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A B S T R A C T

The poor structure stability and low bioavailability of lycopene (LY) hampers the wide application in food field. 
Thus, it is crucial to explore novel deliver carrier for LY based on protein-flavonoid complexes. In this study, the 
noncovalent interaction mechanism between β-lactoglobulin (β-LG) and flavonoids (apigenin (API), luteolin 
(LUT), myricetin (MY), apigenin-7-O-glucoside, luteolin-7-O-glucoside, and myricetrin) under ultrasound 
treatment was explored. Results revealed that ultrasound treatment promoted reactive groups exposure and 
structural unfolding of β-LG to interact with six flavonoids. The main driving force between β-LG and flavonoids 
was hydrophobic interaction. The docking result showed that the preferred binding site for these flavonoids was 
on the outer surface of β-LG. The thermal stability, surface hydrophilicity, and antioxidant properties of β-LG- 
API, β-LG-LUT, and β-LG-MY complexes were superior by multi-spectroscopy methods and molecular simulation 
analysis (P < 0.05). The ability of β-LG-API for delivering LY was the best among above three binary complexes, 
revealing superior environmental stability and bioavailability of the β-LG-API-LY complex. This study will help to 
understand the ultrasound-assisted noncovalent binding of protein-flavonoid complexes, and exhibit the po
tential as a novel delivery system for delivery and protection of LY.

1. Introduction

Dietary flavonoids are widely distributed in nuts, vegetables, cereal 
grains, fruits, and etc., which are natural bioactive agents and classified 
into some subclasses (e.g., flavonols, anthocyanidins, flavanones, iso
flavones, chalcones, and flavones) with a common C6-C3-C6 skeleton 
based on their chemical structures (Jia et al., 2022). It has been reported 
that dietary flavonoids possess a broad spectrum of health-beneficial 
effects because of the powerful antioxidant activity. It is an effective 
way that dietary ingestion of a great deal of flavonoids to reduce the risk 
of many diseases (e.g. anticancer, anti-inflammatory, antibacterial, 
antioxidant, and scavenging free radicals) (Jin et al., 2024; Liang et al., 
2023; Shen et al., 2022). Apigenin (API) is a natural flavone, which is 
abundant in the chamomile plant. Due to its multiple health benefits by 
acting as an antioxidant agent and directly targeting many human 
cellular targets, API is becoming popular increasing as a functional food 
ingredient (Zhu et al., 2020). Apigenin-7-O-glucoside (AGL) can be 

found in medicinal plants (e.g., Scutellaria baicalensis, chamomile, and 
plantain), which is a glycosylated derivative of API. Zhao et al. found 
that AGL can also enhance the expression of antioxidant enzymes in 
cancer and Alzheimer's disease, and scavenge free radicals like API 
(Zhao et al., 2024). Luteolin (LUT) and luteolin-7-O-glucoside (LGL) 
belong to flavonoid aglycones, which are rich in the flower of Den
dranthema morifolium. It has been demonstrated that the biological ac
tivities of LUT and LGL are associated with the antiallergic activities, 
antitumorigenic effects, and antioxidant potential (Lin et al., 2015). 
Myricetin (MY) and myricetrin (MYR) are viewed as the main flavone 
compounds in Myrica rubra that is a plant with high medicinal value. 
These two compounds have exhibited many beneficial effects (e.g., 
anticarcinogenic, antioxidant, antimicrobial, and anti-inflammatory ef
fects) (Li et al., 2021). However, one of the significant hampers for the 
utilization of these dietary flavonoids with promising therapeutic value 
and nutraceutical benefits is the low bioavailability because of poor 
solubility in nonpolar solvents and water, and rapid metabolism 
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elimination when administered orally (Meng et al., 2023).
Several strategies (e.g., hydrogel beads, microcapsule, and emulsion) 

have been developed to enhance the bioactivity of these dietary flavo
noids to facilitate their utilization in functional food field (Liang et al., 
2023). It has been demonstrated that binding between proteins and 
flavonoids can improve the bioactivity, bioavailability, solubility, and 
stability of flavonoids. In addition, the structure and function (e.g., 
solubility, emulsifying and foaming properties) of proteins can be 
modified by interacted with flavonoids (Liu et al., 2023). Flavonoids can 
bind to proteins covalently or non-covalently. However, Zhang et al. 
found that the undesired by-products such as quinone can be often 
formed during the covalent binding process. The biological activity and 
stability of flavonoids may be decreased under high-temperature and 
alkaline conditions (Zhang, Li, et al., 2021). It is meaningful to decipher 
the characteristic and noncovalent interaction mechanism between 
protein molecules and flavonoids.

β-Lactoglobulin (β-LG) is a key component of whey protein (Song 
et al., 2025). β-LG comprises 162 amino acid residues with a molecular 
weight of 18.3 kDa. Its secondary structure consists of nine β-strands and 
one α-helix, with strand A-H forming a conical β-barrel called a calyx. 
The ninth strand (strand I) plays a significant part in the dimer interface 
and is key in dimer interactions (Shafaei et al., 2017). Thus, β-LG can be 
employed as a transport vector for various compounds due to its unique 
secondary structural properties, which enable it to bind to different 
amphiphilic and hydrophobic ligands. Recently, it has drawn wide
spread attention that the potential utilization of β-LG as a carrier for 
flavonoids because of its several hydrophobic cavities. Song et al. 
revealed that hydrophobic cavities can affect the bind rate between 
proteins and flavonoids (Song, Zeng, et al., 2024). It is essential to 
expose more binding sites of β-LG. Ultrasound technique has been used 
in many food processing fields, which is a non-thermal technique. 
Cavitation bubbles and microstreaming currents can be generated by the 
shear stress and high mechanical energy during high-intensity ultra
sound process (ca. 20–100 kHz). The physicochemical property of food 
components can be modified by ultrasound treatment, which has been 
used to enhance the efficiency of various food processing methods such 
as extraction, freezing/thawing, homogenization/emulsification, and 
filtration (Song et al., 2025). Characterization of the noncovalent 
interaction mechanism between β-LG and flavonoids under ultrasound is 
complicated. To explore the interaction mechanism is the prerequisite 
for the application of β-LG-flavonoid complexes. Lycopene (LY) is a sort 
of lipophilic natural unsaturated carotenoid, which is abundant in 
watermelon, guava, tomato, and other red fruits (Zhu et al., 2024). 
Nowadays, LY is widely applied to develop functional foods, pharma
ceuticals, and cosmetic products because of the superb bioactivities such 
as delaying senescence, protecting cardiovascular system, and retarding 
atherosclerosis (Wang et al., 2021). However, LY is susceptible to 
oxidative degradation and isomerization due to the presence of eleven 
conjugated double bonds and two non-conjugated double bonds. It is 
essential to design appropriate delivery systems to improve the 
bioavailability and stability of LY.

