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Abstract

:

Auxenochlorella pyrenoidosa is a microalga that stands out due to its high protein content. The objective of this work was to study the effect of high-pressure homogenization (HPH) on the recovery of proteins from A. pyrenoidosa and their application as functional emulsifiers. Untreated and HPH-treated (400–800 bar, 1 and 4 passes) aqueous cellular suspensions were incubated at 40 °C for 6 h. The aqueous extracts were collected, the proteins were precipitated at pH 3, and the Auxenochlorella pyrenoidosa protein concentrates (APPC) were lyophilized. Increasing HPH pressure and number of passes (400–800 bar, 1 and 4 passes) improved protein recovery yield up to 57%. Higher HPH pressures also reduced α-helix and β-sheet structures, exposing the hydrophobic protein core. This protein modification led to APPCs with increased oil-holding capacity (2.83 g oil/g APPC). The surface tension of APPC solutions reached a minimum value of 28.6 mN/m at an APPC concentration of 2% w/w. The APPCs from untreated and HPH-treated biomass were used to stabilize nanoemulsions (2–6% sunflower oil), comparing one-step homogenization (high-speed homogenization) with the two-step homogenization method (combining high-speed and high-pressure homogenization). The two-step method led to significantly smaller oil droplets with narrow size distribution, leading to stable nanoemulsions with improved resistance to centrifugation and heating–cooling cycles. Due to APPC’s great emulsifying properties, A. pyrenoidosa proteins have a promising potential for various applications such as delivery systems stabilization. Additionally, the low energy requirements, continuous processing capability, and scalability of HPH make it a suitable process for industrial applications.
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1. Introduction


Nanoemulsions are metastable colloidal dispersions that consist of one dispersed liquid in the form of small spherical droplets, with diameters between 10 and 500 nm, within another immiscible liquid [1]. A significant advantage of nanoemulsions is the high resistance to structural changes, such as flocculation, coalescence, and gravitational separation [2]. Additionally, nanoemulsions are excellent delivery systems for bioactive ingredients, improving their solubility, bioavailability, and bioaccessibility [3,4]. Due to their stability, they are suitable for the protection of the incorporated bioactives from adverse environmental conditions and chemical degradation, retaining their physicochemical stability and sensorial properties [5]. One very important aspect for the successful nanoemulsion preparation is the selection of the appropriate emulsifier [6]. Emulsifiers are surface-active compounds that facilitate the emulsion formation and promote their stability. While various synthetic emulsifiers, such as sucrose esters and sorbitan esters, and their ethoxylates are commonly used, the increased consumer demand for natural ingredients is driving efforts to replace synthetic surfactants with natural alternatives such as proteins and carbohydrates [7,8].



Microalgal proteins are high-potential non-animal alternatives for industrial applications for food products [9]. Chlorella spp. are photosynthetic microalgae known for their high protein content (51–58% on dry basis); they also contain 14–22% polyunsaturated fatty acids, 12–17% carbohydrates, 0.4% fibers, 0.5% carotenoids, and 5.5% chlorophylls [10]. Among microalgae, Auxenochlorella pyrenoidosa (formerly known as Chlorella pyrenoidosa) stands out due to its high protein content and quality. Specifically, A. pyrenoidosa proteins contain all the essential amino acids, while, based on the essential amino acid index, they have higher nutritional value compared to soy proteins. Additionally, A. pyrenoidosa proteins are ideal for applications in food products due to their functional and emulsifying properties, such as good water- and oil-holding capacities (3.1 mg water/mL and 2.1 mg oil/mL), high emulsifying capacity (2600 mL oil/g protein), and higher emulsion stability compared to synthetic surfactants (77%) [11,12]. To utilize these biofunctional proteins, they must be recovered from the intracellular space. However, due to the rigidity of A. pyrenoidosa cell walls, effective cell disruption methods are required to recover the proteins without degrading them. This can be achieved by applying enzymatic hydrolysis (EH) or nonthermal technologies such as pulsed electric fields (PEF), bead milling (BM), ultrasounds (US), and high-pressure homogenization (HPH) [13,14].



The EH leads to the enhancement of intracellular protein recovery via the application of hydrolytic enzymes for the degradation of specific components of the cell wall of microalgae, such as polysaccharides, proteins, and hemicellulose. Main disadvantages of EH are the high cost and the selectivity of the enzymes. Pulsed electric fields are based on the exposure of cells to high-intensity electrical fields, resulting in the formation of pores on the cellular membranes (electroporation). Pulsed electric fields processing stands out for the low energy requirements and the high extraction selectivity, but the level of the cell disruption of microalgae with rigid cellulose-composed cell walls is relatively low. Bead milling achieves cell disruption via the beads collision with cells in a high-speed spinning system. While it is characterized by high cell disruption rates and high protein recovery efficiency, bead milling requires relatively high energy and leads to non-selective extraction. US technology is based on the cavitation phenomenon, which occurs in liquid media due to the propagation of ultrasound waves, leading to protein extraction enhancement. However, US also has high energy requirements and is not suitable for microalgae with rigid cellulose-based cell walls [15]. High-pressure homogenization is a nonthermal, mechanical cell disruption technology capable of fully disrupting the cells of microorganisms such as yeasts and microalgae [16,17,18,19]. During HPH treatment, cellular suspensions are subjected to high-pressure values up to 2000 bar as they pass through a micrometric valve system. This process rapidly increases fluid velocity, exposing cells to intense mechanical stress due to turbulence, shear, elongation, and cavitation phenomena [19,20,21,22]. The main advantages of HPH are the low energy requirements, the scalability, and the ability for continuous processing [22]. Due to the efficient cell disruption achieved, HPH has been widely applied for the recovery of several ingredients from microalgae, especially for high-molecular-weight compounds like proteins [13,19,23]. For these reasons, HPH demonstrates significant advantages over other technologies and methods (EH, PEF, BM, and US). However, the effect of HPH pretreatment on the functional properties of the recovered proteins, which is the primary focus of this study, remains an important yet largely unexplored aspect.



Except for the recovery of intracellular compounds, HPH is also used for emulsion preparation and protein modification [24]. High-pressure homogenization is the most common emulsifying method for nanoemulsions due to its high-intensity mechanical stress that leads to a significant reduction of emulsion droplet size [25]. Additionally, HPH also alters protein structure, leading to modifications of the secondary, tertiary, and quaternary structure by disrupting electrostatic and hydrophobic interactions, hydrogen bonds, and non-covalent bonds [26,27]. These structural changes directly influence protein functionality. A HPH treatment at 600 bar significantly increased the solubility and oil-holding capacity of oyster protein isolates, improving the emulsifying activity and emulsion stability of the developed emulsions [28].



In our previous work, the kinetics of protein extraction from HPH-treated A. pyrenoidosa at different treatment and extraction conditions (pressure, number of passes, and extraction temperature) were thoroughly studied [13]. The objective of this study is to obtain the required knowledge for the utilization of the proteins from A. pyrenoidosa, recovered using HPH, as efficient emulsifiers, via the study of their functional and emulsifying properties. The impact of HPH on protein structure was assessed, and the functional and surface-active properties of proteins from untreated and HPH-treated biomass were evaluated. High-pressure homogenization is a suitable technology for this application since it is beneficial for protein recovery, protein modification, and emulsion stabilization. Optimum HPH treatment conditions based on the quantity and the quality of the recovered proteins were selected for the development of novel nanoemulsions, which were subsequently studied in terms of their stability.




2. Materials and Methods


2.1. Preparation of Biomass


Dry defatted A. pyrenoidosa biomass (moisture 5.8% on wet base) was supplied from Z Company (Risskov, Denmark; Eindhoven, The Netherlands). Before the HPH treatment and extraction process, the biomass was suspended in deionized water (2.5% w/w suspension) by stirring for 15 min at ambient temperature.




2.2. High-Pressure Homogenization Treatment


For the HPH treatment, a benchtop lab homogenizer with an array of two micrometric valve systems (Invensys APV-1000, London, UK) was used. The cellular suspensions were treated at three different pressure values (400, 600, and 800 bar) and for two passes (1 and 4 passes), based on our previous study [13]. For the treatment of A. pyrenoidosa suspensions, only the first of the two micrometric valve systems was used. Before each treatment, the homogenizer was disinfected by recirculating sterile hot water (80 °C), 3% w/v NaOH solution, and rinsing again with sterile hot water. For each HPH treatment condition, approximately 5 L of A. pyrenoidosa suspension was used. The volumetric flow through the homogenizer was 315.8 mL/min. To avoid sample overheating, an apparatus of a stainless-steel coiled tube submerged in an ice-water bath was used. The temperature at the exit of the homogenizer after each pass was measured with preliminary experiments without the post-treatment cooling using an Hi98509 Hanna digital thermometer (Hanna Instruments Co., Smithfield, RI, USA) and did not exceed 35 °C. The temperature of the ice-water bath was kept constant by maintaining the residuality of solid ice in the ice-water bath. The variability of treatment pressure during HPH processing ranged between ±20 bar, which can be considered insignificant compared to treatment pressure values that are required for cell disruption and protein modification.




