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Abstract: In this study, two modified turmeric starch-dioscin-curcumin nanocarriers were
synthesized by antisolvent co-precipitation (ASCP) and antisolvent precipitation (ASP)

methods, with dioscin serving as a natural surfactant. Subsequently, the structural



characteristics, physical stability, and curcumin sustained release properties of nanocarriers
were comprehensively characterized. The results indicated that both modified nanocarriers
exhibited similar morphology and functional groups, along with enhanced physical stability and
storage stability. Both ASCP and ASP methods reduced the particle size of nanocarriers while
enhancing encapsulation efficiency and loading capacity. Notably, the nanocarrier prepared
using the ASCP method exhibited the smallest particle size (260.50 + 9.01 nm), the highest
encapsulation efficiency (59.06 = 1.73 %), and the greatest loading capacity (7.18 + 0.21
ug/mg). Additionally, the release rate and bioavailability of ASCP-TS-CUR were approximately
23 and 20 times higher than free curcumin, respectively. These findings support the potential of
dioscin-modified starch nanocarriers for the effective delivery of hydrophobic compounds, and
the ASCP method was proved to have better modification effects, providing a novel green
strategy for the construction of delivery systems.
Keywords: Starch, curcumin, dioscin, antisolvent co-precipitation, antisolvent precipitation,
structural characterization, in vitro release
1. Introduction

Curcumin, an essential component of turmeric, is a hydrophobic polyphenol with various
biological functions such as antioxidant, anti-inflammatory, and anti-cancer (Ferguson et al.,
2021). However, its poor water solubility (11 ng/mL), poor stability, and low bioavailability
(Xiang et al., 2020) limit its application in the food and medical industries. To address these
challenges, researchers have developed a variety of nanodelivery systems, such as

nanoemulsions (Marefati et al., 2017; Araiza-Calahorra et al., 2019), solid lipid nanocarriers



(Karaca et al., 2025), and nanoparticles based on polysaccharides and proteins (Zou et al., 2016)
have been used to encapsulate curcumin to enhance its stability and bioavailability. Among
them, starch-based nanoparticles showed great advantages due to their safety, non-toxicity,
good biocompatibility, and low cost, and are widely used for the delivery of curcumin (Du et al.,
2023). For instance, banana starch nanoparticles (Acevedo-Guevara et al., 2018) and corn
starch nanoparticles (Zhong et al., 2024) have been successfully used to deliver curcumin.

We aim to explore a novel starch-based carrier to protect and deliver curcumin. Turmeric
contains a high content of starch, about 40%, which is often neglected when curcumin is
extracted (Kuttigounder et al., 2011), resulting in a waste of starch resources. Furthermore,
studies have shown that turmeric starch is non-toxic and well tolerated at high doses (Rasmi et
al., 2024), and therefore can be developed and utilized as a safe by-product. However, research
on the development and utilization of turmeric starch remains relatively scarce. Considering
this, turmeric starch has the potential to be developed as a novel starch-based nanocarrier to
protect curcumin from environmental degradation, improve its stability, achieve persistent
release in the gastrointestinal tract, and enhance its bioavailability. Notably, native starch
granules usually have a large size and a wide distribution, limiting their application as a stable
carrier material (Li et al., 2016a). To solve this problem, surfactants can be used for
modification, which can decrease interfacial tension and aggregation, thereby reducing particle
size and constructing starch nanoparticles with stable performance and controllable particle size
(Ye et al., 2017). At present, commercial synthetic surfactants (such as Tween 80 and Span 80)

(Li et al., 2016a) may bring potential safety hazards despite their high efficiency and low cost



(Zargar et al., 2024). In recent years, utilizing natural surfactants to enhance product
performance has become an important trend due to their natural origin, safety, and
environmental sustainability. Plant saponins are an option used as a natural surfactant in the
food industry (Henao-Ardila et al., 2024). Currently, there are studies using tea saponins and
quillaja saponins as natural surfactants to stabilize polymer carriers (Liu et al., 2022; Doost et
al., 2019). Apart from them, dioscin, a common plant steroidal saponin (Tao et al., 2018), has
good amphiphilic properties, high surface activity, and possesses a variety of biological
activities, such as antibacterial, anti-inflammatory, anti-tumor, immune-regulation, and antiviral
effects (Bandopadhyay et al., 2022), which may make it a promising natural surfactant (Liao et
al., 2021). However, research on the potential application of dioscin as a natural surfactant is
lacking. Antisolvent co-precipitation (ASCP) and antisolvent precipitation (ASP) are effective
methods for preparing nanoparticles and delivering active substances (Chen et al., 2021; Sun et
al., 2016). The difference between ASCP and ASP methods is due to the sequence of component
mixing, and the different sequences may influence the interaction forces between molecules and
subsequently impact encapsulation performance (Yang et al., 2018). Therefore, adjusting the
mixing sequence of components is of great significance for improving the performance of
delivery systems (Blanco et al., 2015). Nevertheless, there is no existing research on the
performance comparison of starch-based nanocarriers prepared using ASCP and ASP methods.
We hypothesized that dioscin can be used as a natural surfactant to reduce the particle size
of starch nanocarriers and improve loading performance, while different blending sequences of

natural surfactants may also affect the modification effect. To prove our hypothesis, in this study,



dioscin was used to modify curcumin-loaded starch nanocarriers, and then two modified
turmeric starch-dioscin-curcumin nanocarriers were synthesized based on different blending
sequences of dioscin. Subsequently, the structural characteristics, physical stability, and
curcumin release properties of nanocarriers were compared to investigate the modification
effects of ASCP and ASP methods. Our research aims to develop a green and novel curcumin
nanodelivery system based on natural components and to screen the optimal method for
preparing high-performance nanocarriers, which will provide a new strategy for better
designing delivery systems for hydrophobic active substances while providing new insights into

the high-value utilization of turmeric resources.

