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RESUMEN 

Para la producción de biomasa bacteriana y sus metabolitos mediante procesos de 

fermentación láctica, comúnmente se han utilizado sustratos comerciales; sin embargo, se 

ha promovido el uso de residuos agroindustriales como sustratos de fermentación de 

bacterias ácido lácticas (BAL) y, como posible alternativa para reducir los costos de 

producción de probióticos. Por otra parte, mejorar la viabilidad de las BAL ha sido un 

desafío persistente en las aplicaciones de microorganismos con potencial probiótico en 

alimentos. Por lo cual, diferentes tecnologías de encapsulación han sido evaluadas para 

proteger las células bacterianas y facilitar su aplicación. En este contexto, el objetivo general 

de esta investigación fue integrar los procesos de fermentación y encapsulación de la 

bacteria ácido láctica Weissella cibaria utilizando residuos de piña (epicarpios y núcleos) y 

subproducto de sacha inchi como sustrato de fermentación, y combinando las tecnologías 

doble emulsión y coacervación compleja para su encapsulación. Objetivo que se desarrolló 

en cuatro fases.  

En la 1era fase se caracterizó elemental, proximal, física y químicamente los residuos de piña 

y el subproducto de sacha inchi (SSI) para la formulación de un sustrato de fermentación 

(SFS). El SFS se hidrolizó y se utilizó para la producción de una bacteria ácido láctica 

(Weissella cibaria). Los resultados mostraron que los residuos de piña y SSI fueron fuentes 

potenciales de macro y micronutrientes (carbohidratos, proteínas y minerales). Tras la 

aplicación del SFS en el proceso de fermentación con W. cibaria se obtuvieron resultados 

similares a cuando se utilizó el sustrato comercial (MRS); producción de biomasa (2.9±0.1 

y 3.5±0.1 g L-1) y viabilidad (9.8±3.2 y 9.9±2.7 Log10 CFU mL-1). En la 2ª fase, se optimizó 

la producción de biomasa de W. cibaria mediante metodología de superficie de respuesta 

considerando las variables independientes: temperatura (32 – 40 °C), pH (5.0 – 6.0), y 

agitación (100 - 150 rpm). La optimización experimental de múltiples respuestas con una 

deseabilidad de 77.4%, arrojó las siguientes condiciones óptimas para las variables 
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independientes: temperatura = 35.1 °C, pH = 5.0 y agitación = 139.3 rpm. Los resultados 

experimentales a resaltar entre las variables dependientes fueron: viabilidad = 10.1±0.1 

Log10 CFU mL-1, producción biomasa = 3.2±0.2 g L-1 y velocidad específica de crecimiento 

= 0.24 h-1.  

En la 3ª fase se optimizaron experimentalmente las condiciones de proceso de una emulsión 

simple (W/O), considerando las variables independientes; tiempo de homogenización (HT) 

(1 – 5 min), balance hidrófilo lipófilo (HLBTotal) (4.7 – 6.7), concentración de emulsificantes 

(0.1 – 0.5 %) y concentración de aceite (30 – 50 %). Con el 70.1 % de deseabilidad en la 

optimización por múltiples respuestas se establecieron las siguientes condiciones óptimas; 

HT = 3.7 min, HLBtotal = 6.5, surfactantes = 0.47 % y aceite = 39.6 %. A partir de las 

condiciones óptimas de W/O se procedió a optimizar la formulación de una emulsión doble 

(W1/O)/W2, en la que se incorporó W. cibaria. Se utilizó un diseño central compuesto 

evaluando las variables independientes: tiempo de agitación (HT) (2 - 4 min), velocidad de 

homogenización (HS) (3000 - 5000 rpm), relación de mezcla de goma arábiga y gelatina 

(GA/G) (1.34 - 1.66) y relación másica de la emulsión simple W1/O (E1) y solución de 

hidrocoloides (W2) (0.43 - 0.66). Previamente, se determinó el punto de equivalencia de GA 

y G, obteniendo como resultado una relación de mezcla = 1.5 (GA/G). Las condiciones 

óptimas de las variables independientes fueron: HT = 3.1 min, HS = 3000 rpm, relación 

GA/G = 1.6 y E1/W2 = 0.5. Entre los resultados se destacó una alta viabilidad (10.5±0.1 

Log10 CFU mL-1) y la obtención de gotas esféricas, dispersas y de tamaño variable. 

Seguidamente, se evaluó el proceso de coacervación compleja mediante un diseño 

unifactorial, considerándose el efecto del pH (3.5, 4.0 y 4.5) sobre las propiedades 

fisicoquímicas del coacervado y la viabilidad de W. cibaria. Se tomó la emulsión E1/W2 

optimizada para la formación del coacervado, obteniendo los mejores resultados a pH = 4.0. 

Destacando alta viabilidad de W. cibaria (10.01±0.02 Log10 (CFU mL-1) y una morfología 

de partículas aglomeradas.  

Finalmente, en la 4ª fase los coacervados se liofilizaron y se evaluó la estabilidad de las 

microcápsulas durante el almacenamiento (1, 2, 3, 4, 5 y 6 meses) a diferentes condiciones 

de temperatura (5, 15 y 25 °C) mediante un diseño factorial completamente aleatorizado 

considerando las variables dependientes aw, humedad (%), solubilidad (%), higroscopicidad 
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(%), índice de peróxidos (meqO2/kg muestra), viabilidad (Log10 CFU g-1) y simulación in 

vitro de digestión gastrointestinal (Log10 CFU g-1). Obteniendo en las cápsulas almacenadas 

a 5 °C la mayor viabilidad a los 180 días de almacenamiento (7.8±0.1 Log10 CFU g-1), 

garantizando unas propiedades fisicoquímicas adecuadas. En general, se resalta que a 5, 15 

y 25 °C se mantiene el carácter probiótico de las microcápsulas de W. cibaria durante los 6 

meses de almacenamiento.  