2.3. Aqueous Extraction


The extraction of proteins from untreated and HPH-treated cellular suspensions was performed by adding 2 L of suspensions in 5 L glass beakers under constant stirring, using a TS-18QG Hotplate and Magnetic Stirrer (Lab Companion, Billerica, MA, USA) at 40 °C. The pH value of the suspensions was adjusted to 13 using 6 N NaOH before the extraction process. After 6 h of extraction, the suspensions were centrifuged at 10,000× g for 10 min at 20 °C and the supernatants (extracts) were collected.




2.4. Protein Recovery


For the recovery of proteins from protein concentrates, the pH of the extracts was adjusted to 3 using 6 N HCl. The proteins of Chlorella spp. were precipitated at pH values between 3 and 5 [29]. After the pH adjustment and protein precipitation, the extracts were centrifuged at 10,000× g for 10 min at 20 °C, and the pellets (wet protein concentrates) were collected and stored at −40 °C. The samples were lyophilized at −52 °C and 0.080 mbar for 48 h using a Christ Alpha 1–4 LD plus freeze dryer (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) and the dry A. pyrenoidosa protein concentrates (APPC) were collected. The mass of APPCs was determined using a four-digit ACJ 200-4M analytical balance (Kern, Balingen, Germany).




2.5. Determination of APPC Protein Content


The APPC protein content from untreated and HPH-treated samples was determined by the Kjeldahl method. In brief, 1 g of APPC (except for the blank sample), 1 g of CuSO4·6H2O, 10 g of K2SO4, boiling chips, and 25 mL of H2SO4 (98% w/v) were transferred to each Kjeldahl tube. The tubes were placed on the Kjeldahl apparatus and boiled for 45 min under vacuum. After cooling, the tubes were placed on the Kjeldahl distillation apparatus. For each sample, 75 mL of H2O and 125 mL of NaOH 32% w/w were used. The distillation duration for each sample was 5 min, and the distillate was collected into a conical flask with 50 mL of H2SO4 0.5 N. Three drops of methylene blue were added to each conical flask, the samples were titrated with NaOH 0.5 N, and the nitrogen content of each sample was calculated. The nitrogen-to-protein conversion factor that was used for the calculations was equal to 5.95, since this is the recommended factor for microalgae and cyanobacteria [30].




2.6. Determination of Protein Recovery Yield


The protein recovery yield from untreated and HPH-treated samples was determined using the following equation (Equation (1)):


    y   p   =      m   A P P C       m   b i o m a s s      ·   c   p   · 100 %  



(1)




where yp is the protein recovery yield in g proteins/100 g dry biomass, mAPPC is the mass of APPC in g, mbiomass is the mass of dry A. pyrenoidosa biomass in g, and cp is the APPC protein content in g proteins/g APPC.




2.7. Determination of Water- and Oil-Holding Capacity


For the determination of water-holding capacity (WHC), 0.5 g of APPC from untreated and HPH-treated biomass was mixed with 5 mL of phosphate buffer 0.1 M with pH 7 into pre-weighed 15 mL centrifuge tubes. The samples were stirred for 5 min, and after 30 min they were centrifuged at 3000× g for 25 min. The supernatant was carefully removed, and the tubes were dried at 50 °C for 25 min and reweighed.



For the oil-holding capacity (OHC), 0.5 g of APPC was mixed with 6 g of corn oil in pre-weighed 15 mL centrifuge tubes. The samples were stirred for 5 min, and after 30 min they were centrifuged at 3000× g for 25 min. The oil was carefully removed, and the tubes were turned upside down for 25 min and reweighed. The WHC and OHC were expressed as g water or oil/g APPC [11].




2.8. Determination of Foaming Capacity and Foaming Stability


For the determination of foaming capacity (FC), 1.5 g of APPC from untreated and HPH-treated biomass was mixed with 50 mL of phosphate buffer 0.1 M with pH 7 in 100 mL graduated cylinders. The samples were homogenized at 8000× g for 10 min using a high-speed homogenizer (CAT Unidrive 1000, CAT Scientific, Paso Robles, CA, USA). The volume of the samples before and after high-speed homogenization was measured, and the FC was calculated using the following equation (Equation (2)):


  F C =      V   a   −   V   b       V   b      · 100 %  



(2)




where FC is the foaming capacity (%), Va is the volume of APPC solution in mL after high-speed homogenization, and Vb is the volume of APPC solution (with the foam) in mL before high-speed homogenization.



For the determination of foaming stability (FS), the samples after high-speed homogenization were stored for 3 h at 25 °C. The calculation of FS was carried out using the following equation (Equation (3)):


  F S =      V   f , 0   −   V   f , 3       V   f , 0      · 100 %  



(3)




where FS is the foaming stability (%), Vf,0 is the foam volume in mL after high-speed homogenization, and Vf,3 is the foam volume in mL after storage at 3 h at 25 °C.




2.9. Determination of Fourier-Transform Infrared (FTIR) Spectroscopy


In order to determine the effect of HPH treatment on the protein structure of A. pyrenoidosa proteins, extract from untreated biomass was treated with HPH at 400, 600, and 800 bar for 1 pass, and the APPCs were collected. Five milligrams of APPC from untreated and HPH-treated extract was mixed with 0.3 g of KBr and pressed into tablets using a manual hydraulic press (Specac Ltd., Orpington, UK) at 10 tn for 1 min. The tablets were transferred to the FTIR analyzer, and the FTIR analysis was performed in a wavelength range between 4000 and 400 cm−1 using an FTIR/ATR Pro 410-5 Jasco 4200 (PerkinElmer Instruments, Norwalk, MA, USA).




2.10. Determination of Surface and Interfacial Tension


For surface tension (ST) and interfacial tension (IT) measurements, APPCs from untreated and HPH-treated biomass were mixed with a buffer of pH 13 (KCl 3.728 g/L, NaOH 50% w/w solution 2.51 mL/L) to a final APPC content from 0.25% w/w to 10% w/w. Then, the pH of the solutions was adjusted to 7 using HCl 6 N. Air/water surface tension and oil/water interfacial tension determinations were carried out at 25 °C using a Du Nouy ring tensiometer (Wl = 39.28 mm) (Sigma 700, Biolin Scientific, Espoo, Finland). Each data point corresponds to the average value of 10 measurements. The ST and IT of Tween 20 and sodium caseinate solutions were also determined for comparison reasons between APPC and conventional emulsifiers [31].




2.11. Preparation of Oil in Water Nanoemulsion


For the preparation of the oil-in-water nanoemulsions, APPCs from untreated and HPH-treated biomass were mixed with a buffer of pH 13 (KCl 3.728 g/L, NaOH 50% w/w solution 2.51 mL/L), and then the pH of the solutions was adjusted to 7 using HCl 6 N (aqueous phase). The aqueous phase was mixed with the lipid phase (sunflower oil) at 8000 rpm for 10 min at 25 °C using a high-speed homogenizer (HSH) (CAT Unidrive 1000, CAT Scientific, Paso Robles, CA, USA). Then, the coarse emulsions were treated at 600 bar for 4 passes using a benchtop lab homogenizer (Invensys APV-1000, London, UK) [4]. The content of the APPC in the final emulsion was 2% w/w, and the lipid phase was 2, 4, and 6% w/w. Sodium azide was added to the emulsions as an antimicrobial agent to a final content of 0.02% w/w.




2.12. Determination of Particle-Size Distribution


The particle-size distribution of the nanoemulsions was measured using a Zetasizer Nano ZS 2000 DLS (Malvern Instruments Ltd., Malvern, UK) with a He/Ne laser (λ = 633 nm). The measurements were performed at 25 °C and at a scattering angle of 173°. The mean droplet diameter (MDD) and the polydispersity index (PDI) of the samples were calculated as the average values of 10 measurements.




2.13. Determination of Turbidity


The turbidity was determined at 600 nm using a UV/visible spectrophotometer (U-2900 UV/vis, Hitachi, Tokyo, Japan). Deionized water was used as a blank. Results were expressed as average values of 3 measurements.




