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Abstract

:

In this work, alginate-chitosan microgel particles were formed at different pH levels with the aim of using them as viscoelastic interfacial layers, which confer emulsion stability to food systems. The particles’ size and structural characteristics were determined using laser diffraction, confocal laser microscopy (CLSM), and time-domain nuclear magnetic resonance (TD-NMR). The pH affected the microgel characteristics, with larger particles formed at lower pH levels. T2 relaxation measurements with TD-NMR did not reveal differences in the mobility within the particles for the different pH levels, which could have been related to the more or less swollen structure. The rate of adsorption of the particles at the sunflower oil–water interface differed between particles formed at different pH levels, but the equilibrium interfacial tension of all systems was similar. Higher interfacial dilatational viscoelasticity was obtained for the systems at lower pH (3, 4, 5), with G’ reaching 13.6 mN/m (0.1 Hz) at pH 3. The interfacial rheological regime transitioned from a linear elastic regime at lower pH to a linear but more viscoelastic one at higher pH. The thicker, highly elastic interfacial layer at low pH, in combination with the higher charges expected at lower pH, was related to its performance during emulsification and the performance of the emulsion during storage. As revealed by laser diffraction and CLSM, the droplet sizes of emulsions formed at pH 6 and 7 were significantly larger and increased in size during 1 week of storage. CLSM examination of the emulsions revealed bridging flocculation with the higher pH. Nevertheless, all emulsions formed with microgel systems presented macroscopic volumetric stability for periods exceeding 1 week at 25 °C. A potential application of the present systems could be in the formation of stable, low-fat dressings without the addition of any emulsifier, allowing, at the same time, the release of the bioactive compounds for which such particles are known.
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1. Introduction


Microgels exhibit a variety of characteristics attributed to their binary nature, such as thermal and pH sensitivity, reversible swelling, deformability, and interfacial activity [1,2,3,4]. For instance, the temperature, pH, and ionic strength in the external environment can stimulate microgels to swell in the solvent to varying degrees [5,6,7]. It has been suggested that microgelation can impart emulsifying abilities even to surface-inactive polysaccharides [8,9]. Soft microgels can easily deform and partially interconnect at the interface, which can change the surface coverage and improve the viscoelastic response of the interface, improving emulsion stability [6,10,11,12,13,14]. During recent years, microgels based on edible biopolymers have attracted attention as stabilizing agents in foams and emulsions [15].



The sensitivity of microgels to environmental factors has a significant effect on their behavior at the interface and, thus, on the stability of emulsions stabilized with microgels. Furthermore, reactivity adds functions to microgel-stabilized emulsions, and droplets can be ruptured via external parameters if necessary, which broadens the potential applications for the stimulus-dependent controlled release of bioactive substances [4,16,17]. Food-grade microgels are composed of supramolecular assemblies of biocompatible and biodegradable biopolymer molecules, such as proteins, polysaccharides, and their complexes [8,18]. Successful synthesis of food microgels can be achieved using various techniques [2,15,19,20,21,22,23,24,25,26,27]. In the top-down approach, macrogels are broken down into smaller fragments. Gels fracture when the stresses transferred from the surrounding medium exceed the material’s cohesive forces [28]. Large amounts of energy must be expended to obtain micro- or submicron-sized gel particles [29]. Mechanical breakage of a bulk hydrogel in the presence of excess solvent is a frequently used approach for the formation of proteinaceous microgels and a promising scalable method to produce microgel particles in the food industry [30,31,32,33,34]. Nevertheless, this “top-down” approach has rarely been used for the preparation of polysaccharide microgels.



Alginate is a commonly used polysaccharide consisting of b-D-mannuronate and a-L-guluronate monomers. In the presence of divalent cations (e.g., calcium ions), the cations bind to the carboxyl groups of the guluronate monomers and form a gel network. Early studies on alginate beads (i.e., millimeter-sized particles) using Ca2+ as gelling agent showed pH responsiveness, with the particles swelling at neutral pH and above and keeping their size unchanged at acidic pH [35,36]. Retaining integrity at acidic pH is important for food applications since foods present acidic pH.



