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A B S T R A C T   

The objectives of the present study were to synthesize gliadin/tremella polysaccharide nanoparticles (Gli/TP 
NPs) as well as curcumin-loaded gliadin/tremella polysaccharide nanoparticles (Cur-Gli/TP NPs) and evaluate 
the encapsulation efficiency (EE), physicochemical stability and bioaccessibility of Cur-Gli/TP NPs. The physi
cochemical properties of the nanoparticles depended on the mass ratio of Gli to TP and pH values. The char
acterization of the Gli/TP NPs indicated that the prepared nanoparticles were the most stable when the Gli/TP 
mass ratio was 1:1 and pH was at 4.0–7.0. Afterward, prepared Cur-Gli/TP NPs at different pH values were 
studied. Compared with the EE of Cur (58.2%) in Cur-Gli NPs at pH 5.0, the EE of Cur (90.6%) in Cur-Gli/TP NPs 
at pH 5.0 was increased by 32.4%. Besides, the Cur-Gli/TP NPs possessed excellent physical stability, photo
stability, thermal stability and re-dispersibility than Cur-Gli NPs. Furthermore, the bioaccessibility of Cur 
reached 83.5% after encapsulation of Cur into Gli/TP NPs after in vitro digestion, indicating that Cur-Gli/TP NPs 
could improve curcumin bioaccessibility significantly. In summary, this study demonstrates that the new food- 
grade Gli/TP NPs possess high encapsulation efficiency, excellent stability and prominent nutraceutical bio
accessibility. Meanwhile, it contributes to expanding the application of TP in food-grade delivery systems.   

1. Introduction 

Curcumin (Cur) is a natural dietary polyphenol extracted from 
turmeric roots and has aroused extensive attention for its potential 
health-benefiting biological activities such as anti-cancer, antioxidant, 
anti-inflammatory, antimicrobial and neuroprotective activities (Wei 
and Huang, 2019; Zhan et al., 2020). However, the application of Cur in 
food products is extremely limited due to its comprehensive roles of poor 
water solubility, photodegradation, thermal degradation, low absorp
tion and instability under gastrointestinal conditions (Chen et al., 2021; 
Feng et al., 2020; Dhingra et al., 2021). Therefore, it is necessary to 
explore a suitable strategy to solve these problems hindering application 
of Cur in functional foods. During the past few years, protein-based 
nanoparticle as a delivery vehicle of bioactive components has attrac
ted increasing scientific and industrial attention owing to its desirable 
properties such as excellent stability against UV light as well as high 

temperature and high encapsulation capacity. Moreover, bioactive 
ingredients-loaded protein nanoparticles exhibit higher stability as well 
as delayed-release behavior in simulated gastrointestinal digestion 
(Feng et al., 2020; Xin et al., 2020; Yuan et al., 2021; Zhan et al., 2020). 
In this background, encapsulating Cur in protein nanoparticles may be a 
promising mean to overcome the aforementioned defects of restricting 
the application of Cur and expand its applicability. 

Gliadin (Gli), an alcohol-soluble protein extracted from wheat, has 
outstanding ability to form delivery systems to deliver hydrophobic 
bioactive ingredients due to its natural amphiphilicity and self-assembly 
capability (Peng et al., 2018; Su et al., 2021; Yang et al., 2021). Recent 
studies have shown that Gli can form food-grade nanoparticles (NPs) by 
anti-solvent method, and Gli NPs have ability to encapsulate sensitive 
functional ingredients. In addition, Gli NPs exhibit excellent mucoad
hesive properties during gastrointestinal digestion and absorption, 
which is beneficial to increasing the bioaccessibility of embedded 
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bioactive compounds (Yang et al., 2018; Zheng et al., 2021). Therefore, 
Gli NPs as oral delivery vehicles of Cur have broad application prospects. 
However, NPs produced from Gli only still have limitations (e.g., easy 
aggregation, relatively low encapsulation efficiency) in encapsulating 
bioactive ingredients. Appealingly, the Gli NPs prepared by coating a 
layer of polysaccharide exhibited more excellent behavior in enhancing 
the stability and encapsulation efficiency of bioactive ingredients (Yang 
et al., 2018). 

Tremella polysaccharide (TP) is a non-cytotoxic biological macro
molecule extracted from tremella, possessing multiple biological func
tions (anti-oxidation, anti-inflammation, anti-aging, reducing blood 
lipids, immune regulation, etc.) (Ge et al., 2020; Wu et al., 2019; Xiao 
et al., 2021; Xu et al., 2020). In addition, TP has many excellent phys
icochemical properties such as film-forming, lubrication and water 
retention (Niu et al., 2021). These attractive physicochemical properties 
and the anionic properties endow TP with ability to form a delivery 
system by interacting with other biological macromolecules. For ex
amples, NPs were produced by interaction between TP and chitosan, and 
these NPs could be employed as carriers to encapsulate nutraceuticals 
and improve their oral absorption efficiency (Wang et al., 2019). TP 
could be assembled with carboxymethyl cellulose (CMC) and nonionic 
surfactant-decyl polyglucoside (C10APG) to form a novel pH/temper
ature responsive micelle-laden hydrogel, further applied to control the 
release of bioactive ingredients (Zhao and Li, 2020). However, the study 
on encapsulating and delivering hydrophobic bioactive ingredients with 
Gli/TP NPs to improve their stability and bioaccessibility has not been 
explored. 