Palabras clave: Weissella cibaria, residuos agroindustriales, Ananas comosus, Plukenetia 

volubilis, fermentación, encapsulación, probióticos.  
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ABSTRACT 

Commercial substrates have been commonly used for the production of bacterial biomass 

and its metabolites through lactic fermentation processes; however, the use of agro-

industrial wastes as fermentation substrates for lactic acid bacteria (LAB) has been 

promoted as a possible alternative to reduce probiotic production costs. On the other hand, 

improving the viability of LAB has been a persistent challenge in the applications of 

microorganisms with probiotic potential in food. Therefore, different encapsulation 

technologies have been evaluated to protect bacterial cells and facilitate their application. 

In this context, the general objective of this research was to integrate the fermentation and 

encapsulation processes of the lactic acid bacterium Weissella cibaria using pineapple 

residues (epicarps and cores) and sacha inchi by-product as fermentation substrate, and 

combining double emulsion and complex coacervation technologies for encapsulation. 

Objective was developed in four phases. 

In the 1st phase, elemental, proximal, physical and chemical characterization of pineapple 

residues and sacha inchi by-product (SSI) was carried out for the formulation of a 

fermentation substrate (SFS). The SFS was hydrolyzed and used for the production of a 

lactic acid bacteria (Weissella cibaria). The results showed that pineapple and SSI residues 

were potential sources of macro- and micronutrients (carbohydrates, proteins and minerals). 

After the application of SFS in the fermentation process with W. cibaria, similar results 

were obtained when the commercial substrate (MRS) was used; biomass production 

(2.9±0.1 and 3.5±0.1 g L-1) and viability (9.8±3.2 and 9.9±2.7 Log10 CFU mL-1). In the 2nd 

phase, W. cibaria biomass production was optimized using response surface methodology, 

considering the independent variables: temperature (32 – 40 °C), pH (5.0 - 6.0), and 
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agitation (100 - 150 rpm). The experimental optimization of multiple responses with a 

desirability of 77.4 % yielded the following optimal conditions for the independent 

variables: temperature = 35.1 °C, pH = 5.0 and agitation = 139.3 rpm. The experimental 

results to highlight among the dependent variables were: viability = 10.1±0.1 Log10 CFU 

mL-1, biomass production = 3.2±0.2 g L-1 and specific growth rate = 0.24 h-1. 

In the 3rd phase, the process conditions of a simple emulsion (W/O) were experimentally 

optimized, considering the independent variables; homogenization time (HT) (1 - 5 min), 

hydrophilic lipophilic balance (HLBTotal) (4.7 - 6.7), emulsifier concentration (0.1 - 0.5 %) 

and oil concentration (30 – 50 %). With 70.1 % desirability in the optimization by multiple 

responses, the following optimal conditions were established; HT= 3.7 min, HLBtotal = 6.5, 

surfactants = 0.47 % and oil = 39.6 %. Based on the optimal W/O conditions, we proceeded 

to optimize the formulation of a double emulsion (W1/O)/W2, in which W. cibaria was 

incorporated. A central composite design was used evaluating the independent variables: 

homogenization time (HT) (2 - 4 min), homogenization speed (HS) (3000 - 5000 rpm), gum 

arabic and gelatin mixing ratio (GA/G) (1.34 - 1.66) and mass ratio of the W1/O single 

emulsion (E1) and hydrocolloid solution (W2) (0.43 - 0.66). Previously, the equivalence 

point of GA and G was determined, obtaining a mixture ratio = 1.5 (GA/G). The optimum 

conditions for the independent variables were: HT = 3.1 min, HS = 3000 rpm, GA/G ratio 

= 1.6 and E1/W2 = 0.5. The results included high viability (10.5±0.1 Log10 CFU mL-1) and 

the production of spherical, dispersed and variable size droplets. Regarding morphology, 

spherical and dispersed droplets of variable size were observed. Next, the complex 

coacervation process was evaluated using a unifactorial design, considering the effect of pH 

(3.5, 4.0 and 4.5) on the physicochemical properties of the coacervate and the viability of 

W. cibaria. The E1/W2 emulsion optimized for coacervate formation was taken, obtaining 

the best results at pH = 4.0. High viability of W. cibaria (10.01±0.02 Log10 CFU mL-1 and 

an agglomerated particle morphology stood out. 

Finally, in the 4th phase, the coacervates were lyophilized and the stability of the 

microcapsules was evaluated during storage (1, 2, 3, 4, 5 and 6 months) at different 

temperature conditions (5, 15 and 25 °C). Using a completely randomized factorial design 

considering the dependent variables aw, moisture (%), solubility (%), hygroscopicity (%), 
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peroxides index (meqO2/kg sample), viability (Log10 CFU g-1) and in vitro simulation of 

gastrointestinal digestion (Log10 CFU g-1). Obtaining in the capsules stored at 5 °C the 

highest viability at 180 days of storage (7.8±0.1 Log10 CFU g-1), ensuring adequate physico-

chemical properties. In general, it is noted that at 5, 15 and 25 °C the probiotic character of 

the microcapsules of W. cibaria is maintained during the 6 months of storage. 

Key words: Weissella cibaria, agroindustrial wastes, Ananas comosus, Plukenetia 

volubilis, fermentation, encapsulation, probiotics. 
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1. INTRODUCTION 

Fermentation as a biotransformation process has made it possible to obtain compounds of 

high value for food, chemical, biorefinery, biotechnology, and bioprocess industries (Boulay 

et al., 2020; Girelli et al., 2020). The compounds of most significant interest include organic 

acids, antioxidants, dyes, functional peptides, bacteriocins, and cell biomass (Arrioja et al., 

2020; Girelli et al., 2020). The efficient production of these compounds requires substrates 

that provide necessary nutrients for the reproduction of the microorganism and the 

production of its metabolites. Adequate process conditions (pH, temperature, O2 control, 

aeration, agitation systems) are also required to optimize yield of the microbial biomass or 

its metabolites (Boulay et al., 2020). In particular, the lactic acid type of fermentation uses 

nutritionally demanding bacteria, so commercial substrates have been commonly used for 

their reproduction. However, the high cost of commercial substrates considerably affects the 

cost of the product obtained by fermentation. Between 60 to 70 % of the total biomass 

production costs are attributed to fermentation substrates (Khedkar et al., 2017). This has 

led to investigating other sources, such as agro-industrial wastes. These can provide the 

macronutrients and micronutrients essential for microbial reproduction. The proposal to use 

agro-industrial wastes as substrates for microbial growth seeks the valorization of wastes 

and at the same time, counteract the environmental problems they generate, focusing on the 

development of research in the circular economy framework (Margallo et al., 2019). 