2. Materials and methods
2.1. Materials and chemicals

Turmeric was purchased from Anging Letu Trading Co., Ltd. (Guangxi, China). Curcumin
(purity > 99.82 %) and dioscin (purity > 99.67 %) were purchased from Chengdu Munster
Bio-Technology Co., Ltd. (Chengdu, China). Simulated saliva, gastric, and intestinal fluids
were obtained from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). All other
chemicals and reagents were of analytical purity.
2.2. Extraction of turmeric starch

Turmeric starch was extracted referring to the method described by Argel-Pérez et al.
(2023), with some modifications. Briefly, cleaned fresh turmeric rhizomes were crushed and

soaked in 0.3 % NaOH solution for 2 h. The suspension was ground for 3 minutes using a



grinder (SY-8619, Hefei, China) operating at maximum power (1500 W). The ground material
was then filtered with a filter cloth (100-mesh), and the remaining solids in the filter cloth were
ground in the grinder with added water and filtered again. This process was repeated three times.
The slurry passed through the filter cloth was collected and centrifuged at 4000 rpm for 20 min.
After discarding the supernatant, the precipitate was washed several times with absolute ethanol
and deionized water, and filtered with a 200-mesh filter cloth. Finally, the slurry was
centrifuged again, and the precipitate was collected and dried in a drying oven at 45 °C for 12 h
to obtain turmeric starch (TS). Moreover, the chemical composition, molecular weight, amylose
and amylopectin content, Fourier transform infrared (FITR) spectroscopy, X-ray diffraction
(XRD), scanning electron microscopy (SEM), as well as solubility and swelling power of TS
were determined (Text S1 and Text S2 for details).
2.3. Preparation of turmeric starch-dioscin-curcumin nanocarriers

Referring to the previous method (Liu et al., 2022), with some modifications. Two
methods, ASCP and ASP, were utilized to prepare turmeric starch-dioscin-curcumin

nanocarriers. The detailed flowchart is shown in Fig. 1.
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Fig. 1. Flow chart of preparation of turmeric starch-dioscin-curcumin nanocarriers by

antisolvent co-precipitation (ASCP) and antisolvent precipitation (ASP) methods.

To prepare turmeric starch-dioscin-curcumin nanocarriers using the ASCP method, firstly a
2.0 % (w/v) TS suspension was prepared and gelatinized under magnetic stirring for 30 min at
90 °C. Dioscin (1.5 % (w/w) of starch) was then gradually added to the starch paste and stirred
at 700 rpm for 30 min. Next, curcumin-absolute ethanol solution with a concentration of 1.0
mg/mL was gradually dripped into the starch-dioscin mixture solution, followed by stirring at
700 rpm at room temperature (RT) for 1 h. Subsequently, absolute ethanol was slowly dripped
into the starch-dioscin-curcumin mixture solution, which was continuously stirred for 30 min,
followed by starch retrogradation at 4 °C for 24 h. The mixing system was centrifuged (4000

rpom, 10 min), and the precipitate was washed three times with absolute ethanol. Finally, the



precipitate was freeze-dried for 48 h to obtain the turmeric starch-dioscin-curcumin nanocarrier
prepared by the ASCP method, which was designated as ASCP-TS-CUR.

To prepare turmeric starch-dioscin-curcumin nanocarriers using the ASP method, firstly a
2.0 % (w/v) TS suspension was prepared and gelatinized under magnetic stirring for 30 min at
90 °C. Curcumin-absolute ethanol solution with a concentration of 1.0 mg/mL was gradually
added to the starch paste and stirred at 700 rpm for 1 h. Subsequently, absolute ethanol
containing dioscin (1.5 % (w/w) of starch) was slowly dripped into the starch-curcumin mixture
solution and continuously stirred for 30 min, followed by starch retrogradation at 4 °C for 24 h.
The mixture system was centrifuged (4000 rpm, 10 min), and the precipitate was washed three
times with absolute ethanol. Finally, the precipitate was freeze-dried for 48 h to obtain the
turmeric starch-dioscin-curcumin nanocarrier prepared by the ASP method, which was
designated as ASP-TS-CUR.

The curcumin-loaded turmeric starch nanocarriers (none dioscin) were also fabricated
using the ASP method. Briefly, the turmeric starch paste was blended with the
curcumin-absolute ethanol solution, followed by a slow injection of absolute ethanol into the
mixture of starch-curcumin. The remaining processes were the same as the ASP method. The
nanocarriers prepared by the ASP method without dioscin were referred to as turmeric
starch-curcumin nanocarriers, designated as TS-CUR. Similarly, the hollow starch nanocarriers
containing neither dioscin nor curcumin were prepared by the ASP method and named TSNC.
2.4. Characterization of nanocarriers

2.4.1. Encapsulation efficiency (EE) and loading capacity (LC)



The determination of EE and LC was carried out using the method described by
Acevedo-Guevara et al. (2018). In brief, curcumin from samples was extracted using absolute
ethanol under ultrasonic crushing for 20 min, then centrifuged at 4000 rpm for 10 min. After the
supernatant was diluted to the appropriate concentration, it was measured at 420 nm using a
microplate reader (BioTek Epoch 2, BioTek Instruments, Inc, USA). The curcumin content was
calculated based on the standard curve equation of curcumin (y = 0.0824x + 0.0698, R? =

0.9969). The EE and LC were calculated according to Eq. (1) and Eq. (2):

Weight of encapsulated curcumin
Total weight of curcumin

LC (ug/mg) =

EE (%) =

x 100 1)

Weight of encapsulated curcumin (2)
Weight of nanocarriers

2.4.2. Particle size and zeta potential

The particle size, polydispersity index (PDI), and zeta potential were determined using a
NS-90Z nanoparticle size and potential analyzer (Omec Instrument Co., Ltd., Zhuhai, China) at
25 °C. The measurement conditions were a sample concentration of 1.0 mg/mL, a scattering
angle of 90°, and a refractive index of 1.52 and 1.33 for starch and water, respectively (Guo et
al., 2015).
2.4.3. FTIR analysis

The Nicolet iS10 FTIR spectrometer (Thermo Fisher Scientific Inc., Massachusetts, USA)
was used for FTIR analysis. Approximately 3.0 mg of sample powders were directly placed on
the sample holder and scanned in the wavenumber range of 4000 to 400 cm ™, with a resolution
of 4 cm™ and 64 scans (Ye et al., 2019).

2.4.4. Fluorescence spectroscopy analysis



The binding of curcumin to starch was determined using a fluorescence spectrophotometer
(Lumina, Thermo Fisher Scientific, Massachusetts, USA) according to the method described by
Liang et al. (2023). The emission spectrum was measured in the range of 450 to 800 nm, with
an excitation wavelength of 420 nm, a scanning speed of 300 nm/min, and excitation and
emission slits of 5 nm.