In this study, Gli/TP NPs were prepared by anti-solvent method 
under different Gli/TP mass ratios and pH values. Afterward, the 
properties of prepared nanoparticles were characterized. Considering 
that nanoparticle at different pH values may exhibit different structural 
and functional properties, it was intriguing to investigate the physico
chemical stability of Cur-loaded Gli/TP NPs at different pH values. The 
particle size, polydispersity index (PdI) as well as zeta-potential of the 
nanoparticles and the encapsulation efficiency (EE) of Cur were 
measured. The physical stability, photostability, thermal stability and 
re-dispersibility of Cur-loaded Gli/TP NPs were investigated and 
compared with that of Cur-loaded Gli NPs (without TP). Finally, the 
bioaccessibility of Cur encapsulated in Gli/TP NPs (or without TP) was 
studied by in vitro digestion. The present work may provide a new route 
to develop novel delivery carrier of bioactive compounds. Meanwhile, it 
contributes to expanding the application of TP in food-grade delivery 
systems. 

2. Materials and methods 

2.1. Materials 

Gliadin (Gli) from wheat was purchased from the Shanghai Macklin 
Biochemical Company (Shanghai, China). Curcumin (Cur, ≥95.0% pu
rity) was obtained from the Shanghai Ryon Biological Technology CO. 
Ltd (Shanghai, China). Tremella was provided by Qingdao Marine Food 
Nutrition and Health Innovation Research Institute (Qingdao, China). 
Absolute ethanol (99.99%) was provided by Tianjin Fuyu Fine Chemical 
CO. Ltd (Tianjin, China). Pig bile salt was purchased from Gloden-clone 
Biological Technology Co. Ltd (Beijing, China). Pancreatin, pepsin and 
tris were purchased from Solarbio company (Beijing, China), Calcium 
chloride anhydrous was provided by Sinopharm Chemical Reagent Co. 
Ltd. All other chemicals are of analytical grade unless otherwise 
indicated. 

2.2. Extraction of tremella polysaccharide (TP) 

The dry tremella was soaked in deionized water at pH 7.6 to make it 
extremely expand. The condition of fat removal was to soak tremella in 
deionized water at 60 ◦C and pH 9.0–10.0 for 0.5 h. Then the tremella 

was removed from the lye solution and soaked in an acidic solution 
adjusted with citric acid to pH 6.0–6.5 for 20–40 min. TP was extracted 
by hydrothermal method with steps as follows (Wang et al., 2019): (1) 
the tremella was taken out from acidic solution and drained to obtain 
dry tremella; (2) the dry tremella was pulverized and put into a filter 
bag, where the TP was extracted in water bath adjusted to 100 ◦C for 4 h; 
(3) removing extracting solution and then adding water to precipitate. 
To decrease the viscosity of extracting solution, the protein in extracting 
solution was hydrolyzed with 1% neutral protease as well as 0.1% 
papain, and the reaction was kept at 50 ◦C in water bath for 3 h. After 
removing these enzymes, the mixture was filtered with diatomite to 
obtain crude polysaccharide. 

2.3. Fabrication of core-shell Gli/TP NPs 

2.3.1. Fabrication of nanoparticles with different Gli/TP mass ratios 
The Gli/TP NPs were prepared by the anti-solvent method (Su et al., 

2021). Briefly, 400 mg of Gli was dispersed in ethanol-water solution 
(10 mL, 70:30, v/v), followed by stirring (300 rpm, 1.5 h) to form stock 
solution. The resultant solution (40 mg/mL) was obtained by cen
trifugating the stock solution at 4000 rpm for 20 min to remove insol
uble Gli. The Gli NPs (i.e., control sample) dispersion was formed by 
slowly adding 1 mL of Gli supernatant to 19 mL of deionized water and 
then stirring continuously (300 rpm) for 30 min. TP of different masses 
(200 mg, 400 mg and 800 mg) was dissolved in 200 mL of deionized 
water and then slowly added to Gli NPs solution of the same volume, 
followed by continuously stirring (300 rpm) for 30 min to form Gli/TP 
NPs with diverse Gli/TP mass ratios (2:1, 1:1, 1:2) (Yu et al., 2021). 
Samples prepared with different mass ratios of Gli to TP were named as 
Gli/TP NPs 2:1, Gli/TP NPs 1:1 and Gli/TP NPs 1:2, respectively. Control 
samples were termed as Gli NPs (Gli: gliadin, TP: tremella 
polysaccharide). 

2.3.2. Fabrication of nanoparticles with different pH values 
The preparation method of Gli supernatant (40 mg/mL) was the 

same as that in 2.3.1. 1 mL of Gli supernatant was injected into 19 mL of 
deionized water to prepare Gli NPs (2 mg/mL). According to the optimal 
mass ratio in section 2.3.1, TP aqueous solution was prepared. At room 
temperature, TP aqueous solution was dripped into the freshly prepared 
Gli NPs dispersion of the same volume to obtain Gli/TP NPs. The pH 
values of Gli/TP NPs solution after particle assembly were adjusted to 
3.0, 4.0, 5.0, 6.0 and 7.0 using hydrochloric acid and sodium hydroxide 
solution (0.01 M) to form Gli/TP NPs with different pH values. 

2.4. Particle size, polydispersity index (PdI) and zeta-potential 
measurements 

Particle size, PdI and zeta-potential of Gli/TP NPs with different Gli/ 
TP mass ratios and pH values were measured by Nano-ZS90 (Malvern 
Instruments, Worcestershire, UK) (Wu et al., 2020). Briefly, 1 mL of 
nanoparticle dispersion was placed in the measurement cell and then 
detected by Nano-ZS90. These samples were diluted to a suitable con
centration with deionized water before determination to obtain the 
optimal instrument sensitivity (Wei et al., 2019a,b,c,d). Each sample 
was tested three times and test results were expressed as mean ± stan
dard deviation. 