Agro-industrial wastes are organic materials that are easily accessible and have a high 

nutrient content of carbon (C), nitrogen (N2), vitamins, minerals, and elements necessary in 

fermentative processes (Carpinelli et al., 2020). Therefore, they are biological materials that 

can be used in biotechnological processes. However, each residue needs to be evaluated and 

optimized to determine its usefulness as an alternative substrate (Ahmad et al., 2020). Agro-

industrial wastes have been proposed as lactic acid bacteria (LAB) fermentation substrates 

(Juodeikiene et al., 2016). Although, there is still no information on the formulation of a 
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substrate that guarantees the nutritional requirements for the effective fermentative 

processes. In this context, in the present investigation, pineapple residues and sacha inchi 

by-products were used to formulated of a nutritionally complete and efficient fermentation 

substrate in the production of Weissella cibaria biomass, a LAB with demonstrated probiotic 

characteristics. Important to note that to achieve high yields of bacterial biomass in the 

fermentative processes it is necessary to supply the minimum required nutrients and optimal 

process conditions. In addition, they protect the viability of the bacteria. 

On the other hand, the integration of technologies in production processes is important to 

reduce production costs and reduce the impact of waste generation. For example, obtaining 

lactic acid biomass with probiotic potential requires fermentation technologies that generate 

waste such as fermentation liquid, inorganic nutrients from the substrates, CO2, among 

others. Those wastes are highly contaminating for the environment (Khedkar et al., 2017). 

For this reason, it is necessary to look for organic sources that can partially or completely 

replace chemical sources through applications in bioprocesses. In effect, once biomass is 

obtained, technologies are required to protect its viability and functionality. Integrating the 

fermentation process for the production of LAB with the process of protecting these bacteria 

would reduce the cost of production, reduce the environmental impact generated in 

fermentation and contribute to the concept of the circular economy. Several encapsulation 

technologies have been evaluated (liposomes, multilayers, extraction, double emulsions, 

nanoemulsions, simple and complex coacervation, and others) to provide protection and 

improve the viability and functionality of LAB (Ying et al., 2021; Fraj et al., 2021). Some 

research integrates these technologies (Reque & Brandelli, 2021; Marques da Silva et al., 

2019, 2021). However, integrating fermentative processes for lactic acid biomass production 

with encapsulation processes is highly innovative. 

Considering the aforementioned problems. In addition, the need to protect the viability of 

LAB with probiotic potential, and the need to integrate fermentation and encapsulation 

technologies; epicarps and pineapple cores were used as sources of C and sacha inchi by-

products as a source of N2 to formulate and optimize a fermentation substrate for W. cibaria 

biomass reproduction was used. Additionally, the fermentation residues containing the 

suspended biomass was used in the formulation and optimization of a double emulsion 
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system, followed by complex coacervation, as encapsulation technologies to protect the 

probiotic. Finally, the physicochemical properties, viability, and digestibility of the freeze-

dried microcapsules of W. cibaria were evaluated. 

The results presented in this research project are innovative and novel to science; since, they 

address the need to integrate and optimize production processes in bioprocesses and 

probiotic products; besides, they expand the range of encapsulated LAB with 

physicochemical stability properties; moreover, the technologies used improve viability and 

resistance to gastrointestinal fluids and contribute to the new trends and needs of production 

and consumption of functional foods. Finally, it was possible to maintain the viability 

required by probiotic microorganisms in low humidity food matrices employing the novel 

encapsulation technology, where the development of probiotics has been a challenge. 
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1.1. GENERAL OBJECTIVE 

• Integrate the fermentation and encapsulation processes of Weissella cibaria 

using pineapple residues (epicarps and cores) and sacha inchi by-product as 

fermentation substrate and combining double emulsion and complex 

coacervation technologies for encapsulation. 

1.2 ESPECIFIC OBJECTIVES 

• Formulate a fermentation substrate from pineapple residues (epicarps and cores) 

honey gold variety and sacha inchi by-product as sources of C and N2 for biomass 

production of Weissella cibaria.  

• Optimize the biomass production of Weissella cibaria using the substrate 

formulated from pineapple residues (epicarps and cores) honey gold variety, and 

sacha inchi by-product as a function of the independent variables: pH, 

temperature, and agitation. 

• Optimize the physicochemical stability of a W/O type emulsion, as a function of 

the independent variables: homogenization time, BHL, emulsifier mixture 

concentration, and oil concentration; and the formulation of the double emulsion 

(W1/O/W2) as a function of the independent variables: homogenization time, 

homogenization speed, mixing ratio of the hydrocolloid gum arabic and gelatin, 

and mass ratio of the single emulsion (W1/O) and solution of the hydrocolloid 

mixture (W2). Followed by complex coacervation as encapsulation technologies 

of Weissella cibaria. 

• Evaluate the viability, physicochemical properties, and digestibility of freeze-

dried microcapsules of Weissella cibaria during storage. 
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2. CHAPTER 1: THEORETICAL FRAMEWORK 

2.1. Agro-industrial wastes → Pineapple and sacha inchi 

Agro-industrial waste is produced in large quantities worldwide, and its mismanagement has 

caused an increase in environmental pollution (Neethu et al., 2015). Globally, the waste 

generated by the agro-industrial sector is estimated at one-third of the total food for human 

consumption (Gonzalez, Gómez & Abad, 2017). In the European Union, it is estimated that 

more than 250 million tons of industrial organic waste are generated each year (Probst et al., 

2015). In Colombia, over 70 million tons of agro-industrial waste are produced annually, a 

figure mainly represented by agricultural waste (Caro et al., 2016) since the most 

outstanding economic activity is around the agricultural sector (Gonzalez et al., 2017).  

