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ARTICLE INFO ABSTRACT

Keywords: Micelles are nanostructures capable of encapsulating hydrophobic substances within their hydrophobic cores,

Malt"demi‘“ o enabling their dispersion in aqueous media. This enhances the solubility, stability, and bioavailability of

?ydmph‘:_"“ modification encapsulated bioactive compounds and allows for their controlled release. In this study, maltodextrin chains
ucoxanthin

were chemically modified by adding hydrophobic octyl groups onto their backbone through an esterification
reaction. As the degree of substitution increased, both the particle size of the micellar-like aggregates and the
critical aggregation concentration (CAC) gradually decreased. The encapsulation efficiency and loading capacity
exhibited a positive correlation with the degree of substitution. Furthermore, ultrasonic treatment, by inducing a
cavitation effect, was found to enhance hydrophobic interactions within the micelles and significantly improve
the encapsulation capacity and compensate for the lower degree of substitution. It also improved composite
properties and imparted environmental stability to the micelle-like aggregates. In vitro modeling of the digestive
process demonstrated that fucoxanthin-loaded micelle-like aggregates can effectively avoid gastric release while
showing significantly enhanced intestinal release. As expected, the octyl-modified maltodextrin (MD-C8)
markedly improved the bioaccessibility of fucoxanthin (49.57%) and increased the micellization rate (90.96%)
during simulated gastrointestinal digestion. These findings indicate that MD-C8 is an effective delivery carrier for
functional biomolecules. Combined with the approach of ultrasound-assisted techniques, it shows great potential
for the applications in the encapsulation of hydrophobic compounds.

Ultrasound-assisted encapsulation
Micellar-like aggregates

and cosmetic products. In practical applications, fucoxanthin can also be
used as a nutritional supplement in functional foods to help prevent or

1. Introduction

Fucoxanthin is a naturally occurring carotenoid that is primarily
derived from edible marine algae. It constitutes more than 10% of all
naturally occurring carotenoids and functions as a primary pigment in
marine ecosystems (Zhao et al., 2022). Fucoxanthin features a unique
conjugated double bond system (resonance structure) as well as several
oxygen-containing functional groups. Owing to its relatively low mo-
lecular weight, fucoxanthin can also be easily absorbed by living or-
ganisms. Moreover, fucoxanthin has shown no toxicity to human skin,
liver, kidneys, spleen, and reproductive tissues and thus has diverse
applications (Xiao et al., 2020). Functionally, fucoxanthin exhibits a
range of biological activities, including antioxidant, anti-inflammatory,
anti-obesity, and cardiovascular protective effects. As a result, fuco-
xanthin is highly suitable for incorporation into food, pharmaceutical,
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mitigate chronic and age-related diseases (Zhang et al., 2024). Despite
these advantages, the interconnected structure of fucoxanthin's polyene
chains renders it chemically unstable and prone to oxidation in the
presence of heat, light, and extreme pH levels. These environmental
stresses can induce trans-cis isomerization, leading to a substantial
decline in the bioavailability and efficacy of fucoxanthin. Consequently,
fucoxanthin is vulnerable to alterations during processing, storage, and
digestion, which limits its commercial applications (Tian et al., 2025).
Additionally, interactions with hydrophobic functional molecules can
further reduce the solubility of fucoxanthin in digestive fluids, further
impairing its bioavailability (Xu et al., 2024).

In recent years, encapsulation technologies wherein the biological
functionality of carotenoids is enhanced by improving their solubility
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and stability have gained considerable attention (Kuang et al., 2024).
The micellar-like aggregates used in drug delivery systems offer ad-
vantages such as enhanced bioavailability, improved solubility, and
sustained release profiles (Thongpon et al., 2025). Given the abundance
of diverse polysaccharides in natural biological systems, the chemical
modification of these macromolecules has become a key area of research
in materials science (Suenaga et al., 2025). Maltodextrin (MD) is a
widely used polysaccharide that is derived from the partial hydrolysis of
starch and has a higher affinity to water than most other carbohydrates
(Sahiner et al., 2024). MD is recognized as an effective encapsulating
carrier for a variety of substances, primarily due to its high-water sol-
ubility, low viscosity, and neutral taste. For instance, Sia et al. (2025)
explored the preparation of microcapsules via spray-drying, using 15%
MD as the encapsulating agent for anthocyanins extracted from jaboti-
caba juice. The resulting microcapsules achieved an encapsulation ef-
ficiency of 65%, demonstrating the feasibility of this method in
preserving sensitive anthocyanin compounds. Similarly, Sahiner et al.
(2024) employed MD and the crosslinker divinyl sulfone to prepare
amoxicillin microcapsules via a reverse micelle crosslinking technique,
achieving an encapsulation efficiency of 63.4 + 4.1%. In another study,
Kim et al. (2025) enhanced the stability of whey protein isolate (WPI)
emulsions by applying a chitosan (CS) coating combined with
spray-drying using MD or gum arabic (GA). This approach improved
encapsulation efficiency from 75-78% to 95-98%. Notably, MD not only
improves encapsulation efficiency but also contributes to optimizing
particle size distribution and enhancing the storage stability of micro-
capsules. These advantages are typically dependent on its concentration,
which can be fine-tuned to protect and deliver bioactive compounds.
However, the spray-drying process used for preparing emulsions is
relatively complex and often requires substantial amounts of oil to
generate the dispersed phase. In contrast, micelle formation via the
self-assembly of amphiphilic molecules in aqueous solutions represents
a simplified approach. This method does not require complex equipment
and instead utilizes molecular self-assembly mechanisms to form
micellar systems, providing a more convenient and scalable strategy for
the encapsulation and delivery of functional ingredients (Han et al.,
2024).

Nevertheless, micellar-like aggregates systems still have some limi-
tations in terms of encapsulation efficiency and bioavailability. For
example, in a previous study, lipopolysaccharide (LPS) micelles derived
from E. coli 0113 demonstrated encapsulation efficiencies of 83%, 80%,
76%, and 74% for chloroquine (CQ), curcumin (CCM), vemurafenib
(VEM), and doxorubicin (DOX), respectively (Noronha et al., 2023).
Recent research has shown that ultrasound propagation in liquid sys-
tems induces a distinctive acoustic cavitation phenomenon that is
characterized by the nucleation, growth, and collapse of microbubbles
(Liang et al., 2023). The collapse of these bubbles leads to the local
release of high amounts of energy, resulting in the formation of liquid
jets, rising pressures, and temperature elevations. Ultrasonic-assisted
technologies can address these limitations by promoting interfacial
mass transfer and molecular assembly behavior. For instance, Siqueira
et al. (2024) reported that the encapsulation efficiency of vitamin E
microcapsules increased from 73.73% to 94.05% after combining
spray-drying with Ultra-Turrax homogenization and ultrasonic treat-
ment. Notably, the final product showed a yield of 53.2%. Similarly, Cao
et al. (2025) developed a soybean whey protein—quercetin nanosystem
using 400 W ultrasound treatment. Their strategy achieved reduced
particle size, increased {-potential values, more uniform dispersion, an
encapsulation efficiency of 95.63 + 0.60%, and a notable improvement
in bioavailability. Collectively, these studies demonstrate that ultrasonic
technology can achieve the efficient encapsulation of active ingredients
in nanosystems by strengthening interfacial interactions.