2.5. Turbidity measurement 

Turbidity is generally considered to be related to the size and number 
of nanoparticles. According to the method of Wu et al. (2020), the %T of 
Gli/TP NPs at different Gli/TP mass ratios and pH values was measured 
using a UV-2355 spectrophotometer (UNICO (Shanghai) Instrument CO. 
Ltd) at 426 nm (Wu et al., 2020). Then, the turbidity of these nano
particles could be obtained by simply calculating 100-%T. All samples 
were measured at 25 ◦C and each sample was measured three times. 
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2.6. Preparation of Cur-loaded Gli/TP NPs 

The Gli supernatant was prepared as described above. The mass ra
tios of Gli to Cur were 4:1, 2:1 and 1:1, respectively. Gli–Cur mixture 
solution was prepared by dissolving Cur (100 mg, 200 mg and 400 mg) 
into Gli supernatant under magnetic stirring, and then the acquired 
solution was centrifuged at 4000 rpm for 20 min to remove insoluble 
Cur. Prepared samples with different Gli/Cur mass ratios were named as 
Cur-Gli/TP NPs 4:1, Cur-Gli/TP NPs 2:1 and Cur-Gli/TP NPs 1:1, 
respectively. Control samples were termed as Cur-Gli NPs (Cur: 
curcumin). 

The preparation method of Cur-Gli/TP NPs was as follows: briefly, 1 
mL of Gli–Cur mixture solution with different Gli/Cur mass ratios was 
slowly dropped into 19 mL of deionized water (pH 5.0) to prepare Cur- 
Gli NPs. Then, the prepared TP aqueous solution (2 mg/mL) was slowly 
added to Cur-Gli NPs dispersion of the same volume under continuous 
stirring (300 rpm, 30 min). Finally, the Cur-Gli/TP NPs were adjusted to 
pH 4.0, 5.0 and 7.0 using 0.01 M HCl/NaOH under magnetic stirring to 
prepare the nanoparticles with different pH values. Cur-Gli NPs with 
different pH values were used as control samples. 

2.7. Particle size, PdI and zeta-potential measurements 

The method was the same as 2.4. 

2.8. Determination of encapsulation efficiency 

The encapsulation efficiency (EE) of the Cur-loaded nanoparticles 
was determined according to the method described in reference (Meng 
et al., 2021). Briefly, 1 mL of freshly prepared nanoparticle dispersion 
was centrifuged at 10,000 rpm at 4 ◦C for 30 min to acquire supernatant 
solution. The solution was diluted to a suitable concentration with 4.0 
mL ethanol–water solution (95%, v/v). Then, the absorbance of the 
above solution was measured at 426 nm with a UV-2355 spectropho
tometer. The content of Cur was calculated by using a suitable calibra
tion curve: y = 0.1563x - 0.0021 (R2 = 0.9989; y is the absorbance; x is 
Cur concentration). Then the EE of Cur was calculated as follows: 

EE(%)= (
total Cur − free Cur

total Cur
) × 100% (1)  

2.9. Physical stability analysis 

At room temperature (25 ◦C), the physical stability of Cur-Gli/TP 
NPs and Cur-Gli NPs at pH 4.0, 5.0 and 7.0 was evaluated by static 
multiple gravity light scattering using a TurbiscanLAB (Formulaction, 
France). 10 mL of sample was slowly dropped into a cell. The instrument 
scanned the transmitted photons (T) and backscattered photons (BS) of 
the nanoparticles in each sample for 0.5 h and the measurement interval 
was 1 min. The resulting profile was reported as a function of trans
mittance (ΔT) and backscattering (ΔBS), which was expressed as the 
Turbiscan Stability Index (TSI) (Gagliardi et al., 2021; Voci et al., 2021). 

2.10. UV light and thermal stability analyses 

In order to analyze the photostability of Cur-Gli/TP NPs and Cur-Gli 
NPs at pH 4.0, 5.0 and 7.0, all samples were placed in transparent glass 
vials and exposed to UV light for 120 min. 1 mL of sample was taken at 
30, 60, 90 and 120 min, respectively and then diluted 5 times with 95% 
ethanol–water solution to determine the content of residual Cur. Cur-Gli 
NPs at pH 4.0, 5.0 and 7.0 were used as control samples. The content of 
Cur was measured by a UV-2355 spectrophotometer (UNICO (Shanghai) 

Instrument CO. Ltd). The retention rate of Cur after UV treatment was 
evaluated based on the initial Cur concentration of the sample at 0 min 
(Yang et al., 2018). 

In order to analyze the thermal stability of Cur-Gli/TP NPs and Cur- 
Gli NPs at pH 4.0, 5.0 and 7.0, all samples were placed in transparent 
glass vials and incubated in a thermostatic water bath at 40 ◦C and 60 ◦C 
for 30 min, respectively. Then they were quickly cooled to room tem
perature. Each sample was diluted 5 times with 95% ethanol–water 
solution to determine the concentration of residual Cur. Cur-Gli NPs at 
pH 4.0, 5.0 and 7.0 were used as control samples. The content of Cur was 
measured by a UV-2355 spectrophotometer (UNICO (Shanghai) Instru
ment CO. Ltd). The retention rate of Cur after thermal treatment was 
evaluated based on the initial Cur concentration of the sample at 0 min 
(Chen et al., 2021). The retention rate of Cur is calculated by the 
following formula: 

Retention rate(%)=
mass of residual Cur

total mass of Cur in initial nanoparticle
× 100% (2)  

2.11. Re-dispersibility 

All freeze-dried Cur-Gli/TP NPs and Cur-Gli NPs at pH 4.0, 5.0 and 
7.0 were dissolved in deionized water to a concentration of 1 mg/mL 
and then stirred at 300 rpm for 30 min to completely re-disperse. The 
dispersion results of each sample were then observed (Wu et al., 2020). 
The particle size and PdI of the re-dispersed nanoparticle dispersions 
were measured as the aforementioned methods. 

