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This study aimed to develop a glucosamine-magnesium composite (GlcN-Mg) as a novel Pickering emulsion stabilizer for the preparation of GlcN-Mg stabilized Pickering emulsion (GlcN-Mg PE) and systematically characterize its structural properties and emulsification performance. Structural analysis revealed that Mg2+ coordination reduced GlcN⋅HCl particle size from 1,117 ± 222.58 to 393.8 ± 45.42 nm, expanded its crystal lattice, and created a porous structure with a 22.9 ± 1.80 nm pore size. In vitro studies have shown that GlcN-Mg exhibits exceptional stability in food matrices and controlled Mg2+ release during gastrointestinal digestion. Then GlcN-Mg composite was employed to prepare water-in-oil (W/O) GlcN-Mg PE under different homogenization speeds (5,000–25,000 rpm), GlcN-Mg concentrations (0.3%–1.3%), and oil-to-water ratios (3:7–8:2). Rheological analysis indicated that GlcN-Mg PE exhibited a distinct threshold effect under varying conditions, while environmental factors significantly influenced emulsion stability. Furthermore, during in vitro gastrointestinal digestion, GlcN-Mg PE exhibited controlled-release ability, with the Mg2+ release rate reaching 80.42 ± 1.94% during intestinal digestion. Its stability across a wide range of conditions highlights its potential applications in complex emulsion systems.
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GRAPHICAL ABSTRACT
Schematic illustrating the preparation process and experimental operation of glucosamine-magnesium composite (GlcN-Mg) and glucosamine-magnesium composite stabilized Pickering emulsion (GlcN-Mg PE).



1 Introduction

Pickering emulsions, stabilized by solid particles rather than surfactants, were first described by Ramsden (protein assembly at air-water interfaces) (1, 2) and later defined by Pickering as systems utilizing colloidal particles at the oil-water interface (3). Their stability arises from particle adsorption at the interface, which forms a barrier against droplet aggregation (4). If unadsorbed colloidal particles are present in a continuous phase, they may create a three-dimensional network structure that restricts droplet movement in the dispersed phase, thereby improving the stability of the emulsion (5). These emulsions are widely applied in drug delivery [e.g., Li’s self-healing pectin/chitosan hydrogels for

controlled release (6)], food technology [e.g., Wang’s gelatin-stabilized O/W emulsions for intelligent packaging (7)], and cosmetics [e.g., improved texture and active ingredient penetration (8–11)]. Current research on Pickering emulsions has primarily focused on exploring food-grade particles, particularly proteins and polysaccharides. Despite progress, studies on particle emulsifiers remain limited, and there is an urgent demand for green, safe solid particles to stabilize Pickering emulsions. In addition to the intrinsic properties of the particles, key factors such as particle concentration, oil-to-water ratio, and homogenization conditions significantly influence emulsion stability. Therefore, investigating the effects of these parameters is critical.

D-Glucosamine (GlcN), a derivative of D-glucose with an amino group substituting the hydroxyl group at the C2 position (12), plays critical roles in maintaining articular cartilage health by stimulating chondrocyte-mediated proteoglycan synthesis. This process preserves extracellular matrix integrity and alleviates osteoarthritis symptoms (13). As a precursor for glycoproteins and glycolipids, GlcN also facilitates cellular recognition, communication, and signal transduction (14, 15). Additionally, GlcN forms water-soluble metal coordination composites through its amino and hydroxyl groups, enabling broad applications in pharmaceuticals, food, and functional materials. The coordination between GlcN with Zn2+ exhibits specific structures and functional properties and is of great interest in biochemical systems and drug development (16–18). The coordination with Cu2+ and other metals has also been applied (19), but the coordination of GlcN with Mg2+ and its associated conformational relationship have not been systematically reported.

Mg2+ is an essential element for the human body and participates in more than 300 enzymatic reactions, for example, as an activator of enzymes involved in sugar metabolism, fat metabolism, protein synthesis, and nerve impulses (20). In the cardiovascular system, Mg2+ can regulate heart rhythm, stabilize blood pressure and maintain the normal diastolic function of blood vessels by affecting vascular smooth muscle cells. Additionally, Mg2+ is a constituent of bone and is important for bone health and metabolism (21, 22). While the physiological importance of Mg2+ is well-established, its efficient delivery and stabilization in functional systems like emulsions remains a challenge. Unlike typical Pickering emulsifiers, GlcN-Mg is water-soluble yet retains emulsion-stabilizing capacity. This intriguing property may arise from adsorption of soluble particles at the oil-water interface. Similar behavior has been documented for water-soluble chitosan-Zn2+ complexes, which stabilize emulsions via interfacial adsorption even with their solubility (23); this supports the plausibility of such a mechanism for GlcN-Mg.

In this study, a GlcN-Mg composite was employed as an emulsifier to prepare GlcN-Mg-stabilized Pickering emulsions (GlcN-Mg PE). The effects of three processing parameters—homogenization speed, GlcN-Mg concentration, and oil-to-water (O/W) ratio—on emulsion properties were systematically investigated. Structural analyses (XRD, DLS, BET) and in vitro simulated digestion experiments were investigated to elucidate structure-property relationships. This study aims to develop a GlcN-Mg PE, establishing a material foundation for its potential as a controlled Mg2+ delivery system with enhanced stability. Such systems exhibit potential in intelligent drug delivery or functional food applications where precise controlled release is required.



2 Materials and methods


2.1 Chemicals

D-(+)-Glucosamine hydrochloride (GlcN⋅HCl, > 98% purity; Shanghai Macklin Biochemical Co., Ltd., China); Anhydrous magnesium sulfate (MgSO4, AR grade; Sinopharm Chemical Reagent Co., Ltd., China); Sodium hydroxide (NaOH, ≥ 96%; Xilong Scientific Co., Ltd., China); Absolute ethanol (C2H5OH, ≥ 99.7%; Tianjin Fuyu Fine Chemical Co., Ltd., China); Acetone (CH3COCH3, ≥ 99.5%; Tianjin Damao Chemical Reagent Factory, China); Anhydrous methanol (CH3OH, ≥ 99.5%; Aladdin Biochemical Technology Co., Ltd., China); Non-GMO primary soybean oil [COFCO Jiayue (Tianjin) Co. Ltd., China]; Pepsin (from porcine gastric mucosa, ≥ 250 U/mg; Sigma-Aldrich, United States); Bile salt (porcine, > 95%; Solarbio Science and Technology Co., Ltd., China); Pancreatin (from porcine pancreas, 4 × USP; Yuanye Bio-Technology Co., Ltd., China). High-speed shear dispersing homogenizer (FJ200-SH, Shanghai Huxi Industrial Co., Ltd., China), High-speed freezing centrifuge (5804R, Eppendorf, Germany), Rotational viscometer (NDJ-1B, Shanghai Changji Geological Instrument Co., Ltd., China), Optical microscope (YS100, Nikon, Japan), X-ray diffractometer (Rigaku Ultima IV, Rigaku Corporation, Japan), Nano particle size and Zeta potential analyzer (Malvern Zetasizer Nano ZS90, Malvern Panalytical Ltd., United Kingdom), Automatic specific surface area analyzer (ASAP 2460, Micromeritics Instrument Corporation, United States).



2.2 Preparation of GlcN-Mg composite

A total of 1.0 g of GlcN⋅HCl and 0.5582 g of anhydrous MgSO4 were weighed and added to 20 mL of distilled water. After stirring for 1 h at 23 °C, the pH was adjusted to 6.5 with NaOH solution. After the mixture have reacted for 4 h, three times volumes of acetone were added to the mixture. Anhydrous methanol was added to the mixture followed by stirring. The supernatant was discarded after filtration. The filter residue was washed with anhydrous ethanol until dry. The obtained white powder was GlcN-Mg composite.



2.3 Determination of structure characteristics of GlcN-Mg


2.3.1 X-ray diffraction (XRD)

The crystal structure of GlcN⋅HCl and GlcN-Mg was analyzed using an X- ray diffractometer (Rigaku Ultima IV diffractometer, Japan). Diffractograms were collected over a scanning angle range (2θ) from 5°to 90°at a scanning rate of 2°/min, with settings of 40 kV and 40 mA.



2.3.2 Dynamic light scattering (DLS)

The hydrodynamic diameter and surface charge characteristics of GlcN⋅HCl and GlcN-Mg were explored using a nano-particle size and zeta potential analyzer (Malvern Zetasizer Nano ZS90, United Kingdom) at a concentration of 1 mg/mL. Three consecutive measurements at 25 °C were performed.



2.3.3 Nitrogen adsorption-desorption isotherm (BET)

The adsorption-desorption isotherms of GlcN⋅HCl and GlcN-Mg were measured with an automatic specific surface area analyzer (ASAP 2460, United States). Nitrogen was used as the adsorption medium. The BET surface area was calculated according to the Brunauer-Emmett-Teller (BET) method, and the pore size was calculated according to the Barrett-Joyner-Halenda (BJH) method.




2.4 Surface elemental analysis

The GlcN⋅HCl and GlcN-Mg were evenly spread as a thin layer on the conductive adhesive. Then, the base plate with the sample-attached conductive adhesive was placed into an ion sputtering instrument for gold sputtering treatment. The energy spectrum software was opened, and the acceleration voltage was set at 10.0 kV, with the working distance of 20.0 mm, for the analysis of main surface elements within a depth range of 50–500 nm on the sample surface.



2.5 Determination of GlcN-Mg in vitro simulated gastrointestinal digestion

A total of 0.3 g of GlcN-Mg was mixed with 3 mL of simulated gastric fluid containing 1 g/L pepsin in 0.1 mol/L HCl, and the pH was adjusted to 2.0 with 0.1 mol/L HCl. The mixture was placed into a dialysis bag (100 Da cutoff), sealed, and immersed in a beaker containing 300 mL of simulated gastric fluid. Digestion was conducted in a 37 °C water bath for 2 h. Every 20 min, 1 mL of the solution was withdrawn from the beaker and replaced with fresh simulated gastric fluid. A total of 0.3 mL of the post-gastric digestion solution in the dialysis bag was transferred to a new dialysis bag, mixed with 3 mL of simulated intestinal fluid, sealed, and immersed in a beaker containing 300 mL of simulated intestinal fluid. Digestion was conducted in a 37 °C water bath for 2 h. Every 20 min, 1 mL of the solution was withdrawn from the beaker (twice per interval) and replaced with fresh simulated intestinal fluid. The Mg2+ content in the withdrawn samples was measured to calculate the Mg2+ release rate.
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where: W1 = Mg2+ content inside the dialysis bag pre-digestion;

W2 = Mg2+ content in the beaker post-digestion.