2.4.5. XRD analysis

Referring to the previous study by Zhi et al. (2021), the crystalline phase of samples was
characterized using XRD analysis. The measurement was carried out on an X-ray
diffractometer (EMPYREAN, Malvern Panaco Instruments Ltd., Malvern, UK) equipped with a
Cu-Ka radiation source at a current of 40 mA and an accelerating voltage of 40 kV. The
scanning range of 20 was 5° to 60°, and the scanning speed was 4°/min.

2.4.6. SEM analysis

Samples were uniformly glued onto the observation stage of a scanning electron
microscope (SUPRATM 55, Zeiss, Germany), and next coated with gold in a vacuum
environment. The acceleration voltage was 5 kV, and observations were conducted at
magnifications of 2000x and 5000x (Du et al., 2023).

2.4.7. Transmission electron microscopy (TEM) analysis

The microstructure of samples was observed by a TEM (Talos F200X G2, FEI Co., MA,
USA). The fresh sample solutions were dropped onto the copper mesh, then air-dried and
observed at an acceleration voltage of 100 kV.

2.4.8. Thermogravimetric analysis (TGA)



Thermogravimetric  analysis of samples was conducted using a D-09123
thermogravimetric analyzer (Mettler Toledo Instruments Ltd., Zurich, Switzerland). Sample
powders were heated from 25 °C to 600 °C at a heating rate of 10 °C/min. Nitrogen was used as
a protective gas (Zhi et al., 2021).

2.4.9. Differential scanning calorimetry (DSC) analysis

The thermal transition characteristics of samples were measured using a differential
scanning calorimetric analyzer (TGA/DSC 3%, Mettler Toledo Instruments Ltd., Zurich,
Switzerland) as reported previously (Li et al., 2016b). Sample powders (about 2.5 mg) were
mixed with three times its mass of distilled water, then sealed in a crucible and equilibrated
under a nitrogen environment for 1 h. The measurement was set as temperature 30 °C to 250 °C,
heating rate 10 °C/min, and nitrogen flow rate 40 mL/min.

2.4.10. Rheological analysis

The composite nanocarrier mixture solution after the regeneration step described in section
2.3 was used for the rheological measurement. Before the measurement, the sample solutions
were mixed thoroughly to ensure homogeneity. The variation of storage modulus (G’) and loss
modulus (G") of the samples with angular frequency were measured using a MCR102 Modular
Intelligent Rheometer (Anton Paar Instruments Co. Ltd., Austria). In the frequency sweep
determination, the strain was 0.5 %, and the angular frequency range was 0.1-100 rad/s.

2.5. Physical stability evaluation
2.5.1. Temperature stability

Nanocarrier dispersions were placed in a water bath for 1 h at different temperatures (30,



40, 50, 60, 70, 80, and 90 °C). The particle size, PDI, zeta potential, and curcumin retention rate
were determined after the samples were cooled to RT (Song et al., 2021).
2.5.2. lon stability

The nanocarrier dispersions were incubated in NaCl solutions with different concentrations
(50, 100, 150, 200, and 250 mmol/L) and stored at 4 °C for 24 h. The particle size, PDI, zeta
potential, and curcumin retention rate were then measured (Wang et al., 2021).
2.5.3. pH stability

The pH of nanocarrier dispersions was regulated to 2, 3, 4, 5, 6, 7, and 8, then stabilized at
4 °C for 24 h. The particle size, PDI, zeta potential, and curcumin retention rate were then
determined (Song et al., 2021).
2.5.4. Storage stability

To assess the storage stability of nanocarrier dispersions, fresh sample solutions were
stored at either 4 °C or RT for 28 days in the dark, and 0.02 % (w/v) sodium azide was added to
inhibit microbial growth. The particle size, PDI, zeta potential, and curcumin retention rate of
samples were recorded every 7 days.
2.6. In vitro release and bioavailability of curcumin in nanocarriers

The in vitro digestive properties and bioavailability of curcumin were studied through
simulated digestive system as reported previously (Han et al., 2023). The simulated system was
comprised of three stages: Oral stage, gastric stage, and intestinal stage.
2.6.1. Oral stage

Simulated saliva fluid (SSF) was maintained at 37 °C. 50 mL of sample solutions was



mixed with 50 mL of SSF and shaken in a 37 °C shaker for 2 min. Samples were then collected
at 0, 1, and 2 min for measurement.
2.6.2. Gastric stage

After the oral digestion, 50 mL of oral phase samples were mixed with 50 mL of simulated
gastric fluid (SGF). The pH of the mixture was then regulated to 2.0 and shaken on a shaking
table for 2 h (100 rpm, 37 °C). Samples were then collected for measurement at 0, 30, 60, 90,
and 120 min.
2.6.3. Intestinal stage

After the gastric digestion, 60 mL of gastric surimi was mixed with 60 mL of simulated
intestinal fluid (SIF). The pH of the mixture was next regulated to 7.0 and shaken on a shaking
table for 3 h (100 rpm, 37 °C). Samples were then collected for measurement at 0, 30, 60, 90,
120, 150, and 180 min.
2.6.4. Release rate and bioavailability of curcumin

The samples digested in simulated oral, gastric, and intestinal fluids at each time point
were collected and centrifuged at 4000 rpm for 15 min, and the supernatant was taken to
determine the curcumin content at 420 nm to calculate the curcumin release rate. In addition,
after the intestinal digestion was completed, the digestive fluid was centrifuged (4000 rpm, 30
min), and the supernatant was taken to determine the curcumin content at 420 nm to calculate
the bioavailability (Zou et al., 2016). The release rate and bioavailability of curcumin were

calculated using Eq. (3) and Eq. (4) respectively:



Release content of curcumin from supernatants

Release rate (%) = X 100 (3)

Loading content of curcumin in nanocarriers

Released curcumin after digestion completed

Bioavailability (%) =

Total curcumin before digestion X100 (4)
2.7. Statistical analysis
The results were expressed as mean + standard deviation. Different groups were compared

using one-way ANOVA and Waller-Duncan test at a significance level of 0.05 with the SPSS

software (Version 25.0). There were three parallels in each group at least.

