And the change in π versus time can be expressed by the modified 
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form of the Ward and Tordai equation (Qin et al., 2022). 

π (mN/m) = 2C0KBT(Dt/3.14)1/2                                                         

where C0 is the concentration of continuous phase, KB is the Boltzmann 
constant, T is the absolute temperature, and Dt is the diffusion coeffi
cient at t time.

Further, the interfacial penetration and reorganization of pentacyclic 
triterpene nanoparticles were explored according to the first-order 
equation. 

ln (π3600-πt) /(π3600-π0) = − kt                                                              

where π0, π3600, and πt are the surface pressure at the beginning, final, 
and t time, respectively, k is the first-order rate constant, and t is the 
absorption time.

The interfacial absorption capacity was determined according to 
(Fan et al., 2023) with a slight modification. Briefly, freshly prepared 
emulsions were centrifuged at 10,000 ×g at 4 ◦C for 30 min, after which 
the leaked oil layer was collected. Afterward, the concentrations of 
pentacyclic triterpenes in the initial emulsions and collected oil layer 
were determined using an HPLC method. Namely, ethanol was added to 
the sample, followed by vigorous vortexing to fully dissolve the sample, 
and then filtered using a 0.22 μm filter for further HPLC analysis (LC- 
20AT, Shimadzu, Kyoto, Japan). The separation of pentacyclic tri
terpenes was conducted at 30 ◦C on a Diamonsil C18 column (250 mm ×
4.6 mm; Dikma Co. Beijing, China). Acetonitrile and 0.1% phosphoric 
acid aqueous solution were used as the mobile phases (95:5, v/v), and 
the flow rate was set at 1.0 mL/min with an injection volume of 5 μL. 
Then, the chromatogram of each pentacyclic triterpene was recorded at 
205 nm, and their concentrations were calculated based on the standard 
curves of 5–500 μg/mL (r = 1). Finally, the interfacial absorption ca
pacity of each pentacyclic triterpene was calculated as follows. 

Interfacial absorption capacity (%) = (C0 × V0-C1 × V1)/(C0 × V0) ×
100%                                                                                                 

where C0 and C1 are pentacyclic triterpene concentrations in the freshly 
prepared emulsions and collected oil layer, respectively. V0 and V1 are 
the volumes of freshly prepared emulsions and collected oil layer, 
respectively.

2.7. Rheological characterization

The rheological behaviors of emulsions were characterized using an 
MCR 302e rheometer (Anton Paar, Graz, Austria) equipped with a cyl
inder (diameter of 28.902 mm), and the gap was set to 5.0 mm. Strain 
sweep was conducted from 0.01% to 100% at a fixed frequency of 1 Hz 
to determine the linear viscoelastic region (LVR), within which the 
following angular frequency sweep was conducted. Angular frequency 
sweep was performed in the range of 0.1–100 rad/s at a fixed strain of 
0.1%. Apparent viscosity sweep was carried out with the shear rate 
increasing from 0.01 to 100 s− 1.

2.8. Gastrointestinal digestive behavior analysis

The digestion behavior of pentacyclic triterpene-structured emul
sions in the simulated gastrointestinal fluids was evaluated as follows. 
Firstly, the simulated gastric fluids (SGF) and simulated intestinal fluids 
(SIF) were formulated according to our established protocol (Liu et al., 
2024). Then, each sample was separately added to the SGF for 2 h of 
digestion, followed by transfer to the SIF for another 4 h of continuous 
digestion. After the SIF digestion, the digestive fluids were collected and 
centrifuged at 12,000 ×g for 30 min at 4 ◦C. The obtained micellar phase 
was then separated and absolute ethanol was added to fully extract 
pentacyclic triterpenes, which was then subjected to further HPLC 
analysis. And the bioaccessibility of pentacyclic triterpenes was calcu
lated as follows. 

Bioaccessibility (%) = m1/m0 × 100%                                                 

where m0 and m1 are the content (mg) of pentacyclic triterpene in the 
initially added and digestive micelles, respectively.