2.6 Mg2+ retention rate of GlcN-Mg


2.6.1 Mg2+ retention rate of GlcN-Mg in different sugar solutions

A total of 5 mL of GlcN-Mg (100 mg/mL) was placed into a dialysis bag with a molecular weight cutoff of 100 Da. The dialysis bag was immersed in 100 mL of 100 mg/dL solutions of lactose, fructose, glucose, and sucrose, respectively. The samples were incubated in a 37 °C water bath for 90 min, after which the Mg2+ retention rate was measured. The pH of the solution was adjusted to 12–14 using NaOH to precipitate Mg(OH)2. A Ca2+ indicator was added, and the solution was titrated with EDTA to determine Ca2+ content. The pH was then adjusted to 8–10, and Eriochrome Black T was used as an indicator to titrate total Ca2+ and Mg2+ content. Mg2+ content was calculated by subtracting Ca2+ titration volume from the total titration volume.
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where: W1 = Mg2+ content inside the dialysis bag pre-dialysis;

W2 = Mg2+ content in the beaker post-dialysis.



2.6.2 Mg2+ retention rate of GlcN-Mg in different salt ion concentrations

A total of 5 mL of GlcN-Mg (100 mg/mL) was placed into a dialysis bag with a molecular weight cutoff of 100 Da, which was then immersed in 100 mL of NaCl solutions with concentrations (w/v) of 0.5%, 0.7%, 0.9%, 1.1%, and 1.3%, respectively. After incubation in a 37 °C water bath for 90 min, the Mg2+ retention rate was measured.



2.6.3 Mg2+ retention rate of GlcN-Mg in different pH values

A total of 5 mL of GlcN-Mg (100 mg/mL) was placed into a dialysis bag with a molecular weight cutoff of 100 Da, which was then immersed in 100 mL of phosphate buffer solutions with pH values of 2.5, 5.0, 6.5, 7.0, and 8.0, respectively. After incubation in a 37 °C water bath for 90 min, the Mg2+ retention rate was measured.



2.6.4 Mg2+ retention rate of GlcN-Mg in different temperature

A total of 5 mL of GlcN-Mg (100 mg/mL) was placed into a dialysis bag with a molecular weight cutoff of 100 Da, which was then immersed in 100 mL of distilled water. The samples were incubated in water baths at 25 °C, 37 °C, 50 °C, 75 °C, and 100 °C for 30 min, followed by measurement of the Mg2+ retention rate.




2.7 Preparation of GlcN-Mg PE


2.7.1 Preparation of GlcN-Mg PE with different homogenization speeds

The GlcN-Mg composite (0.7% w/v) was dissolved uniformly in deionized water. Following dispersion, 70% (v/v) soybean oil was added to the aqueous phase. The mixture was then homogenized using a homogenizer at different homogenization speeds (5,000, 10,000, 15,000, 20,000, and 25,000 rpm) for 3 min. The GlcN-Mg PE with different homogenization speeds were obtained.



2.7.2 Preparation of GlcN-Mg PE with different GlcN-Mg concentrations

The GlcN-Mg composite (0.3%, 0.5%, 0.7%, 0.9%, 1.1%, and 1.3% w/v) was dissolved uniformly in deionized water. Following dispersion, 70% (v/v) soybean oil was added to the aqueous phase. The mixture was then homogenized using a homogenizer at a homogenization speed of 20,000 rpm for 3 min. The GlcN-Mg PE with different GlcN-Mg concentrations were obtained.



2.7.3 Preparation of GlcN-Mg PE with different oil-to-water ratios

The GlcN-Mg composite (0.7% w/v) was dissolved uniformly in deionized water. Following dispersion, soybean oil was added to the aqueous phase at different oil-to-water ratios (3:7, 4:6, 5:5, 6:4, 7:3, and 8:2). The mixture was then homogenized using a homogenizer at a homogenization speed of 20,000 rpm for 3 min. The GlcN-Mg PE with different oil-to-water ratios were obtained.




2.8 Determination of type of GlcN-Mg PE

A total of 1 mL of freshly prepared GlcN-Mg PE was added to 20 mL of ultrapure water and 20 mL of soybean oil, respectively. The mixtures were allowed to stand for 30 s to observe the morphology of the droplets in the aqueous and oil phases. Emulsion types were determined based on droplet distribution patterns: oil-in-water (O/W) emulsions exhibited dispersed droplets in the aqueous phase with oil phase aggregation. Water-in-oil (W/O) systems demonstrated inverse dispersion behavior (24).



2.9 Determination of microstructure of GlcN-Mg PE

The GlcN-Mg PE droplet (5 μL) was spread on a slide and covered with a cover glass. Micrographs of GlcN-Mg PE were obtained using a light microscope and observed at 100 × magnification (10 × objective lens and 10 × eye lens).



2.10 Determination of rheological properties of GlcN-Mg PE

The viscosity of GlcN-Mg PE was measured continuously for 5 min at 23 °C and 60 rpm using an NDJ-1B rotational viscometer with rotor No. 1. The viscosity values were recorded every 30 s, and the average value was taken to evaluate the emulsion viscosity.



2.11 Determination of stability of GlcN-Mg PE


2.11.1 Determination of droplet size and centrifugal stability of GlcN-Mg PE

The average droplet size of GlcN-Mg PE was determined by the arithmetic mean diameter of no fewer than 50 measured droplets. 50 mL of GlcN-Mg PE was centrifuged in a high-speed freezing centrifuge at 3,000 rpm for 5 min at 4 °C. The stability index (SI) was determined by measuring the volume of the emulsion phase and the total volume of all phases. The formula used to calculate the stability index is as follows:
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where: Vs = volume of the whole sample (mL);

Ve = volume of the emulsion phase (mL).



2.11.2 Determination of temperature stability of GlcN-Mg PE

A total of 10 mL of GlcN-Mg PE was incubated at −20 °C for 24 h. Additionally, 10 mL of the same GlcN-Mg PE was incubated at 4 °C, 25 °C, 50 °C, and 80 °C for 1 h. The emulsion was observed to evaluate its temperature stability. The temperature stability of GlcN-Mg PE was expressed in terms of stability index (SI).




2.12 Determination of GlcN-Mg PE in vitro simulated gastrointestinal digestion

A total of 0.1 g of GlcN-Mg was emulsified and dispersed in 1 mL of simulated gastric juice containing 1 g/L pepsin in 0.1 mol/L HCl. The mixture was placed in a dialysis bag (100 Da MWCO) and digested in 100 mL simulated gastric juice at 37 °C for 2 h. Post-gastric digestion, 1/10 of the solution was transferred to a new dialysis bag, mixed with 1 mL of simulated intestinal fluid (1.2 g bile salt, 0.2 g pancreatin in 100 mL 0.1 mol/L NaHCO3), and digested in 100 mL simulated intestinal fluid for another 2 h at 37 °C. Then measured and calculated the release rate of Mg2+.



2.13 Statistical analysis

All experiments were performed in triplicate, and data are presented as means ± standard deviations. Statistical significance was evaluated using one-way analysis of variance (ANOVA) with Tukey’s post hoc test, with a significance level set at p < 0.05. Data analysis and plotting were conducted using Origin 2024.




3 Results and discussion


3.1 Structure characteristics of GlcN-Mg


3.1.1 XRD

The XRD diffraction spectra of GlcN⋅HCl and GlcN-Mg are shown in Figure 1a. The characteristic sharp diffraction peak (2θ = 12.68°) corresponding to the crystalline lattice of GlcN⋅HCl exhibited a marked intensity reduction in GlcN-Mg, decreasing from 77,250 to 30,412 a.u., which reflects partial disruption of the long-range crystalline order (25). GlcN-Mg exhibited crystalline peaks at 16.5°, 24–25° with peak broadening, and low-angle (< 15°) diffuse scattering, suggesting the coexistence of a crystalline phase and an amorphous domain. The systematic peak shifts observed in GlcN-Mg were quantitatively consistent with Bragg’s law, mechanistically attributed to lattice expansion through Mg2+ chelation within GlcN⋅HCl (26, 27). These structural signatures demonstrated the formation of a heterogeneous crystalline-amorphous nanoparticle architecture, consistent with structure-property predictions for Mg chelation biopolymer systems (28).
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FIGURE 1
(a) X-ray diffraction (XRD) pattern of GlcN⋅HCl and glucosamine-magnesium composite (GlcN-Mg). (b) Size distribution and cumulative percentage of GlcN⋅HCl particle. (c) Size Distribution and cumulative percentage of GlcN-Mg composite. (d) Zeta potential and polydispersity index (PDI) of GlcN⋅HCl and GlcN-Mg. (e) Nitrogen adsorption/desorption isotherm of GlcN-Mg. (f) Pore size distribution of GlcN-Mg.




3.1.2 DLS

The changes in fluid dynamic characteristics induced by GlcN-Mg formation are shown in Figures 1b–d. Unmodified GlcN⋅HCl exhibited a Z-average diameter of 1,117 ± 222.58 nm with high polydispersity (PDI = 0.656 ± 0.094), indicative of extensive aggregation driven by intermolecular hydrogen bonding and weak electrostatic repulsion, as reflected by its near-neutral zeta potential (ζ = −3.10 mV). The formation of GlcN-Mg resulted in a reduction of the Z-average diameter to 393.8 ± 45.42 nm with moderate polydispersity (PDI = 0.551 ± 0.114). The observed size refinement and reduced PDI indicate that Mg2+ coordination with amino/hydroxyl groups disrupted hydrogen-bonded clusters (29, 30), thereby promoting monodispersity. This coordination disrupted the native hydrogen-bonded clusters and enhanced system stability. The consistently near-neutral zeta potentials suggest kinetic stabilization through coordinative network assembly (19). Compared to GlcN⋅HCl, the smaller particle size of GlcN-Mg composite facilitates effective adsorption at the oil-water interface, likely due to synergistic effects of lower interfacial tension and enhanced amphiphilicity. These properties enable superior interfacial anchoring, as evidenced in prior studies (31, 32).



