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Abstract: Herein, the Maillard reaction between garlic polysaccharides (GPs) and 

casein (CN) was employed to enhance the emulsifying properties of CN. Structural 

characterization confirmed successful covalent conjugation, with a GPs/CN ratio of 1:2 

at 70 °C and a grafting degree of 30.63%. Infrared and fluorescence spectroscopy 

demonstrated alterations in secondary and tertiary structures of CN following 

glycosylation. The introduction of hydroxyl groups increased the solubility of CN by 

89.94%. The formation of C=N bonds and the disruption of crystalline regions further 

contributed to the improved emulsifying ability. Moreover, the emulsion achieved a 

curcumin encapsulation efficiency of 98.11%, with reduced particle size (343.93 nm to 

242.65 nm) and Zeta potential (-38.14 mV to -14.33 mV). In vitro digestion showed 

that the induction of GPs into CN emulsion slowed the release rate of curcumin. This 

highlights the use of functional polysaccharides to modify proteins by Maillard reaction 

and create stable emulsion-based delivery systems. 

Keywords: Garlic polysaccharide; Casein; Maillard; Delivery; Emulsion. 
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1. Introduction 

Naturally sourced proteins are widely employed as emulsifiers, their capacity to 

stabilize emulsions and encapsulate hydrophobic bioactive compounds has rendered 

protein-based emulsions promising vehicles for functional ingredient delivery (Kim et 

al., 2020). Among these, casein (CN) has attracted particular interest due to its unique 

structural and interfacial properties. CN is a linear protein abundantly found in milk, 

and its flexible structure allows it to reduce interfacial tension more effectively than 

widely existing globular proteins, thereby exhibiting exceptional emulsifying capacity 

(Chen et al., 2024). However, its disordered and heat-insensitive structure limits its 

ability to form cohesive and irreversible interfacial films through thermal treatment. 

This structural deficiency results in relatively weak interfacial layers and compromises 

the long-term stability of casein-stabilized emulsions (Ma et al., 2021). 

In recent years, the Maillard reaction has been increasingly applied to improve the 

functional properties of food proteins through conjugation with food-grade 

polysaccharides, without the need for chemical catalysts (Ai et al., 2021). This reaction 

can induce changes in protein structure, such as increased surface hydrophilicity, 

decreased α-helix content, and enhanced disordered (random coil) regions, which 

contribute to improved flexibility and interfacial adsorption. These structural changes 

are closely associated with enhanced emulsifying, foaming, and gelation behaviors (Cai 

et al., 2023). The emulsifying and foaming properties of xylo-oligosaccharides are 

significantly enhanced following their initial reaction with casein to produce Maillard 

products (Li et al., 2024). Furthermore, combining casein with dextrin can facilitate the 

preparation of an emulsion for lutein delivery (Liu et al., 2024). However, current 

studies have mostly focused on simple carbohydrates, and it remains unclear whether 

conjugation with bioactive polysaccharides through the Maillard reaction can yield 

comparable improvements in emulsification and delivery performance. 

Garlic polysaccharide (GPs) is a major bioactive component of garlic with 

recognized antioxidant (Yan et al., 2021), modulates immunity (Wu et al., 2024), 
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anticancer (Kumari et al., 2022), and anti-aging activities (Bo et al., 2021). It possesses 

a (2 → 1)-linked β-D-Fruf backbone with (2 → 6)-linked β-D-Fruf branched chains and 

is resistant to degradation in the acidic environment of the stomach, enabling it to 

protect active compounds and promote their delivery to the intestine (Qiu et al., 2020; 

Qiu et al., 2024). Additionally, GPs possess terminal reducing carbonyl groups and free 

hydroxyl groups, which serve as effective reaction sites in the Maillard reaction. Their 

unique monosaccharide composition, such as the presence of galactose, also contributes 

to enhanced emulsifying properties after conjugation (Yang et al., 2023). It is 

reasonable to hypothesize that GPs participate in the Maillard reaction with CN, thereby 

facilitating the preparation of emulsions and enhancing the stability of casein emulsions, 

and this non-toxic conjugate has the potential to improve the delivery capabilities of 

emulsions. More importantly, their natural origin and multifunctionality align with 

modern consumers’ demand for healthy and natural food products. 

This study aims to investigate the Maillard reaction between GPs and CN to 

examine the effects of structural changes on emulsification properties, and to create a 

stable oil-in-water system with targeted delivery function potential for encapsulating 

lipophilic active substances. First, we prepared GPs-CN conjugates and characterized 

the structural changes of GPs-CN following the Maillard reaction. Subsequently, we 

explored how these structural changes affect emulsion interfacial properties. After 

obtaining a strong and stable emulsion, curcumin (a typical lipophilic active substance) 

was selected as the delivery object to explore the bioaccessibility during in vitro 

digestion. These findings offer novel insights into the enhancement of thermal and pH 

stability in protein emulsions, thereby improving the targeted delivery capabilities of 

multifunctional emulsions for lipophilic active substances. 

2. Material and methods 

2.1. Materials 

The casein powder, which contains four casein subtypes, was isolated from milk 

and purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). 
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Vitamin E (VE, purity ≥ 99.0 %) was purchased from Fuji Oil Co., Ltd. (Osaka, Japan). 

Medium chain triglycerides (MCT, purity ≥ 99.0 %) were purchased from Caiwei 

Biotechnology Co., Ltd. (Jiangsu, China). Curcumin (Cur, purity ≥ 98.0 %) was from 

Shanghai Maikelin Biotechnology Co., Ltd. (Shanghai, China). Fluorescein 

isothiocyanate (FITC, 97 %, F6120) and Nile Red (95 %, N815046) were obtained from 

Macklin. All other chemicals were of analytical grade. 

Garlic polysaccharides (GPs) were prepared from fresh garlic bulbs according to 

our previous study (Bai et al., 2022). The raw garlic is purple-peeled multi-clove garlic 

(purchased from Jinxiang County, Jining, China). The GPs were extracted with hot 

water and purified by removing protein and pectin (Bai et al., 2022). The extract was 

then purified by removing proteins and pectin. The purity of purified GPs was about 

91.23%, and the extraction rate was 63.4%. Details of GPs were shown in Table S1. 

2.2 Preparation of GPs-CN conjugates 

GPs-CN conjugates were prepared via wet-heating according to the method of 

Zhang et al. (2022) and Zhang et al. (2022) with some modifications. GPs and casein 

were separately dissolved in distilled water at a concentration of 20 mg/mL. The 

solutions were then mixed at volume ratios of 6:1, 4:1, 2:1, 1:1, 1:2, 1:4, and 1:6 (v/v, 

GPs:CN), respectively. Each mixture was adjusted to a total solid concentration of 1.0 

wt%, 1.5 wt%, or 2.0 wt%, and transferred into 50 mL centrifuge tubes. The samples 

were then incubated in a water bath at 60 °C, 70 °C, or 80 °C for 150 min to initiate the 

Maillard reaction. All samples were subsequently cooled to room temperature and 

stored at 4 °C for further analysis. 