World pineapple production for 2018 was 27.924 million tons (t). The main producers were 

Costa Rica, the Philippines, and Brazil, with an approximate production of 3.1, 2.6, and 2.5 

million tons, respectively. Latin America accounted for 38 % of total production. Table 1 

shows the top ten pineapple-producing countries (FAOSTAT, 2019). In Colombia, there has 

been a progressive growth in pineapple cultivation. Between 2013 and 2018 it reached an 

increase of 42.17 %, obtaining 2018, a production of 1.058.109 tons and a yield of 41.7 t/ha. 

The department of Santander is the main national producer with 455.700 tons, followed by 

the departments of Valle del Cauca with 145.162 and Meta with 126.800 tons with a 

participation percentage of 13.71 and 11.98 %, respectively (Agronet, 2019). 

During the process of pineapple industrialization, the residues between the epicarps and the 

stems represent approximately 50 % of the total weight of the fruit (Dai & Huang, 2016). 

The latter generates large amounts of by-products, representing environmental problems. 

Above all, waste generated during processing (epicarps, cores, and crowns) represents 19, 

12, and 15 %, respectively (Cedeño & Zambrano, 2014). 
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Table 1. Main pineapple producing countries 

Countries Production (tons) 

Costa Rica 3.418.115 

Filipinas 2.730.985 

Brasil 2.650.479 

Tailandia 2.113.380 

India 1.805.506 

Indonesia 1.706.000 

Nigeria 1.664.510 

China 1.5731.471 

México 999.593 

Colombia 900.395 

 

On the other hand, sacha inchi is a plant native to the jungle region between Peru, Bolivia, 

and Brazil. In Colombia, the main departments where it is cultivated are Putumayo, Caquetá, 

Choco, Amazonas and Antioquia (Vásquez, 2017). The production of sacha inchi in 

Colombia has presented a significant increase in recent years, reaching a production of 2.419 

tons in 2018 (Agronet, 2018). The seed of the plant has been used industrially for oil 

extraction, due to its high content of unsaturated fatty acids. In addition, it is characterized 

by being a material rich in protein content (about 27 % of the whole kernel is constituted of 

protein) which stands out for its rich content of essential amino acids (Vásquez, 2017; 

Chirinos et al., 2017). While, in the generated residue (60 and 75 % of the total weight of 

the seed) after the oil extraction process, the protein content reaches 59 %. This has 

promoted the use of the sacha inchi seed by-product as input for food fortification (Chirinos 

et al., 2017; Wang et al., 2018). 

The scientific literature does not report the use of pineapple waste and sacha inchi sub-

product as a fermentation substrate. Therefore, the research proposed the use of the high 

protein content of the sacha inchi by-product as a new source of N2 for the reproduction of 

bacteria with probiotic character; likewise, the important nutritional contribution of 

carbohydrates, vitamins and mineral in epicarp and pineapple core, allowing the presentation 

of alternative and lower cost sources as fermentation substrates. 
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In Colombia, one of the problems in industrial processing plants has been the incorrect 

disposal of waste, leading to non-compliance with the general environmental law (Law 99 

of 1993). This law establishes the principles for a sustainable environmental policy and the 

correct management of renewable waste. Similarly, the Colombian Technical Standard 

(NTC 24) regulates industrial solid waste management. These regulations require industries 

to look for alternative uses for the waste constantly generated in agro-industrial processes. 

2.2. Lactic acid bacteria with probiotic potential 

LABs are living microorganisms characterized molecularly as Gram (+), catalase-negative, 

immotile, non-spore-forming, and morphologically present cocci and bacilli forms (Mozzi, 

Raya & Vignoto, 2010). These have been classified into two groups concerning their ability 

to convert sugars: homofermentative, those that produce only lactic acid, and 

heterofermentative, those that produce a variety of organic acids and other metabolites 

(Panesar & Kaur, 2015). Among the most studied probiotic microorganisms are the genera 

Lactobacillus, Bifidobacterium, Streptococcus, and Weissella (Mozzi et al., 2010; Batista et 

al., 2015). The genus Lactobacillus is the most studied due to its probiotic activity (Mazzoli 

et al., 2014). Among its most notable species are mentioned Lactobacillus reuteri and 

Lactobacillus casei for their immunological properties in the human organism (Reale et al., 

2016). On the other hand, Weissella has been a more recent genus with several significant 

results as a probiotic (Yu et al., 2019). 

Lactic acid bacteria are generally recognized as safe (GRAS), as most are isolated from food 

sources.  The latter allows, LAB biomass and their metabolites, to be used in products for 

human consumption (Woraprayote et al., 2016). These characteristics have allowed 

widespread use of LAB in the food and pharmaceutical industries (Tsai et al., 2012: Lecomte 

et al., 2016). However, when subjected to adverse environmental conditions, LABs are 

susceptible to cell death. For this reason, their production requires strict control of factors 

such as temperature, pH, relative humidity, oxidation-reduction potential, substrate 

composition, and aerobic or anaerobic environments. Such factors are determinants for the 

physiological state of microbial cells and their growth and survival (Reale et al., 2016). An 

additional aspect to consider is the yield in bacterial biomass production, which depends on 
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the ability of bacteria to transform substrates into specific products, by-products, or 

metabolites (Arrioja et al., 2020). 

The determining factor in the application of probiotics in food is viability since it can be 

significantly reduced in food processing, during its commercial life, and then in transit 

through the gastrointestinal tract (Espitia et al., 2016). To ensure the greater viability of 

probiotics, encapsulation technology has been studied as a mechanism to protect 

microorganisms (Foligné et al., 2013). This allows the delivery of the probiotic in the right 

place where the beneficial effect for the human organism is developed (Kaprasob et al., 

2017). 