During intestinal digestion, the free fatty acid (FFA) released from 
the hydrolysis of oil by lipase was recorded by the pH-stat method with 
slight modifications (Zhou et al., 2023). Briefly, the pH of the digest was 
kept constant at 7.0 by titrating 0.1 mol/L NaOH at certain time in
tervals, and the percentage of FFA released was calculated by the 
consumed NaOH volume using the following formula. 

FFA (%) = CNaOH × VNaOH × Moil/2moil.                                              

where CNaOH represents the concentration (mol/L) of NaOH used for 
titration, VNaOH is the consumed NaOH volume (mL), Moil means the 
average molecular weight (g/moL) of soybean oil, and moil is the mass 
(g) of oil in the initially added emulsions.

After each digestive stage, the particle size and zeta potential of the 
digests were measured based on a published method with slight modi
fications (Li et al., 2024). Briefly, the particle size was determined using 
a Mastersizer 3000 analyzer (Malvern, Great Malvern, UK). The stirring 
speed was set to 2000 rpm, and the obscuration was set between 10% 
and 20%. The refractive indices of soybean oil and water were 1.476 and 
1.33, respectively. Besides, the zeta potential was tested using a Zeta
sizer Nano ZS90 instrument (Malvern, Great Malvern, UK). After the 
intestinal digestive stage, the microstructure of the digests was observed 
using a CLSM instrument. Oil droplets were stained with Nile red 
(0.01%, w/v), with an excitation wavelength set to 488 nm, and the 
images were captured under a 10 × objective lens.

2.9. Statistical analysis

All experiments were conducted in triplicate with results expressed 
as mean values ± standard deviation (SD). Data were statistically 
analyzed by one-way analysis of variance (ANOVA) with multiple 
comparisons made using Duncan's test (SPSS 19.0, SPSS Inc., Chicago, 
USA), and P < 0.05 was considered statistically significant. The pre
sented results were plotted using Origin 2018 software (Origin Lab 
Corp., Northampton, USA).

3. Results and discussion

3.1. Preparation of self-stabilized emulsions

Herein, emulsions were constructed by ultrasonic emulsification 
method at a fixed pentacyclic triterpene concentration of 1.0% (w/v). As 
seen in Fig. 1A, visual appearances of all the samples exhibited similar 
creamy and homogeneous textures, suggesting the successful formation 
of emulsions in the presence of UA, MA, and BA. In other words, UA, MA, 
and BA had good emulsifying ability to stabilize emulsions. Microscopic 
observations also showed that many micron-sized spherical emulsion 
droplets were distributed in each emulsion (Fig. 1B), however, their 
droplet sizes were significantly different (Fig. 1C). Statistically, the 
smallest average droplet size of 3.42 μm was observed in UA emulsions, 
followed by MA emulsions (5.11 μm) and BA emulsions (10.56 μm). To 
further determine the emulsion type, oil and water were dyed with Nile 
red and Nile blue A, which appeared green and red in CLSM images, 
respectively. It was clearly visible that in all emulsions, the red emulsion 
droplets were dispersed in the green continuous phase (Fig. 1D), con
firming that they were all W/O type.

3.2. Stabilization mechanism of self-stabilized emulsions

3.2.1. Microscopic observation
In order to reveal the stabilization mechanism of emulsions and 

directly observe the distribution of pentacyclic triterpene, the internal 
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microstructures were characterized in more depth using cryo-SEM. As 
observed in Fig. 2A, many spherical water droplets and indentations 
were visible in the cross-section, which was identical to the optical 
microscopy observation. When zooming in one water droplet, the sur
face was clearly covered with abundant and interconnected nano-sized 
structures. These nanostructures formed a dense interfacial film, lead
ing to the stabilization of emulsions (Gu et al., 2022). Notably, the shape 
of nanostructures varied in different emulsions. Among them, nano
spheres appeared in UA and MA emulsions, while nanofibers were 
present in BA emulsions. Nevertheless, crude UA and BA presented rod- 
like structures with micrometer-scale lengths, and MA showed micron- 

