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The modification of the cassava native starch by heat-moisture treatment (HMT) followed by nanoprecipitation can be worthwhile for obtaining stabilizers of Pickering emulsions as highly stable emulsions and clean label products can be produced. In this study, Pickering emulsions stabilized by different concentrations of modified starch nanoparticles (HSNP), and various emulsification times were evaluated in terms of physical stability, rheological properties (flow curves) and microstructure. All emulsions produced with lower concentrations of HSNP (0.8 and 2.4wt%) destabilized within 24 h, and the emulsions stabilized with 3 and 4wt% HSNP, regardless of emulsification time, remained stable for up to 14 days. As the HSPN concentration increased, the interface became denser, preventing or delaying coalescence. The micrographs of the stable emulsion showed that the shorter the emulsification time (3 min), the larger the average droplet size. The Power Law model was well adjusted to the experimental data (shear stress vs shear rate) (R2 ≥ 0.996), and the model constants (pseudoplasticity and consistency index) increased as HSNP concentration increased and emulsification time decreased. Physically modified starch nanoparticles were used as stabilizer of the Pickering O/W (oil in water) emulsion, and the results demonstrate that the microstructure and the rheological properties of these emulsions can be adjusted by particle concentration and emulsification time. 
1. Introduction
The application of natural biocolloidal particles is one of the promising alternatives (green label) to produce Pickering emulsions. The production of emulsions without added synthetic surfactants is best suited for various applications such as functional foods, active food coatings, pharmaceutical and cosmetic formulations, as it is already known some surfactants may exert adverse effects (Kim et al., 2015).
Starch is an abundant, non-toxic and low-cost material and is an interesting material to stabilize this type of emulsion, as long as modifications are made to its structure to improve its capacity as a stabilizer of Pickering emulsions (Farooq et al., 2021). The particle used to formulate a Pickering emulsion must be able to penetrate but not to dissolve both in the continuous and dispersed phases, and it must have a sufficiently high interfacial absorption efficiency (Lu and Tian, 2021). Furthermore, the solid particle’s size should be smaller than the desired emulsion droplets (Wang et al., 2017). Several techniques, including acid hydrolysis, octenyl succinic anhydride (OSA) modification, enzymatic hydrolysis, and recrystallization are often employed to alter starch structure (Lu and Tian, 2021), however, most of these methods have some disadvantages, such as the use of chemical reagents and the need of complex operations. Exploring methods to modify starch structure is necessary for its use it as a stabilizer and to improve the Pickering emulsions stability. 
Nanoprecipitation is considered to be a green technique, and it can be used to obtain starch particles on a nanometric scale. Some important parameters that influence the size and properties of nanoparticles are the source and size of the native granule, as well as the use of modified starches (Chang et al., 2017). Physical modification starch by HMT, in which low moisture content (<35%) and high temperatures (T > 90°C or higher gelatinization temperature) are applied for a time interval (Li et al., 2011). This process can change the structural and functional properties of starch (Adebowale et al., 2005). Consequently, the use of combined methods (physical modification HMT + nanoprecipitation) may result in starch nanoparticles with more promising characteristics in stabilizing emulsions.
Moreover, under certain emulsification conditions the initial solid particle’s concentration has an important effect on droplet size and emulsion stability (Ramos et al., 2021). An insufficient concentration of particles can lead to instability of the emulsion, and excess Pickering particles can also form a particle network in the continuous phase, which is conducive to long-term stability of the emulsion and generation of solid structures (Li et al., 2020). Given this, modified starch nanoparticles (HSNP) were used as the stabilizer for Pickering emulsion, and the effect of emulsification time (3, 6 and 9 min) and particle concentration (0.8, 2, 4, 3 and 4%) on its stability were investigated.
2. Material and Methods
Canola oil (Liza, Cargil, Mairinque, SP, Brazil) and cassava starch (Siamar, Neves Paulista, SP, Brazil), starch type I, were used. Nile red was purchased from Sigma Aldrich (St Louis, MO, USA). All reagents used in the analyzes were of analytical standard.
2.1 Starch modification and production of Pickering emulsions
The cassava starch was modified by the HMT process (heat-moisture treatment) as according to Piecyk and Domian (2021) with modifications (20% moisture content). After this step, the modified cassava starch was nano-precipitated following methodology by Lima et al. (2021). Briefly, starch suspensions (5 wt%) were gelatinized (90 °C/30 min), precipitated using ethanol 99.5% (1:1 v/v ethanol/water) and lyophilized.
O/W emulsions were prepared with 20wt% canola oil and 80wt% water phase. Starch nanoparticles were added to the aqueous phase, and the emulsification process was made using a rotor-stator homogenizer (model T25, IKA, Labotechnik, Staufen, Germany) at 14,000 rpm for 3, 6 or 9 min (Souza et al., 2021) at room temperature. In addition, sodium benzoate (0.02 g/ 100 g emulsion) was used to avoid microbiological contamination. The emulsions were produced with modified starch nanoparticles (HSPN) in concentrations of 0.8, 2.4, 3 or 4% (g of SNP/g of emulsion), which were labeled as EH1, EH2, EH3 and EH4, respectively. The investigate parameters were selected, aiming to establish values adequate for emulsion stability.
2.2 Physical Stability
The emulsion was stored in a glass bottle at 20 °C in an incubator (MA 415, Marconi, Piracicaba, SP, Brazil) for 14 days. To determine the storage stability of the emulsion, the creaming index (CI) was calculated by Equation 1 (Owens et al., 2018). This analysis was made on the 0, 7th and 14 th days.
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Where Hs and Ht are the height of the serum layer (if destabilization occurred) and of fresh emulsion, respectively.