2.12. Fourier transform infrared spectrum (FTIR) 

The chemical structures of Gli NPs, TP, Gli/TP NPs, Cur and Cur/Gli/ 
TP NPs were analyzed using a Fourier transform spectrophotometer 
(Thermo Scientific, Waltham, MA, USA). The procedure was as follows: 
The dried spectral pure-grade KBr powder was uniformly mixed with a 
small number of samples to be analyzed in an agate mortar, and then the 
mixtures were pressed into tablets. Finally, the spectra scanned at 
500–4000 cm− 1 were recorded and a resolution of 4 cm− 1. The test 
temperature was maintained at 25 ◦C (Zhang et al., 2021). 

2.13. In vitro digestion 

According to a previous reported method, the bioaccessibility of Cur- 
Gli/TP NPs and Cur-Gli NPs prepared at three different pH conditions 
(4.0, 5.0 and 7.0) was measured in a static simulated gastrointestinal 
model (GIT) (Li et al., 2021). Firstly, the fresh nanoparticle dispersions 
(20 mL) were mixed with simulated gastric fluid (pepsin: 0.032 g, NaCl: 
0.04 g, pH 1.2) of equal volume (Wei and Huang, 2019). Then, the 
resulting mixtures were adjusted to pH 1.2 and digested under 37.0 ◦C 
for 2 h. After gastric digestion, the solution was adjusted to pH 7.5 to 
inhibit the activity of pepsin. Subsequently, the incubation solution was 
added into simulated intestinal juice of equal volume (CaCl2: 0.022 g, 
pig bile salt: 0.2 g, tris: 0.12 g, pancreatin: 0.064 g, pH 7.5) (Wei and 
Huang, 2019). The sample was adjusted back to pH 7.5 and incubated at 
a stirring speed of 100 rpm for 2 h in water bath of 37 ◦C. Finally, each 
sample was centrifuged at 10000 rpm for 10 min to extract the super
natant, and free Cur was measured by a UV-2355 spectrophotometer 
(UNICO (Shanghai) Instrument CO. Ltd). Cur-Gli NPs at pH 4.0, 5.0 and 
7.0 were used as control samples. The bioaccessibility of Cur was 
calculated as follows:   
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2.14. Statistical analysis 

All measurements were obtained in at least triplicate. Origin 2019b 
software was employed to perform statistical analysis. Data were 
analyzed by one-way analysis of variance (ANOVA) procedure with 
Duncan’s multiple comparison test using the SPSS 13.0 software and 
accepted at p < 0.05. 

3. Results and discussion 

3.1. Characteristics of Gli/TP NPs 

3.1.1. Influence of mass ratios on the nanoparticles 
Fig. S1 showed a schematic representation of the process of Gli/TP 

NPs and Cur-Gli/TP NPs. The particle size, PdI, zeta-potential and 
turbidity of Gli/TP NPs with different mass ratios of Gli to TP were 
depicted in Fig. 1. The particle size generally affects the physicochemical 
properties, storage stability, encapsulation efficiency and bioavailability 
of nanoparticles (Wang et al., 2020; Xin et al., 2020). In the absence of 
TP, the particle size of Gli NPs was 198 ± 2.4 nm at pH 5.0. The particle 
size increased after adding TP, which might be accounted for the 
negatively charged TP bound to surface of Gli NPs through some inter
action forces (i.e., electrostatic interactions, hydrophobic interactions as 
well as hydrogen bond) between Gli and TP. As seen in Fig. 1A, when the 
mass ratios of Gli to TP were 2:1, 1:1 and 1:2, the particle sizes of Gli/TP 

NPs were 332.7 ± 16.34 nm, 300.6 ± 3.89 nm and 585.2 ± 24.66 nm, 
respectively. When the mass ratios of Gli to TP were 2:1 and 1:1, 
respectively, sufficient TP was adsorbed onto the surface of Gli to form 
nanoparticles with excellent stability. As the mass ratio of Gli to TP 
continuously increased (Gli/TP mass ratio of 1:2), the particle size of 
Gli/TP NPs increased, which might be accounted for the aggregation of 
nanoparticles caused by excessive free TP. The dispersity of nano
particles is usually characterized by polydispersity index (PdI), which 
reflects the particle size distribution of nanoparticles (Ding et al., 2021). 
The lower the PdI value is, the more uniform the nanoparticle size is. 
Generally, PdI <0.3 indicates that the dispersity of samples is relatively 
ideal (Meng et al., 2021). The PdI of Gli/TP NPs was <0.2, suggesting 
that all nanoparticles with diverse Gli/TP mass ratios (2:1, 1:1, 1:2) had 
homogeneous dispersion state (Fig. 1A). 

The zeta-potential is often employed to characterize the stability of 
nanoparticles. Nanoparticles possessing higher absolute value of zeta- 
potential are relatively more stable. Since the formation of Gli/TP NPs 
might be largely affected by electrostatic interaction, the zeta-potential 
of these nanoparticles was studied (Wei et al., 2019a,b,c,d). As pre
sented in Fig. 1B, when the mass ratios of Gli to TP were 2:1 and 1:1, the 
zeta-potentials of Gli/TP NPs were − 24.8 ± 0.4 mV and − 25.3 ± 0.55 
mV, respectively, and these nanoparticles had slightly higher stability 
than that of the nanoparticles prepared at Gli/TP mass ratio of 1:2 with 
− 21.8 ± 0.2 mV. The phenomenon might be explained by the fact that 
more negative charges were conducive to increasing the repulsion 

Fig. 1. Particle size and PdI (A), zeta-potential (B) and turbidity (C) of gliadin/tremella polysaccharide nanoparticle (Gli/TP NPs) with mass ratios of Gli to TP at 2:1, 
1:1 and 1:2. 