2.3 Emulsifying properties index 

The emulsification activity index (EAI) and emulsion stability index (ESI) of the 

emulsions were determined according to the previously described method with some 

optimization (Kuang et al., 2023). CN and lyophilized GPs-CN conjugate samples were 

dissolved in UP water, and 35 mL of sample solution (1.0 wt%, 1.5 wt%, and 2.0 wt%) 

was mixed with 15 mL of oil phase. After pre-emulsification for 1 min, a high-pressure 
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homogenizer (SPX APV1000 High-pressure homogenizer, Germany) was used for 

homogenization at 800 Bar for 3 min. After emulsification for 0 and 3 min, the emulsion 

mixture was taken from the bottom of the bottle(50 μL), followed by diluting 100-fold 

with sodium dodecyl sulfate solution (0.1%, w/v). A0 and A3 were measured at a 

wavelength of 500 nm by a microplate reader (Thermo Multiskan GO, Thermo 

Scientific Ltd., USA). The EAI and ESI were calculated using the following Eq. 1 and 

2. 

ESI (%) = 
𝐴0

𝐴0−𝐴3
× 100%       （Eq.1） 

EAI (m2/g) = 
2×2.303×𝐴0×𝑛

𝑐×(1−𝜑)×104
× 10    （Eq.2） 

Where n is the dilution factor, c is the concentration of sample solution (g/mL), φ 

is the oil fraction (v/v), and A0 and A3 are the absorbances of the emulsion at 0 and 3 

min, respectively. 

2.4 Characterization of the GPs-CN conjugates 

2.4.1 Free amino acid determination 

To determine the grafting degree of the Maillard conjugate products, the contents 

of free amino acids were detected by using the OPA (o-phthalaldehyde) method 

according to the previous study (Ajandouz et al., 2001). Firstly, 200 μL of the sample 

was mixed with 4.0 mL OPA solution, followed by the absorbance of the mixture was 

measured at 340 nm by the microplate reader (Thermo Multiskan GO, Thermo 

Scientific). The ultrapure water was a blank control. The degree of grafting (DG) of the 

original CN and the graft was calculated by Eq.3. 

DG (%) = 
𝐴0−𝐴𝑐

𝐴0
× 100      (Eq.3) 

Where A0 is the absorbance of CN, and Ac is the absorbance of the GPs-CN 

conjugate. 

2.4.2 Solubility 

The solubility of the samples was measured using the method described by 

Nooshkam et al. (2022) with slight modifications. Briefly, the samples were first 
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dispersed in water (2.0 mg/mL protein content) at pH 7. The solution was centrifuged 

for 15 min at 7,000 rpm, take the supernatant (1 mL) and Biuret reagent (4 mL) was 

added. The absorbance of the supernatant was measured at 540 nm using a microplate 

reader (Thermo Multiskan GO, Thermo Scientific) after 20 min of reaction. Solubility 

was calculated based on the Eq.4.  

Solubility (%)=
𝐶1

𝐶0
× 100%       (Eq.4) 

Where C1 is the CN concentration in the supernatant, and C0 is the CN 

concentration in the initial sample. 

2.4.3 Fourier transform infrared (FTIR) and Circular dichroism(CD) analysis 

FTIR and CD analyses were performed as previously reported (Wang et al., 2023). 

The freeze-dried GPs-CN was measured by a Thermo Nicolet IS10 FTIR spectrometer 

(Thermo Fisher Scientific Inc., USA) and J-1500 circular dichroism spectrometer 

(JASCO Ltd., Tokyo, Japan). All samples (3.0 mg) were measured using a Thermo 

Nicolet IS10 FTIR spectrometer (Thermo Fisher Scientific Inc., USA), scanned 64 

times in the wavenumber range of 4000 cm−1 to 400 cm−1 at a resolution of 4 

cm−1(Fauziee et al., 2021). The CD analysis was performed using the protocol described 

by Nan et al. (2020). Quartz cuvette was placed in a J-1500 circular dichroite 

spectrometer (JASCO Ltd., Tokyo, Japan). The optical diameter of the sample cell is 1 

cm, the step size is 0.1 nm, the scanning range is 190–250 nm, and the scanning speed 

is 120 nm/min. 

2.4.4 Fluorescence analysis 

Fluorescence spectral changes in individual lyophilized samples were determined 

with a fluorescence spectrophotometer (Lumina, Amarica Thermo Ltd., Waltham, 

USA). The parameters were set according to the previous method (Yin et al., 2023). 

The emission spectrum is 300–500 nm, the excitation and emission slit width were set 

as 5 nm at the voltage of 420 V. 

2.4.5 UV-Vis wavelength scanning 
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The UV-Vis absorption spectrum of the samples was analyzed using the UV-Vis 

full-wavelength scanning method for proteins by Lei et al. (2023), and the absorption 

spectrum from 220 to 400 nm was measured using a UV-2450 spectrophotometer 

(Shimadzu Ltd, Kunshan, China). 

2.4.6 X-ray diffraction (XRD) analysis 

XRD analysis was employed to investigate the crystalline structure, with 

modifications made based on a previously reported method (Wang et al., 2023). The 

parameters were evaluated using an XRD ray diffractometer (D8-Advance, German 

Bruker Ltd., Germany) at 40 kV and 40 mA in reflection mode. According to the test 

results, the scanning was carried out between 5° and 90° (2θ), with a step size of 0.02° 

and a scanning speed of 30°/min. 

2.4.7 Three-phase contact angle test 

A contact angle meter (DSA100S, KRÜSS, Germany) was used to determine the 

three-phase contact angle of samples as reported (Wang et al., 2023). The treated 

sample was placed in a corn oil glass tank purified by Florisi adsorbent and put on the 

stage. Ultrapure water was dripped onto the sample disc using a high-precision syringe. 

After stabilization for 30 s, the surface morphology of the disc was photographed with 

a high-speed camera. The Laplace-YOUNG equation was used to simulate the imaging 

droplet profile to obtain the hydrophilic oil state of the sample. 

2.5 Preparation of GC emulsion 

The emulsion was prepared following the modified method of Xu et al. (2017) 

with slight modifications. Initially, a casein-based water phase and water phase 

containing GPs-CN conjugates were prepared at concentrations of 1.0 wt%, 1.5 wt%, 

and 2.0 wt%. The oil phase was composed of a medium-chain triglyceride (MCT) and 

vitamin E (VE) mixture in a 1:1 (v/v) ratio. The water phase and oil phase were then 

mixed at a 3:7 (v/v) ratio, and pre-emulsified using a magnetic stirrer for 10 min. The 

resulting mixture was homogenized using a high-pressure homogenizer (SPX 

APV1000, Germany) at 800 Bar for 3 min to achieve uniform particle size distribution. 
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To prevent microbial growth, sodium azide (NaN₃) solution was added to the emulsion 

at a concentration of 0.02% (w/w). 