The genus Weissella was proposed in 1993 by Collins and collaborators, authors cited by 

Lee et al (2012). Since then, several species have been reported. Bacteria of the genus 

Weissella have been characterized as Gram (+), asporogenous, non-motile, and with cocci 

or bacilli forms. Among their growth conditions, they are known to be mesophilic and 

facultative anaerobes, although it has the particularity that they can grow at low temperatures 

(15 °C) but not above 45 °C (Hu & Gänzle, 2018). It has been identified that their way of 

reproduction is obligately heterofermentative (Lee et al., 2012). During fermentation, they 

transform glucose into lactic acid, carbon dioxide, ethanol, or acetic acid, among other 

metabolites (Hu & Gänzle, 2018). Species of the genus Weissella have been isolated from 

different sources, the most common being fermented products such as milk, cheese, 

vegetables, sugar cane, fish or meats, and other cases from fecal material and the 

gastrointestinal tract of humans (Lee et al., 2012; Yu et al., 2018). Similarly, isolates have 

been made from bovine rumen fluid (Serna, Valencia & Campos, 2010). Some species have 

been attributed probiotic character, due to their antimicrobial capacity, resistance to low pH, 

and adherence to the intestinal epithelium (Yu et al., 2019).  

Within this genus, Weissella cibaria has been identified as a species of LAB with a probiotic 

character. This character is attributed to: its ability to adhere to the vaginal and intestinal 

epithelium (Serna, Vallejo, & García, 2012a), this favors its survival once it is located in the 

gastrointestinal tract; the ability to survive in low or high pH environments; high resistance 

to passage through the small intestine where it encounters alkaline environments (bile salts 

pH=8) (Garcia & Serna, 2016); ability to convert glycosides into aglycones, more bioactive 
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compounds in the human body due to its enzymatic activity (Lee et al., 2012); efficient 

antimicrobial activity against pathogenic microorganisms (Xanthomonas albilineans, 

Staphylococcus aureus, and Streptococcus agalactiae) (Serna et al., 2010; Serna et al., 

2013a; 2013b); and potential bioprotective agent against Escherichia coli and Klebsiella 

pneumoniae (Serna et al., 2012b). In addition, it is attributed high potential to produce 

oligosaccharides, dextran, and exopolysaccharides, compounds of great interest due to their 

composition and structural diversity, which favors its application in food, pharmaceutical, 

and cosmetic products (Yu et al., 2018).  

Commercial substrates have commonly been used for bacterial production; however, there 

are some studies related to agro-industrial wastes as substrates to produce enzymes and 

probiotics (Neethu et al., 2015). Likewise, promising results have been presented in their 

use as fermentation substrates to partially substitute commercial substrates (Serna & 

Enriquez, 2013b; Chang & Leiw, 2013). Using sustainable and environmentally friendly 

technologies has made it possible to use part of these wastes to obtain biofuels and produce 

renewable energies (Gonzalez et al., 2017)- However, their industrial application is still 

incipient. Although commercial substrates are compounds that provide the necessary 

nutrients for cell biomass reproduction, their use represents a high production cost. Whereas 

agro-industrial wastes are renewable, low-cost, and widely available resources (Juodeikiene 

et al., 2016; Mudaliyar et al., 2012). Moreover, in their composition, there are high contents 

of cellulose, hemicellulose, lignin, and polypeptides; of which it is possible to obtain 

carbohydrates, proteins, and lipids, as well as minority nutrients such as amino acids, 

peptides, nucleic acids, vitamins, and minerals (Juodeikiene et al., 2016; Probst et al., 2015). 

These nutrients can be found in leaves, epicarps, and seeds that are generally discarded by 

the processing industry (Juodeikiene et al., 2016; Zheng et al., 2017). 

Substrates for LAB reproduction can be obtained from several sources, including cellulose 

and hemicellulose (Hu et al., 2016), different cereal sources (Peyer, Zannini & Arendt, 2016; 

Salmerón, Thomas & Pandiella, 2014), and residues generated during the process of fruit 

agro industrialization (Serna & Enríquez, 2013b; Serna, Mera & Angulo, 2013c; Zheng et 

al., 2017). Recent studies have evaluated some of these residues as nutrient sources for the 
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growth of LAB, mainly Lactobacillus, Lactococcus lactis, and Streptococcus (Juodeikiene 

et al., 2016). 

Agroindustrial residues are important sources of macronutrients (C and N2) and 

micronutrients (Ca, Cu, P, Fe, Mg, K), allowing the formulation of a fermentation substrate 

with the necessary nutritional requirements for the reproduction of W. cibaria. This are 

alternatives of organic sources to be used in biotechnological processes, positively 

impacting the framework of the circular economy. 

2.3. Double emulsion encapsulation technology 

Encapsulation processes have made possible to protect various bioactive compounds, 

expanding their industrial application (Jain et al., 2016). In addition, the need to improve the 

survival of microorganisms has led to the expansion of research in the encapsulation of 

probiotics (Reque & Brandelli, 2021). Some of the most common and widely applied 

encapsulation technologies in LAB are extrusion, emulsion, lyophilization, fluidized bed, 

and spray drying (Gul, 2017). On the other hand, new technologies have emerged to protect 

bioactive compounds such as liposome entrapment, multilayer systems, double emulsion, 

complex coacervation, and molecular inclusion (Pitigraisorn et al., 2017). 