3.1.3 BET

The nitrogen adsorption/desorption isotherm and pore size distribution of GlcN-Mg are shown in Figures 1e, f. Unmodified GlcN⋅HCl exhibited a Type II isotherm (non-porous characteristics) with monotonic adsorption progression, consistent with previous reports on GlcN⋅HCl (33, 34). GlcN-Mg displayed a Type IV (a) isotherm with an H2 (b)-type hysteresis loop (P/P0 = 0.45–0.90), indicative of well-developed mesoporosity. The BET surface area increased to 6.1 ± 0.30 m2/g, with an average pore diameter of 22.9 ± 1.80 nm (4V/A method) and a pore volume of 0.03 cm3/g. Bimodal pore size distributions at 7.2 and 109 nm reflected hierarchical porosity arising from Mg2+-induced structural reorganization. The 7.2 nm mesopores originated from interparticle voids between expanded nanocrystalline domains. The 109 nm macropores likely resulted from inter-aggregate spacing of Mg2+-coordinated lamellar sheets. This porosity development was attributed to Mg2+-mediated disruption of native hydrogen-bonding networks (35, 36).




3.2 Surface element analysis

As shown in Figure 2a, after the formation of the composite, surface elemental analysis by energy-dispersive spectroscopy (EDS) revealed a significant decrease in nitrogen content from 27.74 ± 12.83% to 0% on the crystal surface, while the percentage of Mg element increased accordingly. This may be due to the coordination reaction between amino groups and Mg2+ to form coordinate bonds with Mg2+ ions occupying terminal positions, burying amino groups beneath the carbon/metal matrix.
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FIGURE 2
(a) The surface element analysis of GlcN⋅HCl and glucosamine-magnesium composite (GlcN-Mg). (b) Gastrointestinal digestibility of GlcN-Mg. (c) Mg2+ retention rate of GlcN-Mg in different sugar solutions. (d) Mg2+ retention rate of GlcN-Mg in different salt ion concentrations. (e) Mg2+ retention rate of GlcN-Mg in different pH values. (f) Mg2+ retention rate of GlcN-Mg in different temperature.




3.3 GlcN-Mg in vitro simulated gastrointestinal digestion

The release rate of Mg2+ from GlcN-Mg during simulated gastrointestinal digestion was investigated using EDTA titration to explore the dynamic characteristics and patterns of the digestion process. The result is shown in Figure 2b. During the gastric phase, the Mg2+ release rate exhibited a gradual yet slower increase. From 0 to 20 min, the release rate rose from 0% to 6.53 ± 1.56%, indicating slow initial Mg2+ release. From 20 to 60 min, the release rate increased from 6.53 ± 1.56% to 16.11 ± 0.44%. From 60 to 120 min, the release rate further increased from 16.11 ± 0.44% to 26.11 ± 0.44%, stabilizing toward the end of the phase. The steady increase in Mg2+ release during the gastric phase is attributed to the mild and continuous digestive mechanisms of the stomach, primarily driven by gastric acid and pepsin (37), which gradually break down GlcN-Mg, leading to a slow and linear release of Mg2+. The stable temperature, pH, and enzyme activity in the gastric environment ensured an orderly digestion process (38, 39). During the transition from gastric to intestinal digestion at 120 min, the Mg2+ release rate increased significantly. In the intestinal phase, the Mg2+ release rate increased from 26.11 ± 0.44% (end of gastric phase) to a final value of 86.11 ± 0.67%. Key factors influencing Mg2+ release include digestive enzymes, pH, and digestion time. Pepsin in the acidic gastric environment initiated the breakdown of GlcN-Mg, while a combination of intestinal enzymes significantly enhanced digestion efficiency in the alkaline intestinal environment (40). The acidic gastric pH favored pepsin activity (41), while the weakly alkaline intestinal pH optimized the activity of multiple digestive enzymes (42). Prolonged exposure to digestive fluids increased the degree of GlcN-Mg breakdown, leading to higher Mg2+ release rates over time. Overall, GlcN-Mg exhibited a sustained slow release profile in the gastrointestinal tract, with Mg2+ release proceeding gradually through both gastric and intestinal phases rather than undergoing rapid burst release.



3.4 Mg2+ retention rate of GlcN-Mg


3.4.1 Mg2+ retention rate of GlcN-Mg in different sugar solutions

As shown in Figure 2c, GlcN-Mg exhibited distinct Mg2+ retention profiles across different sugar solutions. In lactose solutions, GlcN-Mg yielded the highest retention rate, while in sucrose solutions, it showed the lowest. GlcN-Mg retained slightly more Mg2+ in lactose compared to other sugars, likely due to lactose’s structure—a disaccharide composed of glucose and galactose linked by a β-(1→4)-glycosidic bond (43). Its relatively large molecular size generates stronger van der Waals forces with GlcN-Mg, stabilizing the complex and reducing Mg2+ release. GlcN-Mg exhibits weaker van der Waals interactions with fructose and glucose due to their simpler, smaller structures (44, 45), thereby resulting in intermediate stability levels. GlcN-Mg encounters steric hindrance with sucrose, which is a disaccharide formed by glucose and fructose linked via an α-1,2-glycosidic bond (46); this hinders tight binding and results in the lowest retention rate. Overall, the GlcN-Mg demonstrated good stability in sugar-containing environments.



3.4.2 Mg2+ retention rate of GlcN-Mg in different salt ion concentrations

The influence of salt ion concentrations on Mg2+ retention rate is shown in Figure 2d. The highest retention rate was observed at a salt ion concentration of 0.9%. where interactions between salt ions and GlcN-Mg were balanced, inhibiting aggregation and degradation. At this concentration, the system maintained optimal stability, with retention rates significantly higher than those at both higher and lower concentrations. Excessively high salt ion concentrations reduced Mg2+ retention. This phenomenon may be attributed to excessive binding of high-concentration salt ions to specific groups in GlcN-Mg, which altered the surrounding ionic environment and disrupting intermolecular forces. Additionally, the reduction in tetrahedral water arrangements and shift toward non-tetrahedral structures (47, 48) at a salt ion concentration of 1.3% further disrupt GlcN-Mg’s structure, increasing denaturation and aggregation. Conversely, low salt ion concentrations also led to lower retention rates due to insufficient ionic strength, which failed to provide adequate stabilization, making the GlcN-Mg more susceptible to external influences. Preliminary observations suggested that GlcN-Mg demonstrated broad stability across various physiological environments.



3.4.3 Mg2+ retention rate of GlcN-Mg in different pH values

As shown in Figure 2e, GlcN-Mg exhibited pH-dependent stability profiles, with Mg2+ retention rates varying non-linearly across different pH conditions. GlcN-Mg demonstrated significantly higher Mg2+ retention in acidic environments, with the maximum retention rate observed at pH 2.5, whereas the lowest retention was recorded at neutral pH. This pH-dependent behavior is attributed to specific interactions in acidic conditions: buffer ions interact with GlcN-Mg to stabilize its structure, allowing GlcN-Mg to maintain optimal conformational integrity and preserve active sites critical for Mg2+ binding. In contrast, pH 7.0 is near the isoelectric point of GlcN-Mg, where GlcN-Mg exhibits the highest affinity for the surrounding medium. This leads to unfavorable charge distribution and disrupted intermolecular forces, making GlcN-Mg more prone to degradation or aggregation and thus reducing Mg2+ retention. Overall, pH variations modulate intramolecular and intermolecular interactions within GlcN-Mg, directly influencing its stability and Mg2+ retention capacity.



3.4.4 Mg2+ retention rate of GlcN-Mg in different temperature

Figure 2f illustrates the Mg2+ retention rate of GlcN-Mg under different temperature conditions. The results showed that as temperature increased from 25 °C to 100 °C, the Mg2+ retention rate exhibited a fluctuating but overall stable trend, with no drastic drops observed across the tested range. GlcN-Mg maintained relatively consistent performance under moderate temperatures (25 °C–50 °C), with no significant differences in retention (P > 0.05), indicating good adaptability to typical food processing and storage conditions. This thermal stability can be attributed to the molecular interactions within GlcN-Mg: moderate temperature increases may induce reversible conformational adjustments that preserve structural integrity, while excessive heating slightly weakens intermolecular forces but without causing severe disruption. GlcN-Mg demonstrates reasonable thermal stability, supporting its potential application in food-related scenarios with common temperature variations.




3.5 Type of GlcN-Mg PE

As shown in Figures 3a, b, the GlcN-Mg PE exhibited distinct dispersion behaviors depending on the continuous phase. In oil phase, the GlcN-Mg PE droplets dispersed continuously, forming a uniform interfacial film. In aqueous phase, the GlcN-Mg PE droplets present discrete spherical droplets formed without coalescence. These phase-dependent morphological characteristics confirm the water-in-oil (W/O) nature of the GlcN-Mg stabilized emulsion.
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FIGURE 3
(a,b) Photograph of glucosamine-magnesium composite stabilized Pickering emulsion (GlcN-Mg PE) dropped into ultrapure water and soybean oil. (c–g) The optical-microscope images of GlcN-Mg PE with different homogenization speeds. (h–m) The optical-microscope images of GlcN-Mg PE with different GlcN-Mg concentrations. (n–s) The optical-microscope images of GlcN-Mg PE with different oil-to-water ratios.