Although hydrophobic modification and ultrasonic technology have
been applied to various biopolymers (e.g., alginate, chitosan, proteins)
for bioactive delivery (Han et al., 2023, 2024; Hu et al., 2020), research
on such delivery systems based on MD remains relatively scarce despite
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their significant advantages. Modifying MD with hydrophobic octyl
chains can result in amphiphilic derivatives that combine the processing
advantages of MD with the self-assembly ability of surfactants.
Furthermore, fucoxanthin, which is highly hydrophobic and has poor
stability, is an ideal model compound for evaluating the effectiveness of
delivery systems. Therefore, we hypothesize that octyl-modified MD,
particularly when combined with optimized ultrasonic treatment, con-
stitutes a simple, scalable, and high-performance delivery platform for
fucoxanthin.

In this study, MD and octanoyl chloride were used as raw materials to
synthesize amphiphilic fatty acyl chloride-maltodextrin sodium de-
rivatives with different degrees of substitution (DS) values via an
esterification process. These modified derivatives were designed to self-
assemble into micellar-like aggregates for the encapsulation of fuco-
xanthin. The encapsulation efficiency of fucoxanthin by these self-
assembled micelle-like aggregates was evaluated both before and after
ultrasonic treatment to examine their loading characteristics, structural
and morphological features, and overall physicochemical properties. In
addition, an in vitro simulated gastrointestinal digestion model was
employed to assess the effects of these MD derivatives on the controlled
release, digestion, and stability of fucoxanthin. This study aimed to
develop a delivery system that can efficiently encapsulate and release
fucoxanthin.

2. Materials and methods
2.1. Materials

MD (degree of polymerization, DP 5.0-8.0) and pyrene were both
purchased from Aladdin Biochemical Technology Co., Ltd (Shanghai,
China). Octanoyl chloride and fucoxanthin were obtained from Macklin
Biochemical Technology Co., Ltd (Shanghai, China). Deuterium oxide
(D20) was purchased from Jin'ouxiang Technology and Trade Co., Ltd
(Beijing, China). Additionally, absolute ethanol (EtOH) and phosphate-
buffered saline (PBS, pH 7.0) were purchased from Xilong Scientific Co.,
Ltd (Shantou, China). Saliva, Pepsin, lipase, trypsin, and bile salts were
obtained from Yuanye Biotechnology Co., Ltd. (Shanghai, China), while
hydrochloric acid (HCl), sodium hydroxide (NaOH), and potassium
bromide (KBr) were purchased from Kemiou Chemical Reagent Co., Ltd
(Tianjin, China).

2.2. Synthesis of maltodextrin derivatives with different degrees of
substitution

The preparation of MD derivatives was carried out based on the
method reported by Han et al. (2024), with minor modifications. MD (1
g) was dissolved in a sodium hydroxide solution (10 mL, 0.25 M) at
25 °C and stirred at a low speed of 400 rpm for approximately 10 min to
achieve complete dissolution of maltodextrin. Subsequently, octanoyl
chloride (10, 50, or 100 pL) was added dropwise to the solution, and the
reaction was conducted at room temperature for 1 h until no precipi-
tation was observed. The reaction was terminated by the addition of 100
mL of 95% (v/v) ethanol. The resulting mixture was centrifuged at
6790xg for 5 min, and the precipitate was collected, washed with 100
mL of 95% (v/v) ethanol for 2-3 times, and then dried in a vacuum
drying oven at 45 °C for 6 h. Finally, the solid powder was redissolved in
deionized water and dialyzed in a 3000 Da dialysis bag for 48 h. The
solid powder obtained after freeze-drying was sequentially named
MD-C8-1, MD-C8-2, and MD-C8-3, corresponding to the increasing
volumes of added octanoyl chloride and the gradual increase in the DS.
This naming convention is consistent with that used for the 'H nuclear
magnetic resonance (NMR) calculation results in the following text.

2.3. Preparation of fucoxanthin-loaded micellar-like aggregates

First, 1 mg/mL MD-C8 solution was prepared, to which 0.1 mg/mL
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fucoxanthin ethanol solution was added slowly. The mixture was then
subjected to sonication at 400 W (alternately with 5 s ON and 5 s OFF)
for 20 min using an ultrasonic cell disruptor (XO-1000D, Nanjing,
China), with a 5-min interval every 10 min (Cao et al., 2025). Following
sonication, the mixture was dialyzed against deionized water (MWCO
3500 Da) for 48 h, followed by lyophilization. The resulting products
were named Ultra-MD-C8-1-FX, Ultra-MD-C8-2-FX, and
Ultra-MD-C8-3-FX, corresponding to different DS values. For the control
group, the MD-C8 derivative was mixed with the fucoxanthin ethanol
solution and stirred in a water bath at 45 °C for 24 h. The mixture was
then dialyzed (MWCO 3500 Da) against deionized water for 48 h, and
lyophilized. These products were named MD-C8-1-FX, MD-C8-2-FX, and
MD-C8-3-FX, also based on their DS values.

2.4. Characterization of hydrophobically modified maltodextrin

2.4.1. 'H nuclear magnetic resonance (NMR) spectroscopy

The structural analysis of MD-C8 was performed using a 500 MHz
NMR spectrometer (Agilent-Varian Mercury Plus 400), as described in
our previous study (Han et al., 2024). Samples were dissolved in D50,
and spectra were recorded at room temperature. The degrees of substi-
tution (DS) were obtained by calculating the ratio between the peak area
at 0.8 ppm (three protons of the terminal methyl group of the acyl
chloride) and the protons on the MD sugar ring (Zhao et al., 2018). The
specific calculation formulas are as follows:

Ios

DS = x 100% (@)
3 (Iu—l.é + L4+ Ir—e)

where I, corresponds to the 'H NMR integral of the reducing chainends
(a reducing-end signals at 4.95 ppm), I4.1,4 and I, 6 are the 'H NMR
integrals of internal o (1 — 4) and o (1 — 6) linkages, Here Io.1 4 and I.1 6
are the 'H NMR integrals of internal (1 — 4)- « peaks at approximately
5.21 ppm and (1 — 6)- a linkages around 4.64 ppm, respectively.