2.14. Determination of Viscosity


The viscosity of the samples was determined using a Brookfield viscometer (Brookfield Engineering Laboratories Inc., Stoughton, MA, USA), operating at 50 rpm and using the S61 spindle. The measurements were performed at 25 °C. Results were expressed as average values of 3 measurements.




2.15. Resistance of Nanoemulsions to Freeze–Thaw and Heating–Cooling Cycles


For each freeze–thaw cycle, 10 mL of the nanoemulsions was stored at −20 °C for 19 h, and then the samples were thawed at 25 °C for 5 h. For each heating–cooling cycle, 10 mL of the nanoemulsions was stored at 50 °C for 5 h, and then the samples were cooled at 4 °C for 19 h. After each cycle, the MDD and the DPI were measured using a Zetasizer Nano ZS 2000 DLS (Malvern Instruments Ltd., Malvern, UK).




2.16. Resistance of Nanoemulsions to Centrifugation Cycles


For each centrifugation cycle, 10 mL of the nanoemulsions was centrifuged at 3000 rpm for 20 min at 25 °C. After each cycle, the MDD and the DPI were measured using a Zetasizer Nano ZS 2000 DLS (Malvern Instruments Ltd., Malvern, UK).




2.17. Monitoring Nanoemulsion Stability During Storage


The nanoemulsions were stored at 4, 12, and 25 °C for 30 d. The storage stability of the nanoemulsions was determined by assessing the changes in the MDD and the DPI during the storage, while visual observations were also carried out.




2.18. Creaming Index


During storage, 20 mL of nanoemulsions was kept in calibrated glass tubes sealed with polypropylene stoppers. After 30 d of storage, the cream volume of each nanoemulsion was measured using the indications of the calibrated glass tubes, and the creaming index (CI) was calculated according to Equation (4):


  C I =      V   c       V   i      · 100 %  



(4)




where CI is the creaming index (%), Vc is the volume of the cream in mL, and Vi is the initial volume of the emulsion in mL.




2.19. Statistical Analysis


Results were expressed as the mean values ± standard deviation of the experimental runs. Factorial and main effects analysis of variance (ANOVA) was performed to estimate the main and interaction effects of the investigated parameters on the experimental data. A post hoc Duncan’s multiple range test was used to separate means with significant differences (p < 0.05). For the statistical analyses, the Statistica 7 software 7.1 package was used (StatSoft Inc., Tulsa, OK, USA).





3. Results and Discussion


3.1. Effect of HPH on Protein Concentrate Recovery from A. pyrenoidosa


The protein content of APPCs from untreated and HPH-treated A. pyrenoidosa biomass is presented in Figure 1a. Since in all cases the samples contained less than 80% w/w protein content, they meet the criteria for “protein concentrates” [32]. The protein content of APPC from untreated biomass was 58.7 ± 1.3% w/w, which is consistent with the literature for protein concentrates. Ghribi et al. (2015) reported a protein content of chickpea protein concentrate between 61.20 and 63.12% w/w [32], while Xu et al. (2019) reported a protein content of fava bean protein concentrate equal to 65% w/w [33]. Regarding microalgae, Silva et al. (2021) and Schwenzfeier et al. (2013) reported a protein content from Scenedesmus obliquus microalga protein concentrate equal to 63.14 ± 0.30% w/w [34] and from Tetraselmis sp. equal to 64% w/w, respectively [35]. According to these results, protein concentrates with protein content close to 60% w/w are suitable for various applications in the food industry. As can be observed in Figure 1a, the HPH treatment up to 800 bar for 1 pass did not significantly affect the APPC protein content. However, 4 passes at 600 bar led to a notable reduction in protein content from 58.7 (untreated) to 53.3% w/w (800 bar, 4 passes). This decrease is likely due to the higher degree of cell disruption after 4 passes compared to 1 pass. As reported in our previous work, extracts from HPH-treated biomass for 4 passes contain a higher overall protein amount than after 1 pass but also include intracellular compounds such as carbohydrates and chlorophylls, which lower the protein-to-total extract ratio [13]. Additionally, more intense HPH treatment results in a significant reduction in the particle size of cellular fragments, causing difficulties in their removal from the extract and, consequently, from the protein concentrate [16].



As presented in Figure 1b, the protein recovery yield (yp) from the A. pyrenoidosa biomass significantly increased with HPH pressure and the number of passes from 17.1 g protein/100 g dry biomass (untreated) up to 26.9 g protein/100 g dry biomass (800 bar, 4 passes). This behavior was expected, due to the higher degree of cell disruption that enhances the recovery of intracellular compounds from microalgae such as proteins, carbohydrates, chlorophylls, and carotenoids [13,23,36].




3.2. Effect of HPH on Protein Secondary Structure


The effect of HPH treatment on the secondary structure of A. pyrenoidosa proteins was carried out via FTIR analysis. The wavenumber range between 1600 cm−1 and 1700 cm−1 corresponds to the absorption peak range of the amide 1 band, which reflects the protein secondary structure (α-helix, β-sheets, β-turns, and random coils) [37,38]. Figure 2 presents the differences between FTIR spectra of untreated (control) and HPH-treated APPC from untreated biomass. Specifically, the wavenumber range between 1635 cm−1 and 1643 cm−1 corresponds to the absorption peak range of the α-helix, between 1608 cm−1 and 1621 cm−1 to β-sheet, between 1643 cm−1 and 1674 cm−1 to β-turn, and between 1621 cm−1 and 1635 cm−1 to random coils. These absorption peak ranges were selected based on the criteria established by Kong et al. (2007) [38]. The secondary structure of untreated (control) and HPH-treated APPC from untreated biomass is presented in Table 1. Increasing the treatment pressure up to 800 bar resulted in a significant decrease in α-helix and β-sheet structures by 10.7% and 8.3%, respectively, compared to untreated APPC. However, the β-turn structures and the random coils were significantly increased by 6.9% and 4.8%, respectively. These changes were due to the hydrogen bonds that stabilize the α-helix and β-sheets. Under higher pressure values, these bonds weaken, leading to the transformation of α-helices and β-sheets into random coils and β-turns [28]. The increase in the β-turn structures and random coils, which are less stable structures compared to α-helices and β-sheets, has a positive effect on the protein unfolding and leads to the exposure of the hydrophobic protein core [37,39]. Similar findings have been reported by Yu et al. (2018) in their study on the effect of HPH on the secondary structure of oyster protein isolates. Specifically, they observed that the increase in HPH pressure up to 800 bar (80 MPa) significantly decreased the α-helix structures from 48.34% (untreated) to 36.24%, while β-turn structures and random coils increased from 9.77% (untreated) to 18.04% and from 18.38% (untreated) to 22.37%, respectively [28].




3.3. Effect of HPH on Protein Functional Properties


The water- and oil-holding capacities of APPCs from untreated and HPH-treated biomass are shown in Figure 3. Treatment at 600 bar for one pass led to a significant increase in oil-holding capacity (OHC) of 11.0% compared to untreated samples. The increase in OHC is attributed to the effect of HPH on protein structure (Table 1), where higher treatment pressure exposes the hydrophobic protein core, enhancing this functional property. The exposure of the hydrophobic protein core reveals lipophilic groups that can form intermolecular bonds with lipids, thereby increasing the oil-holding capacity. As these lipophilic groups become exposed, the hydrophilic groups are reduced, resulting in an inverse trend in water-holding capacity (WHC) compared to OHC. The increase in the number of passes from 1 to 4 led to lower values of OHC and WHC, which may be attributed to the lower APPC protein content in these samples (Figure 1). Yu et al. (2018) had also reported a significant increase in OHC and a significant reduction in WHC by applying a one-pass HPH treatment at 600 bar (60 MPa) at oyster protein isolates [28].



The dependence of surface tension of APPC aqueous solutions on the solution protein concentration for each HPH treatment is presented in Figure 4. One very important criterion for the estimation of the emulsifying potential of an emulsifier candidate is the satisfactory reduction of the surface tension of its aqueous solution [40]. As observed in Figure 4, increasing the protein concentration resulted in surface tension reaching a plateau value between 28.6 mN/m and 35.6 mN/m. For all the HPH treatment conditions, the surface tension was practically stabilized with a deviation of less than 5% from the plateau at protein concentrations between 1.02% w/w and 1.19% w/w, corresponding to an APPC concentration of 2% w/w. For comparison reasons, the surface tensions of 2% w/w Tween 20 and sodium caseinate solutions were measured, yielding values of 33.1 mN/m and 44.5 mN/m, respectively. Tween 20 and sodium caseinate are commonly used as emulsifiers in food and cosmetic industries, renowned for their excellent surface activity [6,41]. However, with the industry’s shift towards more natural, plant-based emulsifiers like APPCs, there is a growing demand for cleaner and more sustainable ingredients to meet consumer preferences. Comparing these results, it is clear that the APPCs reduce the surface tension to satisfactory levels. Based on these results, the APPC concentration of 2% w/w was chosen as the optimum emulsifier concentration for the emulsion preparation.