3. Results and discussion
3.1. Encapsulation efficiency (EE) and loading capacity (LC)

The EE and LC of TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR were determined and
shown in Table 1. Compared to TS-CUR, the EE of ASCP-TS-CUR and ASP-TS-CUR were
significantly increased to 1.39-fold and 1.12-fold, respectively (P < 0.05). Likewise, the LC of
ASCP-TS-CUR and ASP-TS-CUR were significantly increased to 1.37-fold and 1.11-fold,
respectively (P < 0.05). The results indicated that the two modified nanocarriers effectively
improved the encapsulation efficiency and loading capacity of curcumin. The reason may be
that dioscin acted as a surfactant, reducing surface tension, decreasing the particle size of starch
nanoparticles, and maintaining good dispersion of curcumin in starch granules, thus promoting
the interaction between starch molecules and curcumin, which contributed to better
encapsulating curcumin (Doost et al., 2018; Li et al., 2016a). Furthermore, the EE and LC of
ASCP-TS-CUR were significantly higher than that of ASP-TS-CUR (P < 0.05). This difference

may be attributed to that in the ASCP method, where curcumin, starch, and dioscin were



co-mixed, starch interacted with dioscin first, embedding a portion of dioscin into starch
nanoparticles, which increased the contact between dioscin and curcumin, thereby enhancing
the encapsulation effect of curcumin (Liu et al., 2022). In contrast, in the ASP method, dioscin
was primarily encapsulated on the surface of the starch granules (Guo et al., 2020), resulting in
a lower encapsulation efficiency. In previous studies, Zhong et al. (2024) prepared
curcumin-loaded corn starch nanoparticles by self-assembly method and obtained similar EE
(31.88 %-56.18 %) and LC (6.52 mg/g—7.99 mg/g). In addition, some studies coated curcumin
with double-modified starch nanoparticles containing conjugated systems and obtained
relatively higher LC (about 26 %) (Du et al., 2023; Wang et al., 2022). The discrepancy of LC
in different systems may be attributed to differences in the amount of curcumin incorporated

and the preparation method.

Table 1. EE and LC of TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR.

Samples EE (%) LC (ug/mg)

TS-CUR 4257 +1.21° 5.24+0.15°

ASCP-TS-CUR 59.06 +1.73* 7.18+0.21°

ASP-TS-CUR  47.68+0.61° 5.80+0.07°

Different lowercase letters in the same column indicate significant differences (P < 0.05).

3.2. Particle size and zeta potential



B TSNC B TS-CUR

10 10
g £
w w
= =
] =
= =

5k 5

; 13

100 1000 10000 10 100 1000 10000
Particle size (d.nm) Particle size (d.nm)
15 15
B ASCP-TS-CUR @  ASP-TS-CUR

. 10F 10
g £
w w
= £
2 2z
= =

st 5

0 ’ (H

10 100 1000 10000 10 100 1000 10000
Particle size (d.nm) Particle size (d.nm)

Fig. 2. Particle size distribution chart of TSNC, TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR.

The particle size distribution chart of TSNC, TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR
was shown in Fig. 2, and their mean particle size, PDI, and zeta potential were recorded in
Table 2. The mean particle size of TSNC was 227.10 + 7.07 nm, and the increase in particle
size after encapsulation may be due to the adsorption of curcumin onto the surface of starch
nanoparticles (Remanan et al., 2024). This phenomenon was similar to the findings of Fu et al.
(2018), who reported that the particle size of starch nanoparticles also increased after loading
rutin. In addition, it was observed that the mean particle size and PDI of the two modified
nanocarriers were significantly reduced compared to TS-CUR (P < 0.05), which emphasized
the role of dioscin as a surfactant to control the particle size and improve the dispersion of the

nanocarriers. This was demonstrated by the particle size distribution chart (Fig. 2). The



explanation given by Hu et al. (2015) is that during nucleation, the adsorption of surfactant
molecules on the surface of the nucleus enables starch granules to avoid spatial repulsion for
growth and therefore smaller starch nanoparticles can be formed. Moreover, ASCP-TS-CUR
exhibited the smallest mean particle size (260.50 £ 9.01 nm). This may be attributed to the
embedding of dioscin within the starch nanoparticles using the ASCP method, whereas in the
ASP method, dioscin was encapsulated on the outside of the starch nanoparticles, resulting in a
core-shell structure (Liu et al., 2022), and consequently, larger particle size for ASP-TS-CUR.
The zeta potential of TSNC was —10.93 £ 0.35 mV and the negative value was attributed to
the ionization of hydroxyl groups in the nanoparticle surface (Sadeghi et al., 2017), while that
of TS-CUR was significantly reduced to —12.83 £ 0.15 mV. The larger the absolute value of the
zeta potential, the greater the stability of the system (Haseli et al., 2022). Notably, the absolute
values of zeta potential of ASCP-TS-CUR and ASP-TS-CUR were lower than TS-CUR (P <
0.05). This reduction may be due to the binding of dioscin to the starch granules, resulting in a
huge spatial site resistance between dioscin and the starch surface, thereby reducing the surface

charge density of starch granules (Zembyla et al., 2020).

Table 2. The mean particle size, PDI, and zeta potential of TSNC, TS-CUR, ASCP-TS-CUR,

and ASP-TS-CUR.

Samples Mean particle size (nm) PDI Zeta potential (mV)

TSNC 227.10 £ 7.07° 0.45 £ 0.07° ~10.93 +0.35"



TS-CUR 325.23 + 28.65" 0.44 +0.04° -12.83+0.15°

ASCP-TS-CUR 260.50 + 9.01° 0.23+0.03° -10.23 + 0.06

ASP-TS-CUR 288.20 + 7.62° 0.36 +0.02° -10.10 £ 0.17*

Different lowercase letters in the same column indicate significant differences (P < 0.05).

3.3. FTIR analysis

The FTIR spectra of TSNC, TS-CUR, ASCP-TS-CUR, ASP-TS-CUR, and curcumin were
shown in Fig. 3A. The FTIR spectra of TSNC were similar to that of TS (Fig. S1A). The
absorption peak at 3300 cm™* corresponded to the O—H stretching vibration of hydrogen bond
(Sun et al., 2024). The band at 2923 cm* was linked to C-H stretching vibration, and the
characteristic peak at 1640 cm ™ was associated with C=0 vibration. Additionally, the band at
999 cm* was related to the C-O stretching vibration of the a-glucoside bond (Dankar et al.,
2018). In the FTIR spectra of curcumin, absorption peaks appeared at 3500, 1625, 1601, 1502,
1428, 1272, and 1025 cm *, all of which were characteristic absorption peaks of curcumin (Li et
al., 2016b; Mohan et al., 2012).