2.4.2. Fourier-transform infrared (FTIR) spectroscopy

MD-C8 samples with different DS values were dried in an oven at
40 °C overnight. As described by Han et al. (2024), 1 mg of each dried
sample was finely ground with 100 mg of potassium bromide (KBr) and
pressed into thin pellets using a manual mold and hydraulic press. The
absorption spectra were recorded using an IR Affinity-1 FTIR spec-
trometer (Shimadzu, Japan) over the wavenumber range of 400-4000

cm

2.4.3. Thermogravimetric analysis (TGA)

The thermal stability of the samples was evaluated using thermog-
ravimetric analysis (SDT 650, TA, USA), following the method reported
by Han et al. (2024). First, approximately 4 mg each of MD and MD-C8
samples was placed in a crucible and heated from 30 °C to 600 °C at a
rate of 20 °C/min. The relationship between temperature and mass loss
was analyzed to assess the thermal stability of the materials.

2.5. Critical aggregation concentration (CAC)

2.5.1. Fluorescence analysis

Pyrene was utilized as a fluorescent probe to determine the CAC via
steady-state fluorescence spectroscopy (Han et al., 2024). This tech-
nique relies on the linear relationship between surfactant concentration
and the fluorescence intensity ratio between peaks I and III (I;/I3).
MD-C8-pyrene solutions of varying concentrations were prepared in
methanol, maintaining a final pyrene concentration of 1 x 10~ mol/L.
Fluorescence spectra were recorded using an FS5 spectrofluorometer
(Edinburgh Instruments Ltd., UK).

2.5.2. Dynamic light scattering (DLS)
The CAC was also determined using DLS analysis, following the
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procedure described in our previous study (Han et al., 2024). MD-C8
solutions of varying concentrations were prepared and filtered
through 0.45 pm membranes. Measurements were then performed using
a Zetasizer Nano ZS instrument (Malvern Instruments Ltd., UK), and the
CAC was calculated based on the inflection point in the plot of hydro-
dynamic diameter versus concentration.

2.6. Micellar-like aggregate size

The size of micellar-like aggregates produced by MD-C8 in an
aqueous solution was determined using a Zetasizer Nano ZS instrument
(Malvern Instruments, UK) at 25 °C. Prior to DLS analysis, MD-C8 so-
lutions were filtered through a 0.45 pm microfilter to remove impurities.
All measurements were performed in triplicate to ensure data reliability.

2.7. Characterization of fucoxanthin-loaded micellar-like aggregates

Lyophilized MD-C8-FX micelle-like aggregates were dissolved in
absolute ethanol to a final concentration of 0.1 mg/mL. After 30 min of
ultrasonic treatment (600 W), the mixture was centrifuged at 6800xg
for 20 min, and the supernatant was collected (Kuang et al., 2024). The
concentration of fucoxanthin present in the micelle-like aggregates was
quantified by measuring the absorbance at 450 nm using a MAPADA
UV-6100 spectrophotometer (China), with reference to an established
standard curve (Supplementary data Fig. S1). The encapsulation effi-
ciency (EE) and loading capacity (LC) were calculated using Equations
(2) and (3), respectively:

_ Weight of fucoxanthin in micelle — like aggregates

EE
Weight of Fucoxanthin fed initially

x 100% (2)

_ Weight of Fucoxanthin in micelle — like aggregates
" Weight of micelle — like aggregates containing fucoxanthin

x 100%

3

2.8. Transmission electron microscopy (TEM)

A droplet of the MD-C8 solution was placed on a copper grid. After
complete evaporation of the water, background staining was performed
using phosphotungstic acid. The micelle-like aggregates size and
morphology were then observed using a transmission electron micro-
scope (TEM, JEOL JEM-2100, Japan).

2.9. Environmental stability analysis

Environmental stability of the MD-C8-FX micelle-like aggregates was
evaluated using a modified version of the method described by Han et al.
(2026). To assess storage stability, fresh samples were stored at room
temperature for 2, 4, 6, 10, 14, 21, and 28 days. Samples were taken at
each time point, and after ethanol extraction, the concentration of
fucoxanthin was determined using an ultraviolet-visible spectropho-
tometer, with the retention rate calculated according to Equation (4):

Retention rate = C£ x 100% @
0

where Cp and C represent the initial concentration and the concentration
after storage of fucoxanthin, respectively.

The degradation kinetics of fucoxanthin were calculated according to
the method reported by (Shang et al., 2023). The degradation rate
constant (k) and half-life (t; 2) of fucoxanthin were determined from the
following equations:

C
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In2
t1=—— 6
1= (6)

where Cp and C represent the initial concentration and the concentration
after storage of fucoxanthin, respectively.

To examine photostability, samples were exposed to ultraviolet (UV)
light for 30, 60, 90, 120, 150, and 180 min, and the changes in fuco-
xanthin retention were assessed. To evaluate thermal stability, samples
were incubated in a water bath at 25 °C, 37 °C, 50 °C, 65 °C (pasteuri-
zation), 80 °C, and 100 °C (boiling/sterilization) for 30 min. To deter-
mine humidity stability, samples were exposed to an environment
saturated with potassium bromide (RH = 84%) for 2, 4, 6, 8, 10, 12, and
14 days. The retention rate of fucoxanthin was calculated according to
the method described in Equation (4).

2.10. In vitro digestion

A simulated oral and gastrointestinal model was employed to
investigate the in vitro digestion process of MD-C8 micelle-like aggre-
gates, following a modified version of the protocol described by Song
et al. (2023). Simulated gastric fluid (SGF) was prepared by dissolving
60 mg NaCl and 96 mg pepsin in 30 mL of 0.1 mol/L PBS buffer.
Meanwhile, to prepare simulated intestinal fluid (SIF), 656 mg NaCl,
82.98 mg CaCly, 120 mg porcine lipase, 120 mg porcine trypsin, and
378 mg bovine bile were dissolved in 20 mL of 0.1 mol/L PBS buffer. All
samples, saliva, SGF and SIF were pre-heated to 37 °C before the
experiment.

A 20 mg sample of fucoxanthin-loaded micelle-like aggregates were
mixed with 5 mL of saliva and stirred at 37 °C for 5 min. The remaining
digestion fluid was dispersed in 30 mL of SGF, and the pH was adjusted
to 2.0. The mixture was stirred at 37 °C for 2 h. Subsequently, the
remaining gastric digest was incubated in a water bath at 37 °C. Then,
20 mL of preheated SIF was added, and the pH was adjusted to 7.0. The
system was stirred at 37 °C for 2 h. During this process, 3 mL aliquots
were taken at predetermined time points and centrifuged at 6790 xg for
5 min. The absorbance of the supernatant was measured at 450 nm to
calculate the real-time release rate. After the intestinal digestion step,
the final round of centrifugation was performed at 6790xg for 10 min to
isolate the micellar-like aggregates phase. The absorbance of the su-
pernatants was measured at 450 nm, and fucoxanthin concentrations
were calculated using a standard calibration curve. The micellization
rate and bioaccessibility of fucoxanthin were determined using Equa-
tions (7) and (8), respectively.