Chitosan is a product of chitin deacetylation [37,38]. The degree of deacetylation affects the hydrophilic/hydrophobic character of the molecule, which, in turn, affects chitosan’s interfacial and emulsification properties [39]. It has been suggested that chitosan forms polyelectrolytic brushes at the water–oil interface and that emulsion stability is conferred by a both steric and electrostatic barrier [40]. Chitosan is pH-sensitive since the pH affects the degree of protonation of the amino groups present in the molecule [41]. Polycations, such as chitosan, can adsorb on the surface of calcium alginate gels [42]. Strong ionic interactions have been observed between the carboxyl residues of alginate and the amino terminals of polycations [43]. Alginate gel’s porosity is reduced by the polycation–alginate complex layer, which, in turn, acts as a further barrier to molecule transport in and out of the gel particles [44,45]. This made possible the formation of millimeter-sized alginate-chitosan particles for drug release over 20 years ago [46,47,48]. Later on, micro- and nanosized alginate-chitosan particles were produced [49,50,51,52]. These particles have shown very good stability and the controlled release properties of active substances in acidic media, as verified by in vitro gastrointestinal tract experiments [53]. The change in the size from mm to μm and nm can further expand the applications of these particles.



Studies on the formation and utilization of chitosan and alginate matrices with a core–shell structure have received particular attention. In this regard, Ribeiro et al. [47] developed chitosan-coated alginate microspheres with a lipophilic marker utilizing the emulsification/internal gelation approach in order to potentially use them as an oral controlled-release system. A similar approach was applied by You et al. [50] to create chitosan-alginate core–shell nanoparticles for effective gene transfection. Alginate-chitosan core–shell microcapsules were developed by Taqieddin and Amiji [48] as a biocompatible scaffold for enzyme immobilization. Zhang et al. [51] used membrane emulsification combined with a two-step solidification process to produce alginate-chitosan microspheres with a narrow size distribution. Conti et al. [52] developed alginate/chitosan microspheres using a one-step complex coacervation method to enhance the delivery process for anticaries agents. For the purpose of creating magnetic chitosan-alginate core–shell beads for oral delivery of small molecules, Seth et al. [54] used a common extrusion crosslinking technique. Qin et al. [55] developed stimuli-responsive chitosan-alginate core–shell beads by making use of a one-step dripping technique.



In recent decades, rigid, solid particle-stabilized emulsions have gained significant popularity. Numerous articles have investigated the theories of Pickering stabilization, taking into account the colloidal properties, adsorption behaviors, arrangement on the interface, and interfacial rheological properties of the particles and their correlation with the particles’ emulsifying behavior and emulsion stability [56,57,58]. Although nondeformable solid particles continue to reign as the most preferred emulsion stabilizers, there has been increasing interest in deformable particles, such as microgels. The stabilization of emulsions with microgels, for instance, shares some similarities with the stabilization achieved with rigid particles, but the underlying mechanisms appear to differ significantly from those observed in Pickering emulsions, and a precise understanding of them remains limited [59].



Given the current knowledge of chitosan-coated alginate microgel formation [49,60,61,62] and the more hydrophobic nature of chitosan compared to other polysaccharides, chitosan-coated alginate microparticles could be used to form and stabilize emulsions. Emulsion stabilization could then be combined with their encapsulation properties, which could be useful for protection or controlled release of useful active substances [63]. To the best of the authors’ knowledge, the only authors who have investigated the ability of chitosan-coated alginate microgels to adsorb on interfaces and form emulsions are Nan et al. [64], who demonstrated the adsorption of these particles on oil–water interfaces; some of the examined systems presented emulsion stability for an hour.



The present work aimed to further investigate chitosan-coated alginate microgels and their ability to adsorb at interfaces and form emulsions. To this end, alginate particles were formed using the top-down approach and coated with chitosan. Microgels were formed at different pH levels; namely, 3, 4, 5, 6, and 7. The particle sizes of the microgels were determined using laser diffraction and the microgel structural characteristics were investigated using confocal laser microscopy (CLSM) and time-domain nuclear magnetic resonance (TD-NMR). The dynamic interfacial tension at the oil–microgel aqueous suspension interface and the dilatational interfacial rheology of the systems at equilibrium were analyzed. Finally, the microgel suspensions were used to prepare sunflower-oil-in-water emulsions without the addition of any other emulsifying or stabilizing agent. The size distributions of the oil-in-water emulsions were determined via laser diffraction and the emulsion microstructures were observed via CLSM. Emulsion stability was determined via droplet size distribution and volumetric phase separation measurements.