2.6 TEM and CLSM analyses 

The microscopic observation methods of the samples were all based on the 

methods of previous studies, and the details were fine-tuned according to the field of 

view during the observation process (Wang et al., 2023). The morphology of the 

emulsion was characterized by a Transmission Electron Microscope (TEM) (Hitachi 

HT7800, Tokyo Ltd, Japan). All samples were diluted 100-fold with ultrapure water, 

followed by 10 μL of diluted emulsion was dropped onto a copper grid with a formvar 

membrane. After drying, the samples were observed at an accelerating voltage of 80.0 

kV. 

Confocal laser scanning microscopy (CLSM) was used to reveal the interfacial 

structure of the emulsion droplets. The emulsions were inspected with a confocal laser 

scanning microscope (LSM 880, Carl Zeiss, Gottingen, Germany). Nile Red (1.0 

mg/mL) and FITC (1.0 mg/mL) were used to stain the oil phase and aqueous phase of 

the emulsion. Nile red was excited at a wavelength of 488 nm and emits fluorescence 

in the 570–600 nm range, while FITC is also excited at 488 nm but emits at a 

wavelength of 525 nm. 

2.7 Rheological properties  

The rheological behavior of the emulsions was tested according to the method of 

Spotti et al. (2019) using a modular compact rheometer (MCR102, Anton Paar GmbH, 

Austria). A plate with a diameter of 40 mm was used and the sample gap was set to 

1,000 µm. First, a dynamic scanning test was performed, and a strain scanning test with 

a frequency of 1 Hz was performed, and the strain range was from 0.1% to 100%. This 

is followed by a steady-state shear scan to measure the shear viscosity at different shear 

rates, ranging from 1 to 100 s−1. All the above measurements were carried out at 25 °C. 

Finally, the storage modulus (G′) and loss modulus (G′′) of the sample were recorded 
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in the heating rate range of 25 to 90°C to test the rheological properties of the emulsion 

during the thermal change process. 

2.8 Low-field nuclear magnetic resonance (LF-NMR) analysis 

T2 relaxation time was measured by LF-NMR spectrometry according to the 

method by Zhao et al. (2023). The main frequency was 21 MHz, the RF delay was 0.002 

ms, and the echo time was 0.4 ms with a LF-NMR Analyzer Benchtop NMR 

MicroMR02-025V (Niumag Co., Jiangsu, China). In a predetermined 100,000 echoes, 

a multi-exponential fitting curve is applied to fit the attenuation curve. The Carr-

Purcell-Meiboom-Gill (CPMG) pulse sequence was utilized. D2O was used instead of 

water in the emulsion for deprotonation. 

2.9 Preparation of emulsions for delivery of curcumin 

Following the method described by Xu et al. (2017) with slight modifications, 

curcumin was first completely dissolved in absolute ethanol to prepare a stock solution 

at a concentration of 10.0 mg/mL. An appropriate volume of the curcumin-ethanol 

solution was then added dropwise into the aqueous phase containing GPs and CN, with 

a maintained GPs:CN mass ratio of 1:2 (w/w), under continuous stirring to ensure 

homogeneity. The aqueous phase was subsequently mixed with the oil phase at a water-

to-oil ratio of 1:4 (v/v) to form a pre-emulsion. The emulsion was then subjected to 

high-pressure homogenization under the conditions described in Section 2.5. 

2.9.1 Determination of encapsulation ability 

The maximum encapsulation efficiency (LE) and drug loading capacity (LC) of 

curcumin were determined using the centrifugation method (Yang et al., 2020; Sun et 

al., 2024). The emulsion sample was centrifuged at 8000 × g for 10 min to remove 

unencapsulated insoluble curcumin, and the supernatant was diluted in absolute ethanol. 

The absorbance of the sample was then measured using a UV-Vis spectrophotometer 

at a wavelength of 420 nm. The curcumin content in the emulsion was calculated based 

on the LE and LC of the emulsion using Eq.5 and Eq.6. 

LE（%）=
𝑀𝐶𝐿

𝑀𝐶
× 100%      (Eq.5) 
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LC（%）=
𝑀𝐶𝐿

𝑀𝑇𝑀
× 100%      (Eq.6) 

Where MCL was the mass of curcumin loaded in the emulsion; MC was the initial 

mass of curcumin in the system; and MTM was the total mass of curcumin nanoemulsion 

(Cur, GPs and CN). 

2.9.2 Effects of temperature and pH value on rheological properties of emulsions 

The constant strain was 0.05% (a condition obtained by previous static 

viscoelasticity tests) and was tested according to previous studies (Shen et al., 2017). 

The apparent viscosity (η) of the emulsion should be measured in the shear rate range 

of 0.1 to 1000 s−1. 

2.9.3 Size and Potential (PDI) characteristics of emulsion 

The size, PDI, and zeta potential of all samples were determined by a Zetasizer 

Nano-ZS90 (Malvern Instruments, Worcestershire Ltd, UK). To ensure data 

consistency, all samples were diluted 100-fold with ultrapure (UP) water and 

equilibrated at 25 °C for 2 min. 

2.9.4 Stability verification of curcumin emulsions  

The stability of emulsions was tested with the Turbiscan LAB (Microtrac MRB, 

Verder Scientific Ltd, France). The sample was transferred into a small 5.5 mL sample 

cell, followed by measurement at 25 °C for 10 h (Yang et.al, 2021). 

2.9.5 In vitro simulation of bioaccessibility 

A modified version of a previously reported method was used to measure the in 

vitro release of curcumin from emulsions (Li et al., 2024). An environment simulating 

gastrointestinal digestion in vitro was prepared. Pepsin (30 mg, 2000 U/mL) was 

dissolved in 10 mL of saline, and the pH was adjusted to 1.2 to obtain simulated gastric 

fluid (SGF). Simulated intestinal fluid (SIF) and simulated colon fluid (SCF) were 

prepared by dissolving 100 mg of porcine bile salts, β-glycanase(50 U/mL), and trypsin 

(30 mg, 100 U/mL) in 10 mL of phosphate buffer, adjusting the pH to 6.8 and 7.4 with 

7.0 M NaOH, respectively. The simulated digestion process involved dispersing the 

curcumin-encapsulated emulsion in simulated gastric juice, stirring at 37°C. Samples 
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were collected per hour, and curcumin content in the supernatant was determined after 

centrifugation (4,000 ×g, 15 min). After 3 h, an equal volume of simulated intestinal 

fluid was added to the digestive juice and stirred. Samples were collected per hour and 

centrifuged for measurement. Finally, the mixture was digested in simulated colon fluid 

and stirred for 6 h, and Cur content was measured per hour. 

2.10 Statistical analysis 

All experimental results were determined in triplicate and expressed a mean ± 

standard deviation (SD). One-way ANOVA and Duncan’s comparison tests were used 

for statistical analysis using SPSS statistical software at p < 0.05. 