Fucoxanthin content in the micelle phase

Micellization rate =

Fucoxanthin content in the intestinal termination fluid

Fucoxanthin content in the micelle phase

Food Hydrocolloids 178 (2026) 112641
3. Results and discussion
3.1. Synthesis and analysis of maltodextrin derivatives

Fig. 1a shows the 'H NMR spectra of unmodified MD and MD-C8. The
characteristic peaks in the 3.0-4.0 ppm and 5.39 ppm regions were
attributed to the similar protons of the sugar rings and the anomeric
protons of MD (Salehpour et al., 2023). The peak observed at 4.79 ppm
was ascribed to the residual, non-deuterated water in D30. The ab-
sorption peaks of octanoyl chloride protons were observed at 0.8, 1.25,
1.59, and 2.35 ppm, corresponding to the protons on the methyl and
methylene groups, respectively. Compared with unmodified MD, all
MD-C8 samples showed 'H NMR spectra containing the characteristic
absorption peaks from octanoyl chloride protons. These findings
confirmed that octanoyl chloride was successfully grafted onto MD (Han
et al., 2024). The calculation results also revealed (Table 1) that shown
as the average number of substitutes per monomer unit were 0.03 +
0.003, 0.05 + 0.006, and 0.07 + 0.008 in MD-C8-1, MD-C8-2, and
MD-C8-3, respectively.

FTIR spectra were employed to assess the structural changes in MD
derivatives (Fig. 1b). A broad band was detected at 3318 cm’l, which
was attributed to hydrogen-bonded hydroxyl groups. It corresponded to
the complex vibrational stretching associated with free, intermolecular,
and intramolecularly bound hydroxyl groups that constituted the gross
structure of MD. The band at approximately 1645 cm™! was a feature of
the tightly bound water present in MD, while that at 2900 cm™* was
associated with C-H stretching (Wu et al., 2018). Nevertheless, in the
FTIR spectrum of MD-C8, a new peak was observed at 1739 cm ™! due to
the stretching vibration of the C=0 group. This indicated that hydro-
phobic carbon chains had successfully been grafted onto MD via ester
bonds (C=0), confirming the synthesis of the amphiphilic target mole-
cule (Li et al., 2022).

Subsequently, thermal stability was evaluated using the first-order
derivatives of weight loss (DTG) and TGA. The TGA results are illus-
trated in Fig. lc. Notably, the thermal degradation of MD could be
divided into three stages. In the first stage (50-150 °C), the TGA curve
revealed slow and continuous mass loss, which was mainly associated
with the thermal volatilization of physically adsorbed water molecules
on the surface of MD and was unrelated to the decomposition of MD
itself. In the second stage (197-400 °C), the TGA curve revealed a rapid
and sharp loss of mass, attributed to the thermal decomposition of MD,
which involved chemical bond cleavage, decomposition into small-
molecule fragments, and their subsequent volatilization. Thus, this
stage represented the main decomposition phase of MD. In the third and
final stage (400-600 °C), the TGA curve first showed a slow mass loss

x 100% 7

Bioaccessibility =

2.11. Statistical analysis

All experimental data are presented as the mean + standard devia-
tion (mean + SD). Intergroup comparisons were conducted using one-
way analysis of variance (one-way ANOVA) via SPSS 26.0 statistical
software, with the significance level set at p < 0.05 (i.e., p-values less
than 0.05 were considered statistically significant).

x 100% (8)

Fucoxanthin content before simulated gastrointestinal digestion

before finally leveling off. The degradation process of MD during this
stage was similar to that of native starch (Wu et al., 2018). Notably, the
temperature corresponding to mass loss was found to decrease as the DS
increased. Generally, higher decomposition temperatures indicate better
thermal stability. Moreover, when alkyl chains are introduced, the
thermodynamic stability of MD-C8 tends to decrease (Han et al., 2024).
Collectively, the results of this study showed that the decrease in the
thermal stability of MD-C8 can be attributed to the weakening of
intermolecular forces and hydrogen bonds of MD molecules by the
introduction of alkyl chains. These findings provided indirect evidence
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Fig. 1. Structural characterization of maltodextrin and MD-C8: (a) 'H NMR spectra; (b) FTIR spectra; (¢) TGA and DTG curves.
were formed. With the increase in sample concentration, micellar-like
Table 1

Properties of different MD-C8 micelle-like aggregate.

Sample DS CAC (mg/mL) CAC (mg/mL) Hydrodynamic
Fluorescence DLS analysis diameters (nm)
measurement
MD- 0.03 + 0.003°  0.010 + 0.001°  0.011 + 0.005¢ 309.37 + 1.17°
C8-1

MD- 0.05 + 0.006°  0.005 + 0.002°  0.005 + 0.001°  303.72 + 0.34°
C8-2

MD- 0.07 £ 0.008"  0.001 + 0.001°  0.002 + 0.002*  279.85 + 0.97¢
C8-3

Annotation: Different lowercase letters represent the significant differences (p <
0.05).

confirming that octanoyl chloride was successfully grafted onto MD via
esterification reactions.

3.2. Self-assembly of micellar-like aggregates

The fluorescence emission spectra of MD-C8 polymers in the pres-
ence of pyrene are shown in Fig. 2a—c. The changes in fluorescence in-
tensity and peak shape at different MD-C8 concentrations demonstrated
that the fluorescence intensity increased significantly as the polymer
concentration rose. This indicated that the interaction between the
polymer and pyrene was progressively enhanced, reflecting the gradual
formation of micellar-like aggregates (Zhao et al., 2022). The difference
in fluorescence intensity between the first peak (I;) and third peak (I3)
also gradually decreased with micelle-like aggregates formation. As
shown in Fig. 2d, at low concentrations, the value of I;/I3 was 1.80,
similar to that of pure water, indicating that no micellar-like aggregates

aggregates structures began to form gradually. Their hydrophobic cav-
ities could bind to pyrene, resulting in enhanced fluorescence intensity
and a gradual decrease in the I;/I3 value. The sample concentration
corresponding to the inflection point where the I;/I3 value began to
decrease was defined as the CAC. Accordingly, the CACs of MD-C8-1,
MD-C8-2, and MD-C8-3 were calculated to be 0.010 4 0.001, 0.005 +
0.002, and 0.001 + 0.001 mg/mL, respectively (Table 1). The results
indicated that with the increase in the DS, more octanoyl chloride
molecules are grafted onto MD chains. As a result, hydrophobic in-
teractions are enhanced, thereby promoting micellar-like aggregates
formation (Han et al., 2026). Thus, a higher DS promotes the formation
of hydrophobic microdomains, which in turn lowers the CAC (Cai et al.,
2022).