sized sheet-like structures (Fig. 2B), all of which were totally different 
from the nanostructures seen above. According to previous work (Bag & 
Majumdar, 2017; S. Liu, Liu, Li et al., 2024), pentacyclic triterpenes such 
as UA, MA and BA have a rigid backbone that can maintain nano-forms 
in solutions, and the presence of hydrogen bonded donors and receptors 
in their structures (Fig. 3A-3C) contributes to form hydrogen bonds, 
thereby enabling them to spontaneously form supramolecular archi
tectures in response to high temperature or ultrasonication. Thus, we 
speculated that these nanostructures were the result of their self- 
assembly.

Fig. 1. Appearances (A), optical images (B), droplet size (C), and CLSM images (D) of pentacyclic triterpene-structured emulsions. UA, ursolic acid; MA, maslinic 
acid; BA, betulinic acid. Data were presented as mean values ± standard deviation (SD) from three independent experiments (n = 3). Different letters indicate 
significant differences among treatments (P < 0.05).

Fig. 2. Cryo-SEM images of pentacyclic triterpene-structured emulsions (A); SEM images of free pentacyclic triterpenes (B). UA, ursolic acid; MA, maslinic acid; BA, 
betulinic acid.
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3.2.2. FTIR analysis
To prove our hypothesis, FTIR was conducted to compare the spec

tral differences of pentacyclic triterpenes before and after ultra
sonication. As illustrated in Fig. 3D-3F, the characteristic peaks with 
respect to hydroxyl (-OH) and carboxyl (-COOH) groups in crude UA, 
MA, and BA were observed at 3416 and 1685 cm− 1, 3416 and 1685 
cm− 1, and 3443 and 1686 cm− 1, respectively (Diego A. Bravo-Alfaro 
et al., 2022; Mu et al., 2024; J. Wang et al., 2020). After ultra
sonication in the oil, the absorption bonds attributed to -OH group 
shifted to higher wavenumber, while the peaks corresponding to -COOH 
disappeared. These results indicated the formation of hydrogen bonds 
between -OH and -COOH groups (Liu et al., 2022), further confirming 
that the self-assembly of pentacyclic triterpenes occurred during 

ultrasonication.
As evident from the abovementioned results, the formation and 

stabilization mechanism of self-structured pentacyclic triterpene emul
sions can be concluded as follows. With the aid of ultrasonication, these 
three pentacyclic triterpenes were self-assembled into nanostructures 
through hydrogen bonds in the oil. After the addition of water, emul
sified droplets were formed due to the cavitation effect (Geng et al., 
2023). And these nanostructures were absorbed onto the surface of 
droplets, forming an interfacial film that avoided direct contact between 
oil and water, thus leading to the formation and stabilization of Pick
ering emulsions.

Fig. 3. Molecular structures of free pentacyclic triterpenes. UA (A); MA (B); BA (C). FTIR spectra of pentacyclic triterpenes/pentacyclic triterpene nanoparticles in 
the oil. UA (D); MA (E); BA (F). UA, ursolic acid; MA, maslinic acid; BA, betulinic acid.

Fig. 4. Interfacial tension (A), surface pressure (B), adsorption kinetics (C), interfacial viscoelasticity (D), absorption capacity (E), and three-phase contact angle (F) 
of pentacyclic triterpene nanoparticles at the oil-water interface. UA, ursolic acid; MA, maslinic acid; BA, betulinic acid. Data were presented as mean values ±
standard deviation (SD) from three independent experiments (n = 3). Different letters indicate significant differences among treatments (P < 0.05).
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3.3. Interfacial behavior analysis