Double emulsion technology is a complex system formed from a single emulsion, which can 

be either water/oil (W/O) or oil/water (O/W). In these emulsions, the dispersed phase forms 

small droplets, which are surrounded by the continuous phase (McClements, 2016). Next, 

the single emulsion becomes the dispersed phase, which is introduced into a second 

continuous phase, forming larger droplets, which house the single emulsion (Jiménez, 

2013). Commonly, double emulsions can be water-oil-water (W/O/W) or oil-water-oil 

(O/W/O) type (Duffus et al. (2016). In food, the double emulsion technology offers 

interesting possibilities, as its use allows: for improving the sensory properties of products, 

providing controlled release of the encapsulated compound, providing protection to labile 

compounds, or even preserving enzymatic activity even after ingestion (Ozturk and 

McClements, 2016). Another application of double emulsions has been in the encapsulation 

of probiotic microorganisms as an alternative method to encapsulate and protect bacteria 

(Rodríguez et al., 2014; Santos et al., 2015; Giroux et al., 2016; Flores et al., 2017).  
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Emulsifiers are used for the stability of these colloidal systems. These are substances that 

modify the surface tension at an interface. Emulsifiers mainly have two functions: they 

facilitate the processing of emulsions and promote the stability of the emulsion phases 

(Ozturk & McClements, 2016). The wide use of surfactants is due to their hydrophilic and 

lipophilic properties, these characteristics allow them to be located at the interface formed 

between the aqueous phase and the oily phase (Giroux et al., 2016). Surfactants are classified 

concerning the hydrophilic-lipophilic balance (HLB) of their molecules, defined as "the ratio 

between the weight percentage of hydrophilic groups and the weight percentage of 

hydrophobic groups in the molecule". They have also been classified based on their ionic 

charge, stability, and their nature (natural or synthetic) (Kralova & Sjöblom, 2009). 

Commercially, surfactants are found with BHL values from 1 to 20, low values (3-6) 

correspond to those with higher affinity for lipophilic substances, while those with high 

values (8-16) are affinity for hydrophilic substances (Kralova & Sjöblom, 2009). In a W/O 

emulsion, lipophilic emulsifiers with low HLB are used; while for an O/W emulsion, 

hydrophilic surfactants with a high HLB are used (Peredo & Jiménez, 2012). Polymers with 

thickening and/or gelling properties in double emulsion systems are incorporated into the 

external aqueous phase to improve their stability (Jiménez, 2013; McClements, 2016).  

Natural and food-grade surfactants include proteins (caseins, whey proteins, gelatins, and 

proteins from vegetable sources), polysaccharides (gum arabic, guar gum, pectin, 

galactomannans, and modified starches) phospholipids (lecithins, glycerol esters, propylene 

glycol fatty acid esters and sorbitol fatty acid esters) and saponins (Ozturk & McClements, 

2016). Although, chemical surfactants such as Tween, Span, and PGPR 90, which provide 

high stability are still used, he food industry is more interested in natural surfactants 

(Polychniatou & Tzia, 2014).  

2.4. Encapsulation by complex coacervation 

Complex coacervation technology is an encapsulation technique described as a chemical 

colloidal phenomenon, whereby an aggregate of particles is formed by the presence of two 

or more hydrocolloids (Jain et al., 2016). The basis of the technique consists of the 

interaction of the net charges provided by the hydrocolloids, with proteins and 
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polysaccharides generally the most used (gum arabic, pectin, chitosan, alginates, 

carrageenans, starches, pectins, gelatins, and others) (Gonzáles et al., 2017; Guerin et al., 

2017). 

This encapsulation technique has been mainly used in materials of lipophilic nature 

(Comunian et al., 2013). The product obtained by complex coacervation is characterized by 

low solubility, resistance to high temperatures, and controlled release of the encapsulated 

compound (sweeteners, aromatic compounds, colorants, and probiotics, among others) 

(Giroux, Robitaille, & Britten, 2016). These properties are desirable for the protection of 

functional compounds in food (Bosnea, Moschakis & Biliaderis, 2014; Jain et al., 2016; 

Rocha et al., 2013). In addition, the technology has been used to encapsulate 

microorganisms, protect against adverse environmental conditions, improve their viability 

and preserve their metabolic activity (Serna et al., 2012a). 

On the other hand, stability is an important property in colloidal systems. It is affected by 

several factors such as pH, temperature, composition of the incorporated substances, particle 

size, viscosity, phase volume, osmotic gradient, presence of electrolytes, and interfacial film 

formation (Ferrari & Rocha, 2011; McClements, 2016; Peredo & Jiménez, 2012). 

Additionally, other factors related to the compounds used in the coacervate formulation have 

been evaluated such as the type, concentration, and charge density of the hydrocolloids (Jain 

et al., 2016). All these factors interfere in phase separation when the electrostatic equilibrium 

between the phases is reached. In addition, encapsulating materials are characterized by 

being biodegradable (Fraj et al., 2021), having good film-forming properties, and having the 

ability to promote stability to the colloidal system (Jimenez, 2012). Hydrocolloid 

compounds used in the encapsulation of probiotics must be resistant to adverse 

environmental conditions to ensure the protection of the probiotic during passage through 

the gastrointestinal tract (Li et al., 2016). The advantage of using this type of encapsulating 

materials is mainly their availability and easy affordability, which contributes favorably to 

the production process of coacervates (Jain et al., 2016).  

The recent trend has been to evaluate the integration of double emulsion and complex 

coacervation technologies, which have been applied in the encapsulation of non-caloric 

sweeteners (Rocha et al., 2013; Santos et al., 2015; Micanquer et al., 2017) such as 
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aspartame, xylitol, stevioside with high encapsulation yield (71.70, 71.93 and 95 % 

respectively). Reporting properties that favor the controlled release of sweeteners and reduce 

undesired flavors on the palate (Santos et al., 2014; Chranioti et al., 2015).  

2.5. Encapsulated probiotic applications 

Scientific research in the food area has focused on the development of new products, with 

emphasis on functional foods such as probiotic foods (Shori, 2015). In this context, the 

continuous population growth that exceeds 7.9 billion inhabitants, with a growth rate of 1.2 

% in 2021 (FAO, 2021), contemplates the importance of meeting the global demand for 

food. In addition, the figure for probiotic food consumption by 2021 was estimated at 61 

billion USD worldwide (Cosme et al., 2022), which means an increase in healthy diets by 

consumers. Indeed, the introduction of functional foods in the market has grown in the last 

50 years due to the importance that nutrition science has given to a diet based on healthy 

eating for disease prevention. Increasingly tightening the link between diet and disease is a 

favorable strategy for the public health sector (Küster & vidal, 2017). The market for 

probiotic foods has focused on dairy products, followed by fermented beverages. However, 

research continues the application of microorganisms with probiotic effects in longer shelf-

life food matrices. These include encapsulated probiotic applications in cereals, fruits, and 

vegetables (Rivera & Gallardo, 2010). 