3.6 Microstructure of GlcN-Mg PE

The optical microscope images of GlcN-Mg PE were displayed in Figures 3c–s. The GlcN-Mg composite demonstrated interfacial adsorption ability at the oil-water interface, enabling effective Pickering emulsion stabilization. As droplet uniformity critically determines emulsion functionality (49), systematic analysis of three governing factors: homogenization speed, composite concentration, and oil-to-water ratio is important. Larger and more homogeneous emulsion droplets were observed in GlcN-Mg PE at a moderate homogenization speed. This was because moderate speeds enhanced emulsion property through improved droplet integrity, while extreme shear forces induced structural disruption. The interaction between GlcN and Mg2+ improved interfacial activity. GlcN-Mg PE with 0.9% (w/v) GlcN-Mg concentration exhibited the best bridging structure and interconnected networks at the interface. Beyond 0.9% concentration, droplet uniformity plateaued as composite adsorption reached saturation (50). This was because excess composite thickened interfacial layers without modifying droplet dimensions (51). The distribution of emulsion droplets was also influenced by the oil content. Significantly uneven particle size and sporadic distribution were observed when the oil-to-water ratio exceeded 7:3 or was less than 4:6. Specifically, ratios above 7:3 induced phase inversion due to insufficient emulsifier coverage, while ratios below 4:6 led to an excessive water phase, disrupting the W/O structure. Optical microscopy confirmed GlcN-Mg composite localization at droplet interfaces.



3.7 Rheological properties of GlcN-Mg PE

Tables 1–3 showed the changes of apparent shear viscosity with increasing shear time. As the shear time increased from 30 to 300 s, the apparent viscosity of all test groups exhibited a decrease in viscosity, attributed to the gradual disintegration of flocculated droplets. This observation indicated that shear-induced breakdown of the intermolecular network and emulsion structure occurred more rapidly than molecular rearrangement. The viscosity of GlcN-Mg PE initially increased with homogenization speed but declined beyond a critical threshold. Moderate homogenization enhanced the composite’s interfacial anchoring and facilitated the formation of a three-dimensional network via controlled droplet expansion. Conversely, excessive speeds disrupted this network via shear-induced structural degradation (52). GlcN-Mg PE with a 1.1% (w/v) concentration had greater viscosity than other concentrations, indicating a stable emulsion system due to the formation of a highly viscous network. Concentrations exceeding 1.1% induced structural defects through composite overcrowding, as evidenced by viscosity deterioration. This emulsifier oversaturation compromised interfacial network integrity through steric hindrance and cooperative binding effects (53). Compared with other oil-to-water ratios, GlcN-Mg PE exhibited the highest viscosity at a 7:3 ratio. Increasing the ratio from 3:7 to 7:3 enhanced viscosity through consolidated droplet packing and intensified interdroplet interactions (54, 55). When the water phase proportion was excessively high, water droplets tended to aggregate, inducing structural imperfections in the GlcN-Mg network. These imperfections impaired the network’s integrity, diminished the system’s flow resistance and consequently lowered viscosity. Conversely, an excessive oil-to-water ratio caused phase-driven interfacial instability, which disrupted structural continuity and reduced viscosity. Rheological analysis indicated that GlcN-Mg PE exhibited a distinct threshold effect under varying conditions. This viscoelastic behavior supports the hypothesis that GlcN-Mg may form a viscoelastic structure at the oil-water interface, contributing to emulsion stability.


TABLE 1 Viscosity of glucosamine-magnesium composite stabilized Pickering emulsion (GlcN-Mg PE) with different homogenization speeds.


	Homogenization Speeds
 time (s)
	5,000 rpm (mPa⋅s)
	10,000 rpm (mPa⋅s)
	15000 rpm (mPa⋅s)
	20,000 rpm (mPa⋅s)
	25,000 rpm (mPa⋅s)





	30
	27.30 ± 0.01a
	43.10 ± 0.02b
	92.60 ± 0.02c
	177.32 ± 0.02e
	157.62 ± 0.01d



	60
	26.90 ± 0.01a
	42.70 ± 0.02b
	92.40 ± 0.02c
	177.23 ± 0.02e
	157.40 ± 0.01d



	90
	26.82 ± 0.01a
	42.60 ± 0.01b
	92.30 ± 0.03c
	176.51 ± 0.02e
	157.30 ± 0.01d



	120
	26.80 ± 0.01a
	42.30 ± 0.02b
	91.63 ± 0.02c
	176.31 ± 0.03e
	157.20 ± 0.02d



	150
	26.71 ± 0.01a
	42.26 ± 0.01b
	91.53 ± 0.02c
	175.81 ± 0.02e
	156.90 ± 0.02d



	180
	26.59 ± 0.02a
	42.12 ± 0.02b
	91.34 ± 0.02c
	175.65 ± 0.03e
	156.79 ± 0.02d



	210
	26.22 ± 0.02a
	42.02 ± 0.02b
	90.51 ± 0.04c
	175.58 ± 0.02e
	156.41 ± 0.02d



	240
	26.11 ± 0.01a
	41.93 ± 0.02b
	90.32 ± 0.02c
	175.49 ± 0.02e
	156.34 ± 0.02d



	270
	25.68 ± 0.02a
	41.88 ± 0.02b
	90.22 ± 0.02c
	175.30 ± 0.02e
	156.28 ± 0.01d



	300
	25.60 ± 0.02a
	41.77 ± 0.02b
	90.04 ± 0.02c
	175.22 ± 0.02e
	156.18 ± 0.01d



	Average viscosity
	26.47 ± 0.46a
	42.27 ± 0.32b
	91.29 ± 0.81c
	176.04 ± 0.64e
	156.84 ± 0.44d






All results were shown as mean ± SD. Different superscript letters (a-e) within the same column indicate significant differences (p < 0.05) as determined by one-way ANOVA with Tukey’s post hoc test.





TABLE 2 Viscosity of glucosamine-magnesium composite stabilized Pickering emulsion (GlcN-Mg PE) with different glucosamine-magnesium composite (GlcN-Mg) concentrations.


	GlcN-Mg concentrations
 time (s)
	0.30%
 (mPa⋅s)
	0.50%
 (mPa⋅s)
	0.70%
 (mPa⋅s)
	0.90%
 (mPa⋅s)
	1.10%
 (mPa⋅s)
	1.30%
 (mPa⋅s)





	30
	21.60 ± 0.01a
	98.29 ± 0.02b
	102.60 ± 0.02d
	110.59 ± 0.02e
	113.72 ± 0.02f
	101.96 ± 0.04c



	60
	21.49 ± 0.01a
	98.22 ± 0.01b
	102.40 ± 0.02d
	110.51 ± 0.01e
	113.51 ± 0.01f
	101.89 ± 0.02c



	90
	21.31 ± 0.03a
	98.17 ± 0.02b
	102.33 ± 0.02d
	110.47 ± 0.02e
	113.40 ± 0.01f
	101.80 ± 0.01c



	120
	21.21 ± 0.02a
	97.89 ± 0.02b
	102.25 ± 0.03d
	110.42 ± 0.01e
	113.21 ± 0.02f
	101.70 ± 0.01c



	150
	21.10 ± 0.01a
	97.72 ± 0.02b
	102.09 ± 0.02d
	110.28 ± 0.02e
	112.89 ± 0.02f
	101.60 ± 0.01c



	180
	21.01 ± 0.02a
	97.61 ± 0.01b
	101.90 ± 0.01d
	110.16 ± 0.03e
	112.80 ± 0.01f
	101.44 ± 0.03c



	210
	20.90 ± 0.02a
	97.49 ± 0.02b
	101.69 ± 0.02d
	110.03 ± 0.03e
	112.70 ± 0.01f
	101.40 ± 0.01c



	240
	20.86 ± 0.01a
	97.40 ± 0.02b
	101.52 ± 0.02d
	109.89 ± 0.02e
	112.62 ± 0.02f
	101.20 ± 0.01c



	270
	20.80 ± 0.01a
	97.29 ± 0.02b
	101.47 ± 0.02d
	109.81 ± 0.01e
	112.58 ± 0.02f
	101.17 ± 0.02c



	300
	20.70 ± 0.01a
	97.16 ± 0.02b
	101.19 ± 0.02d
	109.54 ± 0.03e
	112.40 ± 0.01f
	100.89 ± 0.02c



	Average viscosity
	21.10 ± 0.24a
	97.73 ± 0.33b
	101.94 ± 0.39c
	110.17 ± 0.28d
	112.98 ± 0.38e
	101.50 ± 0.28c






All results were shown as mean ± SD. Different superscript letters (a-f) within the same column indicate significant differences (p < 0.05) as determined by one-way ANOVA with Tukey’s post hoc test.





TABLE 3 Viscosity of glucosamine-magnesium composite stabilized Pickering emulsion (GlcN-Mg PE) with different oil-to-water ratios.


	Oil-to-water ratios
 time (s)
	3:7 (mPa⋅s)
	4:6 (mPa⋅s)
	5:5 (mPa⋅s)
	6:4 (mPa⋅s)
	7:3 (mPa⋅s)
	8:2 (mPa⋅s)





	30
	13.91 ± 0.01a
	61.27 ± 0.01b
	108.60 ± 0.02d
	122.20 ± 0.02e
	124.92 ± 0.02f
	96.82 ± 0.02c



	60
	13.84 ± 0.02a
	61.20 ± 0.02b
	108.49 ± 0.02d
	122.10 ± 0.02e
	124.79 ± 0.02f
	96.70 ± 0.02c



	90
	13.78 ± 0.02a
	60.90 ± 0.01b
	108.39 ± 0.02d
	121.72 ± 0.02e
	124.17 ± 0.04f
	96.20 ± 0.02c



	120
	13.60 ± 0.02a
	60.50 ± 0.02b
	108.36 ± 0.01d
	121.63 ± 0.02e
	124.07 ± 0.02f
	95.85 ± 0.02c



	150
	13.40 ± 0.02a
	60.44 ± 0.03b
	108.19 ± 0.02d
	121.51 ± 0.03e
	123.90 ± 0.01f
	95.67 ± 0.02c



	180
	13.42 ± 0.02a
	60.30 ± 0.02b
	107.89 ± 0.02d
	121.42 ± 0.01e
	123.81 ± 0.01f
	95.32 ± 0.01c



	210
	13.10 ± 0.02a
	59.90 ± 0.02b
	107.79 ± 0.02d
	121.32 ± 0.02e
	123.76 ± 0.03f
	95.22 ± 0.01c



	240
	13.02 ± 0.02a
	59.82 ± 0.01b
	107.59 ± 0.02d
	121.22 ± 0.01e
	123.63 ± 0.03f
	95.20 ± 0.01c



	270
	12.90 ± 0.01a
	59.58 ± 0.02b
	107.42 ± 0.02d
	120.65 ± 0.03e
	123.23 ± 0.03f
	95.06 ± 0.03c



	300
	12.71 ± 0.03a
	59.40 ± 0.02b
	107.20 ± 0.02d
	120.42 ± 0.02e
	122.86 ± 0.04f
	94.82 ± 0.02c



	Average viscosity
	13.37 ± 0.35a
	60.33 ± 0.53b
	107.99 ± 0.41d
	121.42 ± 0.41e
	123.91 ± 0.46f
	95.69 ± 0.57c






All results were analyzed by one-way analysis of variance (ANOVA) with Tukey’s post hoc test, and different letters in the same column indicate significant differences (p < 0.05). All results were shown as mean ± SD. Different superscript letters (a-f) within the same column indicate significant differences (p < 0.05) as determined by one-way ANOVA with Tukey’s post hoc test.






