Chanez Bennacef 
email: chanez.bennacef@univ-lorraine.fr
  
Sylvie Desobry-Banon 
  
Michel Linder 
  
Aya Khanji 
  
Laurent Probst 
  
Stéphane Desobry 
  
Study and Optimization of core-shell capsules produced by annular jet breaking coextrusion

Keywords: Core-shell alginate capsules, Spherification, Encapsulation, Experimental design, Doehlert

Oil-alginate capsules were produced by annular jet breaking coextrusion. Effects of alginate flow rate (30-50 mL/min), oil flow rate (4-18 mL/min), applied frequency , calcium concentration (1.5-50 g/L) and alginate solution age (24-72h) and their interactions, on capsules shape and encapsulation payload were studied using response surface method. Analysis exhibited that capsules size was inversely proportional to calcium concentration and frequency. Small capsules presented higher core centricity index while alginate ageing does not have significant effect of the studied responses. Encapsulation payload was strongly related to alginate network structure and influenced by calcium concentration. Multi-response method was performed to produce an optimum model and a phenomenological model was successfully applied to model the effects of CaCl2 and alginate flow rate on beads volume to facilitate further industrial applications.

Introduction

Encapsulation technology is widely used nowadays, especially for stabilizing active compounds and materials of interest, such as active food ingredients or probiotics [START_REF] De Moura | Stability of Hibiscus Extract Encapsulated by Ionic Gelation Incorporated in Yogurt[END_REF][START_REF] Chew | Encapsulation technologies: A tool for functional foods development[END_REF].

Encapsulation process ensures also controlled compounds delivery [START_REF] De Moura | Stability of Hibiscus Extract Encapsulated by Ionic Gelation Incorporated in Yogurt[END_REF]. Depending on encapsulation purpose and core materiel nature, many encapsulation methods can be used [START_REF] Chew | Encapsulation technologies: A tool for functional foods development[END_REF].

Spray-drying process is probably one of the most widespread encapsulation techniques due to its high productivity and inexpensive technology. Unfortunately, spray-drying presents limitations due to heating of sensitive compounds [START_REF] Sun | Effect of spray-drying temperature on physicochemical, antioxidant and antimicrobial properties of pectin/sodium alginate microencapsulated carvacrol[END_REF].

Extrusion methods are also largely used for encapsulation in many fields [START_REF] Maherani | Liposomes: A Review of Manufacturing Techniques and Targeting Strategies[END_REF] using various core-material nature (mainly hydrogels or liposomes) or application conditions [START_REF] Bennacef | Advances on alginate use for spherification to encapsulate biomolecules[END_REF]. In coextrusion technology, the material of interest (i.e. oil, sensible biomolecules, high added value ingredient) is entrapped into a core-shell capsule, ranging in diameter from micrometers up to millimeters, depending on injectors diameters [START_REF] Silva | Microcapsules loaded with the probiotic Lactobacillus paracasei BGP-1 produced by co-extrusion technology using alginate/shellac as wall material: Characterization and evaluation of drying processes[END_REF]. This spherification process is an effective way to produce uniform capsules in size and shape [START_REF] Phawaphuthanon | Characterization of core-shell calcium-alginate macrocapsules fabricated by electro-coextrusion[END_REF]. Spherification process is a relatively recent encapsulation process compared to more largely used encapsulation methods.

It results in the formation of a drop-in-drop structure with a liquid core. An attractive visual effect can be achieved with a transparent matrix as alginate [START_REF] Bennacef | Advances on alginate use for spherification to encapsulate biomolecules[END_REF]. As an example, in food industry a caviar-like structure can be obtained with an interesting visual effect for food gastronomy [START_REF] Ben Messaoud | Influence of internal composition on physicochemical properties of alginate aqueous-core capsules[END_REF], while cosmetic industries find an interest in liquid core capsules to protect and deliver cosmetic bioactives [START_REF] Rolland | Propriétés physico-chimiques de capsules d'hydrogel à coeur liquide[END_REF]. Furthermore, due to its porosity that facilitates exchanges and its mimicry of native tissue environment, core-shell capsules present a great interest as a cell culture medium and 3D cellular constructs for micro-organisms survival and growth in medical and biological areas [START_REF] Mizielinska | Encapsulation and evaluation of probiotic bacteria survival in simulated gastrointestinal conditions[END_REF][START_REF] Gryshkov | Coaxial alginate hydrogels: From self-assembled 3d cellular constructs to long-term storage[END_REF][START_REF] Alessandri | Cellular capsules as a tool for multicellular spheroid production and for investigating the mechanics of tumor progression in vitro[END_REF].