On the other hand, leading countries in probiotics market include Scandinavia, Switzerland, 

Croatia, and the Netherlands, followed by Greece, France, and Spain which have been 

considered developing markets (Foligné et al., 2013). Advancements in technology and their 

application in the food industry have made encapsulated probiotic products popular among 

other functional products due to their effect on human digestive health (Zhao & Wang, 

2016). Likewise, Asia and Europe have shown to have a higher consumption of functional 

products, highlighting the good reception of food products with probiotic contents; recently, 

the consumption of foods with probiotics has spread in most countries of the world (Guarner 

et al., 2011). The global market for probiotic products is growing, estimating growth of 7 % 

per year. The greatest demand is attributed to consumers in Asia and Europe (Foligné et al., 

2013). In contrast, no studies have been conducted regarding the growth of the market in 
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Colombia; however, the behavior worldwide reflects steady growth in the demand for this 

type of product. Therefore, the consumption of probiotic foods is expected to increase in the 

national market (Posada, 2014). Nevertheless, Colombia lacks a specialized market for 

probiotics. 

Generally, probiotics have been identified as live microorganisms that benefit the health of 

those who consume them (Bosnea et al., 2017). However, this effect is evidenced if the 

products reach the minimum required values of microorganisms after commercial storage 

periods. In Colombia, according to resolution 333 of 2011 issued by the WHO, the minimum 

value of microorganisms should be 106 CFU/g, the same value is expressed by Bosnea et al. 

(2017). Although, Flores et al. (2017) mention values between 107-108 CFU/g. Viability is 

an important factor; therefore, improving the protection mechanisms of microorganisms 

with probiotic potential is necessary. In this context, some reviews mention as an alternative 

the incorporation of beneficial bacteria in fruits, vegetables, meat products, and cakes, 

among others (Rivera & Gallardo, 2010; Shori, 2015).  
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ABSTRACT 

Gold honey variety pineapple wastes and sacha inchi sub-products (SIS) were characterized 

in their elemental, physical, and chemical form to formulate a supplemented fermentation 

substrate (SFS) for the growth Weissella cibaria. The peels and fresh cores of the pineapple 

(FPP, FPC) were dried and ground (PPP, PPC) and then mixed (MCPP). The following 

procedures were then undertaken: a physicochemical characterization (moisture, aw, pH, 

acidity, and soluble solids) of the SIS, FPP, FPC, PPP, and PPC; a proximal characterization 

of the FPP, FPC, SIS, and SFS; and an elemental analysis (C-N2-H2-O2-S) of the MCPP, 

SIS, and W. cibaria, which allowed the stoichiometric equation to be defined and the SFS 

to be formulated. We then evaluated the effect that homogenization and heating to boiling 

point had on the concentration of reducing sugars in the SFS (g L-1). Finally, W. cibaria´s 

kinetic fermentation parameters were evaluated in the SFS and in a commercial substrate 

(control). The results showed FPP and FPC yields of 26.02±0.58 and 14.69±1.13 %, 

respectively; a higher total sugar content in FPC (7.21 %) than in FPP (6.65%); a high crude 

protein content in SIS (56.70 %), and a C:N2 ratio of 6.50:1.00. Moreover, the highest 

concentration of reducing sugars (4.44±0.29 g L-1) in the SFS was obtained with 5 h of 

hydrolysis under homogenization pre-treatments and heating until boiling. The SFS allowed 

the adaptation of W. cibaria, with a biomass production of 2.93 g L-1 and a viability of 9.88 

log CFU mL-1. The formulation of an unconventional fermentation substrate from -Agro-
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industrial wastes of pineapple and sacha inchi to produce valuable products (such as lactic 

acid biomass through fermentation) is an excellent perspective for large-scale application. 

Keywords: Ananas comosus, Plukenetia volubilis, fermentation, substrate, probiotic. 

INTRODUCTION  

The use of agro-industrial wastes to produce lactic acid (LA) and probiotic biomass has been 

studied recently (Cizeikiene, Juodeikiene and Damasius, 2018; Rolim, Hu and Gänzle, 

2018). Since agro-industrial and organic wastes are materials rich in lignocellulosic 

compounds, they can be important sources of micro and macro nutrients and direct sources 

of C and N2 in fermentation processes. 

Processed pineapple (Ananas comosus) is one of the world's most widely consumed tropical 

fruits (FAOSTAT, 2018). The residues generated during the processing of the peel (FPP), 

core (FPC), and crown represent between 45 and 65 % of the total weight of the fruit; about 

76 % of this waste is fiber, 99.2 % is the insoluble fraction, and 0.8 % is the soluble fraction 

(Selani et al. 2014). These residues have been used in several ways (Difonzo et al., 2018) 

including the use of pineapple wastes as substrates to obtain bioactive compounds such as 

biopolymers (Vega-Castro et al., 2016), polyphenols (Sepúlveda, Romaní, Aguilar, and 

Teixeira, 2018), biohydrogen, biogas, and alcohols such as ethanol or butanol (Khedkar et 

al., 2017), which have the potential for industrial application. Among the evaluated residues, 

the pineapple peel is outstanding due to the high concentration of reducing sugars (97 gL-1) 

obtained through acid hydrolysis as a pre-treatment (Vega-Castro et al., 2016). In addition, 

pineapple waste has been used to produce cellular protein (Mensah and Twumasi, 2017). 

Pineapple is part of the bromeliad family, and, in 2017, world production was 27 million 

tons with a harvested area of 1 million ha. This is mainly concentrated in Asia and America, 

particularly in Costa Rica, the Philippines, Brazil, China, and Colombia (FAOSTAT, 2018).  