Another significant criterion for evaluating the emulsifying potential of an emulsifier candidate is the interfacial tension. Specifically, interfacial tension values between 1 mN/m and 10 mN/m indicate an optimal balance between the viscous drag force and the interfacial tension force acting on a droplet [42]. Table 2 presents the interfacial tension between 2% w/w APPC solutions and sunflower oil. In all cases the interfacial tension values are included in the range between 1 and 10 mN/m, and the APPCs are suitable for emulsion stabilizers.



Additionally, the foaming capacity of all the APPC samples was relatively low (FC = 20% and FS = 50%), and no significant differences were observed between them. The low foaming capacity is an additional advantage for the application of APPCs for emulsions, as it minimizes excessive foam formation. Higher values of foaming capacity would be desirable for other applications for food products, such as bread, ice cream, and some confectionery products [43].



According to these results, two different HPH treatment conditions were chosen for nanoemulsion preparation: 800 bar for 4 passes (800/4), as the HPH condition that led to maximum protein recovery yield (26.9 g proteins/100 g dry biomass), and 600 bar for 1 pass (600/1), as the HPH condition that achieved the maximum oil-holding capacity (2.8 g oil/g APPC) and the higher APPC protein purity (58.7% w/w compared to 53.3% w/w of 800/1). Additionally, according to Yap et al. (2015), the energy consumption of HPH treatment at 800 bar for 1 pass for microalgal suspensions of 1% w/w and 5% w/w was approximately 8 and 2 MJ/kg dry biomass, respectively, while 600 bar for 1 pass required approximately 6 and 1 MJ/kg dry biomass, respectively [22]. Considering that a four-pass treatment requires four times the energy, the energy consumption cost of the 600/1 HPH condition is significantly lower compared to the 800/4 condition, which is an additional advantage of the 600/1 condition.




3.4. Nanoemulsion Characterization


Table 3 presents the characterization of nanoemulsions, including mean droplet size (MDD), polydispersity index (PDI), turbidity, viscosity, and refractive index, prepared using proteins from untreated (control) and HPH-treated (600 bar for 1 pass and 800 bar for 4 passes) biomass. The emulsions were homogenized using either high-speed homogenization (HSH, one-step, 8000 rpm for 10 min) or a combination of HSH followed by high-pressure homogenization (HSH-HPH, two-step, 600 bar for 4 passes), with varying oil content. The main parameter, significantly influencing MDD and PDI, was the homogenization method. Samples homogenized solely with HSH exhibited significantly higher MDD and PDI compared to those processed with the two-step homogenization method (HSH-HPH). This is likely due to the higher energy input of the HSH-HPH emulsification process, which produces smaller droplet sizes and a narrower droplet size distribution by applying more intense shear forces and turbulence [44,45]. A typical droplet-distribution graph for emulsions stabilized by proteins from untreated biomass and homogenized with HSH (one-step homogenization) and HSH-HPH (two-step homogenization) is presented in Figure 5. Additionally, the turbidity of HSH-HPH samples was significantly lower compared to HSH samples, reflecting the more efficient homogenization and narrow distribution (lower PDI values). These results highlight that the HPH treatment is also effective for preparing nanoemulsions stabilized by proteins from A. pyrenoidosa. Furthermore, turbidity increased by up to 335% with the increase in oil content from 2 to 6% w/w. The viscosity and the refractive index of the samples were relatively close to water’s respective parameters. Specifically, the viscosity varied between 1.10 and 1.51 cP, and the refractive index between 1.337 and 1.346, while no significant differences between biomass treatment and emulsion homogenization method were observed.




3.5. Nanoemulsion Resistance to Centrifugation, Heating–Cooling and Freeze–Thaw Cycles


Table 4 shows the MDD and PDI of nanoemulsions with proteins from untreated (control) and HPH-treated (600 bar for 1 pass and 800 bar for 4 passes) biomass at different oil contents after centrifugation, heating–cooling and freeze–thaw cycles. Regarding the centrifugation cycles, a significant decrease in MDD was observed after the fourth cycle, while a significant decrease in PDI was observed after the second cycle. These results suggest that the reduction in MDD is due to the rejection of the bigger oil droplets from the emulsion to the cream layer on the emulsion surface (Table S1) after 4 centrifugation cycles. The increase in HPH treatment intensity from 600/1 to 800/4 and the increase in oil content from 4 to 6% w/w led to higher MDD and PDI values. However, in all cases, the MDD was on average around 300 nm while the PDI did not exceed the value of 0.3, except for the samples with an oil content of 6% w/w, indicating that these emulsions have great resistance to centrifugation cycles. Our proposed emulsifier exhibits excellent stabilization properties, comparable to those of non-ionic polysorbate emulsifiers [5,46].



The behavior of MDD and PDI of the samples during the heating–cooling cycles was similar to that observed during the centrifugation cycles, suggesting that these emulsions have great resistance to temperature changes between high temperatures (up to 50 °C) and low temperatures of refrigeration (4 °C). It should be highlighted that the MDD of all samples remained, on average, at 300 nm, and the PDI showed minimal variation across all 6 cycles of heating and cooling. Although the protein from A. pyrenoidosa demonstrated satisfactory emulsifying properties during heating–cooling cycles, other protein-based emulsifiers such as whey protein and sodium caseinate have shown superior emulsification, solubility, and stability at higher temperatures up to 120 °C [47,48,49]. Some researchers, however, have suggested that combining proteins with polysaccharides can further enhance heat stability [50,51,52].




3.6. Nanoemulsion Stability During Storage


Nanoemulsions are colloidal systems that naturally tend to break down by destabilization processes such as sedimentation and creaming. This instability arises due to the presence of droplets with varying sizes and the attractive forces between molecules. While they exhibit enhanced stability during storage, fluctuations in temperature can greatly impact their physicochemical characteristics. Thus, nanoemulsions’ kinetic stability was evaluated by monitoring MDD and PDI for 30 d at constant temperatures of 4, 12, and 25 °C (Table 5). After 30 d, all samples were quite stable in the nanosized range, with a maximum MDD of 345 nm (control at 4 °C, 2% w/w oil content). It was observed that, during storage at 4 °C the MDD values were, on average, higher than MDD during the storage at 12 and 25 °C. After 30 d of storage, no significant increase in MDD and PDI was observed, but a thin layer of cream was formed on the emulsion surface. The stability of the oil-in-water (o/w) nanoemulsions stabilized by protein from A. pyrenoidosa is largely due to their small initial droplet size and relatively narrow droplet distribution, which help prevent Ostwald ripening for a certain period. These nanoemulsions fall within a kinetically stable regime, where thermodynamics favor droplet growth, but the kinetic energy barrier slows this process. Figure 6 shows the creaming index (CI) of the emulsions with 2% w/w after 30 d of storage. At 4 °C the CI of the emulsions was significantly higher than the other storage temperatures, indicating that these emulsions are more stable during storage at temperatures between 12 and 25 °C. Regarding the oil content, the PDI of samples with 6% w/w sunflower oil was significantly higher compared to 4% w/w. Additionally, the APPCs from HPH-treated biomass led to nanoemulsions with significantly lower CI compared to untreated biomass, leading to more stable emulsions during storage. The CI of emulsions with 4 and 6% w/w oil and APPCs from HPH-treated biomass did not show significant differences. These results suggest that the nanoemulsions with 4% w/w oil content exhibited high kinetic stability, with minimal changes in MDD and PDI values after 30 d of storage. Furthermore, 25 °C was identified as the optimum storage temperature leading to the lowest CI values. This result is in agreement with Hosseini et al. (2021), who studied the emulsion stability and emulsification properties of Arabic gum and reported that 22 °C was the optimum emulsion storage temperature due to the minimization of the creaming index. This result is likely due to the increase in storage temperature approaching the ambient levels, which reduces the surface tension, the emulsion viscosity, and the Laplace pressure (the pressure between the inside and the outside of the oil droplets) across the oil–water interface, ultimately resulting in more stable emulsions [53]. However, non-ionic emulsifiers, such as polysorbates (Tween 20, Tween 80), combined with natural emulsifiers like soy lecithin or sodium caseinate, are effective in stabilizing nanoemulsions, maintaining droplet sizes below 300 nm, and preventing creaming during refrigerated storage for up to two months [4,5,54]. Regarding the HPH biomass treatment, both conditions (600 bar for 1 pass and 800 bar for 4 passes) led to more stable emulsions since their CI values were significantly lower compared to CI of the emulsions with APPC from untreated biomass. Concluding, recovered protein from A. pyrenoidosa can be characterized as effective as commonly used emulsifiers during storage, such as soy lecithin [54], sodium caseinate [55,56], and non-ionic emulsifiers [5,57,58], in maintaining nanoemulsion stability during various temperature storage conditions.