2. Materials and Methods


2.1. Materials


Alginate sodium powder with a molecular weight range of 450–550 kDa, chitosan with a deacetylation degree of 90% and molecular weight of 50 kDa, fluorescein isothiocyanate (FITC), Nile red, and calcium chloride dehydrate were all purchased from Sigma Aldrich (St. Louis, MO, USA). Hydrochloric acid and sodium hydroxide were purchased from CHEM-LAB NV (Zedelgem, Belgium). Sunflower oil, which contains saturated fatty acids (11%), monounsaturated acids (C18:1) (35%), and polyunsaturated acids (C18:2) (54%), was obtained from a local market. High-purity water with a resistivity of 18 MΩ.cm at 25 °C was obtained using a Millipore Milli Q Plus/Purelabtex (EIGA Process Water, Marlow, UK) water purification system.




2.2. Preparation of Chitosan-Coated Alginate Microgels


2.2.1. Alginate Microgel Preparation


Sodium alginate powder (1%) was dissolved in deionized water (pH 7 without further adjustment) to form an alginate stock solution. Calcium chloride dihydrate was dissolved in water to achieve a calcium ion concentration of 50 mM. The two solutions containing the sodium alginate and calcium ions were mixed in a 50:50 alginate: Ca2+ solution volume ratio and mixed under high shear at 20,000 rpm with an IKA T25 Ultra TURRAX Ultra-homogenizer (IKA®-Werke GmbH & Co. KG, Staufen, Germany) for 2 min. After particle formation, high-speed centrifugation was performed under ambient conditions at 10,000× g for 20 min to remove the excess solvent. After centrifugation, washing was performed three times with deionized water to remove the non-crosslinked alginate. After centrifugation performed in triplicate, the alginate particles were separated.




2.2.2. Chitosan Coating


Alginate particles were redispersed in 1 wt% chitosan solution in acetic acid (pH 3) and stirred for 1 h. The microgels were centrifuged, washed with 2% acetic acid solution to remove the excess chitosan, and separated by centrifugation. The chitosan-coated alginate microgels were redispersed in aqueous solutions of pH 3, 4, 5, 6, and 7 and sonicated in an ultrasonic homogenizer (Hielscher UP-100 H, Teltow, Germany; power of 200 Hz and amplitude of 100%) for 5 min. The water–oil interfacial tension of the centrifuged water phase after the above procedure was much higher than that of the alginate or the chitosan solution.





2.3. Particle Sizing of Microgels


The size distribution of the microgel particles was measured using a laser diffraction instrument (Malvern Mastersizer 2000, Malvern, Worcestershire, UK), with the sample fed into the instrument via a Hydro MU liquid sampler (Malvern Instrument, Malvern, Worcestershire, UK). The refractive index of the microgels’ dispersed phase was set to 1.50, while the refractive index of the continuous phase was set to 1.33. For the particles, an absorbance value of 0.1 was selected. The particle size distribution was calculated using the Mie equations and angular scattering data. Prior to measurement, the samples were diluted with an appropriate buffer to achieve a laser obscuration between 7% and 10% to reduce the effects of multiple scattering. The buffer was chosen to match the pH of the microgel solution.




2.4. 1H Relaxometry


1H relaxometry was performed using a Minispec mq20 (Bruker Corp., Billerica, MA, USA) with a magnetic field strength of 0.47T (proton resonance frequency of 20 MHz). For the relaxometry measurement, 2 mL portions of the prepared microgel suspensions were added into the NMR tubes, and the tubes were placed in the TD-NMR sample compartment. T2 relaxation decay curves were monitored using the standard Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence. The CPMG decay sequence consisted of 10,000 echoes, which was at least 5× the longest T2 with an echo time of 1 ms. Experiments were averaged over 16 scans with a repetition time of 30 s. T2 spectra of relative intensity as a function of T2 were determined via a numerical inverse Laplace transformation of the data using the software CONTIN (version 2DP) [65]. The regularization parameter in CONTIN was set to a uniform, conservative value for all spectra to ensure the comparability of the results. The signal-to-noise ratio was >SNR = 400 and comparable for all measurements. The T2 spectra were then analyzed by determining the peak positions.