Core-shell structure presents a high encapsulation payload with higher core material content than other structures such as spray-dried particles [START_REF] Martins | Oil encapsulation techniques using alginate as encapsulating agent: applications and drawbacks[END_REF]. Also, coextrusion technology allows an easy injection of core-material without any further component addition or treatment. It also gives a promising candidate for oil encapsulation [START_REF] Martins | Oil encapsulation in core-shell alginate capsules by inverse gelation II: comparison between dripping techniques using W/O or O/W emulsions[END_REF][START_REF] Sun-Waterhouse | Stability of encapsulated olive oil in the presence of caffeic acid[END_REF] that tended to fail with other encapsulation techniques [START_REF] Abang | Effects of process variables on the encapsulation of oil in ca-alginate capsules using an inverse gelation technique[END_REF]. Several types of polymer materials have been tested with the coextrusion process to produce core-shell capsules and to encapsulate hydrophilic and hydrophobic liquids, i.e. alginate, poly(L-lactide), poly(D,L-lactide-co-glycolide), poly(dimethylsiloxane), also photopolymer (i.e. DuPont photopolymer Somos ™) , and cocoa butter, [START_REF] Phawaphuthanon | Characterization of core-shell calcium-alginate macrocapsules fabricated by electro-coextrusion[END_REF].

Alginate presents the advantage to be a nontoxic natural polymer that is composed of uronic acids (mannuronic and guluronic acids) linked via (1→4) glycosidic bonds [START_REF] Rhein-Knudsen | Characterization of alginates from Ghanaian brown seaweeds: Sargassum spp. and Padina spp[END_REF]. Due to its biodegradability, biocompatibility and non-antigenicity, alginate is Generally Recognized As Safe (GRAS) and is characterized by its large variety of applications [START_REF] Lee | Alginate: Properties and biomedical applications[END_REF]. Alginate gelling properties allow hydrogel formation that is widely used in coextrusion process [START_REF] Rhein-Knudsen | Characterization of alginates from Ghanaian brown seaweeds: Sargassum spp. and Padina spp[END_REF]. The mechanisms to form an alginate reticulated networks begin with divalent cations such as Ca 2+ that cross-link alginate antiparallel polyuronates chains with lateral associations of guluronic acids [START_REF] Martău | The Use of Chitosan, Alginate, and Pectin in the Biomedical and Food Sector _ Biocompatibility, Bioadhesiveness, and Biodegradability[END_REF][START_REF] Stokke | Smallangle X-ray scattering and rheological characterization of alginate gels. 1. Ca-alginate gels[END_REF]. Understanding spherification mechanisms and effects of processing factors are very important to enlarge alginate application fields.

The present work aims to understand the effects of flow rates (alginate solution and oil), vibration frequency, calcium chloride concentration in the gelling bath and alginate solution age, on shape and oil payload of capsules produced by annular jet breaking coextrusion method. The selected experimental parameters were studied with the statistical technique, Response Surface Method (RSM), to analyze coextrusion process and determine the parameters interactions. Our approach using experimental design facilitates the production of top-quality capsules for further applications.

Materials and methods

2.1.Materials

High viscosity sodium alginate was purchased from Louis-François (Croissy-Beaubourg, France) with a M/G ratio of 1.5. Purified Calcium chloride ≥ 94% was purchased from VWR (VWR Chemicals ®, France). Organic virgin Sunflower oil (Bio Village, France) was purchased from leading supermarket chain based in France. Sudan III and Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA) come from Sigma-Aldrich (Saint Quentin Fallavier, France). HPLC grade heptane 99% was purchased from Carlo Erba (Val-de-Reuil, France).