After loading curcumin, the FTIR spectra of TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR
were similar to that of TSNC; in other words, the characteristic peaks of curcumin almost
disappeared. This suggested that the main spectral components of curcumin were weakened
upon interaction with starch, indicating successful encapsulation into starch, which resulted in
the masking of its FTIR absorption peaks (Jafari et al., 2016). Furthermore, the strength of the

O-H absorption peaks (3300 cm™) in the composite nanocarriers was higher than in TSNC,



indicating that hydrogen bond interaction occurred between starch and curcumin molecules
(Remanan et al., 2024). This finding was consistent with the results described by Baniani et al.
(2019). Similarly, the peak strength at 1640 cm * (benzene ring tensile vibration of polyphenols)
in the composite nanocarriers was increased, also indicating the presence of a hydrogen bond
interaction between curcumin and the hydroxyl group of starch granules (Remanan et al., 2024).
In addition, the increased absorption peak intensity at 999 cm* was attributed to the vibration
of C—O—C in the glucose unit, which was thought to be a hydrogen bond interaction between
curcumin and hydroxyl groups in different glucose units (Han et al., 2023). Ahmad et al. (2019)
further demonstrated that hydrogen bonds play a dominant role in the interaction between
starch molecules and phenolic substances.

Additionally, compared with TS-CUR, no new absorption peaks were observed in the
FTIR spectra of ASCP-TS-CUR and ASP-TS-CUR, which indicated that the addition of dioscin
did not alter the chemical structure of the nanocarriers (Huang et al., 2024). However, the
absorption peak intensities of the modified nanocarriers at 3300 cm™and 999 cm™ were further
increased, suggesting that dioscin may enhance the hydrogen bonding interactions between

starch and curcumin molecules.
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Fig. 3. The structural characteristics include FTIR spectra (A), fluorescence spectra (B), XRD

patterns (C), dynamic rheogram (D), TG curves (E), and DSC patterns (F).

3.4. Fluorescence spectral analysis

The differences in molecular structure and electronic energy levels of different substances
can lead to variations in peak shapes, positions, and intensities of fluorescence spectra. The
fluorescence spectra of TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR were determined and
shown in Fig. 3B. The maximum absorption peak of free curcumin was observed at 571 nm,
while the maximum absorption peak of curcumin in TS-CUR was blue shifted from 571 nm to
533 nm. This blue shift suggested that hydrogen bonding interactions between starch and
curcumin molecules had occurred (Acevedo-Guevara et al., 2018), consistent with the previous
study by Liang et al. (2023). A blue shift was reported in the maximum absorption spectrum of

curcumin from 572 nm to 529 nm upon the formation of starch-curcumin nanoparticles,



confirming that the interaction between starch and curcumin was primarily hydrogen bonding
(Liang et al., 2023). Notably, the fluorescence spectral peaks of ASCP-TS-CUR and
ASP-TS-CUR were also blue-shifted to the same wavelengths as TS-CUR, but the peak
intensity increased, especially for the ASCP method. This confirmed that a stronger interaction
between curcumin, starch, and dioscin occurred in the ASCP method, which may be due to the
stronger binding of dioscin to starch and curcumin during co-precipitation.
3.5. XRD analysis

The XRD patterns of TSNC, TS-CUR, ASCP-TS-CUR, ASP-TS-CUR, and curcumin were
compared and shown in Fig. 3C. TSNC exhibited strong diffraction peaks near 26 of 5.6°, 11°,
15°,17°,19°, and 22°. The peaks at 15° and 17° were characteristic of A-type crystalline starch,
while the peaks at 5.6°, 17°, and 22° were typical peaks of B-type crystalline starch, suggesting
that TSNC belongs to C-type crystal structure containing both A-type and B-type crystals (Cai
et al., 2014; Guo et al., 2017). Previous studies have shown that a significant proportion of
resistant starches and slow-digesting starches belong to C-type starch, which contributes to
favorable glycemic responses and the proliferation of beneficial intestinal flora (Guo et al.,
2017). Therefore, TSNC may also have great potential for applications in glycemic control and
intestinal flora regulation.

The XRD pattern of curcumin was consistent with that reported by Han et al. (2023),
exhibiting sharp and numerous diffraction peaks that indicate a highly crystalline structure.
However, the characteristic peaks of curcumin disappeared in TS-CUR, ASCP-TS-CUR, and

ASP-TS-CUR, and only broad starch diffraction peaks were observed at 26 of 5.6°, 17°, 19°,



and 22°, indicating that curcumin was transformed into an amorphous form and existed inside
the starch nanocarriers in an amorphous form (Choi et al., 2022). It has been reported that the
amorphous structure has higher lattice-free energy, which contributes to improving the
dissolution rate of water-insoluble substances, thus ensuring their good solubility and
permeability in gastrointestinal digestive fluids, thereby facilitating their absorption and
utilization (Ubeyitogullari et al., 2019). Therefore, encapsulation of curcumin in turmeric starch
nanoparticles can improve its water solubility and availability. In addition, the peak at 26 of 17°
of ASCP-TS-CUR and ASP-TS-CUR was broadened with reduced intensity compared to
TS-CUR, indicating a further decrease in crystallinity, which may be due to the addition of
dioscin promoting the formation of hydrogen bonds between starch and curcumin, and further
leading to the formation of more amorphous regions to encapsulate curcumin (Xiao et al., 2023).
This is also confirmed by the improvement of encapsulation efficiency and loading capacity.
3.6. Rheological analysis

Dynamic rheology can be used to determine the viscoelastic properties of samples and has
important applications in studying food processing characteristics and product quality control
(Qiu et al., 2024). Two critical parameters in dynamic rheology are the energy storage modulus
(G") and the loss modulus (G"). G’ quantifies the energy stored during the elastic deformation of
a material under applied stress, reflecting elasticity. G"” measures the energy dissipated during
irreversible viscous deformation, indicating viscosity (Zhang et al., 2023). The effect of angular
frequency on the dynamic modulus (G’ and G"”) of TS-CUR, ASCP-TS-CUR, and