Freshly emulsions with higher concentrations of HSPN (3 and 4%) were analyzed in the LumiSizer LS 610 equipment (LUM GmbH, Berlin, Germany) under accelerated conditions at 25 ºC. Instability index values were obtained directly from the SepView v.4.1 software (L.U.M., Germany), and the lower this value, the higher was emulsion stability.
2.3 Rheological properties
The rheological behavior of the emulsions on the 1st day was determined at 25 ºC using an AR 2000 rotational rheometer (TA Instruments, New Castle, USA) with cone-plate (4º, 60 mm) geometry. The flow curves were obtained by up-down shear rate ramp from 0.1 to 100 s-1 (Daudt et al., 2015). The Advantage/ Universal Analysis (UA) Software v 5.5.24 was used to adjust the rheological models. The Power Law model (Equation 2) was the one that presented the best coefficients of determination (R2). 
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Where 𝜏 is the shear stress; k is the consistency index; 𝛾̇ is the shear rate, and n is the flow behavior index.
2.4 Microstructure
The microstructure of the emulsions on the 1st day was analyzed by optical microscopy (Leica DM. 500 / ICC 50W, Berlin, Germany). A small drop was placed on a glass slide, covered with a coverslip and observed with a 100x objective. Droplets of Pickering emulsion were observed using an inverted fluorescence microscope (Axiovert.A1, Carl Zeiss, Oberkochen, Germany). Prior to emulsion preparation, canola oil was stained with Nile Red. Nile Red solution (0.1% (w/v)) in ethanol was prepared and 10 µL of this solution/g of lipid was used in the oil phase (Ko and Kim, 2021). Then, the emulsion was prepared according to Section 2.1. A small drop was placed on a glass slide, covered with a coverslip and observed. Nile red was excited at 488 nm.
2.5 Statistical analysis
The Pickering emulsions and characterization analyses were performed at least in triplicate. Results were subjected to analysis of variance (ANOVA), and means were compared by Tukey test (p <0.05) using SAS (Statistical Analysis System) version 9.4 software.
3. Results and Discussion
3.1 Physical stability 
Figure 1 shows the appearance of emulsions stabilized with different concentrations of HSPN and emulsification times. The visual aspect of the emulsions was clearly influenced by the concentration of HSNP, but the different times (3, 6 and 9 min) did not have a relevant effect on the visual observation of phase separation.
[image: ]Figure 1: Photos of Pickering emulsions stabilized with HSNP on days 0 and 7 of preparation at concentrations of 0.8, 2.4, 3 and 4% of HSNP and emulsification times of 3, 6 and 9 min.
The stability of Pickering emulsions was evaluated by the creaming index (day 0, 7th and 14th). The higher the CI, the more intense the creaming. The results showed that a lower HSPN concentration may have not provided sufficient coverage of the interface between the oil phase and the aqueous phase, which led to emulsion instability. The formulations with the highest concentrations of nanoparticles (3 and 4%) remained stable (no phase separation, CI ~ 0%) for up to the 14th days of storage for the three emulsification times (Figure 2). Kamwilaisak et al. (2022) reported similar results, in which the emulsion stability with 30% sunflower oil increased with increasing concentration of rice starch nanoparticles (0.5 – 4 wt%) added to the formulation.
Stable emulsions (with 3% or 4% HSNP) were also evaluated in terms of the instability index (Table 1). The instability index (II) varies from 0 to 1, with 1 meaning the highest emulsion instability. All samples showed II lower than 0.29, indicating good stability of the emulsions. The samples with 4% HSNP had the lowest II, with a significant statistical difference in comparison to the emulsions produced with 3% of nanoparticles. A higher HSPN concentration probably ensured that oil droplets were completely covered, thus increasing the emulsion’s stability (Li et al., 2020). For most Pickering emulsions, increasing particle concentration not only decreases the droplet size and improves surface coverage, but also leads to the formation of a network structure around the emulsion droplets (Song et al., 2015).
The emulsification time also influenced the II significantly, and the emulsions prepared with 4% of HSNP and emulsification time at 6 or 9 min had higher stability than the sample stirred only for 3 min. Rotation speed and homogenization time are the first parameters to control the emulsion droplet size with a rotor-stator homogenizer (Albert et al., 2019). The higher amount of energy supplied to the system allows the breaking of the oil droplets into smaller sizes, which increases the exposed surface area of the droplets, permitting the HSNP to better adhere to the surface and increasing the stability of the emulsion. On the other hand, if the applied energy is excessive (times that are too long or speeds too high), the opposite process can occur, in which the drops begin to coalesce (Souza et al., 2021). Souza et al. (2021) produced Pickering emulsions with 20% cinnamon oil, 1% cellulose nanocrystals and 3 and 7 minutes of emulsification and reported greater [image: ]instability in emulsions prepared with longer emulsification times, which corroborates with our results.