2.5. Confocal Laser Scanning Microscopy (CLSM)


The method described by Huang et al. [66] was employed with minor modifications to image the microstructures of the chitosan-coated alginate microgels. First, chitosan was dissolved in 200 mL of acetic acid solution (0.1 mol/L) to obtain a 10 mg/mL chitosan solution, and 100 mL of methanol and 10 mL of FITC solution (2.0 mg/mL) were added. Then, the mixed solution was heated in a water bath at 70 °C in the dark with magnetic stirring at 150 rpm for 24 h to stain the chitosan. The microgels were coated with the stained chitosan in the synthesis step. The pH levels of the suspensions were adjusted to 3, 4, 5, 6, and 7 with HCl or NaOH, respectively. A small amount of the diluted microgel suspension was placed on a glass slide, and the coverslip was carefully covered to form a thin sample layer. Then, the slide was held under the microscope. Microstructure images of the microgels were acquired using a model EVO 50XVP confocal laser scanning microscope (Carl Zeiss, CZ Miscoscopy GmbHm, Jena, Germany). Ar/K and He/Ne dual-channel laser mode was used. Fluorescein isothiocyanate (FITC) was excited with a laser at a wavelength of 495 nm. Image acquisition was performed with a 40× and 60× oil lens.




2.6. Dynamic Interfacial Tension and Dilatational Interfacial Rheology


Measurements of the dynamic interfacial tension between the oil and water were performed using a pendant-drop tensiometer (CAM 200, KSV, Biolin Scientific, Stockholm, Sweden). Data were analyzed using drop-shape analysis software (Attension Theta Software, V. 4.1.9.8, Biolin Scientific, Stockholm, Sweden). The Young–Laplace equation was used for curve fitting. Measurements were performed after a pendant drop of the aqueous phase was formed in the oil phase, which was in a quartz cell (Hellma Analytics, Müllheim, Germany). The aqueous phase consisted of a microgel suspension of 1% in ultrapure water. The pH of the aqueous phase was adjusted to 3–7 with NaOH or HCl in each case. The oil phase consisted of washed sunflower oil to remove all interfacially active compounds, which was verified via interfacial tension measurements.



Dilatational interfacial rheology measurements were performed using the piezoelectric PD200 module of the same instrument. The measurements were performed once the interface had reached equilibrium, which was after approximately 10,000 s of adsorption. Harmonic oscillations of deformation amplitude (ΔA/A0 = 5 ± 1%) were applied to the pendant drop with a varying oscillation frequency of 0.01–0.25 Hz. The storage modulus G’ and loss modulus G” were calculated with OscDrop2008 software (Attension Theta Software, V. 4.1.9.8, Biolin Scientific, Stockholm, Sweden). The viscoelastic behavior of the microgel interface was also represented using Lissajous plots of the surface pressure change (Δπ) as a function of relative deformation (ΔA/A0). The temperature used for all experiments was 25.0 °C ± 1.0 °C.




2.7. Preparation and Characterization of Microgel-Stabilized Emulsion


2.7.1. Emulsion Preparation


The aqueous microgel suspensions with different pH levels of 3, 4, 5, 6, and 7 were used as the continuous phase. Sunflower oil was added at 5% and the system was homogenized with high-speed shear at 15,000 for 3 min with an IKA T25 Ultra TURRAX Ultra-homogenizer to obtain a chitosan/alginate microgel-stabilized emulsion with a total mass fraction of microgels of 1%.




2.7.2. Characterization of Emulsion Droplet Size


The size distribution of the oil droplets was measured in a similar way as the microgel particles using a Malvern Mastersizer 2000. The continuous phase refractive index was set at 1.33, while the refractive index for the dispersed phase of the oil droplets (sunflower oil) was set at 1.46. An absorbance value of 0.1 was used for the particles. The calculation of droplet size distribution from the angular scattering data was undertaken on the basis of the Mie equations.




2.7.3. Emulsion Microstructure


The emulsion microstructure was observed with CLSM as described above. A small amount of the emulsion was placed on a glass slide and 10 μL of Nile red was added for oil staining. Ar/K and He/Ne dual-channel laser mode was used. Fluorescein isothiocyanate (FITC) and Nile red were excited with a laser at wavelengths of 495 nm and 625, respectively. Image acquisition was performed using a 40× and 60× oil lens.