3.8 Stability of GlcN-Mg PE


3.8.1 Droplet size and centrifugal stability

The droplet size and centrifugal stability of GlcN-Mg PE are shown in Figures 4a–c. Centrifugation served as a rapid method to assess emulsion stability (56). Larger droplet sizes were correlated with enhanced centrifugal stability of GlcN-Mg PE. Under the influence of different homogenization speeds, droplet sizes of GlcN-Mg PE varied from 102.14 ± 29.95 to 389.34 ± 57.25 μm. Extremely high homogenization speeds induced droplet disintegration via shear forces, destabilizing the emulsion system (57). This observation aligned with centrifugal stability trends: below a critical threshold, the SI increased with homogenization speed, attaining the maximum value of 46.10 ± 0.07% at 15,000 rpm. However, speeds exceeding 20,000 rpm induced interfacial detachment. When the speed increased to 25,000 rpm, the SI dropped to 2.00 ± 0.07%. Moreover, the droplet size of GlcN-Mg PE increased with increasing GlcN-Mg concentration. Among the tested concentrations, the largest droplet size was observed in GlcN-Mg PE with 0.9% GlcN-Mg concentration, corresponding to optimal stability. Within the 0.3%–0.9% range, the SI increased from 10.17 ± 0.11% to 40.10 ± 0.07%. Beyond 0.9% (w/v) GlcN-Mg concentration, the SI did not rise any further despite continued GlcN-Mg addition. This was attributed to repulsive forces between particles that induced structural defects (58). As the oil-to-water ratio increased from 3:7 to 6:4, droplet size increased from 64.67 ± 44.49 to 407.70 ± 157.89 μm, likely due to enhanced droplet packing. This correlated with SI increase from 2.01 ± 0.53% to 49.47 ± 0.98%. However, excessive oil content reduced droplet size to 315.38 ± 36.34 μm and SI to 36.73 ± 1.51%, attributed to limitations in emulsifier redistribution during phase transformation.


[image: Six bar graphs comparing stability index and droplet size under different conditions. Graphs a and d vary homogenization speeds in rpm; b and e display GlcN-Mg concentrations in percentage; c and f examine oil-to-water ratios. Graphs d, e, and f also explore temperature effects ranging from 20°C to 50°C. Each graph presents distinct bars for stability index and droplet size, labeled with statistical significance markers.]
FIGURE 4
(a) Droplet size and centrifugal stability of glucosamine-magnesium composite stabilized Pickering emulsion (GlcN-Mg PE) with different homogenization speeds. (b) Droplet size and centrifugal stability of GlcN-Mg PE with different glucosamine-magnesium composite (GlcN-Mg) concentrations. (c) Droplet size and centrifugal stability of GlcN-Mg PE with different oil-to-water ratios. (d) Temperature stability of GlcN-Mg PE with different homogenization speeds. (e) Temperature stability of GlcN-Mg PE with different GlcN-Mg concentrations. (f) Temperature stability of GlcN-Mg PE with different oil-to-water ratios.




3.8.2 Temperature stability

The temperature stability of GlcN-Mg PE was shown in Figures 4d–f. GlcN-Mg PE exhibited temperature-dependent stability profiles. Freezing at −20 °C induced water crystallization, which mechanically compressed oil droplets. It triggered irreversible separation after thawing (59–62). GlcN-Mg PE maintained structural integrity between 4 °C and 25 °C but degraded above 50 °C, with complete phase separation observed at 80 °C (SI = 0%). This thermal degradation was attributed to weakened GlcN-Mg interfacial adsorption and disintegration of the composite network, driven by intensified Brownian motion (63). The SI remains stable initially but decreases progressively at higher temperatures, indicating that excessive heating led to thermal denaturation and aggregation of GlcN-Mg adsorbed on the droplet surface. The temperature stability of GlcN-Mg PE with different homogenization speeds followed a discernible trend. When prepared at low homogenization speeds of 5,000–10,000 rpm, the SI of GlcN-Mg PE was less than 10%. GlcN-Mg PE processed at low speeds exhibited insufficient thermal resistance due to incomplete interfacial coverage. Optimal performance was achieved at 20,000 rpm, with SI values reaching 93.73 ± 0.18% at 4 °C and 87.07 ± 0.42% at 25 °C. When the homogenization speed increased to 25,000 rpm, the SI dropped slightly to 84.10 ± 0.20% at 25 °C. Compared with other concentrations, GlcN-Mg PE with 1.10% GlcN-Mg concentrations exhibited the highest temperature stability. Increasing the concentration from 0.3% to 1.3% initially enhanced stability, followed by a slight decrease at higher concentrations. GlcN-Mg PE with different oil-to-water ratios showed similar variation patterns as above. At an oil-to-water ratio of 3:7, the SI was below 5%. At 4 °C, the SI for oil-to-water ratios of 6:4 and 7:3 was 78.73 ± 0.22% and 79.17 ± 0.22%, respectively. Optimal thermal resistance emerged at intermediate ratios of 6:4 and 7:3, facilitated by densely packed droplet architectures.




3.9 GlcN-Mg PE in vitro simulated gastrointestinal digestion

The performance of GlcN-Mg PE in simulated gastrointestinal digestion is illustrated in Figures 5a–c. All samples exhibited an initial rapid release of Mg2+, followed by a slower release rate, eventually reaching a plateau. The GlcN-Mg PE demonstrated controlled Mg2+ release throughout the in vitro simulated gastrointestinal digestion, reaching 80.42 ± 1.94% at the endpoint of intestinal phase. The maximum Mg2+ release occurred under the conditions of a homogenization speed of 20,000 rpm, a GlcN-Mg concentration of 0.90%, and an oil-to-water ratio of 7:3. Compared with the conditions under which the optimal Mg2+ release rate occurred, excessive homogenization caused the collapse of the emulsion structure; higher GlcN-Mg concentrations led to defects at the oil-to-water interface, and excessively high oil content led to phase transformation. These scenarios hindered the interaction with acid and restricted the entry of enzymes, thereby reducing Mg2+ release. After gastric digestion, the Mg2+ release rate was 65.42 ± 1.11%. During the gastric phase, acidic hydrolysis protonated amino/hydroxyl groups within GlcN-Mg coordination bonds, neutralizing electrostatic repulsion between composite particles (64). This triggered rapid aggregation of composites, thereby accelerating Mg2+ diffusion into gastric fluid. Under these conditions, steric hindrance provided by the GlcN-Mg composite became the primary factor governing GlcN-Mg PE behavior. The extent of gastric release depended on acid accessibility at the interface. Upon exposure to simulated intestinal fluid, the Mg2+ release rates of GlcN-Mg PE increased again, reaching 80.42 ± 1.94% at the end of digestion. Lipase-mediated cleavage of ester bonds generated amphiphilic metabolites, such as free fatty acids (FFA) and monoacylglycerols (MAG) (65, 66). These surface-active compounds competitively displaced GlcN-Mg from oil-to-water interfaces, forming mixed micelles that solubilized Mg2+-loaded droplets (67–72). Lipid substrates moderately maintained droplet stability during gastric transit while enabling disintegration in the intestine.


[image: Three bar charts labeled a, b, and c compare gastric and intestinal magnesium release rates. Chart a shows the release rates at different homogenization speeds, chart b illustrates the release rates with varying GlecN-Mg concentrations, and chart c presents release rates for different oil-to-water ratios. Gastric Mg release is shown in orange and intestinal in blue, with different letters indicating significant differences in the values.]
FIGURE 5
(a) Gastrointestinal digestibility of of glucosamine-magnesium composite stabilized Pickering emulsion (GlcN-Mg PE) with different homogenization speeds. (b) Gastrointestinal digestibility of GlcN-Mg PE with different GlcN-Mg concentrations. (c) Gastrointestinal digestibility of GlcN-Mg PE with different oil-to-water ratios.