In this study, the potential effect of ultrasound treatment on non
covalent interactions between β-LG and three flavonoids (API, LUT, and 
MY) and their corresponding glycosylated derivatives (AGL, LGL, and 
MYR) was investigated. The structural and conformational variations of 
β-LG after these flavonoids binding and the molecular basis underlying 
noncovalent interactions during ultrasound treatment were explored by 
multi-spectroscopy methods, namely, fluorescence spectrometry, Four
ier infrared spectroscopy (FTIR), circular dichroism (CD), differential 
scanning calorimetry (DSC), in combination with the computational 
analysis method (molecular docking simulation). Then three fabricated 
β-LG–flavonoid complexes were used as the carrier to deliver LY. The 
bioavailability of β-LG–flavonoid-LY complexes was also studied.

2. Materials and methods

2.1. Materials and reagents

β-LG (molecular weight 18.4 kDa, purity ≥95 %, from milk) and LY 
(molecular weight 536.88, purity ≥90 %) were bought from Macklin 
Biochemical Co., Ltd. (Shanghai, China). 8-Anilino-1-naphthalenesul
fonic acid ammonium salt (ANS-Na) for fluorescence, API (molecular 
weight 270.24, purity ≥97 %), AGL (molecular weight 432.38, purity 
≥98 %), LUT (molecular weight 286.24, purity ≥98 %), LGL (molecular 
weight 448.38, purity ≥98 %), MY (molecular weight 318.24, purity 
≥98 %), and MYR (molecular weight 464.38, purity ≥98 %) were all 
provided by Sigma-Aldrich Chemical Company (St. Louis, MO, USA). 
Other reagents with analytical grade were provided by Sinopharm 
Chemical Reagent Co., Ltd. (Shanghai, China). Ultra-pure deionized 
water used for all experiments was filtered by Millipore Milli-Q system 
(Millipore, Bedford, MA, USA).

2.2. Preparation of complexes

The ultrasound-assisted noncovalent β-LG-flavonoid complexes were 
prepared according to the reported method of Liu et al. (2022) with 
some minor modifications (Liu et al., 2022). β-LG powders (1 g) were 
dissolved in deionized water (50 mL), which was stirred for 2 h gently at 
room temperature. Then, the β-LG solution was processed for 15 min by 
ultrasound treatment (25 ◦C, 400 W) using a SCIENTZ JY92-IIDN ul
trasound homogenizer (Shanghai Puyukemao Co., Ltd., Shanghai, 
China) (Li et al., 2016). The flavonoids were dissolved in a suitable 
volume of ethanol and subsequently diluted to 50 mL with deionized 
water, resulting in a final concentration of 0.35 mM. And the Flavonoid 
solutions were added to above β-LG solution, respectively. After reacted 
at room temperature for 24 h, the complexes were dialyzed with dialysis 
membranes (3500 Da) in deionized water at pH 7 for 48 h. The dialysate 
was then stored at 4 ◦C, with water changes every 6 h to dialyze out 
unbound flavonoids. And then the dialysate was pre-frozen and vacuum 
lyophilized for 48 h. The obtained complex was stored at − 20 ◦C until 
use.

2.3. Determination of binding capacity

Referring to the previous study, the binding capacity between β-LG 
and flavonoids was determined (Wang et al., 2022). In brief, 0.5 mL of 
the β-LG-flavonoid complex (1 mg/mL) was mixed with 0.5 mL of Folin- 
Ciocalteu reagent for 3 min. Afterwards, 2 mL of 20 % sodium carbonate 
was added. The mixed solution was vortexed and incubated at 25 ◦C for 
2 h in the darkness. Using an ultraviolet spectrophotometer (UV2600, 
Shimadzu, Japan) at a wavelength of 760 nm, the absorbance was 
measured. Deionized water was used as the control solution for absor
bance measurement. Results are expressed as nmol/mg.

2.4. Structural characteristics

2.4.1. Scanning electron microscopy (SEM)
The measurement of scanning electron microscopy (SEM) was car

ried out. In brief, samples were frozen at − 20 ◦C overnight and then 
lyophilized using a freeze drier (ALPHA 1–2, CHRIST, Osterode, Ger
many). Powered mixtures were coated with a layer of gold metal under 
high vacuum and observed by a SEM (QUANTA 250 FEG, Thermo Fisher 
Scientific, U.S.) at 20.0 kV (Liu et al., 2022).

2.4.2. Particle size and zeta potential
Using a laser particle sizer (Malvern Instruments, Ltd., Malvern, UK), 

the average particle size, polydispersity index (PDI), and zeta potential 
of samples were carried out referring to the previous method with slight 
modifications (Song, Zeng, et al., 2024).
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2.4.3. X-ray diffractometry (XRD)
The crystalline structure was performed by an XRD diffractometer 

(Smartlab9, Rigaku, Japan) with Cu-Kα X-ray radiation (λ = 1.5406 nm). 
XRD spectra were recorded in range of 2θ = 5–35◦ (Gu et al., 2023).