4. Conclusions


This study explored the application of high-pressure homogenization (HPH) on the protein recovery from A. pyrenoidosa, protein modification, and emulsion homogenization. It was demonstrated that HPH treatment significantly increased the protein recovery yield while inducing modifications to the protein secondary structure by exposing the hydrophobic protein core. Structural changes caused by HPH led to protein concentrates (APPCs) with improved oil-holding capacity. Surface and interfacial tension values of APPCs were satisfactory for nanoemulsion preparation, comparable to conventional emulsifiers. Additionally, the use of HPH on emulsion homogenization led to emulsions with significantly lower mean droplet size (MDD) and polydispersity index (PDI) compared to those homogenized solely by high-speed homogenization. The developed emulsions presented great resistance to centrifugation and heating–cooling cycles. After 30 d of storage, a thin cream layer was observed on emulsion surfaces. The creaming index (CI) was significantly lower at 25 °C compared to 4 °C, and emulsions prepared with APPCs from HPH-treated biomass exhibited a lower CI than those made with APPCs from untreated biomass. Overall, HPH treatment proved to be an effective technology for all the steps of this study, including protein recovery, improvement in protein functional properties, and emulsion homogenization, establishing a concrete base for the scale up of this process due to follow. The future perspectives of this work include the application of APPCs in developing delivery systems for the encapsulation of sensitive food ingredients, such as carotenoids, with the goal of significantly reducing their deterioration rate during storage.
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Figure 1. Dependence of (a) A. pyrenoidosa protein concentrate, (APPC) and (b) protein recovery yield (yp) on high-pressure homogenization (HPH) treatment of A. pyrenoidosa biomass from 1 bar (untreated) to 800 bar for one- and four-pass treatment. Error bars represent the standard deviation between experimental replications. Different superscript letters indicate significant differences between means ± standard deviation as calculated by Duncan’s multiple range test for a significance level of p < 0.05. 
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Figure 2. FTIR spectra of untreated (control) and high-pressure homogenization (HPH) treated A. pyrenoidosa protein concentrate (APPC). Label values indicate the peaks of FTIR spectra. 
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Figure 3. Dependence of A. pyrenoidosa protein concentrate (a) WHC and (b) OHC on HPH treatment of A. pyrenoidosa biomass from 1 bar (untreated) to 800 bar for one- and four-pass treatment. Error bars represent the standard deviation between experimental replications. Different superscript letters indicate significant differences between means ± standard deviation as calculated by Duncan’s multiple range test for a significance level of p < 0.05. Abbreviations: WHC: water-holding capacity, OHC: oil-holding capacity, APPC: A. pyrenoidosa protein concentrate, HPH: high-pressure homogenization. 
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Figure 4. Dependence of surface tension of APPC aqueous solutions on the solution protein concentration. The APPCs were recovered from untreated (control) and HPH-treated A. pyrenoidosa biomass at 400, 600, and 800 bar for 1 pass (400/1, 600/1, and 800/1, respectively) and at 400, 600, and 800 bar for 4 passes (400/4, 600/4, and 800/4, respectively). The shaded area corresponds to the protein concentration of APPC aqueous solutions where the difference between their surface tension and their plateau surface tension is a maximum of 5%. Error bars represent the standard deviation between experimental replications. Abbreviations: APPC: A. pyrenoidosa protein concentrate, HPH: high-pressure homogenization. 
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Figure 5. Typical droplet-distribution graph based on intensity for emulsions (4% w/w oil content) stabilized by proteins from untreated biomass and homogenized with HSH (one-step homogenization) and HSH-HPH (two-step homogenization). 
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Figure 6. Creaming index (CI) of nanoemulsions with 2% w/w sunflower oil and APPC from untreated (control) and HPH-treated (600 bar for 1 pass and 800 bar for 4 passes) A. pyrenoidosa biomass after 30 d at 4, 12, and 25 °C. Different superscript letters indicate significant differences between means ± standard deviation as calculated by Duncan’s multiple range test for a significance level of p < 0.05. 
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Table 1. Secondary structure of untreated (control) and HPH-treated APPC from untreated A. pyrenoidosa biomass.






Table 1. Secondary structure of untreated (control) and HPH-treated APPC from untreated A. pyrenoidosa biomass.












	
	α-Helix (%)
	β-Sheet (%)
	β-Turn (%)
	Random Coil (%)





	Control
	14.28 ± 0.05 a
	25.71 ± 0.08 a
	37.08 ± 0.03 a
	22.93 ± 0.05 a



	400 bar
	14.25 ± 0.04 a
	25.58 ± 0.08 a
	37.20 ± 0.03 a
	22.97 ± 0.05 a



	600 bar
	13.57 ± 0.01 b
	24.80 ± 0.08 b
	38.03 ± 0.03 b
	23.60 ± 0.05 b



	800 bar
	12.74 ± 0.02 c
	23.58 ± 0.06 c
	39.64 ± 0.02 c
	24.04 ± 0.05 c







Different superscript letters within a column represent significant differences as calculated by Duncan’s multiple range test for a significance level of p < 0.05.













 





Table 2. Interfacial tension between aqueous solutions of APPC from untreated (control) and HPH-treated biomass and sunflower oil.
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	Interfacial Tension (mN/m)
	1 Pass
	4 Passes





	Control
	4.25 ± 0.19 a
	4.25 ± 0.19 a



	400 bar
	4.62 ± 0.33 ab
	5.20 ± 0.42 bc



	600 bar
	5.48 ± 0.35 c
	5.27 ± 0.39 bc



	800 bar
	5.65 ± 0.41 c
	4.75 ± 0.45 ab







Different superscript letters indicate significant differences as calculated by Duncan’s multiple range test for a significance level of p < 0.05. Abbreviations: APPC: A. pyrenoidosa protein concentrate, HPH: high-pressure homogenization.













 





Table 3. Mean droplet size (MDD), polydispersity index (PDI), turbidity, viscosity, and refractive index of nanoemulsions homogenized with one-step homogenization (HSH, 8000 rpm, 10 min) and two-step homogenization (HSH-HPH, 8000 rpm, 10 min and 600 bar, 4 passes) using proteins from untreated (control) and HPH-treated (600 bar for 1 pass and 800 bar for 4 passes) biomass for different oil content.






Table 3. Mean droplet size (MDD), polydispersity index (PDI), turbidity, viscosity, and refractive index of nanoemulsions homogenized with one-step homogenization (HSH, 8000 rpm, 10 min) and two-step homogenization (HSH-HPH, 8000 rpm, 10 min and 600 bar, 4 passes) using proteins from untreated (control) and HPH-treated (600 bar for 1 pass and 800 bar for 4 passes) biomass for different oil content.