Bioaccessibility(%)=
mass of Cur added before digestion − mass of free Cur

mass of Cur added before digestion
× 100% (3)   
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between nanoparticles, and thus resulting in lower collision frequency. 
Turbidity is usually considered as a function of particle size and con
centration, the change of turbidity can be used to analyze the phase 
behavior of separation or binding in Gli/TP NPs (Wei et al., 2019). As 
depicted in Fig. 1C, the turbidity of Gli/TP NPs 2:1 and Gli/TP NPs 1:1 
was significantly lower than that of Gli/TP NPs 1:2. The reason for the 
increase of turbidity of Gli/TP NPs 1:2 was that excessive TP was 
adsorbed on Gli nanoparticles allowing Gli/TP NPs to carry less negative 
charge. As the electrostatic repulsion decreased, the nanoparticles may 
approach closer, leading to the formation of unstable flocculation (Su 
et al., 2021). Considering the stability of nanoparticles, in the subse
quent studies, Gli/TP NPs with a mass ratio of 1:1 were used to encap
sulate Cur. 

3.1.2. Influence of pH values on the nanoparticles 
The particle size, PdI, zeta-potential and turbidity of Gli/TP NPs with 

different pH values were revealed in Fig. 2. As shown in Fig. 2A, Gli NPs 
had superior stability at pH 3.0–5.0 with the particle size of less than 
200 nm. However, the particle size of the sample increased at pH 6.0, 
indicating that nanoparticles started to aggregate under this pH value. 
This might be accounted for that Gli NPs had less charge at this pH value 
that was close to isoelectric point (6.5) of Gli (Peng et al., 2018). By 
contrast, the particle size of Gli/TP NPs was larger at pH 3.0 (1110 ±
48.2 nm) and smaller at pH 4.0–7.0. The PdI of Gli NPs and Gli/TP NPs 
was shown in Fig. 2B. The PdI of Gli NPs at pH 7.0 was close to 0.6, 
which further confirmed result in Fig. 2A, indicating that Gli NPs was 
already aggregated at pH 7.0. However, the PdI of Gli/TP NPs at pH 
3.0–7.0 was below 0.2, demonstrating that TP could improve the 
anti-agglomeration ability of nanoparticles and make nanoparticles 
uniformly dispersed. 

The repulsion provided by the surface charge of nanoparticles plays 

an important role in maintaining the stability of nanoparticles. In 
Fig. 2C, the zeta-potential of Gli NPs prepared by anti-solvent method 
changed from positive charge to negative charge as pH values increased. 
The zeta-potential of +21.9 ± 1.05 mV to +5.97 ± 0.66 mV at pH 
3.0–6.0 could provide sufficient repulsion force between the Gli NPs to 
maintain stability. However, the charge of Gli decreased when the pH 
value was close to its isoelectric point (6.5), which promoted the ag
gregation of the nanoparticles. The zeta-potential of TP was negative at 
pH 3.0–7.0 and its absolute value increased with the increase of pH 
values. By adding TP to Gli NPs, Gli/TP NPs had a high absolute po
tential at pH 4.0–6.0, indicating that the addition of TP greatly improved 
the electrostatic interaction between nanoparticles and thus contributed 
to producing stable nanoparticles. At pH 7.0, hydrogen bonding and 
hydrophobic interaction might be main interaction between Gli and TP, 
and they were also beneficial to maintaining stability between nano
particles (D. Wang et al., 2019; Zhang et al., 2020; Wu et al., 2018). 

The turbidity of Gli/TP NPs was presented in Fig. 2D. The turbidity of 
Gli NPs was lower and had no obvious change at pH 3.0–7.0. When Gli 
NPs and TP were mixed together, the strong interaction led to the 
appearance of solution immediately changed from transparency to 
turbidity. Among them, the Gli/TP NPs solution at pH 4.0–5.0 was 
relatively clear. At pH 3.0, the turbidity of Gli/TP NPs was high, which 
was consistent with the result of particle size in Fig. 2A, indicating that 
the stability of Gli/TP NPs at this pH value was inferior. Although the 
electrostatic interaction between Gli and TP was slight at pH 7.0, 
hydrogen bonding and hydrophobic interaction could also promote the 
stability of the nanoparticles at this pH value (Su et al., 2021). Therefore, 
the optimal pH of Gli/TP NPs were 4.0 and 5.0. We should also be aware 
that the formation mechanism of Gli/TP NPs at pH 7.0 (exceeding the 
isoelectric point of Gli) was different from that at pH 4.0 and 5.0. Thus, 
Gli/TP NPs with various pH values (4.0, 5.0 and 7.0) were chosen for 

Fig. 2. Particle size (A), PdI (B), zeta-potential (C) and turbidity (D) of Gli/TP NPs (Gli/TP mass ratio 1:1) at pH 3.0, 4.0, 5.0, 6,0 and 7.0.  
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following studies. 