2.4.4. FTIR spectroscopy
FTIR of samples was carried out by potassium bromide (KBr) 

compression method using a spectrophotometer (Nicolet 5700, Thermo 
Electron Co., Waltham, MA, USA). The spectral range, number of scans, 
and resolution were set as 4000–400 cm− 1, 32, and 4 cm− 1, respectively. 
KBr was used as a blank control (Gao et al., 2023).

2.4.5. Fluorescence spectroscopy
The intrinsic fluorescence of samples was measured at 303 K using a 

fluorescence spectrophotometer (Hitachi Ltd., Tokyo, Japan). Samples 
were diluted to 10 mL with phosphate buffer (PBS, pH 7.2, 10 mM). The 
scanning speed was set at 1200 nm/min, the emission wavelength was 
set at 300–400 nm, and the excitation wavelength was set at 280 nm. 
The width of the slit was set to 5 nm, and the PBS was used as a blank 
control (Zhu et al., 2020).

2.4.6. CD spectroscopy
A CD spectrometer (Brighttime Chirascan, Applied Photophysics, 

UK) was applied to record CD spectroscopy in the 190–300 nm wave
length range at room temperature. Samples were reconstituted into PBS 
(pH 7.2, 10 mM). Using the online Dichroweb program (University of 
London, UK), the fraction of secondary structure (α-helix, β-sheet, 
β-turn, and random coil) was computed (Gao et al., 2023).

2.4.7. Molecular docking
The binding modes between β-LG (PDB ID:3NPO) and API (molecular 

weight 270.24, purity ≥97 %), AGL (molecular weight 432.38, purity 
≥98 %), LUT (molecular weight 286.24, purity ≥98 %), LGL (molecular 
weight 448.38, purity ≥98 %), MY (molecular weight 318.24, purity 
≥98 %), and MYR (molecular weight 464.38, purity ≥98 %) were 
established by AutoDock Vina 1.1.2 software. The API, AGL, LUT, LGL, 
MY, and MYR molecule could be obtained from the ZINC database (http: 
//zinc.docking.org/), and the β-LG crystal could be downloaded from 
the Research Collaboratory for Structural Bioinformatics Protein Data 
Bank (http://www.rcsb.org). Using PyMol 2.5 and Maestro 12.9, dock
ing results were visualized and analyzed (Zhang, Lu, et al., 2021).

2.5. Functional properties

2.5.1. Determination of thermal stability
The thermal stability of samples was analyzed using a Q20 DSC (TA 

Instruments, Inc., New Castle, DE, USA) as previously reported (Song 
et al., 2025). In briefly, 5 mg sample was placed in a lead sample tray 
and sealed aluminum pan. The heating rate, the range of heating tem
perature, and flow rate of nitrogen were set as 10 ◦C/min, 30 ◦C–180 ◦C, 
and 30 mL/min, respectively. Based on the corresponding thermal 
curves, the denaturation temperature (Td, ◦C) and enthalpy values (ΔH, 
J/g protein) were calculated.

2.5.2. Determination of surface hydrophobicity
The surface hydrophobicity of the samples was assessed using the 

ANS fluorescent probe method (Wu et al., 2021). In brief, ANS solutions 
(8 mM) was prepared with the PBS (10 mM, pH = 7.0). Samples were 
diluted to concentrations of 0.02, 0.05, 0.10, 0.20, and 0.30 M using the 
PBS (10 mM, pH = 7.0), respectively. After incubation in the darkness at 
25 ◦C for 10 min, the fluorescence intensity at 390 nm (excitation 
wavelength) and 470 nm (emission wavelength) was measured, 
respectively.

2.5.3. Antioxidant properties
The antioxidant property of samples was evaluated by the 

measurement of the free radical (DPPH⋅ and ABTS⋅þ) scavenging ac
tivity, and ferrous irons chelating activity (FRAP) as previously 
described (Song, Zeng, et al., 2024).

2.6. Preparation of LY loaded complexes

According to the previous method, three LY loaded β-LG-flavonoid 
complexes were prepared (Wang et al., 2021). In a light-proof centrif
ugal tube with anhydrous ethanol, the LY solution (2 mM) was prepared. 
The β-LG-flavonoids (API, LUT, and MY) complexes were redissolved, 
respectively. For full hydration, all solutions were mixed at room tem
perature for 1 h and stored at 4 ◦C overnight. The β-LG-flavonoids-LY 
complexes were prepared with low ethanol concentration (≤ 3 %), 
ensuring no appreciable ethanol-induced protein denaturation. Finally, 
the embedding rate of lycopene in the samples was determined ac
cording to the method of Li et al. (Li et al., 2021).

2.7. The stability of the complex

According to previous methods with slight modifications, the sta
bility characteristics mainly including pH stability, thermal stability, 
SSF centrifugal stability, freezing stability and light stability were 
analyzed (Song et al., 2025; Zhao et al., 2024).

2.8. In vitro gastrointestinal digestion

The standardized in vitro simulated digestion model was built by 
configuring simulated saliva (SSF), simulated gastric fluid (SGF), and 
simulated intestinal fluid (SIF) according to the reported method (Song 
et al., 2025).

2.9. Statistical analysis

All experiments were conducted three times and data were statisti
cally analyzed using SPSS 26.0 (SPSS Inc., Chicago, IL, USA) with the 
analysis of variance (ANOVA, p < 0.05) using Duncan's method and 
graphs using Origin 2021 (Song, Guo, et al., 2024; Song, Zhou, et al., 
2024).