	
Biomass

Treatment

	
Oil

Content

(% w/w)

	
Emulsion

Homogenization

	
MDD (nm)

	
PDI (-)

	
Turbidity (-)






	
Control

	
2

	
HSH

	
471.9 ± 52.3 a

	
0.796 ± 0.246 a

	
25.9 ± 1.2 xa




	
HSH-HPH

	
309.4 ± 1.7 b

	
0.214 ± 0.009 b

	
34.9 ± 1.1 xb




	
4

	
HSH

	
527.1 ± 33.9 a

	
0.494 ± 0.027 a

	
44.1 ± 1.6 ya




	
HSH-HPH

	
296.9 ± 5.6 b

	
0.257 ± 0.015 b

	
70.2 ± 1.8 yb




	
6

	
HSH

	
458.2 ± 2.6 a

	
0.324 ± 0.012 a

	
112.6 ± 2.1 za




	
HSH-HPH

	
296.4 ± 3.6 b

	
0.315 ± 0.030 b

	
119.6 ± 2.3 zb




	
600 bar

1 pass

	
2

	
HSH

	
341.4 ± 8.2 a

	
0.557 ± 0.143 a

	
27.0 ± 0.8 xa




	
HSH-HPH

	
339.5 ± 2.3 b

	
0.199 ± 0.016 b

	
40.2 ± 1.0 xb




	
4

	
HSH

	
528.9 ± 1.9 a

	
0.456 ± 0.06 a

	
50.8 ± 1.5 ya




	
HSH-HPH

	
319.9 ± 10.1 b

	
0.260 ± 0.115 b

	
74.1 ± 1.8 yb




	
6

	
HSH

	
473.4 ± 11.4 a

	
0.632 ± 0.023 a

	
63.5 ± 0.9 za




	
HSH-HPH

	
304.6 ± 3.2 b

	
0.347 ± 0.010 b

	
138.3 ± 2.3 zb




	
800 bar

4 passes

	
2

	
HSH

	
356.2 ± 6.6 a

	
0.449 ± 0.039 a

	
21.2 ± 0.7 xa




	
HSH-HPH

	
343.7 ± 2.0 b

	
0.223 ± 0.016 b

	
37.9 ± 1.2 xb




	
4

	
HSH

	
434.5 ± 21.6 a

	
0.535 ± 0.019 a

	
47.0 ± 1.1 ya




	
HSH-HPH

	
329.1 ± 1.4 b

	
0.287 ± 0.036 b

	
84.0 ± 1.9 yb




	
6

	
HSH

	
485.2 ± 11.4 a

	
0.655 ± 0.035 a

	
62.6 ± 1.4 za




	
HSH-HPH

	
320.3 ± 3.1 b

	
0.332 ± 0.008 b

	
124.6 ± 2.4 zb








Different superscript letters x, y, z in each column indicate significant differences (p < 0.05) between the oil content and different superscript letters a, b in each column indicate significant differences (p < 0.05) between emulsion homogenization method. The absence of superscript letters x, y, z or a, b, indicates insignificant differences (p > 0.05) between the oil content and the emulsion homogenization method, respectively. Different HPH treatment conditions led to insignificant differences (p > 0.05).













 





Table 4. Mean droplet size (MDD) and polydispersity index (PDI) of nanoemulsions with proteins from untreated (control) and HPH-treated (600 bar for 1 pass and 800 bar for 4 passes) biomass for different oil content after centrifugation, heating–cooling and freeze–thaw cycles.






Table 4. Mean droplet size (MDD) and polydispersity index (PDI) of nanoemulsions with proteins from untreated (control) and HPH-treated (600 bar for 1 pass and 800 bar for 4 passes) biomass for different oil content after centrifugation, heating–cooling and freeze–thaw cycles.





	

	

	

	
Centrifugation

	
Heating–Cooling

	
Freeze–Thaw




	
Cycle

	
Biomass Treatment

	
Oil

Content

(% w/w)

	
MDD (nm)

	
PDI (-)

	
MDD (nm)

	
PDI (-)

	
MDD (nm)

	
PDI (-)