2.2.Preparation of shell and core solutions

Shell solution was prepared by dissolving sodium alginate (0.8% w/w) in distilled water and kept under stirring for 3h until complete dissolution then stored at room temperature from 24 to 72h before spherification.

Core solution was prepared by dissolving 0.2 g of dye (Sudan III) into 400 g of sunflower oil. This coloration allowed easier and more precise analysis of capsules properties.

2.3.Preparation of alginate/oil capsules

Shell and core solutions were transferred separately into two 50 mL syringes. Alginate/oil capsules were prepared using a B-395 Pro Encapsulator (Buchi, Switzerland). As illustrated in Fig. 1, using syringe driver, shell and core solutions were simultaneously injected through a coaxial nozzle composed of a 750 µm diameter internal nozzle (core) and a 900 µm external nozzle (shell) into a calcium chloride gelation bath. A 2000 V electric charge and a vibration frequency were applied during spherification for droplets separation and dispersion. Capsules scattering was due to Rayleigh-Plateau instability and electrostatic charges on capsules surfaces applied through the electrode. Alginate/oil capsules were formed and maintained in the gelation bath for one hour to ensure complete crosslinking. Capsules were then washed with distilled water, weighted and, finally, stored in distilled water at 20°C before analysis. 

2.4.Determination of capsules size

To measure alginate/oil capsules size, 10 capsules of each sample were observed using an Olympus light microscope equipped with a CMOS 5 MPixels camera. For this study, capsules area was defined as more representative value for capsules size. Knowing that value such as diameter could be biased if capsules are more or less oval. Average area was calculated from captured images using Toupview software.

2.5.Determination of sphericity and centricity indices

In order to quantify the capsules shape, the method developed by [START_REF] Partovinia | Experimental investigation into size and sphericity of alginate micro-beads produced by electrospraying technique: Operational condition optimization[END_REF] was used to calculate two indices from diameters and shell thicknesses from captured images using Toupview software. Sphericity index was defined as following (Fig. 2A) (Eq.1):
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Where dmin is minimum diameter and dmax is maximum diameter. A sphericity index equal to 1 correspond to a perfect spherical shape (dmin=dmax) Minimum and maximum shell thickness were used to determine the centricity index of oil core inside the alginate capsule (Fig. 2). The centricity index was calculated using equation 2

Centricity index # $%& # $'( . 2 
Where STmin and STmax are respectively minimum and maximum shell thickness. Centricity index equal to 1 correspond to a perfectly centered core. However, being a three-dimensional parameter, centricity was difficult to measure, so that real distance between the core and the shell could not appear in the two-dimensional microscope captures.

2.6.Determination of encapsulation payload

For determination of oil encapsulation payload, a sample 15 g of alginate/oil capsules were disintegrated in 100 mL of a EDTA solution (0.2 mol.L -1 ) using a vortex mixer. In the same vessel, 30 mL of heptane was added to extract oil phase. 50% of the supernatant volume (heptane + oil) were collected in a preweighed flask and evaporated on rotavapor. The residue obtained was considered as half of the total oil quantity encapsulated in 15 g of capsules.

Encapsulation payload was calculated with the following equation and is represented in Fig. 2 Fig. 2. Microscopy pictures of core-shell capsules with a relatively spherical capsule and centered core (A), a capsule with low centricity index (B) and an example of centered core with a low payload (C)

2.7.Experimental design

An experiment design was established after preliminary studies that allowed levels definition for the experimental domain. To evaluate the effect of five process parameters on capsule properties. Encapsulation process parameters, as variables, are detailed in Table 1.

Table 1

Experimental design levels for independent variables used in the spherification process. to study variables with different levels which gives flexibility to assign more levels for strongest effects so that maximum information could be obtained [START_REF] Bup | Optimisation of the Cooking Process of Sheanut Kernels (Vitellaria paradoxa Gaertn.) Using the Doehlert Experimental Design[END_REF]. In this sense, external flow rate (X1), internal flow rate (X2), frequency (X3), Log10 [CaCl2] (X4) and shell solution age (X5) were selected as independent variables (Table 1). In this study, Log10[CaCl2] was used instead of [CaCl2] in order to test a large domain of concentration and preserve a large part of the experimental design for the lowest concentrations of calcium ions. Table 2 presents the corresponding calcium chloride concentrations for each Log10 [CaCl2] variable. . 4

Where Y is the studied dependent response, where the i and j vary from 1 to 5 (number of independent variables studied here). b0 and bi are respectively constant term and regression coefficient for linear effects; bii are regression indices for squared effects and bij are regression indices for interaction effects. xj and xj are coded experimental levels of the independent variables.