3.2. Characteristics and encapsulation efficiency (EE) of Cur-Gli/TP NPs 

The overall effect of different pH values and mass ratios of Gli to Cur 
on the particle size, PdI, zeta-potential and encapsulation efficiency of 
Cur-Gli NPs were summarized in Table S1. The particle sizes of Cur-Gli 
NPs with various Gli/Cur mass ratios (4:1, 2:1 and 1:1) at pH 4.0, 5.0 
and 7.0 were about 200 nm, which suggested that these nanoparticles 
were relatively stable. After adding TP, the particle size of nanoparticles 
became larger, and Cur-Gli/TP NPs at different pH values and Gli/Cur 
mass ratios had diverse particle sizes (Table 1). Cur-Gli/TP NPs 4:1 and 
Cur-Gli/TP NPs 2:1 at pH 4.0 and 5.0 had a relatively smaller particle 
size and higher negative charge, and yet these nanoparticles possessed 
larger particle size at pH 7.0 due to the same positive charge of Gli and 
TP facilitating aggregation between nanoparticles (Chen et al., 2021). 
Moreover, the particle size of Cur-Gli/TP NPs 1:1 was over 1000 nm, 
which showed that these nanoparticles were unstable due to the over
saturation of Cur. 

As for the EE of Cur, it could be seen that Cur-Gli NPs 2:1 at pH 5.0 
had the best EE (58.2 ± 0.42%) in all Cur-Gli NPs with different mass 
ratios of Gli to Cur. Although the EE of Cur in Cur-Gli NPs increased with 

Table 1 
Characterization of Cur-Gli/TP NPs with different Gli to Cur mass ratios.  

Gli to 
Cur 
mass 
ratios 

Sample 
pH 

Particle 
size (nm) 

PdI Zeta- 
potential 
(mV) 

Encapsulation 
efficiency (%) 

4:1 4.0 359.9 ±
8.55a 

0.14 ±
0.1ab 

− 19.2 ±
0.7de 

88.4 ± 0.45a 

5.0 348.6 ±
10.32a 

0.094 
± 0.02a 

− 24.9 ±
0.42b 

88.5 ± 0.27a 

7.0 830 ±
31.39b 

0.291 
± 0.01c 

− 22.6 ±
0.21c 

82.6 ± 0.8a 

2:1 4.0 394.1 ±
4.59a 

0.068 
± 0.05a 

− 20.1 ±
0.35d 

90.5 ± 0.6b 

5.0 390 ±
1.76a 

0.079 
± 0.03a 

− 26.8 ±
1.41a 

90.6 ± 0.52b 

7.0 452.8 ±
10.6a 

0.166 
± 0.02b 

− 25.2 ±
0.98b 

83.9 ± 0.4a 

1:1 4.0 1440 ±
246.07c 

0.615 
± 0.1d 

− 19.1 ±
0.56e 

92.8 ± 0.33b 

5.0 2166 ±
108.18d 

0.586 
± 0.02d 

− 25.5 ±
0.63b 

93.8 ± 0.21b 

7.0 4055 ±
382.5e 

0.321 
± 0.03c 

− 19.5 ±
0.63de 

95.8 ± 0.4c  

Fig. 3. (A)TSI profile of Cur-Gli/TP NPs and Cur-Gli NPs (Gli/Cur mass ratio 2:1) at pH 4.0, 5.0 and 7.0.(B)Retention rate (%) of curcumin in Cur-Gli/TP NPs and 
Cur-Gli NPs after UV light irradiation. (C) Retention rate (%) of curcumin in Cur-Gli/TP NPs and Cur-Gli NPs after thermal treatment at 40 ◦C for 30 min. (D) 
Retention rate (%) of curcumin in Cur-Gli/TP NPs and Cur-Gli NPs after thermal treatment at 60 ◦C for 30 min. 
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the increase of the mass ratio of Gli to Cur, the overall improvement 
effect was not very obvious, and the EE remained at a relatively low 
level. However, by adding TP, the EE of Cur-Gli/TP NPs was signifi
cantly higher than that of Cur-Gli NPs, which could be attributed to that 
TP formed a thick layer around the nanoparticles increasing the steric 
and electrostatic repulsion between the nanoparticles and suppressing 
the Cur release (Li et al., 2021). Moreover, the Cur-Gli/TP NPs had 
enhanced EE as the Gli to Cur mass ratios increased. Among them, when 
the mass ratios of Gli to Cur was 1:1, the EE of the Cur-Gli/TP NPs 
reached about 92.8 ± 0.33%, 93.8 ± 0.21% and 95.8 ± 0.4% at pH 4.0, 
5.0 and 7.0, respectively, much higher than Cur-Gli NPs. However, the 
above characterization results have shown that Cur-Gli/TP NPs 1:1 
cannot be used for industrial production due to their lower absolute 
zeta-potential values and too large particle size. Therefore, after 
comprehensive consideration, the Cur-Gli/TP NPs with mass ratio of Gli 
to Cur 2:1 were selected for follow-up studies. Similarly, in the previous 
study, Su and co-workers prepared gliadin/sodium alginate nano
particles using anti-solvent method and applied these nanoparticles to 
encapsulate Cur. However, currently prepared Cur-Gli/TP NPs signifi
cantly had the higher EE (90.5%) of Cur than that of gliadin/sodium 
alginate nanoparticles (61.29%) (Su et al., 2021), which showed that TP 
played a relatively more important role in improving the EE of Cur. 

3.3. Evaluation of stability of Cu-Gli/TP NPs 

For a detailed characterization of application potential of new Cur- 
Gli/TP NPs, the stability of nanoparticles is crucial. The stability of 
the nanoparticles may be affected by several parameters such as pH 
values, UV light and heat, as the change of these conditions possibly 
leads to interactions facilitating the formation of sediment or flocculate 
between nanoparticles. 