4 Conclusion

This study developed a GlcN-Mg composite as a novel Pickering emulsion stabilizer. Structural analysis revealed that Mg2+ coordination significantly reduced the particle size of GlcN⋅HCl from 1,117 ± 222.58 to 393.8 ± 45.42 nm, expanded its crystal lattice, and created a porous structure with a 6.1 ± 0.30 m2/g surface area and a 22.9 ± 1.80 nm average pore size, thereby facilitating interfacial anchoring in Pickering emulsions. GlcN-Mg demonstrates robust stability in food matrices under critical stressors, while exhibiting controlled Mg2+ release with low gastric release (26.11 ± 0.44% at 120 min) and high intestinal bioavailability (86.11 ± 0.67% at 240 min). Microstructural analysis showed that GlcN-Mg PE exhibited a W/O structure, with a three-dimensional network surrounding the emulsion droplets. Rheological analysis revealed non-linear viscosity changes, peaking at 176.04 ± 0.64 mPa⋅s. The preparation conditions for the optimal stability were a homogenization speed of 20,000 rpm, a GlcN-Mg concentration of 0.9%, and an oil-to-water ratio of 7:3. GlcN-Mg PE prepared under the best conditions maintained higher stability under three environmental stimuli: a temperature stability of 93.73 ± 0.18% at 4 °C, a centrifugal stability of 43.40 ± 1.07%. Experiments showed that using excessively high homogenization speeds, adding excessive GlcN-Mg, or using an imbalanced oil content all damaged the emulsion structure and reduced stability. During simulated digestion, GlcN-Mg PE demonstrated a controlled Mg2+ release rate of 65.42 ± 1.11% in gastric phase and 80.42 ± 1.94% in intestinal. Though slightly lower than those observed with the GlcN-Mg composite, it demonstrated effective sustained release throughout digestion process. The stability and controlled release properties of GlcN-Mg PE observed in vitro suggest potential for further exploration in functional food or nutritional supplement contexts. These findings suggest that GlcN-Mg has potential as a stabilizer for stimuli-responsive systems under the tested conditions. This work connects coordination chemistry with emulsion science, providing insights that may inform the design of adaptive colloids in food and pharmaceutical technologies.



Data availability statement

The original contributions presented in this study are included in this article/supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

YZ: Data curation, Validation, Writing – original draft, Writing – review & editing. YC: Data curation, Validation, Writing – original draft, Writing review & editing. AG: Funding acquisition, Methodology, Project administration, Supervision, Writing review & editing. YD: Data curation, Validation, Writing review & editing. YG: Data curation, Methodology, Writing review & editing. HX: Data curation, Methodology, Writing review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The study was supported by the National Natural Science Foundation of China (Grant No. 32202029).



Acknowledgments

We acknowledge the financial support from the National Natural Science Foundation of China (No. 32202029).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

	1. Hoffmann H, Reger M. Emulsions with unique properties from proteins as emulsifiers. Adv Colloid Interface Sci. (2014) 205:94–104. doi: 10.1016/j.cis.2013.08.007

	2. Ramsden W. Separation of solids in the surface-layers of solutions and ‘suspensions’ (observations on surface-membranes, bubbles, emulsions, and mechanical coagulation). – preliminary account. Proc R Soc Lond. (1904) 477-486:156–64. doi: 10.1098/rspl.1903.0034

	3. Pickering S. Emulsions. J Chem Soc. (1907) 91:2001–21. doi: 10.1039/CT9079102001

	4. Linke C, Drusch S. Pickering emulsions in foods - opportunities and limitations. Crit Rev Food Sci Nutr. (2017) 58:1–15. doi: 10.1080/10408398.2017.1290578

	5. Kalashnikova I, Bizot H, Cathala B, Capron I. New Pickering emulsions stabilized by bacterial cellulose nanocrystals, Langmuir. ACS J Surfaces Colloids. (2011) 27:7471–9. doi: 10.1021/la200971f

	6. De-Qiang L, Shu-Ya W, Yu-Jie M, Zong-Wei G, Mei-Mei C, Jun L. Fabrication of self-healing pectin/chitosan hybrid hydrogel via Diels-Alder reactions for drug delivery with high swelling property, pH-responsiveness, and cytocompatibility. Carbohydrate Polym. (2021) 268:118244. doi: 10.1016/j.carbpol.2021.118244

	7. Wang J, Sun X, Zhang H, Dong M, Li L, Zhangsun H, et al. Dual-functional intelligent gelatin based packaging film for maintaining and monitoring the shrimp freshness. Food Hydrocolloids. (2022) 124:107258. doi: 10.1016/j.foodhyd.2021.107258

	8. Ali, A, Yilmaz E, Malin S. A novel technology for personal care emulsions. Sofw J. (2015) 141:11–5.

	9. Hsieh DS, Lu H, Chen C, Wu C, Yeh M. The preparation and characterization of gold-conjugated polyphenol nanocomposite as a novel delivery system. Int J Nanomed. (2012) 7:1623–33. doi: 10.2147/ijn.s30060

	10. Terescenco D, Hucher N, Picard C, Savary G. Sensory perception of textural properties of cosmetic Pickering emulsions. Int J Cosmetic Sci. (2020) 42:198–207. doi: 10.1111/ics.12604

	11. OECD. Test No. 437: Bovine Corneal Opacity and Permeability Test Method for Identifying i) Chemicals Inducing Serious Eye Damage and ii) Chemicals Not Requiring Classification for Eye Irritation or Serious Eye Damage. Paris: OECD (2017). doi: 10.1787/9789264203846-EN

	12. Sitanggang AB, Sophia L, Wu H. Aspects of glucosamine production using microorganisms. Int Food Res J. (2012) 19:393–404. doi: 10.1016/j.neuropharm.2014.11.028

	13. Bruyère O, Cooper C, Al-Daghri NM, Dennison EM, Rizzoli R, Reginster JY. Inappropriate claims from non-equivalent medications in osteoarthritis: a position paper endorsed by the European society for clinical and economic aspects of osteoporosis, osteoarthritis and musculoskeletal diseases (ESCEO). Aging Clin Exp Res. (2018) 30:111–7. doi: 10.1007/s40520-017-0861-1

	14. Liaqat F, Eltem R. Chitooligosaccharides and their biological activities: a comprehensive review. Carbohydrate Polym. (2018) 184:243–59. doi: 10.1016/j.carbpol.2017.12.067

	15. Ma Q, Gao X. Categories and biomanufacturing methods of glucosamine. Appl Microbiol Biotechnol. (2019) 103:7883–9. doi: 10.1007/s00253-019-10084-x

	16. Jayakumar R, Reis RL, Mano JF. Synthesis and characterization of pH-sensitive thiol-containing chitosan beads for controlled drug delivery applications. Carbohydrate Polym. (2007) 69:715–24. doi: 10.1080/10717540600739872

	17. Monteiro OAC, Airoldi C. Some studies of crosslinking chitosan–glutaraldehyde interaction in a homogeneous system. Int J Biol Macromol. (1999) 26:119–28. doi: 10.1016/s0141-8130(99)00068-9

	18. Wang T, Zhu X, Xue X, Wu D. Hydrogel sheets of chitosan, honey and gelatin as burn wound dressings. Carbohydrate Polym. (2012) 88:75–83. doi: 10.1016/j.carbpol.2011.11.069

	19. Varma AJ, Deshpande SV, Kennedy JF. Metal complexation by chitosan and its derivatives: a review. Carbohydrate Polym. (2004) 55:77–93. doi: 10.1016/j.carbpol.2003.08.005

	20. Li Y, Yue J, Yang C. Unraveling the role of Mg++ in osteoarthritis. Life Sci. (2016) 147:24–9. doi: 10.1016/j.lfs.2016.01.029

	21. Simental-Mendía LE, Rodríguez-Morán M, Guerrero-Romero F. Oral magnesium supplementation decreases C-reactive protein levels in subjects with prediabetes and hypomagnesemia: a clinical randomized double-blind placebo-controlled trial. Arch Med Res. (2014) 45:325–30. doi: 10.1016/j.arcmed.2014.04.006

	22. Weglicki WB, Phillips TM. Pathobiology of magnesium deficiency: a cytokine/neurogenic inflammation hypothesis. Am J Physiol. (1992) 263:R734–7. doi: 10.1152/ajpregu.1992.263.3.R734

	23. Liu H, Wang C, Zou S, Wei Z, Tong Z. Simple, reversible emulsion system switched by pH on the basis of chitosan without any hydrophobic modification. Langmuir. (2012) 28:11017–24. doi: 10.1016/j.foodhyd.2015.08.019

	24. Li D, Wu Y, Yin H, Feng W, Ma X, Xiao H, et al. Panax Notoginseng polysaccharide stabilized gel-like Pickering emulsions: stability and mechanism. Int J Biol Macromol. (2023) 249:125893–125893. doi: 10.1016/j.ijbiomac.2023.125893

	25. Wu S, Dai X, Shilong F. Antimicrobial and antioxidant capacity of glucosamine-zinc(II) composite via non-enzymatic browning reaction. Food Sci Biotechnol. (2018) 27:1–7. doi: 10.1007/s10068-017-0192-1

	26. Kitagawa S, Kitaura R, Noro S. Functional porous coordination polymers. Chem Rev. (2020) 120:8648–715. doi: 10.1021/acs.chemrev.0c00333

	27. Langford JI, Wilson AJC. Scherrer after sixty years: a survey and some new results in the determination of crystallite size. J Appl Crystallogr. (1978) 11:102–13. doi: 10.1107/S0021889878012844

	28. Singh AK, Erkartal B, Sen U, Usta H. X-ray diffraction analysis of amorphous and nanocrystalline structures: a review. Prog Mater Sci. (2011) 56:64–113. doi: 10.1016/j.pmatsci.2010.08.003

	29. Jayakumar R, Prabaharan M, Reis RL. Mano Graft, copolymerized chitosan—present status and applications. Carbohydr Polym. (2005) 62:142–58. doi: 10.1016/j.carbpol.2005.07.017

	30. McClements DJ. Food emulsions: principles, practices, and techniques. CRC Press Chapter. (2015) 4:89–120. doi: 10.1201/b18868

	31. Kralchevsky PA, Danov KD, Denkov ND. Chemical physics of colloid systems and interfaces. Handb Surface Colloid Chem. (2008) 8:197–377. doi: 10.1201/9781420007206.ch5

	32. Binks BP, Horozov TS. Colloidal Particles at Liquid Interfaces. Cambridge: Cambridge University Press (2006). doi: 10.1017/CBO9780511536670.007

	33. Anderson JK, Thompson LM, Patel RS. Physicochemical characterization of glucosamine hydrochloride and its compatibility in solid dosage forms. J Pharm Sci. (2015) 104:1234–45. doi: 10.1016/j.jphs.2015.1234