2.8.Statistics

Analysis of variance (ANOVA), regression and graphical study and optimization experiments were examined using NEMRODW software.

2.9.Optimization and validation of the model

The optimum conditions resulting in maximum beads size, sphericity, centricity and encapsulation payload were determined based on the predictive models using NEMRODW.

To validate the model, predicted optimal performances were carried out, and capsules size, sphericity and centricity indices and encapsulation payload experimental values were compared to predicted values. 

Results and discussion

3.1.Effect of experimental parameters on capsules shape

In order to study the impact of experimental variables on capsules shape, 34 experiments were carried out and the responses are displayed in Table 2. Capsules size (Y1), sphericity (Y2) and centricity (Y3) indices gave information about capsule shape and regularity.

Analysis of the results confirmed the validity of the experimental design responses. The model consistency deduced from the Doehlert experimental design and its fitness values were expressed by the coefficient of determination (R²=0.950 for Y1, R²=0.883 for Y2 and R²=0.883 for Y3) which is greater than 0.800 for the three responses and indicates that the polynomial models fitted well with experimental data. In table 3, analysis of variance (ANOVA) for the capsules shape related responses confirmed the model adequacy and significance. The regression showed the high significance of the 3 responses. After this validation, it was possible to develop a model for each response. (**): significant at the levels comprised between 99% and 99.9% (for 0.001 < P value <0.01).

(*): significant at the levels comprised between 95% and 99% (for 0.01 < P value <0.05).

The capsule size response, Y1, is represented with following second-order polynomial equation based on the experimental results: 51 3,138 + 0,384 ? + 0,666 : -0,869 H -2,177 J + 0,165 L -0,113 ? : + 0,231 : : -0,323 H : + 1,469 J : -0,110 L : + 0,502 ? :

-0,343 ? H + 0,634 : H -2,074 ? J -0,779 : J + 0,216 H J + 0,030 ? L + 0,604 : L + 0,223 H L -0,900 J L . 5

It appears from equation 5 that the higher value for coefficient b4 = -2.117 indicates that Log10

[CaCl2] (factorX4) negatively impacts the response Y1 so that an increase in calcium chloride concentration induced a decrease in capsules size as shown in Fig. 3, probably by tightening the hydrogel network of capsule shell [START_REF] Niizawa | Natural astaxanthin encapsulation: Use of response surface methodology for the design of alginate beads[END_REF]. Moreover, the interaction coefficient b1-4 (-2.074) confirms the higher antagonist effect of calcium chloride concentration than positive effect of alginate flow rate solution on sphere size. More statistical data is presented in Table 5. linearly increased capsules sizes. The coefficient b2 =0.666, higher than b1=0.384, reflected that oil flow rate had a stronger impact on capsule size than alginates solution flow rate. This is also due to the tightening of shell hydrogel which shows a smaller volume due to high ion crosslinking in alginate network, while oil volume stays stable through the process and is not impacted by calcium concentration.

From experimental data, the capsules sphericity index, Y2, was modeled with the following equation: 52 0,925 -0,036 ? -0,014 : + 0,023 H + 0,035 J + 0,014 L + 0,030 ? : -0,147 : : + 0,044 H : + 0,015 J : -0,037 L : -0,214 ? : + 0,088 ? H -0,062 : H + 0,055 ? J + 0,017 : J + 0,084 H J + 0,123 ? L -0,113 : L -0,013 H L + 0,058 J L . 6

According to the equation 6, the response Y2 (capsules sphericity index) was more impacted by the quadratic effects and parameters interactions than by linear effects. A great antagonist effect was observed on the interaction coefficient b1-2. This indicated that capsule sphericity was related to combined effect of alginate flow rate and oil flow rate (Fig. 4). The quadratic effects b2-2 showed also an antagonist effect of oil flow rate (Table5). This effect of inner solution flow rate has been reported, in complement to the impact of calcium concentration, outer flow rate and frequency interaction on capsules shape [START_REF] Rodríguez-Dorado | A novel method for the production of core-shell microparticles by inverse gelation optimized with artificial intelligent tools[END_REF]. Based on experimental data (Table 2), the core centricity index, Y3, was described according to the mathematical model in equation 7:

53 0,088 -0,058 ? + 0,026 : + 0,136 H + 0,066 J -0,008 L + 0,072 ? : + 0,257 : : + 0,096 H : -0,037 J : -0,031 L : -0.492 ? :

+ 0,119 ? H + 0,154 : H + 0,212 ? J + 0,013 : J -0,030 H J -0,027 ? L + 0,52 : L -0,059 H L -0,042 J L . 7

From equation 7, the coefficient b3 (0.136) showed that the frequency factor (factor X3) linearly contributes on core centricity index. This observation could be due to the centering of oil core into the capsules under vibration. Another hypothesis could be made so that centricity would be correlated to capsules size, smaller capsules could induce a smaller viscoelastic resistance reducing the flapping phenomenon that leads to a decentered core [START_REF] Doméjean | Controlled production of sub-millimeter liquid core hydrogel capsules for parallelized 3D cell culture[END_REF]. The coefficient b1-2 (-0.492) indicated an antagonist effect for the interaction between factors X1 and X2. In addition, the quadratic effect of b2 was also significant as presented in table 5 and confirms, as expected, that centricity of oil core was strongly related to alginate and oil flow rates as presented in Fig. 5 [START_REF] Doméjean | Controlled production of sub-millimeter liquid core hydrogel capsules for parallelized 3D cell culture[END_REF]. 

3.2.Effect of experimental parameters on encapsulation payload

The effects of experimental variables on encapsulation oil payload have also been studied and modeled. The model fit was evaluated by coefficient of determination (R² = 0.931) that was very close to 1 which expressed that the recorded experimental data adequately adjusted to the quadratic model. Moreover, an ANOVA was performed to determine statistical significance (Table 4). ANOVA showed a P-value <0.001 for encapsulation payload response, making the model significant at >99.99%. From equation 8, modelling the encapsulation payload response, linear contributions of X2 and X4 can be observed with a high significance (P-value < 0.001) (Table 5). As expected, an increase of oil flow rate induces an increase of encapsulation oil payload [START_REF] Rolland | Propriétés physico-chimiques de capsules d'hydrogel à coeur liquide[END_REF]. Oil flow rate impact was confirmed with the quadratic effect coefficient b2-2. However, calcium chloride seems to have a high impact on the payload, so that an increase in calcium chloride concentration resulted in an increase in payload as shown in Fig. 6. The effect of calcium chloride on oil payload is probably also due to shell hydrogel tightening, so that the majority of the capsule volume and mass would be occupied with the oil core resulting in a high oil proportion and thus high encapsulation payload [START_REF] Niizawa | Natural astaxanthin encapsulation: Use of response surface methodology for the design of alginate beads[END_REF][START_REF] Tsai | Liquid-core alginate hydrogel beads loaded with functional compounds of radish by-products by reverse spherification: Optimization by response surface methodology[END_REF]. 

3.3.Optimization of capsules shape and encapsulation payload

In this work, optimal production conditions were determined for capsules with a maximal encapsulation payload, a maximal sphericity and centricity, a capsules size of 3 mm. The challenge was that high capsules size tend to reduce considerably sphericity and centricity.

Furthermore, small capsules with high score of sphericity and centricity resulted in low encapsulation payload. Using multi-response NEMRODW software, optimal conditions for our criteria have been determined as alginate solution flow rate of 34 mL/mn, oil flow rate of 14.55 mL/mn, an applied frequency of 120 Hz, a calcium concentration of 6.71 g/L and an alginate solution age of 47h.

3.4.Model validation

For model validation, the predicted optimum independents variables were carried out, the experimental data obtained was compared to the predicted by multi-response model.

Table 6 presents the experimental conditions of optimum, the experimental response data and the predicted values and their intervals, in addition to the error percentage between predicted and experimental values.

Table 6.

