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The oil from Pequi pulp, also known as pequi oil (PO) is a promising bioactive for the food industry, and complex coacervation is a simple encapsulation method to improve its stability and use as a food ingredient. The high reaction volume used is considered a challenge to microcapsule production by coacervation process. Therefore, the objective of this study was to evaluate the effect of the reaction volume on the formation, morphology, size, yield, and efficiency of pequi microcapsules. The complex coacervation was performed with wall material composed by polymers (gelatin and gum arabic) and pequi oil as the core material. The oil was mixed with gelatin, added the polysaccharide and pH was adjusted to 3.5, to allow the microparticle formation. The reaction volume treatments T1, T2, T3, and T4, related to wall material concentration, were 0.39, 0.77, 0.58, and 1.16 g 100 mL-1, respectively.  The results of zeta potential were close to zero, without differences related to the reaction volume. Optical microscopy showed that, regardless of volume, microparticles of pequi oil presented defined walls, mononuclear core and particle size from 2.71 up to 7.27 μm, adequate for food application. In a smaller reaction volume (T1 and T3), the coacervates were aggregated due to the increase of the chemical interactions; in higher volumes (T3 and T4) the microcapsules showed an inverse behavior. The yield ranged from 58.40 up to 63.42 %. The encapsulation efficiency exhibited high values ​​ranging from 90.05% ± 8.15 to 99.40% ± 0.21. The variation of reaction volume did not influence the formation of pequi oil microcapsules in the analyzed treatments, but the dispersion of the microcapsules changed. This study provided a new perspective on how the reaction volume influences the encapsulation by complex coacervation.
Introduction
The pulp oil from Caryocar coriaceum Wittm., also known as pequi oil (PO) has been called attention for presenting antioxidant benefits (Torres et al., 2016); hepatoprotective effect (Palmeira et al., 2016; Torres et al., 2016); improve cardiac function by virtue of the oleic acid and carotenoids present in its composition, anti-inflammatory and lipid-lowering effects (Figueiredo et al., 2016; Torres et al., 2016). However, if applied directly in the food matrix, it is susceptible to oxidative degradation by stress factors due to temperature, extreme conditions of pH, O2 and light, during the production chain or in storage; reducing the shelf-life and degradation of the sensorial and functional qualities (Holken et al., 2015).
Complex coacervation (CC), as well as other encapsulation techniques, is a method to prolong the stability of bioactive compounds, as well as controlling the core substance release, presenting promising benefits for the food industry (Holken et al., 2015). Specifically for CC, active core packing is attributed to the interaction between the protonated amino groups of the protein and carboxyl groups of the polysaccharide, predominantly resulting from electrostatic forces and other intermolecular interactions, such as Van der Walls and hydrophobic interactions (Turgeon et al., 2007). The formation of microcapsules by complex coacervation depends on the biopolymer concentration, molecular weight, proportion of the biopolymer pair, pH, agitation, ionic strength, temperature and others (Eghbal, Choudhary, 2018). In this sense, the majority of the studies with microcapsule formation by CC trace a system with a high reaction volume associated to a low biopolymer concentration (Duhoranimana et al., 2018). However, when increasing the scale of the microparticles production, the high reaction volume can be expensive, high equipment cost and waste amount, thus, reducing the viability of the technology.
Therefore, the objective of this study was to reduce the reaction volume associated with the increase in concentration, once the polymers amount in the system was fixed, evaluating the interference in the formation, morphology, process efficiency in pequi oil microcapsules.
Material and methods
Material
The oil of pequi (Caryocar coriaceum Wittm.) was obtained in Crato, Ceará, Brazil. The polysaccharide gum arabic (GA) was purchased from Sigma-Aldrich and the gelatin (GE) 175H30 from Rousselout®. Analytical grade reagents were used. The experiments were performed at the Packaging Lab of Embrapa Tropical Agroindustry.
Microcapsules preparation by complex coacervation
The treatments T1, T2, T3 and T4 were prepared, with 0.39, 0.58, 0.77 and 1.16 g mL-1 biopolymer concentration, respectively. The biopolymer was in a 1 GE: 1.5 GA proportion (w/w), and 0.5 g of pequi oil as the core material in all treatments. The methodology of complex coacervation followed the described by Timilsena et al. (2017). The pequi oil was emulsified with GE in a distilled water solution, 10,000 rpm for 3 min with an ultraturrax (IKA T25, Germany), and the gum arabic was dispersed separately. The two dispersions were mixed and the volume adjusted with distilled water up to the concentration of each treatment. The pH was adjusted to 3.5 with HCl (0.7 M), (this pH value was established in preliminary tests), to protein-polysaccharide complexation  and the microcapsule were allowed to settle overnight, and after decantating, were centrifuged (10,000 rpm / 10 m ), and lyophilized in a LP-510 freezer-dryer (Liobrás, Brazil).      
Evaluation of efficiency and microcapsule parameters
Zeta (ζ): for each treatment (coacervate emulsion), the zeta values were determined using Zetasizer Nano ZS-3000 (Malvern Instruments, Malvern, UK).
Morphological characterization was performed with a Zeiss optical microscope (Zeiss Axio Imager.A2) coupled with a digital image acquisition system.
Particle size: the microcapsules mean diameter was calculated by image analysis using the ImageJ software, following the methodology Comunian et al. (2018), with modifications.
Yield (Y): the ratio between final weight (wf), after microcapsules freeze-drying, and the initial weight (wi) of gum arabic, gelatin and pequi oil, see eguation 1 (Huang et al., 2012).
	