ASP-TS-CUR mixture solutions was determined by dynamic rheology (Fig. 3D). For all three



nanocarriers, G” was larger than G’ across the entire frequency range, indicating that their
viscous behavior was dominant over their elastic behavior. Furthermore, both G” and G” values
increased gradually with the increase in angular frequency, showing an obvious frequency
dependence. Moreover, the lower G’ and G” values of ASCP-TS-CUR and ASP-TS-CUR
compared with TS-CUR may be attributed to the modification of dioscin, which promoted the
hydrogen bond interaction and encapsulation between starch molecules and curcumin, thus
hindering the cross-linking between starch molecular chains, reducing the entanglement points
of molecular chains in the starch gel system, further leading to the formation of a weaker starch
gel network system, and accordingly reducing the dynamic moduli (G’ and G") (Xiao et al.,
2023). A similar phenomenon was reported by Zeng et al. (2022), whose results showed that the
addition of polyphenols also reduced the G' and G” values of starch paste. This reduced
dynamic modulus may have a positive effect on improving the texture and processing properties
of starch-based carriers.
3.7. TG analysis

The TG curves of TS-CUR, ASCP-TS-CUR, ASP-TS-CUR, and curcumin were shown in
Fig. 3E. Curcumin underwent only one stage of weight loss, starting from around 260 °C,
whereas two stages of weight loss were observed in TS-CUR, ASCP-TS-CUR, and
ASP-TS-CUR. The first stage occurred near 70 °C, attributed to the evaporation of water in
starch samples, and the second stage occurred between 280 °C and 320 °C, due to the
degradation of both starch and curcumin. In the second weight loss stage, the peak temperature

of heat loss for free curcumin was approximately 270 °C, whereas those of nanocarriers



appeared around 300 °C, illustrating that the carrier materials effectively delayed the
degradation temperature of curcumin and showed good thermal stability. A similar phenomenon
was observed by Han et al. (2023), where porous starch nanoparticles effectively delayed the
degradation temperature of curcumin. Furthermore, at the end of the second degradation phase,
the final residual weight of ASCP-TS-CUR and ASP-TS-CUR was heavier than that of
TS-CUR, suggesting that the modified nanocarriers had less weight loss and greater thermal
stability. This may be related to the modification of dioscin, which may enhance the structural
stability of the nanocarriers and retain more residual weight under high-temperature conditions,
thus making it more advantageous in applications requiring high-temperature treatment.
3.8. DSC analysis

During starch gelatinization, starch granules absorbed water and swelled, leading to the
melting of the crystalline layer of amylopectin and/or the disruption of the double helix
structure formed by hydrogen bonding. This process was accompanied by an energetic change
that was manifested as a heat-absorption peak on the DSC pattern, where the peak was the
gelatinization temperature (Xing et al., 2017). Fig. 3F showed the DSC patterns of TSNC,
TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR. The heat absorption peak of TSNC appeared at
91 °C, while that of TS-CUR appeared at 86 °C after curcumin loading, which was related to
the crystallinity. With lower crystallinity, the microcrystals can be disrupted and reorganized,
thus lowering the heat required for gelatinization (Yan et al., 2024), which is manifested as a
decrease in gelatinization temperature. Compared to TS-CUR, the heat absorption peaks of

ASCP-TS-CUR and ASP-TS-CUR were reduced to 82 °C and 84 °C, respectively, further



lowering the gelatinization temperature. These results indicated that the modified nanocarriers
had lower crystallinity and were more conducive to absorption and utilization, which was
consistent with the results of XRD measurements.
3.9. Microstructure observation

The micromorphologic structures of TSNC, TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR
were observed by SEM, as presented in Fig. 4. Most of the TSNC showed an elliptical flattened
lamellar structure with a flat and smooth surface and relatively uniform size, whereas the
addition of curcumin altered the granular morphology of starch to more thread-like structures
and increased the surface area, forming helix-like cavities. The increased surface area may
improve the contact area with curcumin, potentially enhancing curcumin’s activity. In addition,
the aggregation of the two modified nanocarriers was more compact than TS-CUR, especially
the ASCP-TS-CUR. This may be due to the incorporation of dioscin into starch nanoparticles in
the ASCP method, resulting in a stronger interaction between dioscin, starch, and curcumin
molecules, thus leading to a compact structure. This may reveal the reason for the smaller
particle size of ASCP-TS-CUR. In addition, the TEM results (Fig. 5) further revealed that
TSNC, TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR were all nanometer scale, which was

consistent with the particle size results in section 3.2.
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Fig. 4. SEM images of TSNC, TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR (left,

magnification 2000x; right, magnification 5000x).
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Fig. 5. TEM images of TSNC (A), TS-CUR (B), ASCP-TS-CUR (C), and ASP-TS-CUR (D).

3.10. Temperature stability

Heat treatment is widely applied in food processing, and the excellent thermal stability of
nanocarriers can avoid the degradation of bioactive components, making temperature a key
factor influencing the stability of nanocarriers (Zhu et al., 2023). Fig. 6A, 6B, 6C, and 6D
showed the mean particle size, PDI, zeta potential, and curcumin retention rate of the three
nanocarriers at different temperatures (30, 40, 50, 60, 70, 80, and 90 °C), respectively. As
presented in Fig. 6A, the mean particle size of TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR
gradually decreased with increasing temperature, from 353.33 + 4.58 nm, 247.23 + 8.53 nm,
and 267.47 + 14.75 nm to the final 246.43 + 11.15 nm, 182.13 + 3.72 nm, and 189.63 + 8.01 nm,
respectively. This decrease was probably due to the increased solubility of starch with rising

temperature, resulting in enhanced dispersion of starch granules, fewer large particles, and



reduced agglomeration. The PDI values of three nanocarriers were less than 0.5 (Fig. 6B),
indicating a relatively uniform particle size distribution. Among them, ASCP-TS-CUR
exhibited smaller variations in particle size and PDI across the whole temperature range,
demonstrating better thermal stability.

The absolute values of zeta potential of TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR
gradually decreased from 16.43 £ 0.76 mV, 14.15 + 0.49 mV, and 13.00 + 0.57 mV to 11.97 £
0.15mV, 10.73 £ 0.71 mV, and 10.40 £ 0.28 mV (Fig. 6C), respectively. This decrease may be
attributed to a reduction in the surface charge density of the nanocarriers caused by excessively
high temperatures, leading to a decrease in the absolute value of the zeta potential (Gao et al.,
2020).