3.3.1. Dynamic interfacial tension
Afterwards, the adsorption behavior of these nanostructures at the 

oil-water interface was quantitatively assessed by recording the dynamic 
interfacial tension between oil containing different pentacyclic tri
terpene nanoparticles and water (Guo et al., 2024). As illustrated in 
Fig. 4A, the interfacial tension in all systems displayed a sharp decrease 
in a short time, and then a gradual decrease to an equilibrium level was 
observed. This was indicative of the rapid diffusion of nanoparticles 
from the oil phase to the oil-water interface at the earlier absorption 
period, followed by a saturation of their interfacial adsorption. A similar 
phenomenon was also found in the dynamic interfacial tension profile 
between oil and water containing cyclodextrins (Cheng et al., 2023). 
Ultimately, the system containing MA nanoparticles had the lowest 
interfacial tension of 20.6 mN/m, followed closely by UA nanoparticles 
of 21.2 mN/m and BA nanoparticles of 25.8 mN/m. This noted that MA 
had the strongest interfacial adsorption ability (Fan et al., 2024). It was 
also worth noting that the pure oil-water interfacial tension of 33.0 mN/ 
m was determined in our previous study (Lu et al., 2024). Compared 
with this, the reduction in interfacial tension after adding pentacyclic 
triterpene nanoparticles was not as much as adding surfactants like 
PGPR (Gülseren & Corredig, 2014). These results implied that emulsions 
structured by pentacyclic triterpene were mainly stabilized by steric 
hindrance rather than lowering the interfacial tension, which was also 
the typical characteristic of Pickering stabilization (Liu et al., 2022).

According to Cheng et al. (2023), the adsorption process of penta
cyclic triterpene nanoparticles onto the oil-water interface involves 
diffusion, penetration and rearrangement. As exhibited in Fig. 4B, the 
surface pressure (π) was linearly related to the square root of time (t1/2), 
demonstrating that the absorption of these nanoparticles was predomi
nantly governed by diffusion, and the slope represents the diffusion rate 
(kdiff) (Liang et al., 2024). The calculated Kdiff was 1.3857, 0.9304, and 
0.4850 mN/m/s1/2 for MA, UA, and BA nanoparticles, respectively, 
denoting that MA nanoparticles possessed the strongest diffusion capa
bility and the fastest adsorption rate to form the interfacial film. As 
stated by Liang et al. (2024), a higher Kdiff correlates with a lower 
interfacial tension, which aligns with the abovementioned results. And 
the permeation and rearrangement processes can be described using a 
first-order kinetic equation. There were two linear regions in the curve 
of ln (π3600-πt) /(π3600-π0) versus t (Fig. 4C), where the slopes sequen
tially corresponded to the permeation rate (Kp), and the rearrangement 
rate (KR). Among them, the Kp of MA and UA nanoparticles were 0.0008 
to 0.0009 s− 1, which were higher than that of BA nanoparticles (0.0006 
s− 1), indicating that MA and UA nanoparticles had similar permeation 
rates at the interface, both of which were faster than that of BA nano
particles. Besides, the KR of UA nanoparticles was the largest (0.0016 
s− 1), while the KR of the other two was comparable, ranging from 0.0012 
to 0.0013 s− 1.

3.3.2. Interfacial absorption capability
The amounts of these nanoparticles absorbed on the interface were 

determined and summarized in Fig. 4D. BA presented a relatively lower 
interfacial adsorption capacity of only 81.2%. In comparison, both MA 
and UA nanoparticles showed high interfacial absorption capacities 
exceeding 95.0% with no significant difference, suggesting more mole
cules were anchored on the interface. And this was the fundamental 
reason for the difference in the interfacial tension (Liang et al., 2024). 
Finally, the interfacial wettability of these nanoparticles was charac
terized using the three-phase contact angle. As can be seen in Fig. 4E, all 
the pentacyclic triterpene nanoparticles exhibited a three-phase contact 
angle greater than 90◦, suggesting they were preferentially wetted by 
the oil phase, further conducive to forming W/O emulsions. Further
more, their three-phase contact angles ranged from 151◦ to 156◦ with no 
significant differences, indicating that their wettability was comparable.