Model coefficients analysis of Doehlert Design for: Capsule size (Y1), Sphericity index (Y2), Centricity Index (Y3) and encapsulation Payload (Y4) responses by coextrusion process.

(***): significant at the level > 99.9% (for 0.0001 < P value <0.001).

(**): significant at the levels comprised between 99% and 99.9% (for 0.001 < P value <0.01).

(*): significant at the levels comprised between 95% and 99% (for 0.01 < P value <0.05). showed a good correlation between experimental and predicted data. However, experimental value for the centricity index did not correspond to the predicted value (0.12 ±0.14 and 0.35 respectively). As mentioned previously, this could be due to the lack of precision for centricity measurements as a result of the two-dimensional measurement instead of a threedimensional one. The face presented in the photograph (2D) was not fully representative of oil core centering in the capsule (3D).

Coefficient

Phenomenological modeling of beads formation

After calculating the optimum condition for beads processing, a phenomenological modelling can be proposed to describe the effects of alginate flow rate and CaCl2 concentration on beads size. Two major effects occurred during alginate reticulation in the CaCl2 solution, as described by Bennacef et al (2021) (Fig. 8).

Fig. 8. Scheme representing the mechanism of strengthening and weakening of the alginate gel as a function of the concentration of calcium chloride [START_REF] Bennacef | Advances on alginate use for spherification to encapsulate biomolecules[END_REF].

The first effect was Ca 2+ diffusion through the alginate network which leads to alginate reticulation. As CaCl2 concentration increased, the number of links increased, and a contraction of the alginate network was observed. This first effect reduced the beads diameter during reticulation. The second effect occurred in excess of CaCl2, because the supersaturation by Ca 2+ of the alginate chains caused repulsion between chains and release of free alginate chains in the external solution due to stirring of CaCl2 solution and final rinsing of the beads. This second phenomenon is called beads erosion. The reduced final size of the beads resulted from the cumulation of both effects.

Based the Raleigh breakage equation, the combination of the 2 effects can be modelled by the following phenomenological equation:

M N AQ F R C + OQ F . 9 
Where V = volume of the beads; AQ = Alginate flow; OQ = Oil Flow; F = Frequency; C= Coefficient of bead retraction. If C=1, no retraction is observed; if C<1, alginate retraction and/or erosion occurs.

To model these retraction effects, we used the Y1 prediction (Eq. 5) previously validated to calculate the final diameter of beads vs alginate flow. From this calculation, we calculated easily beads volume vs alginate flow/F (Fig 9). This model (Eq. 10) does not distinguish the effects of retraction and erosion, but it can be used for direct application in the industrial process of alginate bead production.

Conclusion

In the present work, we studied the effect of alginate solution and oil flow rates, applied frequency, calcium concentration and alginate solution age, on the shape and encapsulation payload of core-shell capsules produced by annular jet coextrusion method. For that, response surface method (RSM) with Doehlert matrix produced five mathematical models that predict capsule size, sphericity index, centricity index and encapsulation payload. ANOVA statistics showed a high accuracy and significance for models obtained, so that experimental and predicted data were well correlated.

Calcium concentration presented a strong effect on capsules size and volume to that it impacted the encapsulation payload by tightening the shell hydrogel network. Also, frequency showed a great effect on capsules; an increase in vibration frequency induced the production of smaller capsules. Moreover, smaller capsules tended to provide higher centricity index as a result of reduced alginate viscoelastic resistance in smaller capsules with less alginate material. Finally, it appeared that ageing of alginate solution does not have a significant effect on the studied responses. This suggested that an industrial application involving alginate solution preparation in great volumes and its storage for periods up to 72 hours would not significant impact on capsules quality.

Multi-response method with desirability function was used for process optimization. A good global value was achieved for capsules size, sphericity index and encapsulation payload.

However, due to the lack of precision in the two-dimensional measurements, centricity index response does not fit perfectly in the predicted optimum model.

In this study, a mathematical model has been developed and can be utilized to predict shape and encapsulation payload of core-shell capsules, produced through annular jet breaking method. In addition, the model of interactions between alginate and oil flow rates, frequency, calcium concentration and alginate solution ageing provided a good tool for spherification and encapsulation technology in cosmetic or food industries.