The curcumin retention rate of the three nanocarriers showed a decreasing trend with the
increase of temperature (Fig. 6D). At 90 °C, the curcumin retention rate of TS-CUR and
ASP-TS-CUR was relatively low, which was 36.91 % and 41.27 % of their original level,
respectively, whereas the curcumin retention rate of ASCP-TS-CUR was at 51.13%. The results
indicated that the nanocarriers prepared by the ASCP method could better protect curcumin
from degradation at high temperatures, which may be related to the stronger intermolecular
interactions among dioscin, starch, and curcumin.

3.11. lon stability

Composite nanocarriers will encounter a variety of complex ionic environments during the

digestion and absorption process in the human gastrointestinal tract. The mean particle size,

PDI, zeta potential, and curcumin retention rate of the three nanocarriers were determined at



different ionic concentrations (50, 100, 150, 200, and 250 mM), as shown in Fig. 6E, 6F, 6G,
and 6H. As depicted in Fig. 6E, with increasing ion concentration, the mean particle size of
TS-CUR showed an initial increase followed by a decrease. A maximum mean particle size of
696.10 + 13.86 nm was observed at an ionic concentration of 100 mM, followed by a gradual
decrease with increasing ion concentration. This increased effect may be due to the charge
shielding effect generated by the salt ions reducing the repulsive force between nanoparticles,
thereby inducing flocculation and agglomeration (An et al., 2021). However, excessively high
ionic strength might lead to the dissociation of nanocarriers, resulting in a reduction in particle
size (Chen et al., 2024). However, the mean particle size of ASCP-TS-CUR and ASP-TS-CUR
only showed a gradually increasing trend throughout the whole range of ionic concentrations,
increasing from 260.50 + 9.01 nm and 288.20 + 7.62 nm to 578.20 = 14.99 nm and 614.55 +
25.24 nm (Fig. 6E), respectively, indicating that ASCP-TS-CUR and ASP-TS-CUR effectively
alleviated the influence of salt ions and avoided the dissociation of the carriers.

With the increase in ionic concentration, the PDI of TS-CUR, ASCP-TS-CUR, and
ASP-TS-CUR all showed a gradually increasing trend (Fig. 6F), indicating a decrease in
dispersion, whereas the ASCP method showed a relatively stable dispersity. The zeta potential
results (Fig. 6G) showed that the three nanocarriers decreased significantly to around -2 to —4
mV after adding salt ions (P < 0.05). This decrease may be attributed to the enhanced
adsorption of Na" on the nanocarriers, which produced electrostatic shielding or neutralization
of the surface charge, thus weakening the electrostatic repulsion between the nanoparticles,

finally resulting in a decrease in the absolute value of zeta potential (Liu et al., 2020).



The curcumin retention rate of the three nanocarriers gradually decreased with the increase
of NaCl concentration (Fig. 6H). However, even at a salt ion concentration of 250 mM, the
curcumin retention rate of TS-CUR and ASP-TS-CUR was above 90 %, and the retention rate
of ASCP-TS-CUR was up to 95 %, which was still attributed to the stronger interaction in the
ASCP method, thus providing a more powerful protective effect. In addition, Ai et al. (2023)
reported that when curcumin was loaded into gum arabic nanoparticles, the retention rate of
curcumin was about 85% at an ion concentration of 200 mM. These results indicated that the
turmeric starch nanocarriers had good application potential in high-salt food systems.

3.12. pH stability

Nanocarriers will undergo significant pH changes within the gastrointestinal tract after
being ingested, making it important to evaluate their pH stability for practical applications. The
mean particle size, PDI, zeta potential, and curcumin retention rate of the three nanocarriers at
different pH were shown in Fig. 61, 6G, 6K, and 6L respectively. As shown in Fig. 61, the
nanocarriers were unstable under acidic conditions, with the mean particle size of TS-CUR,
ASCP-TS-CUR, and ASP-TS-CUR all reaching maximum values at pH = 2 of 724.20 + 12.18
nm, 515.35 £ 5.44 nm, and 533.10 £ 11.50 nm, respectively. Subsequently, with an increase in
pH, the mean particle size of TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR gradually decreased
to 557.97 £ 2.85 nm, 206.05 £ 6.92 nm, and 234.15 + 0.64 nm, respectively. The trend of PDI
(Fig. 6G) was similar to that of mean particle size, indicating that the stability of nanocarriers
gradually recovered as the environment changed from acidic to neutral conditions. In addition,

the mean particle size of ASCP-TS-CUR and ASP-TS-CUR were smaller than TS-CUR, with



significant differences (P < 0.05), suggesting that the effect of pH on the particle size of
modified nanocarriers was much smaller.

The zeta potential results showed that the absolute zeta potential value of TS-CUR,
ASCP-TS-CUR, and ASP-TS-CUR was small at low pH, approximately 2 to 3 mV (Fig. 6K),
likely due to the decrease in the surface charge of the granules in an acidic environment, leading
to decreased system stability. However, with the increase of pH, the absolute value of the zeta
potential of TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR gradually increased to 12.47 + 0.25
mV, 14.01 £ 0.41 mV, and 13.40 + 0.29 mV, respectively, and the aggregation phenomenon was
also improved, suggesting that the nanocarriers were more stable in a neutral environment.

In addition, the curcumin retention rate of the three nanocarriers generally increased first
and then stabilized with the increase of pH (Fig. 6L). It can be expected that the curcumin
retention rate of TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR was the lowest when pH = 2, but
still could reach 87.01 %, 95.92 %, and 92.08 %, respectively, and the higher and stable
retention rate occurred at pH = 6-8. In contrast, Zhong et al. (2024) reported that the curcumin
retention rate in debranched corn starch nanoparticles was only 71 % at pH = 9. These results
indicated that our nanocarriers had good pH stability in a neutral environment. Moreover, the
retention rate of curcumin in ASCP-TS-CUR was higher than the other two nanocarriers. This
improvement can be attributed to the stronger hydrogen bond interaction between dioscin,
starch, and curcumin in the ASCP method, which can provide a stronger physical barrier for

curcumin (Zhong et al., 2024).
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Fig. 6. The mean particle size (A), PDI (B), zeta potential (C), and curcumin retention rate (D)
of TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR at different temperatures; the mean particle
size (E), PDI (F), zeta potential (G), and curcumin retention rate (H) of TS-CUR,
ASCP-TS-CUR, and ASP-TS-CUR at different ion concentrations; the mean particle size (1),

PDI (G), zeta potential (K), and curcumin retention rate (L) of TS-CUR, ASCP-TS-CUR, and



ASP-TS-CUR at different pH.