Fig. 2e shows the relationship between the particle size of MD-C8
samples with different DS values and the sample concentration.
Notably, the particle size of the polymer increased with the rise in the
sample concentration. However, beyond a specific concentration, the
particle size no longer increased and remained stable. This concentra-
tion was considered the CAC. Based on this calculation, the CACs of MD-
C8-1, MD-C8-2, and MD-C8-3 were found to be 0.011 4 0.005, 0.005 +
0.001, and 0.002 + 0.002 mg/mL, respectively (Table 1). In aqueous
solutions, micellar-like aggregates particles are formed by the self-
assembly of polar polymers. When the concentration of the polymers
is below the CAC, they remain dispersed in aqueous solutions in the form
of individual, single polymer chains (Han et al., 2022). However, when
their concentration approaches the CAC, these chains aggregate, leading
to an increase in the hydrated diameter. As shown in Table 1, the particle
sizes of MD-C8-1, MD-C8-2, and MD-C8-3 micelle-like aggregates
eventually stabilized at 309.37 + 1.17, 303.72 + 0.34, and 279.85 +
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Fig. 2. (a-c) Pyrene fluorescence scanning images of MD-C8 at different concentration levels; (d) Relationship between MD-C8 concentration (different DS values)
and the pyrene excitation intensity ratio (I;/I3) in aqueous solutions; (e) Hydrated diameter of MD-C8 samples (with different DS values) as a function of con-
centration; (f) Analysis of the differences between the two CAC determination methods.

Table 2
Properties of different MD-C8-FX micelle-like aggregates.

Micelle
Sample

EE (%) LC (%) Hydrodynamic

Diameters (nm)

Zeta potential
(mV)

MD-C8-  32.53+0.25°  1.60 + 0.06
1-FX
MD-C8-
2-FX
MD-C8-
3-FX
Ultra-
MD-
c8-1-
FX
Ultra-
MD-
C8-2-
FX
Ultra-
MD-
C8-3-
FX

317.23 + 2.86° -14.12 + 0.29%

45.06 + 0.12°  1.79 +0.18°  311.80 + 3.76™ -13.72 £ 0.74°

57.50 £ 0.68¢  2.15+0.26% 309.31 + 4.97°®  —16.03 + 0.58°

65.45 + 0.94° 2.40 + 0.45°  306.40 + 5.10%° -16.03 + 2.13%

75.34 +£1.08°  2.65+0.21° 299.53 + 295  _13.83 +0.42°

96.25 + 1.57°  2.81 +0.36  293.33 + 4.85" —-16.94 + 1.30%

Annotation: Different lowercase letters represent significant differences (p <
0.05).

0.97 nm, respectively. Fig. 2f shows the comparison of the results ob-
tained via the fluorescence measurement and dynamic light scattering
methods, which showed no significant difference (p < 0.05). This further
verified the accuracy and reliability of the data.

Table 2 lists the EE and the LC values of various MD-C8 samples. The
EE values of MD-C8-1-FX, MD-C8-2-FX, and MD-C8-3-FX were 32.53 +
0.25%, 45.06 + 0.12%, and 57.50 + 0.68%, respectively, with corre-
sponding LC values of 1.60 + 0.06%, 1.79 + 0.18%, and 2.15 + 0.26%.
Thus, both EE and LC of the micellar-like aggregates evidently rose with
the increase in the DS of the polymer derivative. This was because the
increase in DS was associated with the enhancement of hydrophobic

interactions, which allowed hydrophobic functional groups to bind
tightly to the hydrophobic regions within the micelle-like aggregates,
thereby increasing the EE and LC values (Han et al., 2024). This was also
reflected in the particle size distributions of the micellar-like aggregates.
The particle sizes of MD-C8-1-FX, MD-C8-2-FX, and MD-C8-3-FX were
317.23 +2.86, 311.80 + 3.76, 309.31 + 4.97 nm, respectively. Thus, as
the DS increased, the hydrophobic core of the micelle-like aggregates
became more tightly bound, leading to a gradual decrease in particle
size (Ma et al., 2023; Xie et al., 2024). This result was consistent with our
previous reports (Han et al., 2026).

Interestingly, after ultrasonic treatment, both the EE and LC values of
the micellar-like aggregates increased significantly, with the EE reach-
ing 65.45 + 0.94%, 75.34 + 1.08%, and 96.25 + 1.57% and the LC
reaching 2.40 + 0.45%, 2.65 + 0.21%, and 2.81 + 0.36%, respectively.
This significant enhancement can be attributed to the acoustic cavitation
effect induced by ultrasound. When ultrasound propagates through the
liquid medium, it generates an oscillating pressure field, triggering
microbubble nucleation, growth, and violent collapse (transient cavi-
tation) (Ashokkumar, 2011; Chemat et al., 2017). The concentrated
energy released by the implosion of these bubbles creates extreme local
conditions, accompanied by physical phenomena such as microjet
impact and intense shear forces (Ojha et al., 2020). These forces promote
the encapsulation of fucoxanthin within MD-C8 micellar-like aggregates
through multiple synergistic mechanisms. High shear forces and
microjets generated during cavitation can disrupt pre-existing aggre-
gates of both MD-C8 and fucoxanthin, leading to a reduction in particle
size (Table 2) and an increase in the available interfacial area for
interaction. Simultaneously, the mechanical energy input induces
transient unfolding of the polysaccharide chains, thereby exposing hy-
drophobic pockets that were previously buried and improving the
accessibility of fucoxanthin-binding sites. This process also enhances
micro mixing within the system, which facilitates the collision and
subsequent interaction between hydrophobic fucoxanthin molecules
and the exposed hydrophobic domains of MD-C8, effectively
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overcoming diffusion limitations. Furthermore, the transient local high
temperatures generated during bubble collapse increase the mobility of
polymer chains and solute molecules, thereby reinforcing the thermo-
dynamic driving force for hydrophobic interactions and promoting the
incorporation of fucoxanthin into the micellar core (Cai et al., 2022).
The comparison table between MD-C8-3-FX (EE 57.50%) and Ultra-
MD-C8-1-FX (EE 65.45 + 0.94%) shows that after 20 min of ultrasonic
treatment, even the micellar-like aggregates with low DS have higher
drug loading capacity than those with high DS but without ultrasonic
treatment. However, the hydrophobic domains of hydrophobically
modified MD are usually encapsulated in the micellar-like aggregates
structure, resulting in relatively low binding with fucoxanthin. Notably,
the shockwaves generated by ultrasonic treatment can reduce intermo-
lecular forces and hydrogen bond formation. Ultimately, as the MD
chain unfolds, hydrophobic groups previously hidden within the
micellar-like aggregates structure are exposed to the external environ-
ment, significantly strengthening the interaction with fucoxanthin (Cao
et al., 2025). Moreover, briefly optimized ultrasonic treatment can

MD-C8-1 ¢ ]
3 g
: :

MD-C8-2

Percentage (%)
Percentage (%)

MD-C$-3 [ ;