3.3.1. Physical stability 
At room temperature (25 ◦C), the influence of different pH values on 

the physical stability of Cur-Gli NPs and Cur-Gli/TP NPs was evaluated 
by Turbiscan Lab Expert® (Fig. 3A). Each sample was measured for 30 
min to obtain the TSI profiles of these nanoparticles at pH 4.0, 5.0 and 
7.0. The results showed that the kinetic values of Cur-Gli NPs and Cur- 
Gli/TP NPs at pH 4.0 and 5.0 only varied slightly, which confirmed 
that there were no sediment and flocculation occurring in these samples 
and they had excellent physical stability. Meanwhile, compared with 
Cur-Gli NPs, the addition of TP did not lead to any significant difference 
in TSI of Cur-Gli/TP NPs (Cosco et al., 2019; Gagliardi et al., 2021). On 
the contrary, the TSI profiles of Cur-Gli NPs and Cur-Gli/TP NPs 
increased significantly at pH 7.0, which indicated that pH proximity to 
the isoelectric point of Gli (6.5) might promote the structural instability 
of these nanoparticles and produce precipitation (Voci et al., 2021). 

3.3.2. Photostability 
Poor photostability is one of the disadvantages of Cur, limiting its 

commercial applications. The effect of UV light on the stability of Cur at 
pH 4.0, 5.0 and 7.0 was exhibited in Fig. 3B. At pH 4.0, the retention rate 
of Cur in Cur-Gli/TP NPs after UV irradiation for 0.5, 1, 1.5 and 2 h was 
not much different from that of pH 5.0. However, at pH 7.0, the reten
tion rate of Cur in nanoparticles was 20% lower than that of at pH 4.0 
and 5.0, indicating the protective effects of Cur-Gli/TP NPs on Cur were 
not ideal enough at pH 7.0 compared with that at pH 4.0 and 5.0 under 
the condition of being exposed to UV light. Furthermore, compared with 
Cur-Gli NPs without TP, the photostability of all the Cur-Gli/TP NPs was 
superior. This suggested that the formation of TP layers provided better 
UV light resistance. Moreover, the higher turbidity of the nanoparticles 
was, the stronger the light scattering capability of the solution was, and 
thus the photostability of the Cur was better (Meng et al., 2021; Qiu 
et al., 2017). 

3.3.3. Thermal stability 
Heat is one of the main factors inducing the degradation of Cur. 

Therefore, it is necessary to investigate the effect of thermal treatment 
on Cur-Gli/TP NPs at pH 4.0, 5.0 and 7.0. The impact of heat treatment 
(40 ◦C and 60 ◦C) on stability of Cur in Cur-Gli/TP NPs and Cur-Gli NPs 
were evaluated for 30 min. As shown in Fig. 3C, when the Cur-loaded 
nanoparticle dispersions were heated at 40 ◦C for 30 min and at pH 
4.0, 5.0 and 7.0, the retention rates of Cur in Cur-Gli/TP NPs were 
89.8% ± 2.34%, 96.1% ± 0.36% and 57.3% ± 0.55%, respectively. 
While the retention rates of Cur in Cur-Gli NPs were 62.6% ± 0.77%, 
84.1% ± 0.83% and 16.6% ± 0.49%, respectively. By adding TP, the 
retention rate of the nanoparticles increased by at least 20%. The results 
showed that the presence of TP layer had a superior ability to enhance 
thermal stability of Cur (Meng et al., 2021; Zheng et al., 2021). When the 
Cur-loaded nanoparticle dispersions were heated at 60 ◦C for 30 min 
(Fig. 3D), the retention rate of Cur in all nanoparticles displayed the 
same trend as that heated at 40 ◦C (Wu et al., 2018). Compared with 
Cur-Gli NPs, the retention rate of Cur in Cur-Gli/TP NPs increased by 
more than 20%, while that in Cur-Gli/lecithin NPs increased by less than 
15% at 60 ◦C for 30 min (Yang et al., 2018). This indicated that TP had 
excellent ability to improve thermal stability of Cur, regardless of 
temperature. 

3.4. Re-dispersibility 

For commercial applications, powdered nanoparticles are more 
convenient to be transported, stored and sold than nanoparticles existing 
in liquid. Re-dispersibility is one of the important features for the 
nanoparticles dispersions that are frozen dried into powder products 
(Yuan et al., 2021). Therefore, the re-dispersibility of Cur-Gli/TP NPs 
and Cur-Gli NPs was evaluated. The particle size of re-dispersed Cur-Gli 

Fig. 4. Visual appearance on the samples of re-dispersed Cur-Gli/TP NPs and 
Cur-Gli NPs at pH 4.0, 5.0 and 7.0. The mass ratio of Gli to Cur was 2:1. 
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NPs and Cur-Gli/TP NPs were shown in Table S2. The redispersed 
Cur-Gli-NPs and Cur-Gli/TP NPs had larger particle size at pH 4.0, 5.0, 
and 7.0 than in fresh samples, probably due to aggregation of particles 
during drying process. The result was similar to the particle size of 
re-dispersed curcumin-loaded gliadin-rhamnolipid composite nano
particles. The appearances of the re-dispersed nanoparticles were shown 
in Fig. 4. The re-dispersed Cur-Gli/TP NPs at pH 4.0, 5.0 and 7.0 did not 
show any aggregation and precipitation. However, the re-dispersed 
Cur-Gli NPs (without TP) at pH 4.0, 5.0 and 7.0 were very unstable 
and precipitated. In particular, the re-dispersed nanoparticles were 
almost insoluble at pH 5.0 and 7.0. This might be due to the hydrophilic 
group of TP increased the water binding capacity of Cur-Gli/TP NPs, 
while Gli possessed a large amount of hydrophobic amino acids, pre
venting the Cur-Gli NPs from being re-dispersed. The results indicated 
the Cur-Gli/TP NPs possessed more excellent re-dispersibility than 
Cur-Gli NPs (Chen et al., 2021; Yuan et al., 2021). 