3. Results and discussion 

3.1 Specific structure and characteristics of GPs-CN 

3.1.1 Emulsification Indicators of GPs-CN 

The EAI and ESI were measured at different temperatures (60–80 °C) and 

different pH values (pH 7 and pH 4), and the GPs:CN ratio (6:1, 4:1, 2:1, 1:1, 1:2, 1:4, 

1:6, v/v) (Fig. 1(A, B, D, E) and Fig. S1). The ESI and EAI can be used for reflecting 

the emulsification properties of emulsions (Zhang et al., 2022). The ESI and EAI of 

glycated protein increased at 60 °C and 70 °C, and there was a significant difference (P 

< 0.05) (Fig. S1 A~D). In addition, the ESI variation range at 80 °C was unstable in the 

range of 3.37–9.83 m2/g (Fig. S1 E~H), further glycation reduces the surface 

hydrophobicity of SPI, disrupts the balance between its hydrophilic and hydrophobic 

properties, and impairs its interfacial adsorption ability, ultimately leading to a decrease 

in emulsification efficiency (Cui et al., 2023). Therefore, in the subsequent emulsion 

preparation study, the glycosylation reaction was stably controlled at 70 °C. 

As shown in Fig.1D and E, the ESI and EAI indices of GPs-CN conjugates were 

significantly improved compared with CN (p < 0.05). The ESI and EAI were increased 

by 8.1% and 6.2 m2/g at a GPs:CN ratio of 1:2 (v/v) at pH 7, and positively increased 

with the increasing GPs concentration. In addition, the ESI and EAI values of the 

emulsions were prepared by different glycosylation concentrations (1.0 wt% to 2.0 wt% 
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of the water phase) were significantly different (p < 0.05), which showed that GPs may 

co-adsorb with GPs-CN at the oil-water interface, improving the uniformity and 

strength of the interfacial layer. The appropriate concentration of conjugates as a 

surfactant was uniformly distributed on the oil-water interface, reducing the surface 

tension and improving the emulsification potential. Hydrophilic polysaccharides can 

increase the thickness and flexibility of the oil-water interfacial film, thereby improving 

emulsion stability (Etale et al., 2023). Therefore, the addition of 1.5 wt% GPs-CN 

results in the formation of conjugates with strong emulsifying properties at pH 7. 

3.1.2 Detection of grafting degree(DG) 

Table 1 Grafting and solubility of glycosylates under different conditions 

Sample DG (%) Solubility (%) 

CN 0 - 

GPs:CN ( 6:1 )  10.26±1.02* 78.94±2.19** 

GPs:CN ( 4∶1 )  11.74±1.34* 76.33±1.88** 

GPs:CN ( 2∶1)  13.26±1.29* 87.29±1.59** 

GPs:CN ( 1∶1 ) 26.68±2.10** 88.83±2.08** 

GPs:CN ( 1∶2 ) 30.63±1.22** 89.94±1.90** 

GPs:CN ( 1∶4 ) 28.36±1.35** 76.43±2.26** 

GPs:CN ( 1∶6 ) 26.74±1.29** 71.44±1.78** 

- means extremely poor solubility, causing deviation in the measurement of grafting degree. Compared with CN at 

a significant level *p < 0.05; **p < 0.01 

The GPs and CN were used to produce different grafting degrees at pH = 7. As 

shown in Table 1, the grafting degree was the minimum of 10.26 ± 1.02% at a GPs:CN 

ratio of 6:1, and the solubility of the graft was significantly improved (p < 0.01) 

compared with the solubility of the original casein, indicating that glycated 

modification by Maillard effectively improved the solubility of CN. With the increase 

of the CN ratio, the DG of the conjugate was gradually increased until 30.63 ± 1.22% 

at a GPs:CN ratio of 1∶2, and the solubility was significantly improved (p < 0.01), which 
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was about 10% higher than CN. This result was caused by the different solubility of the 

conjugates, and other properties of the material may also be affected (Yao et al., 2023). 

It was noticed that the solubility of the graft was 76.43 ± 2.26% and 71.44 ± 1.78% at 

a GPs:CN ratio of 1∶4 and 1:6, they were not increased with the grafting degree. This 

may be due to the excessive interaction between polysaccharides and casein, which 

inhibits the dissociation of protein micelles (Ding et al., 2021).  

3.1.3 FT-IR spectroscopy 

Fig. 1 ESI and EAI of the GPs∶CN ratios ranged at pH 7(A, B), pH 4.6(D, E) at 70 °C; 

FT-IR(C), Fluorescence(F) of the GPs∶CN = 6:1, 4:1, 2:1, 1:1, 1:2, 1:4, 1:6 

FT-IR is effective in detecting the interaction between proteins and 

polysaccharides at the molecular level after the Maillard reaction (Liu et al., 2024). As 

shown in Fig. 1C, it can be seen that the biggest difference between the conjugate and 

CN was in the amide I (1600–1700 cm−1) and II amide (1500–1600 cm−1). The bands 

at 1669 and 1560 cm−1 correspond to amide I and amide II of CN, respectively. 

Compared with the CN, the amide II band of each GPs-CN conjugate showed a higher 

intensity absorption peak, this change may be due to the appearance of new functional 

groups caused by the Maillard reaction, such as the C=N of Schiff base, the C=O of 

Amadori product and the C–N functional group of Heyns (Qu et al., 2021). The covalent 

bonds of these amino and carbonyl groups enable GPs-CN conjugates to adsorb at the 

oil-water interface to form a compact and thick film, thus affecting the emulsification 

ability of glycosylated products. 

In addition, the absorption of GPs-CN conjugate in the 1050-950 cm−1 region was 

stronger than that of CN, which corresponds to the side chain vibration of the protein 

(Chang & Tanaka, 2002). The GPs-CN conjugate peaks at 1079 cm−1 and 3338 cm−1 

showed more significant enhancement than those of the CN conjugate peaks. The 

increased absorption intensity in the wavelength range of 1000–1260 and 3000–3700 

cm−1 is due to C–O and O–H stretching vibrations, which proves the formation of 

Maillard reaction products in proteins and polysaccharides (Liu et al., 2024), and the 
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introduction of –OH groups also increase the hydrophilicity of CN, thereby improving 

the emulsification properties. In addition, the C–H peak at 2970 cm⁻¹ was also enhanced, 

which helped to improve the interfacial adsorption capacity of GPs-CN (Saw et al., 

2023). 

3.1.4 Fluorescence analysis 

As can be seen in Fig. 1F, the fluorescence signal of casein was the most obvious, 

and the fluorescence intensity of the grafted products was reduced compared with 

casein. Tryptophan can often be used as an endogenous fluorescent probe in Casein. 