Different lowercase letters indicate significant differences in a sample at different temperatures, ion

concentrations, or pH (P < 0.05), and different capital letters indicate significant differences between different

samples at the same temperature, ion concentrations, or pH (P < 0.05).

3.13. Storage stability
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Fig. 7. The mean particle size (A), PDI (B), zeta potential (C), and curcumin retention rate (D)



of TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR at 4 °C; the mean particle size (E), PDI (F),
zeta potential (G), and curcumin retention rate (H) of TS-CUR, ASCP-TS-CUR, and

ASP-TS-CUR at RT.

Different lowercase letters indicate significant differences between a sample on different days (P < 0.05);
different capital letters indicate significant differences between different samples on the same days (P < 0.05).

Storage stability is an important index for assessing the stability of the complex and
indicating its potential shelf life in commercial applications. The variations in mean particle
size, PDI, zeta potential, and curcumin retention rate at 4 °C and RT for TS-CUR,
ASCP-TS-CUR, and ASP-TS-CUR were presented in Fig. 7. Under both storage conditions, the
mean particle size (280-320 nm) and PDI (0.4-0.5) of TS-CUR fluctuated with the increase in
storage time. However, the mean particle size of ASCP-TS-CUR and ASP-TS-CUR only
fluctuated slightly, remaining around 250-260 nm and 280-290 nm respectively (Fig. 7A, 7E),
and the PDI also changed little (Fig. 7B, 7F), indicating that the modified nanocarriers had
better stability throughout the 28-day storage period. The absolute value of the zeta potential of
TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR exhibited a gradual decrease with the increasing
storage time (Fig. 7C, 7G), possibly due to the electrostatic repulsion of the carriers being
affected over time. The curcumin retention rate of nanocarriers was further determined under
4 °C and RT. The results showed that the curcumin retention rate of TS-CUR, ASCP-TS-CUR,
and ASP-TS-CUR was above 80 % after 28-day storage (Fig. 7D, 7H). Similar results were

reported by Chen et al. (2024), when curcumin was encapsulated in octenyl succinic



anhydride-modified starch nanoparticles and stored for one month, the degradation of curcumin
was about 20 %. Moreover, the retention rate of two modified nanocarriers was higher than
TS-CUR, possibly due to the antioxidant properties of dioscin, which inhibited the degradation
of curcumin. In particular, the highest retention rate in ASCP-TS-CUR implied that the ASCP
method was more effective in preserving curcumin, which may be attributed to its smaller
particle size and more stable performance (Liu et al., 2022).

3.14. In vitro release and bioavailability of curcumin in nanocarriers
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Fig. 8. In vitro release rate (A) and bioavailability (B) of curcumin in free curcumin, TS-CUR,

ASCP-TS-CUR, and ASP-TS-CUR.

Different lowercase letters indicate significant differences (P < 0.05).

The in vitro release properties and bioavailability of curcumin were determined and shown
in Fig. 8. Unsurprisingly, due to the poor water solubility of curcumin, the cumulative release
rate (< 2 %) and bioavailability (~ 0.6%) of free curcumin was very low throughout the

simulated release period. In contrast, TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR showed a



similar persistent release trend throughout the simulated digestion phase (Fig. 8A). At the end
of the oral digestion phase (2 min), the release rate of curcumin in TS-CUR, ASCP-TS-CUR,
and ASP-TS-CUR reached 12.11 %, 14.38 %, and 11.88 %, respectively. This may be attributed
to the action of amylase during the oral phase. At the end of gastric digestion (120 min), the
curcumin release rate of TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR reached 23.46 9%,
24.24 %, and 23.20 %, respectively. This increase was attributed to the strong acidic
environment of gastric juice which weakened the interaction between curcumin and starch,
allowing more curcumin to be released (Xu et al., 2024). However, the release rate was stable
during the gastric digestion stage, indicating that starch nanocarriers still had a protective effect
on curcumin. Subsequently, during the small intestinal digestion stage, the curcumin release
rate of TS-CUR, ASCP-TS-CUR, and ASP-TS-CUR were significantly increased to 43.82 %,
45.96 %, and 44.36 %, respectively, which were about 22-23 time higher than that of free
curcumin. This may be due to the changes in pH and ionic strength as the environment shifted
from acidic to neutral, which triggered a sudden release of curcumin in the intestine. Li et al.
(2016b) also reported a similar sudden release of curcumin loaded in corn starch nanoparticles
in SGF and SIF. This targeted intestinal release profile facilitated curcumin’s bioactivity in the
intestine. Additionally, the release curve showed a persistent release, indicating its potential
suitability for long-term drug delivery (Zhang et al., 2025). Fig. 8B further showed that the
bioavailability of curcumin in the three nanocarriers was approximately 17-20 times higher
than free curcumin (P < 0.05). These results suggested that TS-CUR, ASCP-TS-CUR, and

ASP-TS-CUR significantly improve the intestinal targeted release of curcumin, especially the



ASCP-TS-CUR, which might be related to the smaller particle size and better stability of the

ASCP method.

4. Conclusion

In this study, two modified turmeric starch nanocarriers were successfully synthesized by
ASCP and ASP methods using dioscin as a natural surfactant, and curcumin was effectively
encapsulated and protected. FTIR results revealed that curcumin was successfully encapsulated
in turmeric starch nanocarriers, and ASCP-TS-CUR and ASP-TS-CUR exhibited similar
functional groups to TS-CUR, but the two modified nanocarriers had enhanced hydrogen bond
interactions. TGA, DSC, and physical stability evaluation showed that ASCP-TS-CUR had
better physical stability and storage stability. Furthermore, both ASCP and ASP methods
effectively improved the encapsulation performance of starch nanocarriers, especially the ASCP
method produced smaller particle size, higher encapsulation efficiency, and better loading
capacity. Additionally, in vitro digestion studies showed that the release rate and bioavailability
of ASCP-TS-CUR were approximately 23 and 20 times higher than free curcumin, respectively.
Overall, the natural surfactant, dioscin, was successfully used to reduce the particle size of
starch nanocarriers and improve the encapsulation properties, especially the ASCP method was
proved to offer a better modification effect. These findings provide a new strategy for designing
green and high-performance nanocarriers to deliver and protect hydrophobic components,
which will be beneficial for promoting innovation and development in the field of drug

delivery.
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