3. Results and discussion

3.1. Binding capacity

According to the structure, polyphenols are classified as non- 
flavonoids and flavonoids. As shown in Fig. 1A, API, LUT, and MY 
belong to flavonoids, which contain two aromatic groups and one 
oxygen-containing heterocyclic group (Guan et al., 2021). Their corre
sponding glycosylated derivatives differ greatly in the chemical struture 
because of the degree of glycosylation as shown in Fig. 1A. In this study, 
API, LUT, MY and their corresponding glycosylated derivatives were 
selected because these compounds have been demonstrated to possess 
the capacity to enhance the expression of antioxidant enzymes in con
ditions (e.g., cancer, diabetes, and Alzheimer's disease), and scavenge 
free radicals. The ability of β-LG to bind these flavonoids was deter
mined according to the previous method (Fig. 1B). After ultrasonic 
treatment, the flavonoid content of each sample increased, which may 
be due to the shear effect of ultrasound. It can destroy the structure of 
the protein and expose its binding site. Among them, the binding 
amount of β-LG and MY was the largest (22.6 nmol/mg), mainly because 
the number of phenolic hydroxyl groups contained in MY is the largest. 
It has been revealed that the number and location of phenolic hydroxyl 
groups can affect the interaction between proteins and polyphenols 
significantly (Pan et al., 2023). Kanakis et al. reported that the more 
hydroxyl groups can favor the more binding of β-LG and polyphenols 
(Kanakis et al., 2011). The binding equivalent of MYR to β-LG is 13.43 
nmol/mg was lower than that of MY. The decrease in the binding ability 
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of β-LG and MYR after glycosylation reaction may be due to the increase 
in the size and polarity of MYR molecule, and the decrease in hydroxyl 
groups replaced by glycosylated groups, which makes it transform into a 
non-plane structure, and enlarge steric hindrance (Fu et al., 2023). In 
addition, glycosylation may reduce the hydrophobicity of the com
pound. It has been demonstrated that the hydrophobic interaction force 
plays an important role in the binding of flavonoids to proteins 
(Alizadeh-Pasdar & Li-Chan, 2000). Wang et al. also found that the 
binding ability of pea protein isolate to hesperitin and naringenin was 
stronger than that of hesperidin and naringin (Wang et al., 2024).

3.2. Changes in microstructure, particle size and zeta potential

The microscopic morphology of β-LG-flavonoid binary complexes 
can be observed by SEM. As shown in Fig. 2, β-LG usually presents an 
irregular spherical shape with concave depression. After ultrasound, the 
structure of β-LG was destroyed. It could be seen that the large piece of 
lamellar structure disappeared, and the edge of the broken small pieces 
was smooth. The collapse of bubbles and shear force could be generated 
due to the shock wave of ultrasound, which destroyed the protein 
structure. In addition, the previous literature reported that the pro
longed ultrasonic treatment may make the loose structure of β-LG 
reaggregate together, causing macromolecular protein recombine and 
forming new aggregated structure (Leong et al., 2017). The stability of 
β-LG could enhance after binding to flavonoids by non-covalent in
teractions (e.g., hydrogen bonds, hydrophobic interactions, and van der 
Waals forces) (Zhang et al., 2022). The structures of β-LG-API and β-Lg- 
LUT complexes were mostly sheet-like with less honeycomb structure. 
After glycosylation reaction, β-LG-AGL and β-LG-LGL complexes were 
diverse in shape with rod-like or spherical structures and loose texture, 
which may weaken the intermolecular and intramolecular interaction. 
The structures of β-LG-My and β-LG-MYR were compact, lamellar and 
uniform in texture. Results of changes in structures of β-LG-flavonoid 
complexes before and after ultrasound were similar with that of β-LG.

The particle size and potential of samples were determined by a 
Malvern particle size analyzer, the result was depicted in Fig. 3. 
Compared with β-LG, the particle size of complexes increased after 
binding flavonoids (Fig. 3A), After ultrasound treatment, the particle 
size of the complex decreased (Fig. 3B). This may be due to the shear and 

cavitation effects of ultrasound, which can destroy the interaction be
tween proteins and flavonoids, and reduce the particle size of the 
complex (Song, Zeng, et al., 2024). As depicted in Fig. 3C and D, the zeta 
potential values of β-LG and β-LG-flavonoids complexes were all nega
tive. It could be explained that the hydrophilic group was exposed on the 
surface of the protein when dissolved in the aqueous solution, resulting 
in a partial charge on the protein surface. After ultrasonic treatment, the 
absolute zeta potential values of samples increased, indicating that ul
trasonic treatment could promote the molecular unfolding of proteins 
and increase the interaction between molecules (Liu et al., 2022).

3.3. Conformational structural modifications

FTIR is commonly used to determine the secondary structure of 
proteins. The spectrum of the protein is generally divided into three 
parts: amide A band (3300–3600 cm− 1), amide I band (1600–1700 
cm− 1), and amide II band (1500–1600 cm− 1). As shown in Fig. 4A, the 
characteristic absorption peaks of β-LG in the amide A band, amide I 
band, and amide II band were 3293.3 cm− 1, 1644.2 cm− 1, and 1543.9 
cm− 1, representing N–H bonding stretching vibration, C–O stretching 
vibration, and C–N stretching vibration, respectively (Song, Guo, et al., 
2024). After noncovalent binding with flavonoids and ultrasound 
treatment (Fig. 4B), the position and intensity of the characteristic ab
sorption peak of β-LG - flavonoids complexes changed compared with 
β-LG. In addition, the characteristic peaks of each complex shifted, 
indicating that the binding degree between β-LG and flavonoids was 
different. Our results were similar with the reported research. Ma and 
Zhao (2019) found that the absorption peaks of whey protein isolate 
(WPI) - galangin and WPI – genistein complexes showed different de
grees of redshift near the amide I and II bands, which indicated the 
difference in the binding degree between WPI and polyphenols (Ma & 
Zhao, 2019).