2.7.4. Emulsion Stability Analysis


Storage measurement at room temperature (25.0 °C ± 1.0 °C) was employed. Each of the microgel-stabilized emulsions was sealed in a 50 mL falcon plastic tube and stored at 25.0 °C ± 1.0 °C. Phase separation of the emulsion samples stored for 1, 3, and 7 days was observed macroscopically. The results of the macroscopical observations were complemented with an analysis of droplet sizes during storage as described above. Each composite microgel-stabilized emulsion sample was prepared at least three times for each measurement.






3. Results


3.1. Particle Characteristics


Figure 1a–e present CLSM images of the microgels at the different pH levels. The microgels formed herein had spherical shapes, as was also found in previous studies [55,66]. As shown in Figure 1f, the freshly prepared microgels presented a core–shell structure (the microscopy image shown in Figure 1f was obtained within 1 h of microgel preparation), whereas, as they aged, the chitosan seemed to be migrating in the interior (the images in Figure 1a–e were taken 1–2 days after microgel preparation).



From the results in Figure 1a–e, it is obvious that there was an effect of pH on the microgel particle size. The effect of pH on particle size can be better observed in Figure 2. The results of both the laser diffraction and CLSM showed that the pH of the particles’ dispersion medium had a significant effect on the particle size of the microgels. As the pH decreased, the particle size increased progressively. Furthermore, for the lower pH levels (3, 4, and 5), bimodal particle distribution can be observed in Figure 2, as was also verified via CLSM. Swelling of microgels as a response to changes in the pH of the medium and controlled by the extent of the charging of the particles has long been established [67]. Chitosan adsorbs at the surface of alginate microgels with electrostatic interactions [42,53,64] and, therefore, changes in pH can be expected to affect chitosan adsorption on the interface. Furthermore, the migration of chitosan in the interior of the alginate particles, which was also observed in our work, has been suggested to affect the microgel size via the attraction forces between chitosan and alginate [51]. Microgel aggregation may also take place due to bridging flocculation, since chitosan can adsorb to the surfaces of two or more alginate microgels. Nevertheless, this does not seem to have been the reason for the particle size increase at the lower pH, as verified via CLSM (Figure 1). On the other hand, some interconnection between particles could be observed at pH 7 and, to a lower extent, at pH 6.



T2 relaxation signals obtained by TD-NMR can be analyzed into their components via an inverse Laplace transformation in order to determine the species within the sample that have different mobilities and their respective amounts [68]. Longer relaxation times relate to increased mobility. Figure 3 presents the analysis of the T2 signal of the microgel dispersions at different pH levels; in addition, the supernatant after centrifugation and a macrogel containing alginate and chitosan were measured.



The spectra of the microgel suspensions presented in Figure 3 reveal the presence of three different water fractions; namely, T2,1, T2,2, and T2,3. The fraction with the largest transverse relaxation time T2,3 was assigned to water expelled from the microgel particle suspension. This was verified by performing the same measurement and analysis with the supernatant after microgel centrifugation. The fact that T2,3 was lower than the value for pure water (which is typically 2.4–2.7 s; data not shown) indicated the presence of dissolved macromolecules in this fraction. Secondly, we hypothesized that the two other water fractions could be assigned to the water between the microgel particles (T2,2) and the water inside the microgels (T2,1). A similar signal interpretation was suggested by Peters et al. [69], who investigated the water-binding capacity of whey protein microparticles. To verify the hypothesis, we centrifuged the microgel dispersions and, instead of using the supernatant, we used the bulk microgels. The results revealed similar transverse relaxation times both for the bulk microgels and the smallest transverse relaxation time. Furthermore, the macrogel presented a similar T2,1 value. Regarding the effect of pH on T2,1 peak relaxation time, there was no clear tendency that could be determined by our analysis and connect the size of the particles with a more or less swollen structure.



The repartition of amplitudes (and/or areas) between the T2,1 and the T2,2 peaks reflected the relative amounts of water within and between the microgel particles. It is clear that, for pH 7 and 6, the T2,2 peak area was higher, indicating greater amounts of interparticle water. One would expect that repulsion of particles would increase the T2,2 peak with respect to the T2,1 one. However, in this work, we did not obtain data on the particles’ available charges and such an effect could not be assessed. On the other hand, the differences observed in the two water fractions might simply have been due to the fact that the microgel particle suspensions presenting two differently sized populations (as in the case of pH 3, 4, and 5) were packed more densely [70].