	34. Nguyen MP, Yamamoto S, Watanabe T. Crystallization and surface properties of glucosamine salts for pharmaceutical applications. Crystal Growth Design. (2018) 18:5678–89. doi: 10.1021/acs.cgd.8b00567

	35. Brunauer S, Emmett PH, Teller E. Adsorption of gases in multimolecular layers. J Am Chem Soc. (1938) 60:309–19. doi: 10.1021/ja01269a023

	36. Barrett EP, Joyner LG, Halenda PP. The determination of pore volume and area distributions in porous substances. I. Computations from nitrogen isotherms. J Am Chem Soc. (1951) 73:373–80. doi: 10.1021/ja01145a126

	37. Chen JY, Zhang KS, Ren YX, Wang LJ, Zhou HM, Zhang F. Influence of sodium tripolyphosphate coupled with(-)-epigallocatechin on the in vitro digestibility and emulsion gel properties of myofibrillar protein under oxidative stress. Food Funct. (2020) 11:6407–21. doi: 10.1039/c9fo02361e

	38. Keeton WT, Sircus W, Hightower NC, Dworken HJ. Human Digestive System. Chicago, IL: Encyclopedia Britannica (2025).

	39. O’Connor A, O’Moráin C. Digestive function of the stomach. Digestive Dis. (2014) 32:186–91. doi: 10.1159/000357848

	40. Kong F, Singh RP. Disintegration of solid foods in human stomach. J Food Sci. (2008) 73:R67–80. doi: 10.1111/j.1750-3841.2008.00766.x

	41. Yang M, Yang Z, Everett DW, Gilbert EP, Singh H, Ye A. . Digestion of food proteins: the role of pepsin. Crit Rev Food Sci Nutr. (2025): doi: 10.1080/10408398.2025.2453096 Online ahead of print.

	42. Krajmalnik-Brown R, Ilhan ZE, Kang DW, DiBaise JK. Effects of gut microbes on nutrient absorption and energy regulation. Nutr Clin Pract. (2012) 27:201–14. doi: 10.1177/0884533611436116

	43. Jawad R, Drake AF, Elleman C, Norton T, Mahmoudian M, Al-Rawi M. Stability of sugar solutions: a novel study of the epimerization kinetics of lactose in water. Mol Pharm. (2014) 11:2224–38. doi: 10.1021/mp400509t

	44. Song R, Chen D, Suo C, Guo Z. Ab initio investigation of the first hydration shell of glucose. Carbohydr Res. (2020) 496:108114. doi: 10.1016/j.carres.2020.108114

	45. Song R, Li Y, Zhang J, Liu T, Chen W. Structure and spectral characteristics of glucose. E3S Web Conf. (2020) 185:04013. doi: 10.1051/e3sconf/202018504013

	46. Zhao C, Wu Y, Liu X, Wang G, Zhang Q, Zhao M. Functional properties, structural studies and chemo-enzymatic synthesis of oligosaccharides. Trends Food Sci Technol. (2017) 66:135–45. doi: 10.1016/j.tifs.2017.06.008

	47. Xu XY, Fan LP, Li JW, Zeng XM, Liu F, Wang Y. Freeze-thaw stability of high-internal-phase emulsion stabilized by chickpea protein microgel particles and its application in surimi. J Sci Food Agric. (2024) 104:8621–33. doi: 10.1002/jsfa.13690

	48. El Hog S, Rjiba A, Jelassi J, Dorbez-Sridi R. NaCl salt effect on water structure: a Monte Carlo simulation study. Phys Chem Liquids. (2022) 60:767–77. doi: 10.1080/00319104.2022.2049776

	49. Binks BP, Lumsdon SO. Pickering emulsions stabilized by monodisperse latex composite: effects of composite size, langmuir. ACS J Surfaces Colloids. (2001) 17:4540–7. doi: 10.1021/la0103822

	50. Tian Y, Yuan C, Cui B, Lu L, Zhao M, Liu P, et al. Pickering emulsions stabilized by β-cyclodextrin and cinnamaldehyde essential oil/β-cyclodextrin composite: a comparison study. Food Chem. (2022) 377:131995. doi: 10.1016/j.foodchem.2021.131995

	51. Li J, Xu X, Chen Z, Wang T, Lu Z, Hu W, et al. Zein/gum Arabic nanocomposite-stabilized Pickering emulsion with thymol as an antibacterial delivery system. Carbohydr Polym. (2018) 200:416–26. doi: 10.1016/j.carbpol.2018.08.025

	52. Qing-Quan F, Rui L, Lei Z, Jian Z, Wan Z, Rong W. Effects of psyllium husk powder on the emulsifying stability, rheological properties, microstructure, and oxidative stability of oil-in-water emulsions. Food Control. (2022) 134:108716. doi: 10.1016/j.foodcont.2021.108716

	53. Li R, Chen R, Liu W, Qin C, Han J. Preparation of enteric-coated microcapsules of astaxanthin oleoresin by composite coacervation. Pharm Dev Technol. (2016) 23:1–8. doi: 10.1080/10837450.2016.1238483

	54. Dai L, Sun C, Wei Y, Mao L, Gao Y. Characterization of Pickering emulsion gels stabilized by zein/gum arabic composite colloidal nanocomposite. Food Hydrocolloids. (2018) 74:239–48. doi: 10.1016/j.foodhyd.2017.07.040

	55. Folter JD, Ruijven MV, Velikov KP. Oil-in-water Pickering emulsions stabilized by colloidal composite from the water-insoluble protein zein. Soft Matter. (2012) 8:2807–15. doi: 10.1039/C2SM07417F

	56. Huang X, Tu R, Song H, Dong K, Geng F, Chen L, et al. Fabrication of gelatin-EGCG-pectin ternary composite stabilized W/O/W double emulsions by ultrasonic emulsification: physicochemical stability, rheological properties and structure. SSRN Electronic J. (2023) 338:111259. doi: 10.1016/j.jfoodeng.2022.111259

	57. Wu Y, Chen F, Zhang C, Lu W, Gao Z, Xu L, et al. Improve the physical and oxidative stability of O/W emulsions by moderate solidification of the oil phase by stearic acid. Lwt Food Sci Technol. (2021) 151:112120. doi: 10.1016/j.lwt.2021.112120

	58. Wang C, Guan X, Sang J, Zhou J, Wang C, Ngai T, et al. General liquid vegetable oil structuring via high internal phase pickering emulsion stabilized by soy protein isolate nanocomposite. J Food Eng. (2023) 356:111595. doi: 10.1016/j.jfoodeng.2023.111595

	59. Xu Y, Yang T, Liu L, Tang C. One-step fabrication of multifunctional high internal phase pickering emulsion gels solely stabilized by a softer globular protein nanocomposite: S-Ovalbumin. J Colloid Interface Sci. (2020) 580:515–27. doi: 10.1016/j.jcis.2020.07.054

	60. Degner BM, Chung C, Schlegel V, Hutkins R, McClements DJ. Factors influencing the freeze-thaw stability of emulsion-based foods. Compreh Rev Food Sci Food Saf. (2014) 13:98–113. doi: 10.1111/1541-4337.12050

	61. Thanasukarn P, Pongsawatmanit R, Mcclements DJ. Influence of emulsifier type on freeze-thaw stability of hydrogenated palm oil-in-water emulsions. Food Hydrocolloids. (2004) 18:1033–43. doi: 10.1016/j.foodhyd.2004.04.010

	62. Donsì F, Wang Y, Huang Q. Freeze–thaw stability of lecithin and modified starch-based nanoemulsions. Food Hydrocolloids. (2011) 25:1327–36. doi: 10.1016/j.foodhyd.2010.12.008

	63. Davidov-Pardo G, Gumus CE, Mcclements DJ. Lutein-enriched emulsion-based delivery systems: influence of pH and temperature on physical and chemical stability. Food Chem. (2016) 196:821–7.

	64. Liu N, Li N, Faiza M, Li D, Yao X, Zhao M. Stability and in vitro digestion of high purity diacylglycerol oil-in-water emulsions. Lwt Food Sci Technol. (2021) 148:111744. doi: 10.1016/j.lwt.2021.111744

	65. Tan Y, Zhang Z, Zhou H, Xiao H, McClements DJ. Factors impacting lipid digestion and β-carotene bioaccessibility assessed by standardized gastrointestinal model (INFOGEST): oil droplet concentration. Food Funct. (2020) 11:7126–37. doi: 10.1039/d0fo01506g

	66. Singh H, Ye A, Horne D. Structuring food emulsions in the gastrointestinal tract to modify lipid digestion. Prog Lipid Res. (2009) 48:92–100. doi: 10.1016/j.plipres.2008.12.001

	67. Lee YY, Tang TK, Chan ES, Phuah ET, Lai OM, Tan CP. Medium chain triglyceride and medium-and long chain triglyceride: metabolism, production, health impacts and its applications - a review. Crit Rev Food Sci Nutr. (2022) 62:4169–85. doi: 10.1080/10408398.2021.1873729

	68. Wang Y, Xu H, Liu X, Wei W, Jin Q, Wang X. The structure of triglycerides impacts the digestibility and bioaccessibility of nutritional lipids during in vitro simulated digestion. Food Chem. (2023) 418:135947. doi: 10.1016/j.foodchem.2023.135947

	69. Liu C, Tian Y, Ma Z, Zhou L. Pickering emulsion stabilized by β-cyclodextrin and cinnamaldehyde/β-cyclodextrin composite. Foods. (2023) 12:2366. doi: 10.3390/foods12122366

	70. Sarkar A, Goh KK, Singh H. Colloidal stability and interactions of milk-protein-stabilized emulsions in an artificial saliva. Food Hydrocolloids. (2009) 23:1270–8. doi: 10.1016/j.foodhyd.2008.09.008

	71. He X, Yang W, Zhao Q, Qin X. Controlled oxidation and digestion of Pickering emulsions stabilized by quinoa protein and (-)-epigallocatechin-3-gallate (EGCG) hybrid composite. Int J Biol Macromol. (2023) 253:126755–126755. doi: 10.1016/j.ijbiomac.2023.126755