	(1)


The encapsulation efficiency (EE), the amount of oil retained in the structure of the biopolymer matrix, was calculated with the use of Equation 2, being Ot the total amount and Os the surface oil. The oil analyses were performed with the methodology described by Bligh and Dyer (1959), adapted by Comunian et al. (2018). The surface oil analyses were performed without disruption of the dried microcapsules, while the total oil analyses were performed with disruption of the capsules. 
	
	(2)


The experimental results were analyzed using the Statistica v. 8.0 (Statsoft Inc., USA), with variance analysis (ANOVA) and Turkey test, with a 5% significance level.

Results and discussion
In the steps of the complex coacervation, shown in Figure 1, the treatments (line A in the picture) shortly after the pH adjustment and turbidity can be observed caused by the progress of the precipitation process. The biopolymers expelled the intermolecular water, increasing the entropy of the system, leaving the solution clouded and then aggregated as a natural form of energy loss, decreasing entropy (Singh et al., 2007) and resulting in two heterogeneous regions - one poor and one rich in polymers (line B in the picture). 
Greater or lesser reaction space for CC may present divergent arguments. It is known that the oil hinders the electrostatic interactions between the polymers (Gonçalves et al., 2018; Shi et al., 2018); the smaller and more emulsified the oil droplets in the system, the better the encapsulation. For this reason, the use of a large reaction volume is important because it increases the distance of the oil micelles, making coalescence difficult, which improves the encapsulation of the core compound. The opposite argumentation is that a smaller reaction volume decreases the space between charges, increasing the chances of interaction of the polymers.
In this study, the variation of the reaction volume after emulsion homogenization did not affect the formation of the precipitate complex at pH 3.5. Thus, it was observed that, in all the reaction volumes studied, there was precipitation of pequi oil microcapsules.
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Figure 1: Treatments 1-4 (reaction volume of 200, 300, 400 and 600 mL), being line A: soon after pH correction up to 3,5; line B: after overnight; line C: after centrifugation and freeze-drying.
Zeta (ζ)
The zeta potential results are presented in Table 1 and ranged from 0.20 to 0.65 (m / V), with no significant difference (p <0.05). When a zeta value is closer to zero, complex coacervation is considered ideal (Eghbal and Choudhary, 2018; Gonçalves et al., 2018). All treatments presented loads close to zero, indicating that the encapsulation of the samples was effective. Thus, it can be inferred that there was no direct relationship between the reaction volume variation and the zeta potential. The interactions between the biopolymer pairs occurred regardless of the reaction space. Specifically, T4, with higher reaction volume and lower concentration, had the highest interaction with a lower value of ζ. In turn, this suggests that low concentrations are sufficient to promote the formation of complex coacervates (Gulão et al., 2016). Yang et al., (2012) evaluated the interactions between gum arabic and fish gelatin and obtained similar results with 0.05% (w / v) polymers. In addition, Gulão et al., (2016), obtained similar results in complex coacervation with gum arabic and leucine, in concentrations of 0.03 to 0.15% (w / w) at pH of approximately 3.5.
Morphological characterization
Figure 2 shows that treatments with pequi oil microcapsules predominantly formed mononuclear structures. Comunian et al. (2018) using gelatin and gum arabic to encapsulate opium and β-sitosterol seed oil by complex coacervation, obtained microparticles with circular morphology and defined walls, similar to the results of this research, differing only in the number of nuclei as echium microcapsules were polynuclear. Other studies also reported a rounded structure for the GE / GA complex, but multinucleated (Comunian et al., 2016). Ma et al. (2019) analyzed the effect of processing conditions on morphology during complex gelatin / gum arabic coacervation and obtained single nucleus microcapsules, similar to this study. The treatments with lower reaction volume (T1 and T2), with higher concentration of GE / GA, presented agglomeration, forming a macrosystem similar to a polynucleated structure. It is inferred, therefore, that the formation of this structure is a result of the increase in the concentration of the polymers, especially gelatin. Gonçalves et al. (2018) reported that as the total concentration of gelatin increases in the system, the charges of the surrounding molecules are neutralized and form a stable gel network. In T3 and T4 treatments, microcapsules are less crowded and irregular, similar to the structure reported by Hassana & Muhamad (2017). That is, the reaction volume did not interfere in the formation of the microcapsules, but in the chemical interaction force of the complex. Having a more aggregate or looser loading complex may be useful for a variety of purposes, for example, more agglomerated coacervates (resulting from lower reaction volumes) may be applied to more consistent foods such as yogurts, jellies and cottage cheese; coacervates that have high dispersibility (resulting from higher reaction volumes) can be applied to more fluid foods, such as juices, dairy drinks, fermented milk, among others.
Table 1: Results of encapsulation of pequi oil by complex coacervation 
	Treatment
	Reaction volume (mL)
	Concentration* 
(g 100 mL-1)
	Zeta potential 
(ζ) (m/V)
	Yield (%)
	Encapsulation Efficiency (%)
	Microparticle size (μm)