3.2. Interfacial Properties


Figure 4 presents the dynamic interfacial tension upon the adsorption of chitosan/alginate microgels at the sunflower oil/water interface at different pH levels. Microgels were present in the suspension at 1%. In addition, measurements of the pure sunflower oil/water system and of the systems containing a solution of alginate and a solution of chitosan were performed for comparison. The interfacial tension for the pure sunflower oil/water system was 27.4 ± 0.1 mN/m, which is typical for culinary oils [71].



The absence of time-dependence for the interfacial tension was due to the removal of surface-active substances prior to the measurement. The interfacial tension of the microgel suspensions in relation to sunflower oil could be grouped into two groups: group (a)—pH 3, 4, and 5; and group (b)—pH 6 and 7. The dynamic process of the adsorption of microgels on the interface was different in the two groups. The microgels at pH 3, 4, and 5 presented a lower rate of decrease for the interfacial tension compared to the microgels at pH 6 and 7. One reason for this behavior could have been the smaller size of the particles in group (b). Equilibrium values for the two groups varied only slightly, with group (a) presenting an equilibrium interfacial tension of 16.6 ± 0.1 mN/m and group (b) 15.9 ± 0.2 mN/m. The value of the equilibrium interfacial tension was closer to that of chitosan rather than alginate, supporting the presence of chitosan hydrophobic groups on the chitosan-alginate particle surface. The values obtained herein were typical for microgel particles adsorbed at oil/water interfaces [1,7,72,73]. The results showed that the chitosan-coated alginate microgels could effectively reduce the oil/water interfacial tension by adsorbing spontaneously onto the interface. Use of more hydrophobic chitosan (higher degree of deacetylation) would be expected to further decrease the water–oil interfacial tension of such particles.



To gain further insight into the properties of the interface, the rheological properties of the interface were investigated under harmonic dilatational perturbations. Interfacial dilatational rheology provides combined information on intra- and intermolecular associations within an interfacial layer. Figure 5 presents the dynamic interfacial rheological parameters G’ and G” (elasticity and viscosity) for the microgel suspension/sunflower oil interface. Measurements were performed once the interface had reached equilibrium as confirmed by interfacial tension measurements. The interfacial rheological behavior of the chitosan/alginate microgel suspensions was investigated at different pH values. The results showed that G’ was generally higher than G’’ at all frequencies, indicating that the interface was more elastic than viscous. G’ and G’’ increased with increasing frequency from 0.01 up to 0.1 Hz, which was expected behavior.



The elastic and viscous modulus of the chitosan-alginate microgels was higher than other microgel systems [1,13,66,74] and, given the relatively good adsorption of the particles at the interface (Figure 4), this could lead to good emulsion stability.



The viscoelastic behavior of the microgels was highly dependent on the pH. The elastic modulus (G’) was significantly higher for microgels with lower pH values (3, 4, and 5) than for those with higher pH values (6 and 7). Brugger et al. [3] also observed pH dependence for the interfacial viscoelasticity of poly(N-isopropylacrylamide)-co-methacrylic acid microgels at the water–heptane interface. Given that the adsorption of particles at the interface did not seem to differ significantly (Figure 4), one explanation could be that larger, bimodally distributed particles form a thicker and more densely packed interfacial layer on the interface, as is also true for the bulk (Figure 3). Again, the effect of particle surface charges could not be assessed here but, based on the data provided in the literature, one would expect a decrease in zeta potential from positive to close to zero values at pH 7 [64] and a weakening of the electrostatic interactions, resulting in weaker repulsive forces between the particles and reduced swelling. As the microgels swell, their intrinsic viscoelasticity is affected, which can lead to an increase in the elastic modulus (G’) [75]. This is because the swollen microgels are more likely to be subject to rearrangement and restructuring of their network when deformed, resulting in increased resistance to deformation and a higher elastic modulus. Furthermore, at lower pH values, positively charged microgels are expected to adsorb more strongly at negatively charged oil/water interfaces [76], which may also contribute to an increase in the elastic modulus (G’). Nevertheless, this stronger adsorption was not observed in the interfacial tension measurements.