Intrinsic fluorescence quenching spectra is applied to evaluated the 
interaction between the protein and polyphenols commonly, which can 
provide information about the microenvironment of the chromophores 
in protein molecules. In this study, fluorescence quenching analysis was 
used to unveil the possible effect of ultrasound on the modification of 
β-LG - flavonoids interactions. The protein intrinsic fluorescence is 
induced mainly by the fluorescence emission of phenylalanine (Phe), 

Fig. 1. (A) Chemical structures of flavonoids and corresponding glycosylated derivatives; (B) Binding capacity between β-LG and flavonoids.
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tryptophan (Trp), and tyrosine (Tyr) residues when excited at 280 nm 
(Vivian & Callis, 2001). The reduction in the protein fluorescent in
tensity means certain quencher-fluorophore interactions, reflects the 
change of Trp residue environment and the protein tertiary structure 
(Liang et al., 2023). The fluorescence spectra of samples before and after 
ultrasound treatment were shown in Fig. 4C and D. The maximum 
emission wavelength (λmax) of the native β-LG could be observed at 337 
nm, being characteristic of Trp emission. Ultrasound treatment affected 
the emission spectra of β-LG. Ultrasound decreased the fluorescent in
tensity of β-LG ascribed to protein conformational rearrangement and 
exposure of chromophore groups to solvent, which changed the polarity 
of the environment (Pan et al., 2020). In addition, the intermolecular 
aggregation induced by a combined effect of ultrasonic actions and 
noncovalent binding could decrease the fluorescence intensity of the 
complex. After ultrasound treatment and noncovalent binding, a notable 
red-shifting in the λmax of all samples was observed, indicating that 
flavonoids-interaction and ultrasound modified the polypeptide back
bone of proteins, inducing the microenvironment of Trp residues to 
more polar region and being capable to interact with water molecules 
(Zhang, Lu, et al., 2021). Liu et al. found that the interaction of flavo
noids (epigallocatechin gallate, quercetin, apigenin, naringenin) and 
WPI could significantly reduce the endogenous fluorescence intensity of 

proteins. The most fluorescence quenching ability among these four 
polyphenols on WPI was epigallocatechin gallate, followed by apigenin, 
naringin, and quercetin, which indicated that the structural difference of 
flavonoids can affect the fluorescence quenching ability of flavonoids 
(Liu et al., 2021). The quenching mechanism is described by the Stern- 
Volmer equation:F0

F = 1+ Kqτ0[Q] = 1+ Ksv. Where the F0 and F 
represent the protein fluorescence concentrations before and after the 
addition of the quencher (API, LUT, MY, AGL, LGL, MYR). The symbol 
[Q] indicates the concentration of the added quencher. Ksv denotes the 
Stern-Volmer quenching constant, Kq is the quenching rate constant, 
and τ0 represents the average lifetime of the biomolecule in the absence 
of the quencher. As shown in Table 1, the biomolecular quenching rate 
constant Kq is significantly greater than the maximum diffusive colli
sional quenching constant (2.0 × 1010 M− 1). This indicates that the 
quenching of β-Lg fluorescence by API, LUT, MY, AGL, LGL, and MYR 
occurs through a static quenching mechanism (Zhu et al., 2020).

CD spectroscopy is a sensitive, easy, and fast technology, which is 
commonly used to reveal the variation in the secondary structure of 
proteins. The secondary structural profile of β-LG affected by flavonoids 
binding and ultrasound treatment could be analyzed by CD spectros
copy. As depicted in Fig. 3E and F, the measurement range was from 190 
to 260 nm. The positive and negative peaks at 193 nm and 208–210 nm 

Fig. 2. SEM of different samples before (A to G) and after (UA to UG) ultrasound treatment. (A, UA: β-LG; B, UB: β-LG-API complex; C, UC: β-LG-AGL complex; D, UD: 
β-LG-LUT complex; E, UE: β-LG-LGL complex; F, UF: β-LG-MY complex; G, UG: β-LG-MYR complex).
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correspond to the characteristic of a α-helical structure. The β-sheet 
structure can be detected in the positive peak at 195 nm and the negative 
peak at 215–220 nm (Song et al., 2025). As shown in Table S1, the 
contents of the secondary structures detected in the native β-LG were as 
follows: 12.1 % α-helix, 33.7 % β-sheet, 41.6 % β-turn, and 12.6 % 
random coil. After binding API, AGL, LUT, LGL, MY, and MYR, the 
α-helix contents were decreased to 13.1 %, 17.0 %, 25.0 %, 13.8 %, 13.2 
%, and 12.8 %, respectively. After ultrasound treatment, the α-helix 
contents almost doubled. By a combined effect of ultrasonic actions and 
noncovalent binding, the contents of the β-sheet structure and the 
random coil increase slightly, while the β-turn structure content 
decreased significantly (P < 0.05). The result revealed that the sec
ondary structure modifications of β-LG induced by binding of six fla
vonoids and ultrasound. Zhang et al. demonstrated that pre-sonication 
could induce a greater extent of β-LG structural rearrangement. It was 
beneficial for the hydrophobic stacking interaction between flavonoids 
and β-LG using ultrasound. Because of specific binding locations, the 
formation mode of β-LG was essential for the spatial structure of the 
complex (Zhang, Lu, et al., 2021).

For predicting the lowest state of receptor-ligand molecule in
teractions and the optimal conformation for noncovalent binding be
tween proteins and flavonoids molecules, molecular docking considered 
as a computer-aided technology was used. Considering the schematic 

diagram of molecular docking (Fig. 5), it can be observed that the six 
types of flavonoids primarily interact with the outer surface of β-LG. This 
observation aligns with the findings of Li et al., who reported that 
flavonoid ligands bind to the outer surface of β-LG rather than the 
central calyx (Li et al., 2018). As shown in Fig. 5A, the most favorable 
binding conformation with the most negative score (− 6.5 kcal/mol) of 
API was surrounded by 7 residues. These main residues composed of the 
binding pocket of β-LG. Some hydrophobic residues (e.g. Val-43, Phe- 
105, Leu-39, and Asn-90) constituted the hydrophobic cavity. With a 
negative charge residue Asn-90, API formed two hydrogen bonds by the 
hydroxyl group acting as both hydrogen bond acceptor and donor on the 
B ring (Liang et al., 2023; Shen et al., 2022). We found that LUT bound to 
β-LG amino acid residues (Asn-90, Ala-86, Ile-72, and Ile-71) via 
hydrogen bonds with the most negative score (− 6.0 kcal/mol). More
over, MY also interacted with Asn-88, Asn-90, Glu-89, Ala-86, Val-41, 
and Leu-58 via hydrophobic interactions. These results were in line 
with the reported research hydrophobic forces and hydrogen bonding 
dominated the interactions involved in protein-flavonoid noncovalent 
binding (Liang et al., 2023). After glycosylation reaction, AGL interacted 
with Ile-56, Val-43, Val-92, Phe-105, and Leu-58 by hydrophobic 
interaction with the most negative score (− 7.0 kcal/mol). For LGL, six 
hydrophobic residues (Val-41、Ile-56、Leu-39、Ile-84、Leu-58 and 
Ile-71) played dominant roles in maintaining the conformations of β-LG- 