Before drug loading

After drug loading
+ stirring for 24 h
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dynamically enhance the encapsulation capacity of the system through
the aforementioned mechanisms, compensating for the low degree of
substitution. However, it should be noted that excessive ultrasonic en-
ergy or duration may degrade sensitive bioactive compounds and
damage polymer integrity (Wang et al., 2023). Therefore, the parame-
ters adopted in this study were optimized to maximize beneficial effects
(see Supplementary data Fig. S2.) while minimizing any adverse im-
pacts. This indicates that ultrasonic treatment can overcome the drug
loading limitations associated with low DS and effectively promote the
hydrophobic aggregation of MD molecules. Meanwhile, when compared
with those of other carriers for fucoxanthin encapsulation, the EE value
of the Ultra-MD-C8-3-FX (96.3%) was higher than that of fucoxanthin
loaded in alginate/chitosan nanoparticles (81.2%) (Sorasitthiyanukarn
et al., 2024). The performance of the MD-C8 micellar system also out-
performed starch/zein-based microcapsules (EE 91%) (Zhao et al.,
2022). The improvement of this drug loading capacity helps reduce the
loss of fucoxanthin, improve the efficacy of fucoxanthin, and lower the
preparation cost of fucoxanthin-loaded micellar-like aggregates.

Percentage (%)

8

&
<
¥
£
[
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B
[
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Diameter (nm)

After drug loading
+ sonication

Fig. 3. TEM images showing the morphologies of MD-C8-1, MD-C8-2, and MD-C8-3 micelle-like aggregates before and after fucoxanthin loading. Scale bar: 200 nm.



L. Han et al.

In this study, subsequent to ultrasonic treatment, the particle sizes of
Ultra-MD-C8-1-FX, Ultra-MD-C8-2-FX, and Ultra-MD-C8-3-FX decreased
to 306.40 + 5.10, 299.53 + 2.95, and 293.33 + 4.85 nm, respectively
(Table 2). This finding implies that ultrasonic treatment has the poten-
tial to reduce the particle size of micellar-like aggregates and facilitate
their hydrophobic aggregation (Yang et al., 2020). Following the stirring
treatment, the zeta potentials of MD-C8-1-FX, MD-C8-2-FX, and
MD-C8-3-FX were measured to be —14.12 4 0.29, —13.72 4+ 0.74, and
—16.03 £+ 0.58 mV, respectively (Table 2). Subsequently, after the ul-
trasonic treatment, the corresponding zeta potential values for
Ultra-MD-C8-1-FX, Ultra-MD-C8-2-FX, and Ultra-MD-C8-3-FX altered to
—16.03 + 2.13, —13.83 + 0.42, and —16.94 + 1.30 mV, respectively
(Table 2). There was no significant difference in the zeta potential of the
micellar-like aggregates before and after sonication (p > 0.05, Table 2),
which indicates that sonication had a negligible effect on the zeta po-
tential of MD micellar-like aggregates, indicating that the ultrasound
treatment did not alter the fundamental surface charge characteristics of
the MD-C8 derivatives, but primarily affected their physical assembly
and loading dynamics. However, the relatively low absolute zeta po-
tential values of MD-C8 micellar-like aggregates (ranging from —13 to
—17 mV, Table 2) indicate a moderate electrostatic repulsion between
micellar-like aggregates. Higher values within the range of +30 mV
indicate stable dispersions, whereas a value closer to zero implies less
stability and may induce aggregation (Agmo Hernandez, 2023; Rodri-
guez-Loya et al., 2024). Hence, such repulsion may be insufficient to
completely prevent their close contact and transient association in the
solution, thereby facilitating the formation of larger, reversible clusters
that dominate the DLS signal. This also offers a straightforward rationale
for the large hydrated particle size of MD-C8 micellar-like aggregates
detected in the DLS measurements.

As shown in Fig. 3, no significant changes in micellar-like aggregates
morphology were observed before and after fucoxanthin loading.
Notably, both MD-C8 and MD-C8-FX micelle-like aggregates appeared
spherical or ellipsoidal in shape. However, the particle size of the
micelle-like aggregates was found to be significantly altered after
fucoxanthin loading. Before drug loading, the particle size of the
micellar-like aggregates was relatively small, with MD-C8-1, MD-C8-2,
and MD-C8-3 showing particle sizes of 62.70, 54.13, and 45.22 nm,
respectively. Moreover, these micellar-like aggregates were observed to
be well-dispersed. After drug loading through 24 h of stirring, the par-
ticle sizes of the micellar-like aggregates became slightly greater than
those of the blank micellar-like aggregates, reaching 76.21, 70.94, and
66.78 nm, respectively. This was attributed to the incorporation of
fucoxanthin into the core of the micellar-like aggregates, which
increased the region of hydrophobicity and thus increased the particle
size (Han et al., 2024). After ultrasonic-assisted drug loading, the par-
ticle sizes of the micellar-like aggregates were found to be 64.16, 56.24,
and 48.94 nm, respectively. Thus, the sizes of these particles were higher
than those of the blank micelle-like aggregates but lower than those of
the drug-loaded micellar-like aggregates prepared through stirring. The
findings indicated that ultrasonic treatment for an appropriate duration
may induce structural relaxation in MD-C8, thus increasing the exposure
of hidden moieties and promoting intermolecular electrostatic repulsion
and hydrophobic interactions (Liang et al., 2023). Thus, the cavitation
effect generated by ultrasound can reduce the particle size of
micellar-like aggregates and promote the formation of a more compact
hydrophobic core. In addition, we found that with the increase in DS, the
particle sizes of the micellar-like aggregates decreased gradually, and
the dispersibility of the particles improved. These results were consistent
with the DLS results (Tables 1 and 2), although the particle sizes
measured by TEM were smaller than those determined using DLS. This
difference was mainly attributed to the variations in the sample prepa-
ration process. Specifically, the particle size measured by TEM corre-
sponded to the size of the micelle-like aggregates in a dry state, while
that measured by DLS represented the hydrodynamic diameter of the
micellar-like aggregates (Li et al., 2022). DLS is an intensity-weighted
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technique for measuring hydrodynamic diameter. Therefore, a small
number of secondary micellar-like aggregates or clusters formed by
weak intermolecular interactions between micelles in the solution can
significantly overestimate the measured results (Qiao et al., 2015).
While TEM offers a number-weighted visualization of samples in a dried
and fixed state, the drying and staining steps during sample preparation
not only disrupt such weak noncovalent clusters but also lead to the
shrinkage of flexible polysaccharide coronas and the loss of hydration
shells, thereby only revealing the dense core structure of individual
micelles. As described the zeta potential values of MD-C8 micellar-like
aggregates (ranging from —13 to —17 mV, Table 2) were relatively low.
The electric double layer is compressed due to insufficient charge, and
the electrostatic repulsion barrier is greatly reduced, which cannot fully
counteract the van der Waals forces between particles. As a result,
micellar-like aggregates tend to form loose secondary aggrega-
tes/clusters through weak interactions such as hydrophobic effects,
hydrogen bonding and van der Waals forces (Bhattacharjee, 2016).
Therefore, the actual particle size measured by DLS corresponds to that
of the agglomerated secondary aggregates or clusters, which results in a
significant discrepancy between the DLS and TEM results (Wilson &
Prud'homme, 2021). Moreover, due to the solvent effect under hydrated
conditions, the micellar-like aggregates were observed to possess a
larger hydrodynamic volume.