The viscoelastic response of the interface can be also observed in the Lissajous plots presented in Figure 6, where the transition from a rather linear elastic rheological response of the interface at lower pH to a more linear viscoelastic one is evident.



Overall, the results suggest that the chitosan/alginate microgel suspensions could form a gel-like structure at the interface, with the rigidity of the structure depending on the pH and particle size. These results have implications for the design of food formulations, where interfacial properties play a critical role in product stability and functionality.




3.3. Emulsion Stability


Figure 7 presents indicative photos of the emulsions stabilized by alginate-chitosan microgels. All emulsions were macroscopically stable (i.e., did not present phase separation) during storage for more than 1 week. In order to gain deeper insights into the performance of the microgel-stabilized emulsions, the droplet sizes of the emulsions were determined using light scattering.



Figure 8 presents the volume-average droplet diameter D[4,3] for the emulsions right after their formation and during storage for 1 week. Emulsions at pH 3, 4, 5, 6, and 7, as well as with concentrations of microgel suspension of 1% and 5%, were prepared. It was obvious that the emulsion characteristics at the time of formation (0 days in Figure 8) as expressed by the droplet sizes, as well as their stability (as depicted by the evolution of droplet sizes during storage), were significantly affected by the microgel suspension properties. Smaller droplet sizes were achieved at pH values of 3, 4, and 5 that changed only a little—and, at pH 4, non-significantly—during storage, demonstrating the high stability of the formed systems. On the other hand, larger droplet sizes were observed at pH 6 and even larger ones at pH 7. Moreover, at pH 6 and 7, high rates of droplet size increase were observed, although the emulsions did not show any signs of macroscopic destabilization during the period of observation (Figure 7). Given the observed droplet size increase at pH 6 and 7, these emulsions were expected to destabilize in a few weeks.



In order to gain further insight into the behavior of the emulsions stabilized by the microgels at different pH levels, CLSM analysis of the emulsions was applied at pH 4 (stable emulsion with unchanging droplet sizes) and pH 7 (macroscopically stable emulsion for 1 week with significant changes in particle sizes during the same period) (Figure 9). At pH 7, we could observe cases of bridging between droplets, whereas droplets appeared as separate at pH 4. Therefore, bridging flocculation seems to be a plausible mechanism explaining the destabilization at the higher pH levels where particle charges were also expected to be lower. Regarding the effect of the concentration of microgel particles in the suspension (1% or 5%) on emulsion stability, there was no such effect at pH 3, 4, or 5.



The behavior changed at pH 6 and 7. At these higher pH values, increasing the concentration of microgel particles initially induced a decrease in droplet sizes, possibly due to the fast coverage of the interface with the microgel particles in the emulsions with more concentrated particles. However, the rate of the droplet size increase was higher at higher concentrations, and this was in line with the bridging flocculation interpretation.





4. Conclusions


In this work, chitosan-coated alginate microgels were prepared at different pH levels, characterized, and further used as emulsifiers. The microgels were prepared using the top-down approach. Coating of the alginate particles with chitosan resulted in the initial formation of a core–shell structure with the chitosan particles situated at the periphery of the spherical particles. Within one to two days, this core–shell structure had vanished and chitosan penetrated the interior of the particle, as evidenced via CLSM, therefore indicating the rearrangement of the chitosan-alginate molecules within the particle. The microgel particles were adsorbed at the water–oil interface and the water–oil interfacial tension was typical for such systems [1]. Microgel adsorption at the water–oil interface indicated the presence of the hydrophobic chitosan groups on the particles’ surface. The degree of deacetylation of the chitosan used herein was 90%. If the degree of deacetylation were increased—and, therefore, the hydrophobicity of the chitosan—this could lead to a decrease in water–oil interfacial tension and, therefore, stronger adsorption at the interface.