	
1

	
Control

	
2

	
283.1 ± 0.6 xai

	
0.195 ± 0.022 xai

	
295.6 ± 4.0 xai

	
0.215 ± 0.032 xyi

	
351.9 ± 1.3 xai

	
0.447 ± 0.030 ai




	
4

	
282.3 ± 8.3 xai

	
0.248 ± 0.042 xaii

	
294.0 ± 5.5 xaii

	
0.257 ± 0.042 xyii

	
413.2 ± 6.8 xaii

	
0.509 ± 0.012 aii




	
6

	
292.2 ± 5.9 xaii

	
0.320 ± 0.028 xaiii

	
287.0 ± 3.7 xaiii

	
0.344 ± 0.046 xyiii

	
440.8 ± 7.1 xaii

	
0.454 ± 0.050 aiii




	
HPH

600 bar

1 pass

	
2

	
303.1 ± 1.8 xbi

	
0.191 ± 0.007 xabi

	
327.0 ± 1.5 xbi

	
0.207 ± 0.012 xyi

	
410.8 ± 5.8 xbi

	
0.351 ± 0.054 abi




	
4

	
313.9 ± 4.8 xbi

	
0.261 ± 0.018 xabii

	
316.2 ± 2.4 xbii

	
0.273 ± 0.007 xyii

	
473.0 ± 8.2 xbii

	
0.401 ± 0.011 abii




	
6

	
300.2 ± 3.0 xbii

	
0.320 ± 0.012 xabiii

	
301.9 ± 2.7 xbiii

	
0.359 ± 0.020 xyiii

	
582.5 ± 7.1 xbii

	
0.442 ± 0.005 abiii




	
HPH

800 bar

4 passes

	
2

	
326.9 ± 1.8 xci

	
0.209 ± 0.010 xbi

	
337.0 ± 0.7 xci

	
0.217 ± 0.007 xyi

	
418.2 ± 3.5 xbi

	
0.259 ± 0.026 bi




	
4

	
323.9 ± 0.9 xci

	
0.264 ± 0.014 xbii

	
330.1 ± 2.1 xcii

	
0.275 ± 0.017 xyii

	
518.1 ± 3.8 xbii

	
0.256 ± 0.024 bii




	
6

	
305.6 ± 2.8 xcii

	
0.332 ± 0.060 xbiii

	
310.4 ± 4.1 xciii

	
0.345 ± 0.011 xyiii

	
529.7 ± 2.6 xbii

	
0.280 ± 0.030 biii




	
2

	
Control

	
2

	
273.6 ± 1.9 xyai

	
0.165 ± 0.006 yai

	
297.9 ± 3.4 xai

	
0.218 ± 0.038 xyi

	
351.9 ± 9.4 yai

	
0.464 ± 0.027 ai




	
4

	
284.4 ± 1.6 xyai

	
0.232 ± 0.015y aii

	
289.6 ± 3.4 xaii

	
0.259 ± 0.045 xyii

	
422.5 ± 2.6 yaii

	
0.446 ± 0.021 aii




	
6

	
291.7 ± 3.7 xyaii

	
0.267 ± 0.014 yaiii

	
290.5 ± 2.8 xaiii

	
0.315 ± 0.029 xyiii

	
467.6 ± 4.3 yaii

	
0.456 ± 0.021 aiii




	
HPH

600 bar

1 pass

	
2

	
304.0 ± 3.0 xybi

	
0.169 ± 0.010 yabi

	
329.4 ± 4.2 xbi

	
0.214 ± 0.002 xyi

	
416.4 ± 9.2 ybi

	
0.335 ± 0.050 abi




	
4

	
304.9 ± 2.7 xybi

	
0.266 ± 0.026 yabii

	
314.4 ± 0.9 xbii

	
0.268 ± 0.008 xyii

	
469.7 ± 1.8 ybii

	
0.416 ± 0.017 abii




	
6

	
307.9 ± 3.7 xybii

	
0.282 ± 0.051 yabiii

	
296.9 ± 2.2 xbiii

	
0.348 ± 0.009 xyiii

	
516.0 ± 6.7 ybii

	
0.441 ± 0.025 abiii




	
HPH

800 bar

4 passes

	
2

	
311.0 ± 1.6 xyci

	
0.193 ± 0.005 ybi

	
332.1 ± 4.0 xci

	
0.223 ± 0.014 xyi

	
418.6 ± 1.9 ybi

	
0.253 ± 0.018 bi




	
4

	
311.0 ± 4.3 xyci

	
0.251 ± 0.014 ybii

	
322.0 ± 0.4 xcii

	
0.270 ± 0.008 xyii

	
512.6 ± 3.4 ybii

	
0.245 ± 0.033 bii




	
6

	
305.4 ± 4.4 xycii

	
0.274 ± 0.043 ybiii

	
305.0 ± 2.3 xciii

	
0.344 ± 0.010 xyiii

	
520.9 ± 2.2 ybii

	
0.264 ± 0.016 biii




	
3

	
Control

	
2

	
268.6 ± 4.7 xyzai

	
0.178 ± 0.009 yai

	
300.2 ± 6.0 xai

	
0.209 ± 0.038 xi

	
372.9 ± 7.6 yai

	
0.474 ± 0.034 ai




	
4

	
273.8 ± 2.4 xyzai

	
0.235 ± 0.019 yaii

	
295.1 ± 4.5 xaii

	
0.263 ± 0.030 xii

	
484.2 ± 8.5 yaii

	
0.415 ± 0.016 aii




	
6

	
290.9 ± 5.4 xyzaii

	
0.251 ± 0.006 yaiii

	
285.1 ± 3.1 xaiii

	
0.323 ± 0.047 xiii

	
547.6 ± 4.6 yaii

	
0.437 ± 0.013 aiii




	
HPH

600 bar

1 pass

	
2

	
291.5 ± 1.3 xyzbi

	
0.195 ± 0.010 yabi

	
327.0 ± 1.9 xbi

	
0.222 ± 0.005 xi

	
451.5 ± 2.9 ybi

	
0.411 ± 0.010 abi




	
4

	
299.7 ± 1.6 xyzbi

	
0.243 ± 0.004 yabii

	
314.7 ± 0.8 xbii

	
0.287 ± 0.019 xii

	
568.5 ± 9.0 ybii

	
0.451 ± 0.043 abii




	
6

	
301.5 ± 2.4 xyzbii

	
0.245 ± 0.014 yabiii

	
302.9 ± 4.4 xbiii

	
0.360 ± 0.034 xiii

	
494.6 ± 8.7 ybii

	
0.479 ± 0.057 abiii




	
HPH

800 bar

4 passes

	
2

	
305.9 ± 1.7 xyzci

	
0.187 ± 0.007 ybi

	
337.7 ± 2.6 xci

	
0.220 ± 0.013 xi

	
447.6 ± 2.0 ybi

	
0.258 ± 0.004 bi




	
4

	
318.1 ± 2.9 xyzci

	
0.246 ± 0.010 ybii

	
318.4 ± 1.0 xcii

	
0.275 ± 0.021 xii

	
635.6 ± 5.4 ybii

	
0.294 ± 0.045 bii




	
6

	
322.4 ± 2.1 xyzcii

	
0.348 ± 0.010 ybiii

	
319.1 ± 3.6 xciii

	
0.337 ± 0.014 xiii

	
495.4 ± 3.9 ybii

	
0.292 ± 0.029 biii




	
4

	
Control

	
2

	
263.5 ± 2.1 yzai

	
0.163 ± 0.006 yai

	
296.5 ± 2.3 xai

	
0.213 ± 0.021 yi

	
-

	
-




	
4

	
265.5 ± 1.8 yzai

	
0.229 ± 0.004 yaii

	
286.7 ± 5.0 xaii

	
0.263 ± 0.006 yii

	
-

	
-




	
6

	
296.4 ± 2.3 yzaii

	
0.274 ± 0.014 yaiii

	
287.1 ± 4.0 xaiii

	
0.339 ± 0.018 yiii

	
-

	
-




	
HPH

600 bar

1 pass

	
2

	
286.3 ± 2.1 yzbi

	
0.164 ± 0.008 yabi

	
326.9 ± 2.7 xbi

	
0.217 ± 0.010 yi

	
-

	
-




	
4

	
283.0 ± 0.6 yzbi

	
0.219 ± 0.003 yabii

	
319.6 ± 4.4 xbii

	
0.257 ± 0.012 yii

	
-

	
-




	
6

	
305.5 ± 2.3 yzbii

	
0.302 ± 0.013 yabiii

	
312.1 ± 1.5 xbiii

	
0.280 ± 0.013 yiii

	
-

	
-




	
HPH

800 bar

4 passes

	
2

	
296.9 ± 0.8 yzci

	
0.180 ± 0.018 ybi

	
337.0 ± 2.2 xci

	
0.220 ± 0.010 yi

	
-

	
-




	
4

	
297.9 ± 1.2 yzci

	
0.225 ± 0.015 ybii

	
325.4 ± 0.8 xcii

	
0.275 ± 0.001 yii

	
-

	
-




	
6

	
315.7 ± 0.6 yzcii

	
0.280 ± 0.014 ybiii

	
309.3 ± 0.6 xciii

	
0.297 ± 0.008 yiii

	
-

	
-




	
5

	
Control

	
2

	
269.9 ± 1.5 yzai

	
0.184 ± 0.012 yai

	
284.2 ± 3.4 yai

	
0.215 ± 0.012 xyi

	
-

	
-




	
4

	
256.7 ± 0.7 yzai

	
0.199 ± 0.009 yaii

	
281.7 ± 1.9 yaii

	
0.250 ± 0.013 xyii

	
-

	
-




	
6

	
295.9 ± 6.8 yzaii

	
0.265 ± 0.007 yaiii

	
279.1 ± 1.1 yaiii

	
0.353 ± 0.033 xyiii

	
-

	
-




	
HPH

600 bar

1 pass

	
2

	
306.7 ± 0.8 yzbi

	
0.181 ± 0.016 yabi

	
314.0 ± 6.2 ybi

	
0.208 ± 0.002 xyi

	
-

	
-




	
4

	
276.5 ± 1.9 yzbi

	
0.210 ± 0.019 yabii

	
305.4 ± 4.0 ybii

	
0.274 ± 0.007 xyii

	
-

	
-




	
6

	
306.3 ± 0.5 yzbii

	
0.298 ± 0.022 yabiii

	
296.2 ± 7.2 ybiii

	
0.360 ± 0.008 xyiii

	
-

	
-




	
HPH

800 bar

4 passes

	
2

	
311.3 ± 3.0 yzci

	
0.203 ± 0.001 ybi

	
321.7 ± 2.9 yci

	
0.220 ± 0.008 xyi

	
-

	
-




	
4

	
288.0 ± 5.5 yzci

	
0.209 ± 0.018 ybii

	
308.4 ± 2.9 ycii

	
0.287 ± 0.006 xyii

	
-

	
-




	
6

	
311.7 ± 2.6 yzcii

	
0.304 ± 0.005 ybiii

	
299.5 ± 5.9 yciii

	
0.322 ± 0.014 xyiii

	
-

	
-




	
6

	
Control

	
2

	
281.9 ± 0.9 zai

	
0.201 ± 0.010 yai

	
303.2 ± 5.7 yai

	
0.241 ± 0.037 xi

	
-

	
-




	
4

	
266.9 ± 2.0 zai

	
0.213 ± 0.009 yaii

	
284.6 ± 2.8 yaii

	
0.259 ± 0.036 xii

	
-

	
-




	
6

	
285.4 ± 2.5 zaii

	
0.244 ± 0.021 yaiii

	
271.8 ± 1.3 yaiii

	
0.335 ± 0.023 xiii

	
-

	
-




	
HPH

600 bar

1 pass

	
2

	
306.6 ± 1.0 zbi

	
0.195 ± 0.009 yabi

	
331.3 ± 7.0 ybi

	
0.230 ± 0.013 xi

	
-

	
-




	
4

	
277.3 ± 1.8 zbi

	
0.207 ± 0.023 yabii

	
299.6 ± 4.8 ybii

	
0.279 ± 0.026 xii

	
-

	
-




	
6

	
283.3 ± 1.9 zbii

	
0.264 ± 0.024 yabiii

	
291.0 ± 2.6 ybiii

	
0.351 ± 0.049 xiii

	
-

	
-




	
HPH

800 bar

4 passes

	
2

	
294.5 ± 1.6 zci

	
0.162 ± 0.006 ybi

	
328.2 ± 2.7 yci

	
0.233 ± 0.015 xi

	
-

	
-




	
4

	
299.3 ± 8.2 zci

	
0.227 ± 0.016 ybii

	
305.1 ± 1.4 ycii

	
0.294 ± 0.010 xii

	
-

	
-




	
6

	
304.8 ± 2.5 zcii

	
0.301 ± 0.003 ybiii

	
295.2 ± 3.0 yciii

	
0.366 ± 0.006 xiii

	
-

	
-








Different superscript letters x, y, z in each column indicate significant differences (p < 0.05) between centrifugation, heating–cooling and freeze–thaw cycles, different superscript letters a, b, c in each column indicate significant differences (p < 0.05) between HPH treatment conditions, and different superscript letters i, ii, iii in each column indicate significant differences (p < 0.05) between the oil content. The absence of superscript letters x, y, z or a, b, c indicates insignificant differences (p > 0.05) between the HPH treatment conditions and the oil content, respectively.













 





Table 5. Mean droplet size (MDD) and polydispersity index (PDI) of nanoemulsions with proteins from untreated (control) and HPH-treated (600 bar for 1 pass and 800 bar for 4 passes) biomass for different oil contents during storage at different storage temperatures (T).






Table 5. Mean droplet size (MDD) and polydispersity index (PDI) of nanoemulsions with proteins from untreated (control) and HPH-treated (600 bar for 1 pass and 800 bar for 4 passes) biomass for different oil contents during storage at different storage temperatures (T).