3.3. Environmental stability analysis

Although the structural characteristics of MD-C8 provided some in-
sights into its potential activity, a comprehensive evaluation of its real-
life performance was still needed. Fig. 4a illustrates the storage stability
of free and MD-C8-encapsulated fucoxanthin. As the storage time was
prolonged, fucoxanthin underwent varying degrees of photo-
degradation, and its retention rate decreased accordingly. After 28 days
of storage, the retention rates of fucoxanthin in MD-C8-1-FX, MD-C8-2-
FX, MD-C8-3-FX, Ultra-MD-C8-1-FX, Ultra-MD-C8-2-FX, and Ultra-MD-
C8-3-FX were found to be 49.16%, 52.22%, 54.25%, 57.37%, 60.29%,
and 62.01%, respectively. The retention rates of encapsulated fuco-
xanthin were over 50% in almost all samples, while the retention rate of
free fucoxanthin was significantly lower at 44.56%. This indicated that
modified MD can effectively protect fucoxanthin and reduce its light-
induced degradation. This protective effect was attributed to the in-
crease in hydrophobic groups on the surface of MD following ultrasound
treatment. Ultrasonication likely promoted the interactions between
MD-C8 and fucoxanthin, thereby improving the storage stability of
fucoxanthin (Cao et al., 2025). Furthermore, the first-order kinetic
model was used to describe the degradation behavior of fucoxanthin
during storage (Fig. 4e). The half-lives of free fucoxanthin and that
encapsulated in MD-C8-1-FX, MD-C8-2-FX, MD-C8-3-FX,
Ultra-MD-C8-1-FX, Ultra-MD-C8-2-FX, and Ultra-MD-C8-3-FX micel-
lar-like aggregates were 21.35 d, 24.98 d, 27.35 d, 29.75 d, 32.19 d,
34.35 d and 37.35 d, respectively. With the increase in DS, the half-life
of fucoxanthin in the micelle-like aggregates was prolonged; in addition,
the micelle-like aggregates after sonication exhibited a more significant
prolongation effect on fucoxanthin stability. Therefore, the degradation
kinetic model also confirms that the hydrophobically modified malto-
dextrin aggregates can effectively slow down the degradation rate of
fucoxanthin (Shang et al., 2023).

Similarly, when free and encapsulated fucoxanthin were exposed to
UV light for 180 min, the retention rates have shown a similar trend to
those seen during storage. The retention rates of MD-C8-FX-1, MD-C8-
FX-2, MD-C8-FX-3, Ultra-MD-C8-FX-1, Ultra-MD-C8-FX-2 and Ultra-
MD-C8-FX-3 were 62.87%, 64.64%, 67.59%, 68.86%, 71.30%, and
74.51% respectively (Fig. 4b). Meanwhile, free fucoxanthin was more
significantly affected by UV irradiation, exhibiting a retention rate of
only 48.09%. It speculated that the encapsulating micellar-like aggre-
gates structures protected fucoxanthin by reducing its exposure to ox-
ygen and light (Mulrooney et al., 2021). Notably, the retention rates of
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Fig. 4. Storage stability (a), ultraviolet stability (b), humidity stability (c), and thermal stability (d) of MD-C8 micelle-like aggregates.

MD-C8 after ultrasonic treatment were all higher than those seen in the
24 h stirring group, in line with the higher EE and LC values. Since a
larger amount of fucoxanthin was encapsulated in ultrasonically treated
micelle-like aggregates, despite partial loss of fucoxanthin, the final
retention rate remains high.

As shown in Fig. 4c, the samples were also exposed to a closed
environment with 85% relative humidity (RH) for 14 days. Following
this period, the retention rate of free fucoxanthin dropped to only
51.13%. However, encapsulated fucoxanthin exhibited better stability
under conditions of high RH than its free form. the retention rates of MD-
C8-1-FX, MD-C8-2-FX, MD-C8-3-FX, Ultra-MD-C8-1-FX, Ultra-MD-C8-2-
FX, and Ultra-MD-C8-3-FX, though decreasing significantly, still reached
59.56%, 62.46%, 64.43%, 63.93%, 64.93%, and 65.98% respectively.
The encapsulated fucoxanthin was located within the hydrophobic core
of the micellar-like aggregates, whose outer shell could shield fuco-
xanthin from the harsh humid environment and thereby slow down its
degradation rate. After ultrasonic treatment, the particle sizes of the
micelle-like aggregates decreased considerably, and their binding
became tighter. This provided a more favorable environment for the
storage of fucoxanthin, as reflected by the higher retention rate.

As shown in Fig. 4d, the thermal stability of free and encapsulated
fucoxanthin in MD-C8 particles was evaluated primarily under simu-
lated pasteurization and boiling/sterilization conditions. The retention
rate of free fucoxanthin was 65.51% after heating at 65 °C for 30 min,
while the retention rates of the fucoxanthin encapsulated in MD-C8-1-
FX, MD-C8-2-FX, MD-C8-3-FX, Ultra-MD-C8-1-FX, Ultra-MD-C8-2-FX,
and Ultra-MD-C8-3-FX were significantly higher (67.23%, 67.94%,
68.47%, 70.79%, 73.69%, and 79.49%, respectively). A similar trend
was observed after the samples were heated at 100 °C for 30 min, with
free fucoxanthin, MD-C8-1-FX, MD-C8-2-FX, MD-C8-3-FX, Ultra-MD-C8-

1-FX, Ultra-MD-C8-2-FX, and Ultra-MD-C8-3-FX showing retention rates
of 46.67%, 49.94%, 52.59%, 53.43%, 54.04%, 57.64%, and 61.72%
respectively. During commercial applications, especially in liquid
products, thermal sterilization is often performed to prevent microbial
contamination. However, high-temperature treatment can lead to the
degradation of fucoxanthin. Our findings showed that although heat
treatment can partly disrupt the structure of modified MD micellar-like
aggregates, thereby accelerating fucoxanthin degradation, the hydro-
phobic core of these micelle-like aggregates can effectively protect
fucoxanthin, thus mitigating the impact of thermal stress. Notably, the
retention rate after heating remained higher in the ultrasonic treatment
group than in the 24-h stirring group. This suggested that appropriate
ultrasonic treatment can significantly enhance the thermal stability of
fucoxanthin in a hydrophobically modified MD-based composite system
(Cao et al., 2025).