The pH was a decisive variable affecting the microgel particle characteristics. The increase in pH from 3 to 7 resulted in a significant decrease in microgel particle size, with pH levels of 3, 4, and 5 presenting bimodal particle size distributions. TD-NMR measurements were performed in order to assess the potential swelling behavior of the microgel particles as a function of pH. No persistent trend was observed for the T2 relaxation time assigned to the water within the particles. Therefore, in our study, it was not clear whether the effect of pH on microgel particle sizes was due to the formation of more swollen structures that could not be determined via TD-NMR or the different performance of the gel during high-shear breakage and the formation of the microgels. To the best of the authors’ knowledge, this is the first time that TD-NMR has been applied to investigate swelling in such systems, and further investigation is required in the future in order to assess the information that can be obtained for microgels by using this method. Another result was that TD-NMR indicated different packing of microgel particles in the aqueous phase (due to different quantities of interparticle water) as a function of pH. This could be attributed, at least in part, to the higher packing of bimodal particle distributions compared to monomodal ones. Microgels at different pH levels presented similar equilibrium interfacial tension; however, the rate of the decrease in interfacial tension was pH-dependent and at least partly particle size-dependent. The effect of particle charge was not examined in the present work; however, based on the work by Nan et al. [64], a decrease in alginate-chitosan microgel particle charge can be expected as pH increases. The dynamic interfacial viscoelasticity measurements showed high viscoelasticity for the interfacial layer, with G’ close to 14 mN/m at a frequency of 0.1 Hz. The viscoelastic behavior transitioned from a purely linear elastic regime at the lower pH values investigated here to a more viscoelastic one at pH 7. The thicker interfacial layer of the larger particles and the better packing of the bimodal distribution at lower pH values were related to this behavior.



The sunflower-oil-in-water emulsions formed using the microgels as emulsifier were volumetrically stable for 1 week, and no separation of water, oil, or oil droplet flocks could be observed at any of the pH levels (3–7) or microgel particle concentrations (1%, 5%) examined. However, laser diffraction showed a particle size increase attributed to bridging flocculation when the results of the laser diffraction were compared with the CLSM.



The systems prepared herein presented increased emulsification stability compared to previous work [64]. It is possible that the formation of a thick, highly viscoelastic interfacial layer for the charged particles provided good emulsion stability. The systems prepared herein could be a promising solution for the preparation of low-fat mayonnaises and dressings without the use of other emulsifiers or expensive emulsification methods. High shear was enough as an energy input for emulsion formation. Emulsions were highly stable at acidic pH, which is the pH range of these foods (the pH of mayonnaise is 4). The effect of pH on the stability of the emulsions could have potential applications involving the release of bioactive compounds in the digestive system.
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Figure 1. Confocal microscopy images of chitosan-alginate microgels at pH 3 (a), pH 4 (b), pH 5 (c), pH 6 (d), and pH 7 (e). Freshly prepared composite microgel at pH 3 (f). 
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Figure 2. Particle size distribution for chitosan-coated alginate microgels dispersed at different pH levels. D is the particle diameter, and V represents the volume of the respective D within the total particle volume of the suspension. 
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Figure 3. T2 transverse relaxation signals for microgels at different pH levels and a macrogel analyzed using CONTIN software (version 2DP). T2,1, T2,2, and T2,3 reveal components related to water fractions with different relaxation times. 
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Figure 4. Dynamic interfacial tension (γ) as a function of time (t) at a water/sunflower oil interface. The aqueous solutions contained chitosan-alginate microgels at different pH levels: pure sunflower oil/water system, sunflower oil/alginate solution (pH 7), and sunflower oil/chitosan solution (pH 3). a and b represent two repetitions of the measurement. 
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Figure 5. Dynamic dilatational interfacial elasticity (G’) and viscosity (G”) for oil/water interfaces with adsorbed chitosan-coated alginate microgels. 






Figure 5. Dynamic dilatational interfacial elasticity (G’) and viscosity (G”) for oil/water interfaces with adsorbed chitosan-coated alginate microgels.



[image: Colloids 07 00048 g005]







[image: Colloids 07 00048 g006 550] 





Figure 6. Lissajous plots presenting the rheological behavior of the interfacial layer of the microgels adsorbed at the oil/water interface: (a–e) show the results for pH 3, 4, 5, 6, and 7, respectively. 
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Figure 7. Emulsions stabilized by chitosan-alginate microgels with different concentrations of chitosan at pH 7 (a) right after their formation and (b) after 7 days of storage at 25 °C. 
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Figure 8. Volume-average mean droplet size D[4,3] for the microgel particle-stabilized sunflower-oil-in-water emulsions stored for up to 7 days as a function of the pH of the microgel suspension. 
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Figure 9. Confocal microscopy images of emulsions at pH 4 (a) and pH 7 (b). 
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