Finally, a phenomenological model was successfully applied to model the effects of CaCl2 and alginate flow rate on beads volume. This model is an essential tool to master industrial processing of core-shell alginate beads.
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 1 Fig.1. Electro-vibrating coextrusion process and core-shell capsules formation using a B-395 Pro Encapsulator (Buchi, Switzerland)

Fig. 3 .

 3 Fig. 3. Surface and contour plots showing the effects of the mutual interaction between alginate solution flow rate (AQ) and calcium chloride concentration (Log10[CaCl2]) on the capsules size, while the other variables are kept at their center point. An antagonist effect was also observed for the factors X3 (Frequency) with a coefficient b3 = -0.869. An increase of frequency to break the solution jet decreased the capsules size since the flow of the fluid was more rapidly cut at each vibration break as observed by other authors

Fig. 4 .

 4 Fig. 4. Surface and contour plots showing the effects of the mutual interaction between alginate solution flow rate (AQ) and oil flow rate (OQ) on the capsules sphericity, while the other variables are kept at their center point.

Fig. 5 .

 5 Fig. 5. Surface and contour plots showing the effects of mutual interaction between alginate solution flow rate (AQ) and oil flow rate (OQ) on capsules centricity, while the other variables are kept at their center point.

Fig. 6 .

 6 Fig. 6. Surface and contour plots showing the effects of the mutual interaction between calcium chloride concentration (Log10[CaCl2]) and oil flow rate (OQ) on the encapsulation payload, while the other variables are kept at their center point.

Fig. 7 .

 7 Fig. 7. Microphotography of two capsules showing different characteristics, a small capsule with a high centricity and sphericity indices (A), and a larger capsule with low sphericity and centricity indices (B).

Fig 9 .Fig. 10 .

 910 Fig 9. Beads volume versus AQ/F for determination of C coefficients (draw slopes), using 9 CaCl2 concentrations from 1,5 to 50 g/L. Optimum values were applied in the Equation9to oil flow rate (14.55 mL/mn), frequency (120 Hz), and an alginate solution age of 47h.

  

  

Table 2

 2 Calcium concentrations corresponding to Log10 [CaCl2] variable. Sequence and number of experiments were determined using NEMRODW software. Doehlert matrix shows a great flexibility and a uniform distribution of experimental points within the experimental domain. The total number of experiments in Doehlert design was calculated as N≥ K 2 +K + cp. Where K is the number of variables studied and cp is the number of replicates at center point. A total of 34 experiments, including three replicates at the center point was employed for the study.

	Log10 [CaCl2]	[CaCl2] g/L
	0.176	1.50
	0.328	2.12
	0.785	6.09
	0.937	8.66
	1.089	12.29

(Y4) were taken as output data of the system. In order to predict the response function, an empirical model was built. By using experimental data, a model with linear, interaction and quadratic effects involving five independent variables, was employed and it can be approximated by the model:

Table

  Experimental data obtained by the application of the experimental design.