Figure 2: Creaming index (CI) of Pickering emulsions stabilized with HSNP on days 0, 7 and 14 of preparation at 0.8; 2.4; 3 and 4% concentrations and emulsification times of 3 (a), 6 (b) and 9 min (c). 
3.2 Rheological behavior
The stable emulsions (on the 1st day) were characterized by rheological assays and showed a non-linear relationship between shear stress and shear rate (Figure 3.a), exhibiting a non-Newtonian fluid behavior. There was an increase in shear stress (Figure 3.a) and apparent viscosity (Figure 3.b) at same shear rate with increasing HSNP concentration. The reason for this might be that particle-particle interactions and particle-liquid interactions were enhanced at higher concentrations, forming a denser network (Schroder et al., 2018). Feng et al. (2020) reported similar results, in which the apparent viscosity of the emulsion increased with increasing concentration of gelatin nanoparticles (0.3 – 2wt%).
Table 1: Instability index (II) and rheological properties (K and n, Power Law model) for Pickering emulsions stabilized with different HSPN concentrations (3 and 4% m/m) and emulsification times (3, 6 and 9 min).
	HSPN (%)
	Emulsification time (min)
	II
	n (flow index)
	k (Pa.s)
	R2

	3
	3
	0.29 ± 0.00a,A
	0.76 ± 0.01a,A
	0.28 ± 0.02a,B
	0.998

	3
	6
	0.25 ± 0.00b,A
	0.76 ± 0.01a,A
	0.18 ± 0.03b,B
	0.996

	3
	9
	0.24 ± 0.01b,A
	0.77 ± 0.01a,A
	0.15 ± 0.02b,B
	0.998

	4
	3
	0.20 ± 0.02c,B
	0.75 ± 0.01a,A
	0.43 ± 0.02c,A
	0.999

	4
	6
	0.13 ± 0.01d,B
	0.75 ± 0.00a,A
	0.37 ± 0.04c,A
	0.998

	4
	9
	0.10 ± 0.01d,B
	0.75 ± 0.00a,A
	0.33 ± 0.02c,A
	0.998


Mean ± standard deviation (n = 3). Values followed by the same lowercase and uppercase letters in the same column do not differ significantly with the emulsification time and the HSPN concentration, respectively (p<0.05).

As summarized in Table 1, the Power-Law (R2>0.99) fits well with the flow curves data in this study. All evaluated emulsions (Table 1) showed pseudoplastic behavior (n < 1), with no difference in pseudoplasticity (n values) with 3 or 4% of HSNP or emulsification times. The consistency index (k) increased with increasing concentration of HSNP and decreased with increasing emulsification time. According to Table 1, the increase of emulsification time improved the liquidity of the dispersed system. There was a reduction in shear stress and apparent viscosity with increasing emulsification time, which can be explained by the production of droplets with smaller sizes in these times (Albert et al., 2019). 

[image: ]Figure 3. (a) Descending flow curves and (b) Apparent viscosity versus shear rate of Pickering emulsions with different concentrations of HSNPs (3 and 4% m/m) and emulsification times 3, 6 and 9 min. The dots represent the experimental data and the solid lines, the Power Law (LP) model. 
3.3 Morphology of emulsions
[image: ]Fluorescence microscopy was performed on emulsion the 1st day with 4% HSNP and 3 min (Figure 4 a), and the oil droplets were observed. Furthermore, the microstructure of the emulsions prepared with 4% HSNP for three emulsification times (Figure 4 b,c,d) indicated that the droplets were spherical and had homogeneous size distribution. The droplet sizes decreased with increasing emulsification time, and the longer the shear time, the higher the breaking of the oil droplets. Souza et al. (2021) reported similar results for Pickering O/W emulsions (20:80 oil:water) stabilized with cellulose nanofiber (1wt%), where the longer emulsification time (7 min) produced emulsions with smaller droplets.
Figure 4: Fluorescence (a) and light microscopies (b,c,d) of emulsions with 4wt% HSNP at 3 (a,b), 6 (c) and 9 (d) min of emulsification time. The oil was colored with Nile Red. Scale bar 20 µm.
4. Conclusions
It has been proven that starch nanoparticles formed from physically modified starch can be used as a stabilizer in Pickering O/W emulsions. The physical stability of these emulsions can be controlled by the HSPN concentration, where higher concentrations (3 and 4 wt%) show greater stability. For stable emulsions, an increase in emulsification time (6 and 9 min) resulted in an increase in the interfacial area. These results are useful in formulating emulsions with predictable stability. In conclusion, the physical stability and rheological properties of Pickering emulsions were affected by the particle concentration and emulsification time.
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