3.5. FTIR analysis 

FTIR is a method that can quickly and effectively identify chemical 
molecules in a polymer matrix (Xue et al., 2021). Hence, we used it to 
analyze Gli NPs, TP, Gli/TP NPs, Cur and Cur-Gli/TP NPs to study the 
possible interactions among the nanoparticles (Fig. 5). The O–H 
stretching vibration (3100–3500 cm− 1) of Gli/TP NPs and Cur-Gli/TP 
NPs were different with Gli, TP and Cur. These differences imply that 
hydrogen bonding was generated among Gli, TP and Cur. Both Gli and 
Cur are hydrophobic substances; thus, there are hydrophobic in
teractions between them (Qu et al., 2021). Moreover, the characteristic 
peaks of Gli were 1658.99 cm− 1and 1534.57 cm− 1, which represented 
amide I (C = O stretching) and amide II (N = H bending). After adding 
TP and Cur, the peaks of amide I in the spectrum of Gli/TP NPs and 
Cur-Gli/TP NPs were respectively shifted to 1658.85 cm− 1and 1659.15 
cm− 1, and those of amide II were respectively shifted to 1543.18 
cm− 1and 1543.77 cm− 1. This finding indicated that electrostatic inter
action existed among Gli, TP and Cur. The characteristic peak of TP was 
at 1074.01 cm− 1, which appeared in the spectra of Gli/TP NPs (1073.76 
cm− 1) and Cur-Gli/TP NPs (1075.55 cm− 1) (Jiang et al., 2021). 

For native Cur, the characteristic peaks of Cur represented the 
stretching vibration of the aromatic rings (1429.08 cm− 1), part of “keto” 
(1283.45 cm− 1), and the inter-ring chain (1154.95 cm− 1). However, 
these peaks were not observed in the Cur-Gli/TP NPs because the 
binding of Cur with Gli/TP NPs nanoparticles limited the stretching and 
bending of the chemical bonds in Cur, indicating that Cur was 

successfully encapsulated in the Gli/TP NPs (Zhang et al., 2021). 

3.6. Bioaccessibility of Cur 

Gli/TP NPs were further utilized as Cur-loaded delivery vehicles, and 
the bioaccessibility of Cur was studied to evaluate the delivery efficiency 
of Gli/TP NPs on Cur. The bioaccessibility of Cur was studied using in 
vitro digestive models. The bioaccessibility of Cur-Gli/TP NPs and Cur- 
Gli NPs in the simulated gastrointestinal tract was illustrated in Fig. 6. 
Under simulated gastrointestinal conditions, the bioaccessibility of Cur 
in Cur-Gli/TP NPs and Cur-Gli NPs decreased as pH increased, indicating 
that the weaker interaction between Gli and TP led to the lower Cur 
bioaccessibility. After release of 120 min in the small intestine stimu
lation fluid, the bioaccessibility of Cur in Cur-Gli/TP NPs at pH 4.0, 5.0 
and 7.0 were 83.5% ± 0.7%, 75.7% ± 0.77% and 68.2% ± 1.13%, 
respectively, whereas the bioaccessibility which was less than the 
former of Cur in Cur-Gli NPs at pH 4.0, 5.0 and 7.0 were 73.8% ± 0.14%, 
74.8% ± 0.07% and 38.3% ± 0.77%, respectively. In addition, the 
bioaccessibility of Cur in all nanoparticles was higher at pH 4.0 and 5.0 
than that at pH 7.0 (He et al., 2021; Elbaz et al., 2021). The bio
accessibility of Cur in Cur-Gli/TP NPs was 75.5%, which was higher than 
that of gliadin-chitosan nanoparticles (25%) (Zeng et al., 2019) and 
gliadin-sodium alginate nanoparticles (55%) (Su et al., 2021). Since 
Cur-Gli/TP NPs can improve the bioaccessibility of Cur, we can conclude 
that Cur-Gli/TP NP is a suitable platform for delivering hydrophobic 
compounds of nutritional interest. 

4. Conclusion 

In conclusion, novel curcumin-loaded gliadin/tremella poly
saccharide nanoparticles (Cur-Gli/TP NPs) were successfully prepared 
by anti-solvent method. It was found that different mass ratios of Gli to 
TP and pH values had great effects on the formation of Gli/TP NPs. 
Through a series of characterizations on the prepared nanoparticles, it 
has been found that the nanoparticles possessed excellent stability at Gli 
to TP mass ratio of 1:1 and pH 4.0–7.0. Subsequently, Cur-Gli/TP NPs 
were prepared and studied at different pH values, and hydrogen 
bonding, electrostatic interactions as well as hydrophobic interactions 
participated in the formation of Cur-Gli/TP NPs. Cur-Gli/TP NPs showed 
significantly higher encapsulation efficiency (90.6% ± 0.52%) of Cur, as 
compared with Cur-Gli NPs (58.2% ± 0.42%). Moreover, TP exhibited a 
positive effect on improving the stability and re-dispersibility of Cur- 
Gli/TP NPs. The physics, UV light and thermal stability of Cur-Gli/TP 

Fig. 5. FTIR spectra of Gli NPs (a), TP (b), Gli/TP NPs(c), Cur (d) and Cur-Gli/ 
TP NPs (e). 

Fig. 6. Bioaccessibility of Cur in Cur-Gli/TP NPs and Cur-Gli NPs at pH 4.0, 5.0 
and 7.0. The mass ratio of Gli to Cur was 2:1. 
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NPs were better than that of those Cur-Gli NPs (without TP). This may be 
due to the presence of TP that makes the Cur-Gli NPs structure more 
compact. In vitro digestion study revealed that Gli/TP NPs improved the 
bioaccessibility of Cur. In conclusion, TP possesses strong potential in 
improving the EE, stability and bioaccessibility of Cur in Gli NPs. 
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