3.4. Rheology properties

Rheology properties are effective tools for reflecting the stability of 
the emulsions (Hei et al., 2024). Herein, strain, frequency and apparent 
viscosity sweep of pentacyclic triterpene-structured emulsions were 
carried out to analyze their rheological behaviors. As shown in Fig. 5A, 
the strain independence of the G′ and G′′ values was observed at low 
shear strains, which was identified as LVR (Wang et al., 2024). In the 
LVR, the G′ value in the MA and UA emulsions was lower than the G′′ 
value, indicating these emulsions were characterized by viscous prop
erties. Whereas the G′ value in the BA emulsions was greater than the G′′ 
value, which indicated elastic-dominated structures. However, as the 
shear strain increased, the G′ value gradually decreased, and the G′′ value 
increased until they intersected. This was because the structure of BA 
emulsions was destroyed, and their solid states transitioned to liquid 
states (Gu et al., 2023). When the strain was fixed at 0.1%, the G′ value in 
BA emulsions consistently surpassed the G′′ value over the entire fre
quency range, presenting solid-like structures. For MA and UA emul
sions, the G′′ value was always higher than the G′ value, exhibiting 
liquid-like structures (Fig. 5B). Under the shear forces, the apparent 
viscosity of all samples decreased as the shear rate increased (Fig. 5C), 
which was typical of non-Newtonian pseudo-plastic fluids (Hei et al., 
2024). Within the shear rate range of 0.01–100 s− 1, BA emulsions had 
much higher viscosity than that of UA and MA emulsions, which may be 
due to its solid-like structure. However, its viscosity decreased drasti
cally when subjected to a higher shear rate, indicating a severe 
destruction of its structure.

3.5. Gastrointestinal digestive behavior analysis

Low bioaccessibility of pentacyclic triterpenes limits their efficacy 
for use, which is a critical issue that needs to be solved urgently (Liu, Liu, 
Zhang, et al., 2024). As evidenced in Fig. 6A, the bioaccessibility of free 
UA, MA, and BA was merely 2.8%, 1.9%, and 1.7%, respectively. In 
comparison, when they were employed as Pickering stabilizers to form 
self-stabilized emulsions, a significant enhancement in their bio
accessibility was observed. Specifically, the bioaccessibility of UA 
within the emulsions markedly increased by 8.9-fold, while MA and BA 
exhibited substantial increases of 14.6-fold and 13.1-fold, respectively. 
This enhancement was attributed to the following process. Lipid hy
drolysis was initially catalyzed by bile salts and lipase during digestion, 
generating FFA that facilitated the formation of mixed micelles (Liu 
et al., 2023). Concurrently, bile salts competitively absorbed at the 
oil-water interface, partially displacing the pentacyclic triterpene mol
ecules and squeezed into the continuous phase. The progression inser
tion of bile salts and FFA into the interfacial film gradually destabilized 
the emulsions (Yan et al., 2023). The detached pentacyclic triterpenes 
(UA, MA, and BA) were then solubilized into the hydrophobic cores of 
mixed micelles formed by bile salts, phospholipids, and FFA, thereby 
improving their bioaccessibility. This aligns with established literature 
confirming that lipid phases significantly enhance the bioaccessibility of 
hydrophobic bioactive compounds, such as carotenoids and polyphenols 
(Thakur et al., 2020). And the corresponding FFA release results were 
quantified in Fig. 6B. FFA release kinetics in all samples showed an 
initial burst within the first 5 min, followed by sustained release over the 
subsequent 235 min. A similar release profile was also found in self- 
constructed oleanolic acid emulsions (Li et al., 2025). Crucially, the 
cumulative FFA release after 240 min of intestinal digestion differed 
significantly between emulsions. MA emulsions released the highest 
amount of FFA (61.7%), followed by UA emulsions (54.0%), and BA 
emulsions (45.5%). This result was conversely proportional to the 
modulus of emulsions. As expected, higher FFA release favored the 
generation of mixed micelles that would be available to dissolve pen
tacyclic triterpenes, further contributing to higher bioaccessibility.