The fluorescence signal of tryptophan can be effectively blocked by the occurrence of 

glycosylation reaction (Verma et al., 2023). It was worth noting that when the GPs:CN 

ratio was 1:2, 1:4, 1:6, 1:1, 2:1, 4:1 and 6:1, the DG values of the grafted products 

decreased stepwise. As the concentration of CN increases, the Maillard reaction 

gradually becomes stronger until the ratio of GPs to CN reaches 1:2. There may be a 

steric hindrance effect, which makes the Maillard reaction no longer violent (Yan et al., 

2022). As the degree of grafting increases, the maximum fluorescence intensity 

gradually decreases (Fig. S3), indicating that the maximum fluorescence intensity was 

linearly related to the degree of grafting. When GPs were grafted on CN, the 

fluorescence signal of tryptophan on CN was shielded and the fluorescence intensity 

was reduced. 

3.1.5 UV absorption spectral variability 

As shown in Fig. S2B, after the initial Maillard reaction between polysaccharides 

and proteins, the characteristic peaks of the UV band were possessed by the products 

of specific Schiff base secondary structures, which caused the UV characteristic peaks 

of proteins to be red-shifted (Jiang et al., 2023). When the ratio of GPs:CN changed and 

different degrees of grafts were generated, the UV absorbance of these grafts changed 

to different degrees, and they all showed characteristic broad peaks. The changes in the 

number of representative groups such as amino and carbonyl groups in different grafts 

cause changes in the intensity of the UV absorption peak. When the maximum 
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absorption value of the broad peak at a GPs:CN ratio of 1:2 was shifted from the 281 

nm red shift of the broad peak at CN to the 292 nm, which was similar peak properties 

to Dong et al. (2019) in the preparation of emulsions from Maillard products of flaxseed 

gum and whey protein isolate, and these structural changes were covalent additions, 

which may affect the self-associative properties of casein micelles and thus their 

emulsifying properties. 

3.1.6 CD analysis 

Circular dichroism spectrometry analysis further elucidated the extent of changes 

in the secondary structure of glycosylation products (Fig. S2 A). A prominent negative 

peak is observed in the range of 200–210 nm, with the characteristic peak at 208 nm 

corresponding to α-helix, while the peak at 200 nm represents disordered coil; notably, 

these two peaks exhibit overlapping characteristics. Beyond a wavelength of 206 nm, 

the peak bands of all GPs-CN conjugates begin to shift towards the positive peak 

direction, which is attributed to the characteristic peak band of the β-chain (Hohmann 

et al., 2023). This observation indicates that all conjugates contain numerous β-turns 

and random coils. 

We used DichroWeb software to analyze the relative percentage content of each 

secondary structure of the samples. As shown in Table S2, the GPs-CN conjugates 

were dominated by the β-Strand structure, followed by β-Turns and α-Helix structures. 

In addition, under a mass ratio of 1:2, the structural ratio in GPs-CN changed 

significantly (p < 0.05) compared to CN. In comparison to the original CN, the β-strand 

was reduced by 3.84%, while the β-turns measured 12.10 ± 0.05%. The reduction of 

the β- strand and β- turns may decrease the precipitation or micronization of aggregates, 

thereby enhancing the effective concentration of the emulsifier (Zhao et al., 2024). The 

disordered configuration ratio significantly increased (p < 0.05) by 37.79 ± 0.27%, 

indicating that the Maillard reaction between CN and GPs was optimal at a GPs:CN 

ratio of 1:2. Similar changes were observed in the preparation of whey protein and 

xylose grafts (Shang et al., 2020). The elevated proportion of disordered regions 
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enhances the molecular flexibility and hydrophilicity of the conjugates, enabling them 

to rapidly adsorb to the oil–water interface. This facilitates the formation of a dense 

interfacial layer, improving emulsification efficiency and enhancing the physical 

stability of the emulsion system (Zhang et al., 2022). 

3.1.7 XRD analysis 

Fig. 2 XRD of the GPs∶CN ratios ranged from different samples 

The XRD analysis of CN and GPs-CN was shown in Fig. 2. As can be seen from 

Fig. 2, the strong peaks of all glycosylation products at 20 ° shifted to the left to varying 

degrees, and the original sharp peak of CN at 8 ° disappeared, indicating that C=N and 

C=O bonds formed between the CN and GPs caused changes in the secondary structure, 

leading to the transformation of the original α-helix and β-sheet structures into random 

coils, thereby weakening the crystal structure to varying degrees. A broad diffraction 

peak appeared when the GPs:CN ratio was 1:2, and there was also a broad diffraction 

peak at 2θ=30 °–40 °, which was a manifestation of reduced crystallinity. The flexible 

interfacial film of low-crystallinity emulsifiers can effectively inhibit the aggregation 

of emulsion droplets in the emulsion and enhance the long-term stability of the 

emulsion (Song et al., 2024). The crystal structure of CN can be altered by the Maillard 

reaction with GPs. This weakening of the crystal structure may be necessary to optimize 

the interfacial behavior of CN. 

3.1.8 Hydrophilic and lipophilic nature of the GPs-CN conjugates 

Fig. 3 Contact angle the CN(A) and at the GPs∶CN ratios of 6∶1(B), 4:1(C), 2:1(D), 

1:1(E), 1:2(F), 1:4(G), 1:6(H) at pH 7 

The amphiphilicity of the emulsifier is closely related to the radius of the particles, 

oil-water interfacial tension, three-phase contact angle, the type and concentration of 

counterions, and temperature (Aronson et al., 1980; Rezvani et al. 2024). As shown in 

Fig. 3 (A, B, C, D), the contact angles when the GPs∶CN ratios were 6:1, 4:1, and 2:1 

were 57.19 °, 69.35 °, and 76.67 °, respectively. As the proportion of CN in the GPs-

CN conjugates was increased, the contact angle was increased. Compared with CN, the 
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contact angle was increased by 31.5 °at the GPs:CN ratio of 1:2(Fig. 3F). The reason 

for the increase was that the contact angle was in the range of 0–90 °, the material had 

strong hydrophilicity, a little energy was required by the particles to cross the interface 

into the water phase, most of the surface area of the particles was dispersed in the water 

phase, and it was easy to form an oil-in-water system (Meng et al., 2023). When the 

mass ratio of GP to CN was 1:1 and 1:4, the contact angle was 90.89 ° and 100.83 °(Fig. 

3E&G). The sample had good lipophilicity when the contact angle was > 90°, and the 

closer the contact angle was to 180 °, the water-in-oil system was easily formed 

(Gowthami et al., 2023; Li et al., 2024). Especially, the contact angle of the GPs-CN 

conjugates was 100.12 ° at the ratio GPs:CN was 1:6 (Fig. 3H), indicating the complex 

exhibited good lipophilicity. In general, the GPs-CN conjugates had good 

emulsification properties and controllability compared with CN. 