	

	

	

	
t = 0 d

	
t = 15 d

	
t = 30 d




	
T (°C)

	
Biomass Treatment

	
Oil

Content

(% w/w)

	
MDD (nm)

	
PDI (-)

	
MDD (nm)

	
PDI (-)

	
MDD (nm)

	
PDI (-)






	
4

	
Control

	
2

	
309.4 ± 1.8 aiX

	
0.214 ± 0.009 aiX

	
305.0 ± 2.5 xaiY

	
0.211 ± 0.009 aiY

	
301.7 ± 2.0 xaiY

	
0.211 ± 0.009 aiY




	
4

	
296.9 ± 2.3 aiiX

	
0.257 ± 0.016 aiiX

	
300.4 ± 2.0 xaiiY

	
0.261 ± 0.013 aiiY

	
302.3 ± 5.0 xaiiY

	
0.254 ± 0.027 aiiY




	
6

	
296.4 ± 2.0 aiiiX

	
0.315 ± 0.016 aiiiX

	
293.5 ± 2.3 xaiiiY

	
0.351 ± 0.027 aiiiY

	
303.3 ± 4.8 xaiiiY

	
0.303 ± 0.041 aiiiY




	
HPH

600 bar

1 pass

	
2

	
339.5 ± 1.9 biX

	
0.199 ± 0.006 aiX

	
321.0 ± 2.4 xbiY

	
0.209 ± 0.012 aiY

	
306.0 ± 4.7 xaiY

	
0.195 ± 0.004 aiY




	
4

	
319.9 ± 5.7 biiX

	
0.260 ± 0.015 aiiX

	
325.0 ± 4.3 xbiiY

	
0.280 ± 0.009 aiiY

	
326.4 ± 0.7 xaiiY

	
0.277 ± 0.010 aiiY




	
6

	
304.6 ± 1.4 biiiX

	
0.347 ± 0.036 aiiiX

	
292.8 ± 3.4 xbiiiY

	
0.367 ± 0.008 aiiiY

	
289.0 ± 3.9 xaiiiY

	
0.374 ± 0.003 aiiiY




	
HPH

800 bar

4 passes

	
2

	
343.7 ± 2.6 ciX

	
0.223 ± 0.012 biX

	
345.6 ± 1.1 xciY

	
0.224 ± 0.022 biY

	
345.2 ± 1.6 xbiY

	
0.215 ± 0.013 biY




	
4

	
329.1 ± 9.4 ciiX

	
0.287 ± 0.023 biiX

	
324.1 ± 0.6 xciiY

	
0.267 ± 0.008 biiY

	
316.5 ± 3.4 xbiiY

	
0.271 ± 0.004 biiY




	
6

	
320.3 ± 8.4 ciiiX

	
0.332 ± 0.035 biiiX

	
309.4 ± 1.7 xciiiY

	
0.371 ± 0.002 biiiY

	
325.3 ± 1.4 xbiiiY

	
0.367 ± 0.030 biiiY




	
12

	
Control

	
2

	
309.4 ± 1.8 aiX

	
0.214 ± 0.009 aiX

	
298.0 ± 2.0 xaiY

	
0.214 ± 0.009 aiY

	
304.1 ± 2.2 xaiY

	
0.219 ± 0.007 aiY




	
4

	
296.9 ± 2.3 aiiX

	
0.257 ± 0.016 aiiX

	
290.4 ± 5.0 xaiiY

	
0.252 ± 0.027 aiiY

	
283.7 ± 1.5 xaiiY

	
0.251 ± 0.008 aiiY




	
6

	
296.4 ± 2.0 aiiiX

	
0.315 ± 0.016 aiiiX

	
300.4 ± 4.8 xaiiiY

	
0.342 ± 0.041 aiiiY

	
290.2 ± 6.9 xaiiiY

	
0.339 ± 0.018 aiiiY




	
HPH

600 bar

1 pass

	
2

	
339.5 ± 1.9 biX

	
0.199 ± 0.006 aiX

	
325.9 ± 4.7 xbiY

	
0.212 ± 0.004 aiY

	
330.9 ± 1.4 xaiY

	
0.205 ± 0.008 aiY




	
4

	
319.9 ± 5.7 biiX

	
0.260 ± 0.015 aiiX

	
311.8 ± 0.7 xbiiY

	
0.261 ± 0.010 aiiY

	
299.0 ± 3.4 xaiiY

	
0.278 ± 0.045 aiiY




	
6

	
304.6 ± 1.4 biiiX

	
0.347 ± 0.036 aiiiX

	
295.0 ± 3.9 xbiiiY

	
0.311 ± 0.003 aiiiY

	
286.9 ± 4.3 xaiiiY

	
0.333 ± 0.009 aiiiY




	
HPH

800 bar

4 passes

	
2

	
343.7 ± 2.6 ciX

	
0.223 ± 0.012 biX

	
345.6 ± 1.6 xciY

	
0.224 ± 0.013 biY

	
342.8 ± 2.7 xbiY

	
0.208 ± 0.057 biY




	
4

	
329.1 ± 9.4 ciiX

	
0.287 ± 0.023 biiX

	
332.3 ± 3.4 xciiY

	
0.267 ± 0.004 biiY

	
337.5 ± 6.4 xbiiY

	
0.276 ± 0.042 biiY




	
6

	
320.3 ± 8.4 ciiiX

	
0.332 ± 0.035 biiiX

	
293.4 ± 1.4 xciiiY

	
0.373 ± 0.030 biiiY

	
291.4 ± 0.5 xbiiiY

	
0.351 ± 0.004 biiiY




	
25

	
Control

	
2

	
309.4 ± 1.8 aiX

	
0.214 ± 0.009 aiX

	
286.5 ± 2.5 yaiY

	
0.212 ± 0.009 aiY

	
280.3 ± 2.0 yaiY

	
0.210 ± 0.009 aiY




	
4

	
296.9 ± 2.3 aiiX

	
0.257 ± 0.016 aiiX

	
269.3 ± 2.0 yaiiY

	
0.258 ± 0.013 aiiY

	
271.9 ± 5.0 yaiiY

	
0.271 ± 0.027 aiiY




	
6

	
296.4 ± 2.0 aiiiX

	
0.315 ± 0.016 aiiiX

	
265.2 ± 2.3 yaiiiY

	
0.351 ± 0.027 aiiiY

	
271.1 ± 4.8 yaiiiY

	
0.329 ± 0.041 aiiiY




	
HPH

600 bar

1 pass

	
2

	
339.5 ± 1.9 biX

	
0.199 ± 0.006 aiX

	
322.4 ± 2.4 ybiY

	
0.235 ± 0.012 aiY

	
307.3 ± 4.7 yaiY

	
0.212 ± 0.004 aiY




	
4

	
319.9 ± 5.7 biiX

	
0.260 ± 0.015 aiiX

	
325.0 ± 4.3 ybiiY

	
0.280 ± 0.009 aiiY

	
303.2 ± 0.7 yaiiY

	
0.277 ± 0.010 aiiY




	
6

	
304.6 ± 1.4 biiiX

	
0.347 ± 0.036 aiiiX

	
282.7 ± 3.4 ybiiiY

	
0.331 ± 0.008 aiiiY

	
284.5 ± 3.9 yaiiiY

	
0.327 ± 0.003 aiiiY




	
HPH

800 bar

4 passes

	
2

	
343.7 ± 2.6 ciX

	
0.223 ± 0.012 biX

	
324.3 ± 1.1 yciY

	
0.226 ± 0.022 biY

	
314.9 ± 1.6 ybiY

	
0.222 ± 0.013 biY




	
4

	
329.1 ± 9.4 ciiX

	
0.287 ± 0.023 biiX

	
299.4 ± 0.6 yciiY

	
0.282 ± 0.008 biiY

	
296.7 ± 3.4 ybiiY

	
0.271 ± 0.004 biiY




	
6

	
320.3 ± 8.4 ciiiX

	
0.332 ± 0.035 biiiX

	
277.0 ± 1.7 yciiiY

	
0.367 ± 0.002 biiiY

	
291.6 ± 1.4 ybiiiY

	
0.371 ± 0.030 biiiY








Different superscript letters x, y in each column indicate significant differences (p < 0.05) between the storage temperature (T), different superscript letters a, b, c in each column indicate significant differences (p < 0.05) between HPH treatment conditions, different superscript letters i, ii, iii in each column indicate significant differences (p < 0.05) between the oil content, and different superscript letters X, Y in each row indicate significant differences (p < 0.05) between storage time. The absence of superscript letters x, y indicates insignificant differences (p > 0.05) between the storage temperature (T).
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