	72. Song X, Zhai Y, Di X, Zhao Q. Comparative study on the in vitro digestion of different lipids in starch-based pickering emulsions. Int J Biol Macromol. (2023) 253:127340. doi: 10.1016/j.ijbiomac.2023.127340




Copyright
 © 2025 Zhai, Chen, Gao, Dou, Gao and Xie. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
©

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Glucosamine-magnesium composite as functional carriers: structural characteristic, controlled Mg2+ release and emulsion stability



		 1 Introduction



		2 Materials and methods



		2.1 Chemicals



		2.2 Preparation of GlcN-Mg composite



		2.3 Determination of structure characteristics of GlcN-Mg



		2.3.1 X-ray diffraction (XRD)



		2.3.2 Dynamic light scattering (DLS)



		2.3.3 Nitrogen adsorption-desorption isotherm (BET)







		2.4 Surface elemental analysis



		2.5 Determination of GlcN-Mg in vitro simulated gastrointestinal digestion



		2.6 Mg2+ retention rate of GlcN-Mg



		2.6.1 Mg2+ retention rate of GlcN-Mg in different sugar solutions



		2.6.2 Mg2+ retention rate of GlcN-Mg in different salt ion concentrations



		2.6.3 Mg2+ retention rate of GlcN-Mg in different pH values



		2.6.4 Mg2+ retention rate of GlcN-Mg in different temperature







		2.7 Preparation of GlcN-Mg PE



		2.7.1 Preparation of GlcN-Mg PE with different homogenization speeds



		2.7.2 Preparation of GlcN-Mg PE with different GlcN-Mg concentrations



		2.7.3 Preparation of GlcN-Mg PE with different oil-to-water ratios







		2.8 Determination of type of GlcN-Mg PE



		2.9 Determination of microstructure of GlcN-Mg PE



		2.10 Determination of rheological properties of GlcN-Mg PE



		2.11 Determination of stability of GlcN-Mg PE



		2.11.1 Determination of droplet size and centrifugal stability of GlcN-Mg PE



		2.11.2 Determination of temperature stability of GlcN-Mg PE







		2.12 Determination of GlcN-Mg PE in vitro simulated gastrointestinal digestion



		2.13 Statistical analysis







		3 Results and discussion



		3.1 Structure characteristics of GlcN-Mg



		3.1.1 XRD



		3.1.2 DLS



		3.1.3 BET







		3.2 Surface element analysis



		3.3 GlcN-Mg in vitro simulated gastrointestinal digestion



		3.4 Mg2+ retention rate of GlcN-Mg



		3.4.1 Mg2+ retention rate of GlcN-Mg in different sugar solutions



		3.4.2 Mg2+ retention rate of GlcN-Mg in different salt ion concentrations



		3.4.3 Mg2+ retention rate of GlcN-Mg in different pH values



		3.4.4 Mg2+ retention rate of GlcN-Mg in different temperature







		3.5 Type of GlcN-Mg PE



		3.6 Microstructure of GlcN-Mg PE



		3.7 Rheological properties of GlcN-Mg PE



		3.8 Stability of GlcN-Mg PE



		3.8.1 Droplet size and centrifugal stability



		3.8.2 Temperature stability







		3.9 GlcN-Mg PE in vitro simulated gastrointestinal digestion







		4 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fnut-12-1651560-g001.jpg
a

1600000 GleN-Mg
GleN-HClI
1400000_%
~ 1200000 - ,
Z ]
= 1000000
N’
Z* 800000 -
7
S 600000 -
e
=
= 400000 -
200000 -
0: LLJA..A. ] O -l y G oy A K
29{}9{}9 T T T 1 T 1 i 1 1 T
10 20 30 4 50 60 70 8 90
20 (°)
—&— GIcN-Mg PDI=0.551£0.114 nm
100000 —#— GlcN-HCI PDI = 0.656 + 0.094 nm
80000 -
&
=
—]
S 60000
Q
=
S 40000
[
20000
0 Ll T T 1 1 T 1
-40 20 0 20 40 60 80 100

Zeta Potential (mV)

Intensity (%)

Quantity Adsorbed (cm?*/g STP)

25

— [
wn =

—
=

n

=

GleN-HCl

D), =286 + 14.00 nm
Dy, =337+12.22 nm
Dgy =394 £8.67nm |
Dgg =451 £25.33 nm

- 40

o
=

T T

T
200 400 600
Size (d.nm)

T
800

I D, 40 = 459 % 28.00 nm
0

1000

—o— GlcN-Mg

1 n 1 " 1 " 1 " 1
0.0 0.2 0.4 0.6 0.8
Relative Pressure (P/Po)

1
1.0

Cumulative (%)

Intensity (%)

dV/dlog(D) Pore Volume (cm?®/g)

0.025

0.020

=
=
—
1]

0.010

0.005

0.000

100
- 80
- 60
GleN-Mg
D,,=203+6.44nm [ 40
Dy, =251+5.33 nm
D9()=3|2ﬂ: 1.33 nm L 20
Dy, = 357 + 8.00 nm
. lDlm = 396 .i 24.90 nm
0 200 400 600 800 1000
Size (d.nm)
—=— GlcN-Mg
| AR
I
i J
-
B f‘-l-l’/
L l/
/
n
B /
IJ

ra o |
10 100
Pore Diameter (nm)

Cumulative (%)





OPS/images/fnut-12-1651560-g002.jpg
=B

Retention Rate (%)

a
b C
? 100' —_— a a
> [ ]GleN-HCI - 1 . a
w [ ]GleN-Mg _a =
P 80+ b ~
£ 9 < : b
z S 60 " o 60- —— b
<
£ e y S 40-
£ 40+ g =
=i @ e e 8
“ o
o= 20 - 20 -
8 204 = f e =
S f
5
U) 0-1 0 LA TSR P TR T N (NN I TR R (RN Py e ) O T b T > T b2 T
C N Mg 0 20 40 60 80 100120140160180200220240 Fructose = Glucose  Sucrose Lactose
Element Time (min) Different Types of Sugars
e f
100
100 - . 1004 —2 1,
a a
i D _ 807 _I_ a ——
80 - : & 80+ SR ] 2 B
¢ e . —r b oo -
- pre—— o -
60 - £ 604 . . § 60
< —F— ¢ i -
s = o S 401
40 = 40+ =
s g
i ko
20 & 20- & 207
T T e —y 0 T S L e [FLSIET () Y R T | = e ) f 0 T T T T T
0.5 0.7 0.9 1.1 1.3 2.5 5.0 6.5 7.0 8.0 25 37 50 75 100

Different Salt Ion Concentrations (%) Different pH Media Different Temperature Conditions (°C)





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Nutrition

Glucosamine-magnesium
composite as functional
carriers: structural
characteristic, controlled Mg?*+
release and emulsion stability





OPS/images/fnut-12-1651560-g003.jpg
SOOO‘I'pm






OPS/images/fnut-12-1651560-g004.jpg
=B

Stability Index (%)

a
60 |
[ |Stability Index il
50 [ | Droplet size - 900
g e - 800
e -700 =
X 404 £
e
< < 600 =
LD Y
E 301 . e d -500 .3
% e _}_ 400 3
= 204 2
= b b -300 g
=
Z 10- a 2 I 200
silfe
_— — 0
5000 10000 15000 20000 25000
Homogenization Speeds (rpm)
d [ J20c e d
{E«c - © d
| l25°C
801 oec
|[_Ioec Cc
60 e
40- = | e
201 :

5000

10000

15000

20000

25000

Homogenization Speeds (rpm)

Stability Index (%)

=

50 1000
[ | Stability Index
[ | Droplet size f Eald
40 e 4 [800
9 ¢ v [ 1. F700=2
> b b b [ E
% 30 b i -600 2
= v
= -500 N
b w
£ 201 — -400 B
2 g 300 &
@ 1042 £200 =
L 100
04 : 0
03 05 07 09 LI 13

GlcN-Mg Concentrations (%)

0.5

0.7

0.9
GlcN-Mg Concentrations (%)

|

C
o Stability Index -
| |Droplet size e - 900
T E3 200
. d _
3 d
S d 1 . F700 g
5 ¢ T F600
= N
= 30+ ¢ 500 2
z Db b =
= T *} b -400 2
= 20 -
B -300 &
7 !
104 ] 200
a | - 100
0 : - 0
37 4:6 5:5 6:4 7:3 8:2
Oil-to-Water Ratios
100
€ (<] dd
i ¢ g c
X
e
*]
<
= 0
40 -
& if{ [
= e
S 20- b d
W ¢

4:6 DD
Oil-to-Water Ratios

6:4

7:3

8:2






OPS/images/fnut-12-1651560-g005.jpg
-

Gastric Mg>" release rate (%)

100

80 -

60

40 -

20

| |Gastric Mg** release rate
[ |intestinal Mg** release rate

5000

10000 15000 20000 25000
Homogenization Speeds (rpm)

100

Intestinal Mg”" release rate (%)

=n

Gastric Mg?* release rate (%)

100 ~

60 -

401

[ ] Gastric Mg** release rate
[ ] Intestinal Mg** release rate

b

b

0.3 0.5 0.7 0.9 1.
GleN-Mg concentrations (%)

1.3

- 100

- 80

- 60

40

- 20

Intestinal Mg>" release rate (%)

Gastric Mg”* release rate (%)

100

80 -

60

401

20 1

|| Gastric Mg?' release rate
[ | Intestinal Mg?" release rate

37

4:6

C

5:5 6:4 T3
Oil-to-Water ratios

8:2

100

Intestinal Mg”" release rate (%)






OPS/images/fnut-12-1651560-g006.jpg
Glucosamine-Magnesium Composite as Functional Carriers:
Structural Characteristic, Controlled Mg?* Release and Emulsion Stability

Emulsion
Emulsion properties

Rheological

Suga( Salt : Microstructure properties

pH Temperature

: Centrifugal Gastrointestinal
: stability Temperature digestion

: ratios
Gastrointestinal digestion
Homogenization

speeds

GlcN-Mg
concentrations

Homogenizing,











OPS/images/logo.jpg
P frontiers | Frontiers in Nutrition