3.2 The PDI and particle size of emulsions 

Different conjugates have different effects on the aggregation of droplets (Kuang 

et al., 2023). As shown in Fig. 6A, when the GPs-CN conjugates were distributed on 

the water surface as a droplet stabilizer, the Zeta potential of the emulsion was fixed at 

the oil phase fraction, and the size of the generated oil droplets changed with the 

emulsification properties of the conjugate. The hydrophilicity of proteins can be 

enhanced due to the increased degree of glycosylation, and the hydrophilic groups of 

polysaccharides are introduced (Wu et al., 2020). The absolute value of the Zeta 

potential of the G1C2 emulsion was significantly increased (p < 0.05) compared with 

the casein-stabilized emulsion, reaching a maximum value of 39.85 ± 1.20 mV. At this 

time, the outside of the emulsion droplets was covered with negative charges, and there 

was a huge repulsion between the droplets. Fig. 6B showed that although the 

glycosylation effect in the G6C1 emulsion was not significantly exerted, it also had a 

significantly (p < 0.05) smaller particle size (261.7 ± 0.4 nm). This may be because the 

oil droplets were stabilized in the excessively high concentration of GPs water phase. 

The average particle size of the G1C2 emulsion had correspondingly reached a 
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minimum value of 240.4 ± 1.4 nm, indicating that the displacement force of the 

emulsion droplets was the strongest at this time, and the G1C2 emulsion can be used as 

a stable emulsion. 

3.3 TEM analysis 

Fig. 4. TEM image of CN emulsion(A), G6C1 emulsion(B), G4C1 emulsion(C), G2C1 

emulsion(D), G1C1 emulsion(E), G1C2 emulsion(F), G1C4 emulsion(G) and G1C6 

emulsion(H) 

The morphology and size of individual latex particles can be observed by TEM. 

The droplets of latex in water were spherical with a light outer shell (Li et al, 2021). As 

shown in Fig. 4, the latex particles produced by different grafting were presented in the 

TEM images. The droplets with diameters of 580.88 nm, 683.82 nm, 580.90 nm, 518.38 

nm, 893.38 nm, 485.29 nm, 580.88 nm, 606.61 nm were captured by CN, G6C1, G4C1, 

G2C1, G1C1, G1C2, G1C4 and G1C6 emulsion, respectively. The total particle size of 

all O/W emulsions was the smallest at 485.29 nm, and the shell thickness was 91.91 nm 

at a GPs:CN ratio of 1:2, the particle size of the emulsion formed by a single CN was 

580.88 nm, while the shell of the G1C2 emulsion was thinner than the CN emulsion, 

accounting for only 18.93% of the total particle size of the oil droplet. Therefore, the 

TEM image results of the oil droplets were similar to the results of the particle size 

analysis. 

3.4 Emulsion rheological characteristics 

Fig. 5 (A) Changes in the storage modulus during heating from 25°C–90 °C; (B) The 

Compound viscosity in different temperatures; (C) LF-NMR for emulsions; (D) The 

energy Loss modulus during heating from 25°C–90°C; (E) Apparent viscosity and 

stress as a function of shear rate for emulsions; (F) Details in LF-NMR for emulsions  

As shown in Fig. 5A, the G′ value of each grafted emulsion was increased as the 

temperature was increased. The reason for the increase was that the oil droplets in each 

emulsion accelerated. Generally speaking, heat treatment conditions often lead to 

protein denaturation and aggregation, such as decomposition and folding, which affects 
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the emulsification effect of protein emulsifiers in stable emulsions (Farjami et al., 2021). 

The thermal stability of the emulsion was prepared by GPs grafted CN was higher than 

the CN emulsion, and the proportion of polysaccharides in glycosylation was 

concentration-dependent. In Fig. 5D, the Gʺ value of all emulsions was significantly 

increased by glycosylation, similar to the change of the G′ value. The inflection points 

of temperature were statistically shown in Fig. S4. The inflection point of the G1C2 

emulsion was 89.25 °C, and the CN emulsion was 75.22 °C. This change showed that 

the loss modulus of the emulsion was increased with increasing temperature. This may 

be because the non-polar groups wrap around the protein by Maillard reaction, to 

prevent changes in protein thermal (Lu et al., 2024). Generally, the thermal sensitivity 

of the G1C2 emulsion was the most obviously reduced, and the emulsion had superior 

damping performance. 

As shown in Fig. 5B, the hot melt properties of the emulsion reflected on the 

increasing composite viscosity of the emulsion as the temperature gradually. 

Solubilizers were often used in hot melt emulsions to disperse and transport active 

substances with high thermal efficiency and poor solubility, such as flavonoids, which 

can be improved the water solubility and utilization rate (Dadwal et al., 2023). The 

melting curve of the G1C2 emulsion was raised slowly, and the G1C2 emulsion had 

good thermal stability. We further explored the shear viscosity/shear stress of emulsions 

of shear rate was shown in Fig.5E.With the Shear rate was increased, emulsions 

exhibited similar flow curves with the shear viscosity in the range of 0–10 mPa.s. While 

the difference in Shear stress could be redounded to the emulsion properties (Yang et 

al., 2021) 

3.5 Low-field nuclear magnetic resonance (LF-NMR) analysis 

LF-NMR analysis can provide insights into the behavior of the water and oil 

phases in a flowing state, while also confirming that the emulsion remains intact (Wang 

et al., 2022). As shown in Fig. 5C and Fig. 5F, the G1C2 emulsion was significantly 

differed from the other emulsions. The relaxation time curve has four peaks, of which 
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two peaks are in the T21 value. The peaks in the T21 range indicate that the water phase 

in the G1C2 emulsion sample was bound with a strong binding force. While three peaks 

except for the G1C2 emulsion were shown by the relaxation time curves of all 

emulsions. T21 (about 0.1–10 ms) was the region where the bound water signal peak 

was detected, T22 needs to be observed for the changes in the LF-NMR signal curve 

within the range of about 10–100 ms, the migration level of nonflowing water indicated 

the range, and T23 was repressed the migration of free water within the range of 100–

1000 ms. These emulsions were complex systems with high viscosity, the high content 

of hydrophobic groups allows the macromolecules to cross-link to form a dense 

network, and the oil droplets move slowly, thereby achieving rapid diffusion and 

adsorption at the oil-water interface, forming a stable interface layer (Ribeiro et al., 

2012; Lin et al., 2023). In summary, the T21 of different graft emulsions was decreased 

to varying degrees compared with the CN emulsion. This decrease was due to the 

change in protein structure caused by glycosylation, which led to changes in protein 

hydrophilicity. The unstable properties of casein raw emulsion were changed by the 

glycosylation reaction caused by adding polysaccharides. 

3.6 Delivery of curcumin using stable G1C2 emulsion 

In recent years, due to the high hydrophobicity of curcumin, relevant studies on its 

delivery using O/W emulsions have emerged. The encapsulation and release behavior 

of curcumin largely depend on the physicochemical properties of the carrier system 

(e.g., droplet size, interfacial composition, and pH value), making it an effective probe 

for evaluating the performance of emulsion formulations (Kara et al., 2024). Curcumin 

(Cur) was dissolved in MCT + VE containing 10% ethanol (v/v) to increase the 

solubility of Cur in the oil phase (Salehi, 2014). We used an optimized G1C2 emulsion 

as a loading and delivery system and compared the drug loading and encapsulation rates 

with the casein-based emulsions. The CLSM images of the G1C2@C and CN@C 

emulsions were shown in Fig. S5. Both emulsions exhibited a well-defined capsule 

shell structure, with the water phase outside the shell and the oil phase inside. This 
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structure was consistent with findings from Wang et al. (2023). The droplet size of the 

G1C2@C emulsion was more uniform compared to that of the CN@C emulsion. 