3.4. Fucoxanthin release from micelle-like aggregates in vitro

Fig. 5 shows the fucoxanthin release rate curves of MD-C8-FX at
different time points during in vitro digestion (Fig. 5a). As reported
previously (Han et al., 2024), the release rate of free fucoxanthin was
below 5% after simulated digestion. This indicated that free fucoxanthin
was not susceptible to the simulated oral and gastrointestinal digestion
and showed limited dispersion in the digestive fluids. The cumulative
release rate of MD-C8 micelle-like aggregates following brief salivary
digestion was below 10%. Maltodextrin is a hydrolysis product of starch
and can be digested by salivary amylase in the oral cavity. Due to the
short residence time and near-neutral pH in the oral phase, the MD-C8
micelle-like aggregates remained intact, with only a slight release of
fucoxanthin. However, under simulated gastric conditions, throughout
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Fig. 5. (a) Time-dependent cumulative release of free fucoxanthin and fucoxanthin loaded within micelle-like aggregates in simulated gastric and intestinal envi-
ronments, monitored based on absorbance at 450 nm; (b) Bioaccessibility and micellization rate of MD-C8-loaded fucoxanthin in an in vitro simulated diges-

tion model.

the 120-min gastric digestion phase, and the release rate in the stomach
was consistently below 15%. This indicated only minimal release of
fucoxanthin during gastric digestion, which was likely derived from the
fucoxanthin that was either loosely adsorbed onto the surface of the
MD-C8 micelles or trapped near the micellar-like aggregates interface
(Liu et al., 2024), while the majority of encapsulated fucoxanthin was
retained within the micellar-like aggregates core (Ahmad et al., 2019).
The strong hydrophobic interactions between fucoxanthin and MD-C8
create a micelle-like aggregates structure where the hydrophilic re-
gions are exposed to the exterior, creating a dense hydrophilic shell that
provides protection in the acidic gastric environment and prevents the
premature release of fucoxanthin (Li et al., 2024).

In contrast, in the small intestinal phase, the micellar-like aggregates
began to release fucoxanthin in large quantities. After 10 min of diges-
tion in the SIF, a significant increase in the absorbance of fucoxanthin
was observed. These results all indicated that fucoxanthin could be
released in large amounts in the small intestine, with the release stabi-
lizing after 40 min. Notably, the absorbance values were in the following
ascending order: MD-C8-1-FX < MD-C8-2-FX < MD-C8-3-FX < Ultra-
MD-C8-1-FX < Ultra-MD-C8-2-FX < Ultra-MD-C8-3-FX, and the release
rate of Ultra-MD-C8-3-FX at the end of small intestinal digestion reached
up to 70.26 + 0.07%. Micelles prepared via 20 min of ultrasonic treat-
ment released more fucoxanthin than those prepared by stirring for 24 h.
This difference was positively correlated with the drug-loading capacity
of the micelle-like aggregates, with higher loading capacity resulting in
greater release in the intestine. While starch/zein-based microcapsules
for encapsulation and delivery of fucoxanthin exhibited intestinal
segmental controlled release with a relatively lower in vitro release rate
of 42% (Zhao et al., 2022). These findings further confirmed that ul-
trasonic treatment enhances the fucoxanthin-loading capacity of
hydrophobically modified MD (MD-C8) derivatives.

The bioaccessibility of fucoxanthin was also evaluated using an in
vitro digestion model, as shown in Fig. 5b. The bioaccessibility values for
MD-C8-1-FX, MD-C8-2-FX, MD-C8-3-FX, Ultra-MD-C8-1-FX, Ultra-MD-
C8-2-FX, and Ultra-MD-C8-3-FX were 22.45%, 30.43%, 32.81%,
38.79%, 40.96%, and 49.57%, respectively. As the DS increased, the
bioaccessibility of fucoxanthin also improved. Furthermore, samples
treated with wultrasound exhibited significantly enhanced bio-
accessibility. Moreover, the micellization rates for these samples were
78.86%, 77.14%, 84.7%, 89.75%, 90.54%, and 90.96%, respectively.
These results were consistent with the physicochemical properties of
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fucoxanthin. First, due to its poor water solubility, fucoxanthin requires
delivery via carrier materials to reach the small intestine, where it can be
absorbed by intestinal epithelial cells (Kuang et al., 2024). Second,
micellization is a critical step for enhancing the delivery of hydrophobic
compounds (Cheng et al., 2019). Thus, hydrophobically modified MD
micellar-like aggregates could facilitate the delivery of fucoxanthin to
the absorption sites in the intestine. Specifically, a higher micellization
efficiency leads to greater fucoxanthin loading and more effective de-
livery. Thus, there exists a strong positive correlation between fuco-
xanthin bioaccessibility and micellization efficiency.

4. Conclusion

In summary, hydrophobically modified MD derivatives with varying
DS values were successfully synthesized in this study. A variety of
methods were employed to systematically evaluate the structural char-
acteristics and self-assembly behavior of the resulting MD-C8 compos-
ites. It was found that MD-C8, with a CAC ranging from 0.002 to 0.011
mg/mL, could self-assemble into spherical micellar-like aggregates with
particle sizes between 279.85 + 0.97 nm and 309.37 + 1.17 nm. Due to
their amphiphilic nature, the synthesized micelle-like aggregates were
capable of encapsulating the hydrophobic compound fucoxanthin,
particularly following ultrasonic treatment. Among the derivatives,
those with higher DS values exhibited superior EE and LC. Moreover,
appropriate ultrasound treatment significantly enhanced the EE of the
micelle-like aggregates. Subsequently, TEM revealed that ultrasonic
treatment, due to the cavitation effect, reduced the particle size of the
micelle-like aggregates and promoted their uniform dispersion. Overall,
the fucoxanthin encapsulated in hydrophobically modified MD-C8
micelle-like aggregates demonstrated enhanced environmental stabil-
ity, including improved resistance to storage, UV light, temperature, and
humidity, as well as favorable stability during simulated gastrointestinal
digestion. Notably, compared with MD-C8-1-FX, the Ultra-MD-C8-3-FX
micelle-like aggregates increased the bioaccessibility of fucoxanthin
by 2.21-fold, achieving a micellization efficiency of up to 90.96%. This
study provides valuable insights into strategies for the efficient delivery
of hydrophobic bioactive compounds. Specifically, it indicates that MD-
C8 micelle-like aggregates demonstrate strong potential as delivery
carriers, and ultrasound is an effective auxiliary strategy to improve the
encapsulation performance of these micelle-like aggregates. The existing
MD is derived from low-cost polysaccharides widely used in food.
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Through relatively simple modification combined with a rapid
ultrasound-assisted loading process, it achieves a convincing balance
between high performance, simplicity, and economic feasibility. This
highlights MD-C8 micelle-like aggregates potential as a practical and
efficient delivery strategy for hydrophobic bioactive substances such as
fucoxanthin.
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