	T1
	200
	1.16
	0.57 ± 0.12a
	58.40 ± 1.00a
	98.98 ± 0.72a
	3,15 ± 0,45 b

	T2
	300
	0.77
	0.65 ± 0.42a
	63.42 ± 0.46a
	90.05 ± 8.15a
	5,55 ± 0,21 ab

	T3
	400
	0.58
	0.39 ± 0.15a
	60.51 ± 2.17a
	99.40 ± 0.21a
	2,71 ± 0,24 b

	T4
	600
	0.39
	0.20 ± 0.22a
	59.32 ± 2.41a
	95.67 ±1.89a
	7,27 ± 1,73 a


Note: * Concentration of encapsulation material; results presented in means ± standard deviation; different superscript letters, in columns, differ statistically (p < 0.05) by Anova and Tukey test. 
Particle Size
Particle size is an important parameter to be discussed. For food applications, Lemetter et al. (2009) reported that, in order to avoid an unpleasant sensation in the mouth, the particle size should be below the sensory perception threshold, that is, in the range of 10-25 μm. Souza et al. (2018) reported that even visible particles can be projected when the goal is to prolong the bioactive release time.
Table 1 shows that the samples presented values ​​ranging from 1.73 to 2.71 μm, lower than those found by other authors when using gelatin and gum arabic (Mendanha et al., 2009). This is a positive factor, since small particles can lead to a lower perception of the core compound. Maner et al., (2018), using GE / GA to encapsulate metformin hydrochloride by complex coacervation, found size values ​​of 6.75 and 7.72 μm, relatively close to this work. The particle size results were not directly related to the reaction volume variation. However, it is important to note that, exceptionally, the sample with the highest reaction volume (T4) and lower biopolymer concentration also had a larger particle diameter, similar as reported by Eghbal and Choudhary (2018) and Gulão et al., (2016).
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[bookmark: _GoBack]Figure 2 - Micrographs of microcapsules of gum arabic and gelatin with 0.5 g of pequi oil. (40x increase and a 20 μm scale)
Yield
The yield results presented in Table 1 ranged from 58.40 to 63.42%, with no significant differences (p < 0.05) between treatments. The treatments with intermediate polymer concentrations (T2 and T3) presented, respectively, a higher yield, 63.42 ± 0.46 and 60.51 ± 2.14. Silva et al., (2017), encapsulating 1.0 and 2.0 g of pequi oil with gum arabic and chitosan, found yield values ​​(50-60%), close to this research. Chang et al. (2016), varying the canola and chitosan in ratios of 1: 2 to 6: 1, found yields of 20 to 35%, lower than this work. Shi et al. (2018) encapsulated krill oil by complex coacervation and obtained yields of 5-15%, well below those found in this research. No relationship was found between reaction volume and yield.
Encapsulation Efficiency (EE)
The results of encapsulation efficiency were from 90.05% to 99.40 %, without differences (p < 0.05) between the samples. The efficiency is calculated by the difference between the core oil with that adsorbed in the external part of the complex (Silva et al., 2017). Thus, it can be inferred that regardless of the biopolymer concentrations tested, most of the encapsulated oil was retained within the microcapsules. In previous work using pequi oil, the authors obtained 89.29% ± 8.27 EE, which is lower than this research. Rutz et al., (2017), encapsulated palm oil using a biopolymer concentration of 5 mg.mL-1, and obtained encapsulation efficiency up to 99.51% when the samples were lyophilized, similar to the results of this study. Other authors have found EE smaller than those found in this study (Souza et al., 2018; Trucillo et al., 2017). Cruz et al., (2019) studying the relationship between encapsulation efficiency and polymer concentration concluded that the concentration increase is not always sufficient to ensure adequate encapsulation of the core. Therefore, as with the yield results, it was not possible to establish a relationship between reaction volume and encapsulation efficiency.
Conclusions
The results of this work allow us to conclude that the reaction volume variation does not significantly influence the precipitation of pequi oil microcapsules nor in yield, efficiency and particle size since they were within the standards desired for the process. Thus, the coacervated gelatin / arabic gum with lower reaction volume can effectively encapsulate pequi oil with high efficiency; however, it should be noted that more cohesive or less aggregated microcapsules may be crucial to success when employed in the food matrix. Therefore, this study provided a new perspective on how the reaction volume influences encapsulation by complex coacervation.
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