3.6.1 Delivery rate of encapsulated curcumin 

Fig.6 Average particle size and PDI (A), and zeta potential (B) of CN and GPs-CN 

conjugates; Drug LC (C) and LE (D) at Different addition amounts of curcumin 

emulsion; Particle size potential and zeta potential of CN@Cur emulsion and 

G1C2@Cur emulsion at different temperatures (E) and pH (F). Different letters mean 

values showed significant differences (p < 0.05). 

As shown in Fig. 6 (C, D), both the drug loading rate and the encapsulation rate 

were changed with the addition of Cur. The LE of G1C2@Cur emulsion was 

significantly higher than CN@Cur, with LE of 98.11 ± 0.74% and LC of 43.97 ± 0.45%. 

Compared with the optimal LE (95.93 ± 0.5%) of CN@Cur emulsion, the LE of 

G1C2@Cur emulsion is improved by 2.17%. In addition, with the addition of Cur, the 

LE was not increased significantly (p > 0.05), and the LE was optimal at 10% (w/w), 

which may be related to the solubility of Cur in the oil phase. Therefore, CN@Cur 

emulsion and G1C2@Cur emulsion with an additional amount of 10% were used as the 

objects of subsequent research. 

3.6.2 Thermal stability of curcumin emulsions 

Emulsions were thermodynamically unstable systems and must be stabilized by 

surfactants. As shown in Fig. 6E, as the temperature increased, the particle size of the 

CN@Cur emulsion was increased continuously and showed a linear upward trend. The 

reason for the increase in particle size was that the Collision velocity between the 

casein-based emulsion droplets in the CN@Cur emulsion was changed from 30°C to 

80 °C. With the increase in temperature, droplet aggregation occurs to varying degrees. 

The particle size of the G1C2@Cur emulsion did not be changed significantly (p > 0.05) 

within the tested temperature range, and the particle size ranged from 217.1 ± 0.3 nm 

to 238.9 ± 0.3 nm, but the particle size of the emulsion gradually decreased at > 60 °C, 

which was opposite to the original CN@Cur emulsion. Similar results were also found 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

in the previous study of Mo et al. (2022). This result indicated that the CN structure 

was changed, which may be led by the glycosylation reaction of GPs and CN. When 

the polysaccharide chains were contained in the appropriate proportion were fully 

extended in the aqueous phase, and the high-speed moving droplets at high 

temperatures were protected by the thick micelle shell formed, which the 

thermodynamic properties of the protein can be stabilized (Li et al., 2022). 

As shown in Fig. 7A, a decreasing trend was presented with the increase in shear 

rate, which was an inevitable characteristic of non-Newtonian fluids (Li et al., 2022). 

In the range of 30–80 °C, the apparent viscosity of G1C2@Cur emulsion was higher 

than that of CN@Cur emulsion. This high viscosity increased the stability of the 

emulsion system, which corresponded to the particle size and surface charge 

determination of the samples. 

3.6.3 pH stability of curcumin emulsions 

The Zeta potential of CN@Cur emulsion and G1C2@Cur emulsion were 

decreased with the increase of system pH (Fig. 6F). The negative charge on the surface 

of all emulsion droplets was overloaded from pH > 4, and the Zeta potential of the entire 

emulsion system was negative. Moreover, the electronegativity of G1C2@Cur 

emulsion has electronegativity at the isoelectric point of casein, indicating that the 

adsorption properties of the original casein micelles were changed by glycosides to the 

environmental charge, thereby isoelectric point was changed, which was similar to the 

properties of the Maillard reaction products of whey protein and dextrin (Pan et al., 

2019). In addition, a trend of gradually increasing particle size was presented with 

increasing pH, and the particle size of CN@Cur emulsion and G1C2@Cur emulsion 

gradually stabilized when pH > 5, indicating that these two curcumin emulsions may 

be in a relatively stable O/W emulsified droplet state under weakly acidic and alkaline 

conditions. 

Fig. 7C showed the morphology of CN@Cur emulsion (C(a)) and G1C2@Cur 

emulsion (C(b)) under different pH conditions. CN@Cur emulsion produces floccules 
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at pH 4 and 5, while G1C2@Cur emulsion was unstable only at pH 4. As shown in Fig. 

7B, the rheological properties of different emulsion samples were in the pH 2–9. The 

viscosity of the emulsion continuous phase and the adsorption of polymers at the oil-

water interface were the keys to stabilizing the oil-in-water system. When the pH of the 

emulsion was lower than the pI of CN(pH = 2–4), due to the deprotonation of G1C2, 

the G1C2@Cur emulsion exhibited high viscosity behavior, and the degree of 

flocculation was increased. Similar to previous studies on xanthan gum-whey protein 

emulsions (Sriprablom et al., 2019), the viscosity of the emulsion was decreased with 

the shear rate was increased at pH 5–9. 

3.6.4 Emulsion stability 

Fig. 7 Viscosity of CN@Cur emulsion and G1C2@Cur at different temperatures (A) 

and different pH (B); appearance photograph of the emulsions stabilized by CN@Cur 

(C(a)) and G1C2@Cur (C(b)) with different pH; TSI, T and BS spectra of CN@Cur 

(D(a))and G1C2@Cur(D(b)) emulsions for 24 h. Insert photographs of emulsions after 

15 h. 

The use of Turbiscan LAB technology to evaluate the stability of emulsions is a 

short and effective method. The sample is irradiated with a near-infrared light source, 

and then the background scattering is collected and the signal is transmitted from the 

bottom to the top of the sample at the full height(Wang et al., 2022). As shown in Fig. 

7D(a), the higher TSI value means the less stable system. The TSI index of the 

G1C2@Cur emulsion was significantly better than that of the CN@Cur emulsion, the 

reason may be compared with CN, GPs-CN conjugates produced a thick interfacial 

layer and a high absolute value of zeta potential inside the emulsion, the running speed 

of the emulsion oil droplets was slowed down, and the stability of the emulsion was 

increased. 

Fig. 7D(b) showed the BS curve and T curve of the emulsion stored for 15 h. The 

change of the BS curve directly represents the movement of the oil droplets in the 

system. The decrease on the left side of the BS curve indicates the decrease in the oil 
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droplet concentration and clarity at the bottom of the system, and the increase on the 

right side of the BS curve indicated that the ridge layer was enlarged with time (Gao et 

al., 2022). The left side of the BS curve of the CN@Cur emulsion decreased with time, 

indicating that the bottom of the system gradually became clear and the oil droplet 

concentration decreased. The CN@Cur emulsion was not stabilized due to coagulation 

or flocculation after 7 h. The BS curve of the G1C2@Cur emulsion was showed a stable 

trend, and the backscattered light intensity was showed an upward trend after 13.5 h. 