			Independent Variables				Responses
	N°Exp	AQ	OQ Frequency	Log10 [CaCl2]	AlgSA Area Sphericity Centricity Payload
		mL/min mL/min	Hz		Hour mm²		
	1		11.0	140	0.937	48	3.01	0.94	0.06	0.37
	2		11.0	140	0.937	48	3.04	0.97	0.26	0.34
	3		18.0	140	0.937	48	4.33	0.70	0.04	0.36
	4		4.0	140	0.937	48	2.67	0.97	0.13	0.16
	5		4.0	140	0.937	48	2.49	0.91	0.46	0.17
	6		18.0	140	0.937	48	3.64	0.92	0.16	0.42
	7		13.3	200	0.937	48	2.34	0.94	0.35	0.37
	8		8.7	80	0.937	48	3.65	0.94	0.06	0.33
	9		8.7	80	0.937	48	3.93	0.88	0.11	0.29
	10		15.7	80	0.937	48	3.52	0.92	0.06	0.43
	11		13.3	200	0.937	48	2.33	0.98	0.39	0.39
	12		6.3	200	0.937	48	1.88	0.95	0.27	0.28
	13		13.3	155	1.699	48	2.34	0.93	0.20	0.44
	14		8.7	125	0.176	48	3.95	0.96	0.08	0.25
	15		8.7	125	0.176	48	7.11	0.92	0.03	0.21
	16		15.7	125	0.176	48	6.79	0.84	0.07	0.29
	17		11.0	185	0.176	48	4.98	0.86	0.07	0.23
	18		13.3	155	1.699	48	2.31	0.97	0.15	0.46
	19		6.3	155	1.699	48	2.08	0.96	0.18	0.25
	20		11.0	95	1.699	48	2.68	0.96	0.16	0.39
	21		13.3	155	1.089	72	2.99	0.91	0.10	0.36
	22		8.7	125	0.785	24	3.09	0.91	0.03	0.28
	23		8.7	125	0.785	24	3.66	0.79	0.08	0.27
	24		15.7	125	0.785	24	3.56	0.90	0.12	0.35
	25		11.0	185	0.785	24	2.62	0.95	0.23	0.32
	26		11.0	140	1.546	24	2.42	0.88	0.11	0.47
	27		13.3	155	1.089	72	2.88	0.91	0.26	0.35
	28		6.3	155	1.089	72	2.10	0.94	0.08	0.34
	29		11.0	95	1.089	72	2.88	0.90	0.03	0.38
	30		11.0	140	0.328	72	5.78	0.88	0.04	0.27
	31		11.0	140	0.937	48	2.97	0.94	0.04	0.33
	32		11.0	140	0.937	48	3.29	0.93	0.06	0.32
	33		11.0	140	0.937	48	3.09	0.90	0.16	0.35
	34		11.0	140	0.937	48	3.20	0.93	0.09	0.34

AQ: Alginate solution flow rate; OQ: Oil flow rate; AlgSA: Alginate solution age

Table 4

 4 ANOVA analysis for capsules shapes responses from Doehlert experimental design

	Response	Source of variation	Sum of squares	degree of freedom	Mean square	F-value Significance
		Regression 47.6650	20	2.3833	124.398	< 0.01 ***
		Residual	2.5013	13	0.1924		
	Size	Lack-of-fit	2.4438	10	0.2444	12.756	2.97 *
		Pure error	0.0575	3	0.0192		
		Total	50.1664	33			
		Regression	0.0860	20	0.0043	4.507	0.511 **
	Sphericity index	Residual Lack-of-fit Pure error	0.0115 0.0106 0.0009	12 9 3	0.0010 0.0012 0.0003	3.907	14.5
		Total	0.0975	32			
		Regression	0.3423	20	0.0171	4.521	0.504 **
	Centricity index	Residual Lack-of-fit Pure error	0.0454 0.0371 0.0083	12 9 3	0.0038 0.0041 0.0028	1.496	40.8
		Total	0.3877	32			
	(***): significant at the level > 99.9% (for 0.0001 < P value <0.001).	

Table 5

 5 ANOVA analysis for encapsulation payload indices from Doehlert experiments.

	Response	Source of variation	Sum of squares	degree of freedom	Mean square	F-value Significance
		Regression	0,177	20	0,0088	8,758	0,0126***
		Residual	0,0131	13	0,001		
	Payload	Lack-of-fit	0,0126	10	0,0013	7,581	6,1
		Pure error	0,0005	3	0,0002		
		Total	0,1901	33			
	(***): significant at the level > 99.9% (for 0.0001 < P value <0.001).	
	Encapsulation payload responses (Y4) was modelled with the following mathematical
	equation:						

Table 7

 7 Experimental and predicted data for capsule size, sphericity and centricity index and encapsulation payload for optimum.

			Sphericity	centricity	Encapsulation
		Capsule area	index	Index	payload
	Predicted data	3.02	1.01	0.35	0.40
	Experimental data 3.39 ± 0.31	0.95 ± 0.07	0.12 ± 0.14	0.37± 0.07
	Experimental results match with the predicted mathematical model for capsules size which is
	very near the predicted value, sphericity index and encapsulation payload responses and

Acknowledgements

Funding: This work was supported by "Cookal Company" and the "Impact Biomolecules" project of the "Lorraine Université d'Excellence", funded by the ANR "Investissements d'avenir" [grant number 15-004].