The particle size of the digests from different samples after digestion 
was illustrated in Fig. 6C. After intestinal digestion, all three systems 
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presented a bimodal profile (0.01 to 300 μm), characterized by a minor 
peak near 0.1 μm and a dominant peak at approximately 50 μm. This 
distribution mainly corresponded to mixed micelles and undigested oil 

droplets (Li et al., 2024). Notably, digests from MA emulsions displayed 
the smallest average particle size, followed by UA and BA emulsions. 
This size hierarchy aligned with the observed FFA release profiles, 

Fig. 5. Rheological behaviors of pentacyclic triterpene-structured emulsions. Amplitude sweep (A); Frequency sweep (B); Flow sweep (C). UA, ursolic acid; MA, 
maslinic acid; BA, betulinic acid.

Fig. 6. Bioaccessibility of pentacyclic triterpenes in free and emulsion forms (A); Release profile of free fatty acid (FFA) from pentacyclic triterpene-structured 
emulsions (B); Particle size (C), CLSM images (D), and zeta potential (E) of pentacyclic triterpene-structured emulsions after in vitro simulated digestion. UA, 
ursolic acid; MA, maslinic acid; BA, betulinic acid. Data were presented as mean values ± standard deviation (SD) from three independent experiments (n = 3). 
Different letters indicate significant differences among treatments (P < 0.05).
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wherein greater lipase-mediated hydrolysis of lipids in MA emulsions 
likely contributed to reduced droplet dimensions. This inference was 
corroborated by Nile red-stained fluorescence microscopy (Fig. 6D), 
which visually confirmed the presence of smaller lipid droplets in MA 
digests compared to UA and BA systems. Furthermore, all samples 
exhibited strongly negative zeta potentials (Fig. 6E), attributable to 
surface-adsorbed anionic species (such as FFA and bile salts). Among 
them, the digests in MA emulsions had the strongest zeta potential, 
followed by UA emulsions and BA emulsions. The variation in zeta po
tential among samples may reflect differences in the extent of lipid 
digestion and the composition of anionic components at the droplet 
interface (Liu et al., 2023).

4. Conclusion

This study successfully developed self-stabilized W/O Pickering 
emulsions by the self-assembled nanostructures of pentacyclic tri
terpenes (UA, MA, and BA) through the ultrasonic emulsification 
method. FTIR analysis confirmed they self-assembled into nanoparticles 
driven by hydrogen bonding between hydroxyl- and carboxyl- groups. 
Cryo-SEM showed that these self-assembled nanostructures adsorbed at 
the oil-water interface forming dense interfacial films, resulting in 
emulsion stabilization. Interfacial analysis revealed that MA nano
particles exhibited the strongest adsorption capacity (98.7%), and the 
lowest equilibrium interfacial tension (20.6 mN/m), followed by UA 
nanoparticles (97.2%, 21.2 mN/m) and BA nanoparticles (81.2%, 25.8 
mN/m). In contrast, BA emulsions displayed the highest elastic modulus 
and viscosity, followed by UA emulsions and MA emulsions. Compared 
with free forms, UA, MA, and BA in the resulting emulsions significantly 
enhanced bioaccessibility by 25.0%, 28.1%, and 21.8%, respectively. 
This improvement was attributed to lipid hydrolysis during digestion, 
with MA emulsions releasing the highest FFA (61.7%), followed by UA 
emulsions (54.0%) and BA emulsions (45.5%), forming abundant mixed 
micelles that efficiently solubilized pentacyclic triterpenes. Corre
spondingly, the digests in MA emulsions showed the smallest particle 
size and the strongest zeta potential, followed by UA emulsions and BA 
emulsions. Overall, this work provided insights into the development of 
self-constructed Pickering emulsions for improving the bioaccessibility 
of pentacyclic triterpenes.
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