The reason for the increase was that the movement mode and movement speed of the 

droplets in the G1C2@Cur emulsion system were different from those of the CN@Cur 

emulsion. It was further demonstrated that the glycosylation of GPs and CN altered the 

emulsifying ability of CN, and Cur could be stably encapsulated in the G1C2@Cur 

emulsion, which was an effective means for efficient delivery of Cur. 

3.6.5 In vitro digestion characteristics of G1C2@Cur emulsion 

Fig. 8 The distribution state of the droplets and droplet size of G1C2@C in different 

digestive fluids(A); the release rate of Cur from CN@C emulsion in an environment 

simulating gastrointestinal digestion in vitro(B) 

Cur absorption is completed by passive transport in the small intestine, and a rapid 

first-pass effect occurs in the small intestine and liver (Yuan et al., 2024). Therefore, if 

the bioavailability of Cur is to be improved, the adverse effects of gastroal digestion on 

it must be overcome. We simulated in vitro digestion to evaluate the release of Cur from 

G1C2@C and CN@C (Fig. 8B). As shown in Fig. 8B, the release rate of Cur from 

CN@C emulsion in SCF was less than 15.8%, 84.22% of Cur in CN@C was released 

into SIF (pH = 6.8) after 3 h of incubation, and 47.80% of Cur entered SGF which was 

31% more than that of G1C2@C within 3 h. This was mainly due to the charge 

interaction and hydrogen bond breakage in the casein molecules, which caused the 

interface of the CN@C emulsion to be destroyed and Cur to be released into the 

digestive fluid. 
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At the same time, the distribution state of the droplets and droplet size of G1C2@C 

in different digestive fluids (Fig.8A). The particle size of GC2@C emulsion changes in 

a weakly acidic to alkaline environment, which has the potential to release Cur. 

Interestingly, we found that the release of Cur from GC2@C emulsion in SCF was 

80.40% at most, and the droplet size of the GC2@C in SIF and SGF increased from 

657.20 nm to 891.44 nm. The structural changes of GPs were completely dependent on 

the indirect mechanism (microbiota), the β-configuration of the C-2 anomer of the 

fructose monomer helped GPs resist hydrolysis by human digestive enzymes in the 

upper gastrointestinal tract (Qiu et al., 2021). These results suggested that the G1C2@C 

emulsion has potentially pH-responsive and colon-targeted delivery properties, along 

with a slow-release effect upon reaching the site of action. 

4. Conclusions 

In this study, GPs and CN were subjected to the Maillard reaction to produce a 

series of GPs-CN conjugates, which were utilized to enhance the emulsification 

properties of casein. With a mass ratio of GPs to CN 1:2, GPs-CN conjugates the 

disordered structure increased by 3.69%. The GPs-CN conjugates showed changes in 

the secondary structure, the number of hydroxyl groups, the consumption of tryptophan 

residues and the changes in crystallization properties, which improved the solubility 

and emulsification properties of CN. Moreover, the G1C2@Cur emulsion prepared by 

glycosylation modification (DG of GPs and CN was 30.63 ± 1.22%) was stably 

delivered curcumin. The emulsifying stability of the casein-based emulsion was 

effectively improved by the glycosylated part in the emulsion system, the emulsion was 

made more stable. At the same time, G1C2@Cur emulsion was prepared by us using a 

stable emulsion to encapsulate curcumin. The encapsulation efficiency of G1C2@Cur 

emulsion was 98.11 ± 0.74%, and the average particle size was 217.1 ± 0.3 nm. 

G1C2@Cur emulsion was significantly stable and had a pH response potential.  

This emulsion study provides a new and more comprehensive analytical solution 

for the protein emulsion encapsulation strategy, and preparation of stable delivery 
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emulsions of glycated proteins. Thereby, obtaining a new food-grade surfactant. 

Although the G1C2@Cur emulsion exhibits a high colon retention rate and potential 

for sustained release in in vitro gastrointestinal simulations, there is currently a lack of 

research on the mechanism of its targeted delivery of hydrophobic bioactive substances 

or even colon-targeted drugs. The limitations of this study remain significant and 

warrant further exploration. 
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Figure captions 

Fig. 1 ESI and EAI of the GPs∶CN ratios ranged at pH 7(A, B), pH 4.6(D, E) at 

70 °C; FT-IR(C), Fluorescence(F) of the GPs∶CN = 6:1, 4:1, 2:1, 1:1, 1:2, 1:4, 1:6 

Fig. 2 XRD of the GPs∶CN ratios ranged from different samples 

Fig. 3 Contact angle the CN(A) and at the GPs∶CN ratios of 6∶1(B), 4:1(C), 2:1(D), 

1:1(E), 1:2(F), 1:4(G), 1:6(H) at pH 7 

Fig. 4. TEM image of CN emulsion(A), G6C1 emulsion(B), G4C1 emulsion(C), G2C1 

emulsion(D), G1C1 emulsion(E), G1C2 emulsion(F), G1C4 emulsion(G) and G1C6 

emulsion(H) 

Fig. 5 (A) Changes in the storage modulus during heating from 25°C–90 °C; (B) The 

Compound viscosity in different temperatures; (C) LF-NMR for emulsions; (D) The 

energy Loss modulus during heating from 25°C–90°C; (E) Apparent viscosity and 

stress as a function of shear rate for emulsions; (F) Details in LF-NMR for emulsions 

Fig.6 Average particle size and PDI (A), and zeta potential (B) of CN and GPs-CN 

conjugates; Drug LC (C) and LE (D) at Different addition amounts of curcumin 

emulsion; Particle size potential and zeta potential of CN@Cur emulsion and 

G1C2@Cur emulsion at different temperatures (E) and pH (F). Different letters mean 

values showed significant differences (p < 0.05). 

Fig. 7 Viscosity of CN@Cur emulsion and G1C2@Cur at different temperatures (A) 

and different pH (B); appearance photograph of the emulsions stabilized by CN@Cur 

(C(a)) and G1C2@Cur (C(b)) with different pH; TSI, T and BS spectra of CN@Cur 

(D(a)) and G1C2@Cur(D(b)) emulsions for 24 h. Insert photographs of emulsions after 

15 h. 

Fig. 8 The distribution state of the droplets and droplet size of G1C2@C in different 

digestive fluids(A); the release rate of Cur from CN@C emulsion in an environment 

simulating gastrointestinal digestion in vitro(B) 
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Highlights 

➢ Garlic polysaccharide-casein (GPs-CN) conjugates have emulsifying potential 

➢ G1C2 emulsion has high stability, especially thermal stability 

➢ G1C2 emulsion can be made into an oil-in-water emulsion for encapsulation 

➢ G1C2@C emulsions showed great pH response and targeted delivery potential 
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