Fig. 3. Particle size and potential of β-LG and β-LG - flavonoids complexes: (A) particle size of the control group; (B) particle size of the ultrasound group; (C) zeta 
potential of the control group; (D) zeta potential of the ultrasound group.
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LGL complex by the binding interaction with the most negative score 
(− 6.8 kcal/mol). Furthermore, MYR also interacted with Ile-71、Ile-84, 
and Ala-86 by hydrophobic interaction, which could strengthen the van 
der Waals forces between proteins and flavonoids with the most nega
tive score (− 6.8 kcal/mol). Our results demonstrated that hydrophobic 
interactions and hydrogen bonding promoted stabilization of flavonoid 
ligands within the binding cavity of β-LG. In addition, compared with 

the binding affinity constants among these complexes, the binding 
capability of β-LG-AGL was the most.

3.4. Changes in functional properties

The protein structure changes are commonly accompanied by vari
ations in the protein thermal property. The transition temperature (Ts) 

Fig. 4. FTIR, fluorescence spectroscopy, and CD spectroscopy of β-LG and β-LG - flavonoids complexes before (A, C, E) and after (B, D, F) ultrasound treatment. (A, C, 
E: control groups; B, D, F: ultrasound groups).
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and enthalpy change (ΔH) associated with the thermal denaturation of 
β-LG were measured by DSC. Ts and ΔH values reflect the thermal sta
bility and the energy required to unfold the protein (Song, Zeng, et al., 
2024). Protein denaturation is an endothermic process, which mainly 
includes the dissociation of intramolecular bonds such as the breakage 
of noncovalent bond (Sun et al., 2019). As shown in Table 1, the Ts 
values of β-LG and Uβ-LG were 81.4 ◦C and 83.0 ◦C, respectively. This 
may be due to the fact that ultrasound promoted the unfolding of the 
protein structure. The similar research has been demonstrated (Kanakis 
et al., 2011). After the noncovalent binding with flavonoids, the Ts 
values of six complexes all increased significantly (P < 0.05). Further
more, the Ts values further increased after ultrasound treatment. This 
result demonstrated that the physical attachment of flavonoids to the 
protein molecules enhanced the thermal stability. Similar to the change 
in Ts, ΔH values of all samples increased by a combined effect of non
covalent binding and ultrasonic actions. This meant more energies were 
required to unfold the protein structure during the noncovalent inter
action between β-LG and flavonoids. On the other hand, ultrasound may 
cause the protein to fold, forming new intramolecular or intermolecular 
bonds in the protein. The important forces applied to maintain the 
conformation of the protein are the hydrogen bonding, hydrophobic, 
electrostatic, and disulfide interactions. Sun et al. reported that proper 
ultrasound treatment could promote the protein thermal stability 
effectively (Sun et al., 2019).

The surface hydrophobicity is commonly used to reveal variations in 
protein conformation that affect functional properties, which plays a 
crucial role on the interfacial properties of involved proteins. The fluo
rescence intensity of a common fluorescence probe ANS was measured 
from the H0 value to evaluate the effects of ultrasonic actions and 
noncovalent binding on the surface hydrophobicity of β-LG. The fluo
rescence emitted by free ANS in aqueous solution is weak extremely, 
while the quantum yield on binding to the hydrophobic regions on 
proteins increased significantly (Liang et al., 2023; Zhu et al., 2020). As 

shown in Table 1, the H0 value of β-LG decreased after ultrasound 
treatment, which demonstrated that ultrasound could expand the 
molecule structure of proteins and expose more hydrophilic groups to 
the polar environment. By a combined effect of noncovalent binding and 
ultrasonic actions, H0 values of complexes were all decreased. This 
revealed that the hydrophobic solvent accessibility of β-LG decreased, 
which may be due to the blocking of hydrophobic regions on the protein 
surface by ligands by noncovalent binding. Liang et al. suggested that 
another reason for the decrease of protein surface hydrophobicity was 
that the addition of flavonoids induced the protein aggregation (Liang 
et al., 2023). Similar results have been reported (Dai et al., 2022). 
Among six β-LG-flavonoid complexes, H0 values of AGL, LGL, and MYR 
were lower than those of API, LUT, and MY. Because the glucoside bond 
belongs to the hydrophilic group, which can promote the hydration of 
proteins.

ABTS, DPPH, and FRAP assays were used to evaluate the effect of 
flavonoids conjugation and ultrasound on the antioxidant property of 
β-LG. ABTS and DPPH are based on an electron transfer and involves 
reduction of a colored oxidant. It has been found that DPPH and ABTS 
are both nonphysiologically and artificial relevant radicals, which 
meant only direct reactions of the investigated antioxidant compounds 
with the radical were measured (Rumpf et al., 2023). The FRAP assay is 
different from the others as there are no free radicals involved but the 
reduction of ferric iron (Fe3+) to ferrous iron (Fe2+) is monitored. The 
presence of an antioxidant can induce the reduction of iron ions, causing 
the change of color. The advantages of this assay were high precision 
and sensitivity. The three assays both relied on a single electron transfer 
mechanism. The different reaction mechanism reflected different anti
oxidative attributes (Rumpf et al., 2023). As shown in Table 1, the 
ability of β-LG to scavenge DPPH radicals was equivalent to 60.91 μmol 
Trolox/g. After noncovalent binding with flavonoids, the antioxidant 
ability of the complex all increased. After ultrasound treatment, the 
antioxidant ability further enhanced. This revealed that the noncovalent 
interaction between β-LG and flavonoids under ultrasound could form 
more stable complexes, which could scavenge free radicals and ulti
mately terminated the free radical chain reaction. Among six complexes, 
the DPPH scavenging ability of β-LG-MYR was the strongest, which may 
be due to the maximum number of phenolic hydroxyl groups in MYR. It 
has been reported that more hydroxyl groups can promote better elec
tron donating effect of protein – flavonoid complexes (Zhang, Lu, et al., 
2021). The ability of β-LG to scavenge ABTS radicals was equivalent to 
137.03 μmol Trolox/g. The value of β-LG increased to 174.10 μmol 
Trolox/g after ultrasound. This is mainly due to the formation of 
numerous hydroxyl radicals during ultrasound process, which can pro
mote the protein hydroxylation. In addition, ultrasound can also unfold 
the compact spherical structure, change the secondary and tertiary 
structures of proteins (Pan et al., 2023). Compared to three protein- 
flavonoids (β-LG-API, β-LG-LUT, and β-LG-MY) complexes, the ABTS 
scavenging ability of β-LG-AGL, β-LG-LGL, and β-LG-MYR were lower. 
The result revealed that glycosylation would reduce the ABTS scav
enging ability, which was because that the large steric hindrance in the 
glucoside bond reduced the binding of flavonoids to proteins. The result 
of the ferric reducing power was similar to those of DPPH and ABTS 
radical scavenging assays. These results demonstrated all three assays 
were efficient to determine the antioxidant ability of β-LG-flavonoid 
complexes, the antioxidant ability could be improved by a combined 
effect of noncovalent binding and ultrasonic actions, and the correlation 
between the antioxidant ability and the number of phenolic hydroxyl 
groups and the binding amounts of flavonoids.

3.5. Analysis of the potential for LY delivering

In this study, the characterization and physicochemical properties of 
six binary complexes have carried out. Results have demonstrated that 
the thermal stability, surface hydrophilicity, and antioxidant properties 
of three protein-flavonoids (β-LG-API, β-LG-LUT, and β-LG-MY) 

Table 1 
Comparison of thermal stability, surface hydrophobicity, and antioxidant ac
tivity of β-LG bound to flavonoids with or without ultrasound treatment.

Sample TS 

(◦C)
ΔH(J/ 
g)

H0 (slope х 
102)

DPPH ABTS FARP

(μmol Trolox/g sample)

β-LG 81.4 179.9
2362.3 ±
2.17a

60.9 ±
1.10f

160.7 ±
8.92e

6.8 ±
0.87e

β-LG-API 90.0 181.5
1259.2 ±
3.75b

69.3 ±
0.93d

481.9 ±
7.77d

12.4 ±
0.57d

β-LG- 
LUT

85.9 216.5 1230.7 ±
2.27c

78.8 ±
1.26c

518.0 ±
16.05c

34.5 ±
3.77b

β-LG-MY 93.6 192.3 1188.3 ±
7.68d

86.0 ±
0.65a

626.1 ±
8.17a

37.6 ±
3.27ab

β-LG- 
AGL 86.3 183.6

1188.0 ±
2.42d

68.2 ±
0.42e

471.6 ±
5.35d

11.5 ±
2.41de

β-LG- 
LGL

85.0 184.2
1102.0 ±
4.95e

78.8 ±
0.96c

483.0 ±
9.93d

20.8 ±
1.63c

β-LG- 
MYR

91.3 187.7 965.8 ±
6.87f

79.7 ±
0.25b

580.8 ±
10.85b

41.0 ±
3.27a

U-β-LG 83.0 184.3
2259.9 ±
2.69a

67.2 ±
0.72g

174.1 ±
9.44e

9.5 ±
0.75g

U-β-LG- 
API 92.7 193.1

1224.3 ±
1.47b

72.6 ±
0.56e

607.5 ±
12.35cd

19.5 ±
0.94e

U-β-LG- 
LUT

98.9 252.3
992.6 ±
1.00d

89.2 ±
0.64b

623.0 ±
14.15bc

42.4 ±
1.32c

U-β-LG- 
MY

97.3 235.6 977.0 ±
3.95d

91.6 ±
1.18a

652.8 ±
4.72a

52.0 ±
1.30a

U-β-LG- 
AGL 92.4 188.9

1155.6 ±
6.58c

69.4 ±
0.94f

594.2 ±
9.93d

15.6 ±
0.78f

U-β-LG- 
LGL 86.8 191.6

923.5 ±
5.84e

81.5 ±
1.55d

611.7 ±
7.73cd

39.9 ±
1.35d

U-β-LG- 
MYR

91.3 225.7 725.6 ±
8.90f

84.2 ±
0.60c

635.3 ±
6.18ab

46.1 ±
0.22b

Note: different letters in superscript within the same row indicate significant 
differences among samples (p < 0.05).
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complexes were superior. To expand the application of these complexes, 
the characterization and stability for LY delivering were investigated 
systematically. As shown in Fig. S1, β-Lg encapsulated lycopene at a rate 
of 48.17 %. Furthermore, the complex system's encapsulation efficiency 
increased by 15.15 %, reaching 37.59 % when the β-Lg-flavonoid 
complex encapsulated lycopene compared to β-Lg alone. Among them, 
β-Lg-MY exhibited the highest capacity for loading lycopene. This 
enhanced ability may be attributed to the presence of the most phenolic 
hydroxyl groups in MY, which facilitate the formation of hydrogen 
bonds with lycopene. In addition, the phenolic hydroxyl group may 
influence the intermolecular hydrophobic interactions of the complexes, 
thereby enhancing the affinity between the complexes and lycopene. 
This results in a tighter binding of lycopene within the embedding 
system.

In Fig. 6A, the characteristic peak of LY was detected. The sharp band 
at 960.0 cm− 1 is attributed to the absorption of -C-C- of the polyene 

chain of LY (Gu et al., 2023). The characteristic peak of LY was dis
appeared after loaded, which revealed that LY could occupied the helical 
cavity of proteins and protein-flavonoid complexes, the cavity hid the 
characteristic absorption of LY, and the protein-flavonoid-LY complex 
was formed. The XRD result was shown in Fig. 6B. It presented six 
characteristic peaks (2θ = 14.8◦, 16.0◦, 17.2◦, 21.7◦, 24.1◦, and 25.7◦) of 
LY (Gu et al., 2023). The disappeared characteristic peaks further 
demonstrated LY was encapsulated within the helical cavity of proteins 
and the complex. It has been reported that the conformation of β-LG 
commonly changed (e.g. dimer-to-monomer dissociation below pH 3.0, 
and tanford transition above pH 7.0) at different pH levels, which can 
affect the ligand-binding properties (Zhou et al., 2024). As shown in 
Fig. 6C, protein-flavonoid-LY complexes at pH 4 and 6 had lower par
ticle sizes substantially compared to other complexes (P < 0.05), sug
gesting the larger cover of hydrophobic patches by LY. It was found that 
protein aggregation was affected by these hydrophobic patches seriously 

Fig. 5. The binding mode of β-LG - flavonoids complexes based on molecular docking: (A) β-LG-API; (B) β-LG-LUT; (C) β-LG-MY; (D) β-LG-AGL; (E) β-LG-LGL; (F) 
β-LG-MYR. (Note: the left figure was the overall view, and the right figure was the local view. In figures, the yellow stick represents the small molecule, the cyan 
cartoon represents the β- lactoglobulin, the blue line represents the hydrogen bonding, and the gray line represents the hydrophobic interaction). (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Wang et al., 2021). Among all samples, the β-LG-API-LY complex 
showed less variation in particle size, indicating the best pH stability.

After freezing, the particle size of complexes enlarged (Fig. 6D). This 
is mainly because the exchange of LY crystals promoted partial coales
cence of complexes. β-LG loaded with LY after flavonoid modification 
could enhance the freezing stability of the ternary complex. The β-LG- 
API-LY complex showed the best freeze stability. As showed in Fig. 6E, 
the centrifugal stability values (Ke) of the complex decreased signifi
cantly after centrifugation for sample solutions (P < 0.05). The result 
revealed that the binary complex embedded LY had better centrifugal 
stability than the pure protein. The β-LG-LUT-LY complex had the best 
centrifugal stability. As illustrated in the Fig. S2, the retention of 

lycopene under UV light irradiation gradually decreased with increasing 
treatment time. This is because lycopene contains several unsaturated 
double bonds, which makes it sensitive to light. However, the retention 
of lycopene in the complex was significantly higher than that in the 
control group. The retention of LY after 2 h of UV treatment decreased 
by approximately 16 %, while the maximum decrease of the complex 
was only about 8 %. The retention of LY and its complexes after 12 h of 
UV irradiation has nearly reached a minimum level, with little to no 
difference in retention observed in samples treated for 24 h. The highest 
retention of LY was observed in β-Lg-MY-LY. This may be attributed to 
the strong antioxidant activity provided by MY, which effectively 
quenches the free radicals generated by light, thereby preventing the 

Fig. 6. Analysis of the potential for LY delivering. (A) FTIR spectra; (B) XRD spectra; (C) pH stability; (D) freeze stability; (E) centrifuge stability; (F) Release rate.
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oxidation and degradation of lycopene (Wang et al., 2021). After 
digestion, the ternary complex stabilized by protein was destroyed by 
digestive juices. The bio-accessibility of LY was expressed by measuring 
the release rate of LY in the digesta. As depicted in Fig. 6F, the bio- 
accessibility of LY was impacted significantly by modified β-LG with 
API, LUT, and MY conjugate. LY undergoes oral digestion without a 
significant change in the rate of complex release. During the gastric 
digestion phase, the acidic environment, characterized by a low pH and 
pepsin, causes partial denaturation of proteins, resulting in a slight 
release of encapsulated LY into the gastric digestion. In addition, the 
presence of flavonoids may stabilize the structure of the complexes, 
thereby slowing the rate of LY digestion in the stomach. When the 
complexes enter the small intestine, the release of LY is hindered by the 
presence of pancreatic enzymes and bile. This phenomenon occurs 
because trypsin can disrupt the structure of the complex, leading to the 
further release of LY encapsulated within it, thereby enhancing the 
bioaccessibility of LY. The β-LG-API-LY complex had the best bio- 
accessibility, which could be applied for controlled release of LY in 
the food industry.

4. Conclusions

In this study, the potential effect of ultrasound treatment on non
covalent interactions between β-LG and three flavonoids (API, LUT, and 
MY) and their corresponding glycosylated derivatives (AGL, LGL, and 
MYR) was investigated. Results revealed that ultrasound treatment 
promoted reactive groups exposure and structural unfolding of β-LG to 
interact with six flavonoids. By a static quenching mechanism driven by 
hydrophobic interactions, API, LUT, MY, AGL, LGL, and MYR could all 
bind with β-LG via noncovalent interaction. The docking results showed 
that the preferred binding site for these flavonoids was on the outer 
surface of β-LG. The thermal stability, surface hydrophilicity, and anti
oxidant properties of β-LG were significantly improved by noncovalent 
binding with flavonoids and ultrasound treatment (P < 0.05). In addi
tion, the β-LG-API, β-LG-LUT, and β-LG-MY complexes exhibited favor
able potential for delivering LY. The ability of the β-LG-API to deliver LY 
was the best, and it could enhance the freeze stability, centrifuge sta
bility, thermal stability, and pH stability of the system significantly. It 
will be essential to study more comprehensive mechanisms of non
covalent interaction between β-LG and flavonoids, assess the effect of 
ultrasound and noncovalent interaction on the bioactivity, stability and 
bioavailability on β-LG-flavonoid complexes, and design a more prom
ising delivery system for LY based on β-LG- flavonoid complexes in 
future research.
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