Sacha inchi (Plukenetia volubilis) is a native plant to the jungle region between Peru, 

Bolivia, and Brazil. Although the crop is still incipient, world production has increased in 

recent years, mainly in Peru followed by Thailand and Colombia: countries that export to 

Europe (France, Spain, and Germany), South Korea, and the United States (Saengsorn and 
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Jimtaisong, 2017). The main interest in this crop has been the seed to obtain oil, which is 

characterized by having a high unsaturated fatty acid content, mainly oleic acid, linoleic, 

and linolenic (Vasquez et al., 2017). The oil extraction process generates a sub-product with 

a high protein content (59 %) (Wang, Zhu and Kakuda, 2018), which represents between 60 

and 75 % of the seed’s total weight (Vásquez et al., 2017). Currently, these sub-products are 

not effectively used in production systems (Dai and Huang, 2016) which causes 

environmental problems due to their easy decomposition (Neethu et al., 2015). 

In the bioprocessing industry, there is interest in the use of residual materials due to their 

easy accessibility and the C and N2 content, which are necessary elements in fermentation 

processes (Neethu et al., 2015); however, the most significant interest is the possibility of 

reducing the costs associated with the substrate, since these constitute between 60 and 70 % 

of the total cost of the process (Khedkar et al., 2017). The scientific literature does not report 

the use of sacha inchi sub-product as a fermentation substrate. Therefore, the research 

proposed the use of the high protein content of this by-product as a new source of N2 for the 

reproduction of bacteria with probiotic character, allowing the presentation of alternative 

and lower cost sources as fermentation substrates. Although, pineapple residues have 

already been used in biotechnological processes to obtain bioactive compound, obtaining 

promising and profitable results (Sepúlveda et al., 2018). The protein supplement as a source 

of N2 and of organic origin would benefit the reproduction of the bacteria and therefore the 

productivity of the process (Cizeikiene et al., 2018).  

Moreover, different studies have demonstrated the probiotic ability of Weissella cibaria. 

Among them; this lactic acid bacterium survives in low pH environments; resists passage 

through the small intestine (Garcia and Serna, 2015); has efficient antimicrobial activity 

against pathogenic microorganisms (Xanthomonas albilineans, Staphylococcus aureus and 

Streptococcus agalactiae) (Serna, Valencia, and Campos, 2010; Serna, Camargo and 

Rengifo, 2013a; Serna, Mera, and Angulo, 2013b), has inhibitory effect against Gram (-) 

microorganisms such as Escherichia coli and Klebsiella pneumoniae (Serna and Valencia, 

2013d), and has the ability to adhere to bovine mammary gland epithelium (Serna and 

Pabon, 2016). These characteristics promote its application in food industry products. This 
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research aims to characterize fresh and powder peels (FPP, PPP) and fresh and powder cores 

(FPC, PPC) of gold honey variety pineapple and sacha inchi sub-product (SIS) in elemental, 

physical, and chemical terms in order to formulate a supplemented fermentation substrate 

(SFS) to growth W. cibaria lactic acid bacteria (LAB). 

MATERIALS AND METHODS 

Wastes conditioning and yield assessment. FPP and FPC were used from gold honey 

variety pineapples with a degree 4 ripeness according to the color scale for fresh pineapples 

(CTS 729-1) and a 1.70±0.23 kg average weight. The fruits were purchased at a local 

supermarket (Valle del Cauca, Colombia). In addition, SIS was obtained from extracting oil 

from the seeds, provided by Agroincolsa S.A.S (Putumayo, Colombia). 

The following materials were characterized: FPP, FPC, powdered pineapple peel (PPP), 

powdered pineapple core (PPC), a mixture of PPP and PPC with 1.5:1.0 ratios, respectively, 

(MCPP), SIS, and supplemented fermentation substrate (SFS).  

The pineapples were washed with pressurized water, sanitized with hypochlorite solution 

(200 ppm), and peeled. The percentage yield of FPP, FPC, and crown was calculated using 

Equation 1 where the total weight corresponds to the whole pineapple, including the crown. 

When calculating the PPP and PPC yield, the total weight corresponds to the addition of 

both (PPP+PPC).  

𝑌𝑖𝑒𝑙𝑑 =
𝑊𝑎𝑠𝑡𝑒 𝑤𝑒𝑖𝑔ℎ𝑡

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
∗ 100 (%) (Equation 1) 

The powdered pineapple wastes were obtained by freeze-drying FPP and FPC using a 

freeze-dryer (Labconco, Freezone 6 Plus, USA) operating with a 0.110 mbar vacuum, -80°C 

condenser temperature, and 0.03 °C min-1 heating speed until a final temperature of 26 °C 

was reached. The freeze-dried pineapple wastes (PPP, PPC) and the SIS was independently 

subjected to a grinding process (IKA A11 knife mill, Brazil) and sieved using a 16, 30, and 

60 mesh number. The material was selected with a < 250 μm (60 mesh) particle size (Codex 
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Standard 152-1985). In addition, the pineapple wastes ratios for FPP/FPC and PPP/PPC 

were calculated.  

Sources of C and N2. MCPP and SIS were used as sources of C and N2 to formulate a 

fermentation substrate. This substrate (SFS) was supplemented with 2 3 2C H NaO , 

6 5 7 32C H O NH , 2 4K HPO , and 4MgSO  (analytical grade reagents, Sigma Aldrich. 

Germany). The commercial substrate De Man Rogosa Sharpe (MRS) (1960) was taken as a 

reference. The SFS was pre-treated, hydrolysed, and finally used to reproduce LAB. 

Lactic acid bacteria. W. cibaria bacterium from the Biotechnology Institute of the National 

University of Colombia (IBUN 090 - 03684 strain and gene bank) was used to test the 

efficiency of SFS.  

Proximal analysis. Proximal analyses were performed on FPP, FPC, SIS, and SFS. The 

amount of total sugars was determined using the Antrona method with an UV-VIS 

spectrophotometric (Thermo Scientific - Genesys 10UV, USA) (Miller, 1959); the total 

protein content was performed with the Kjeldahl method No. 2.062 (AOAC, 1990); neutral 

detergent fibre (NDF) and acid detergent fiber (ADF) were determined by the gravimetric 

Van Soest method (AOAC 973.18, 1990); ethereal extract was determined with the Soxhlet 

methodology (AOAC 920.39, 1990); and mineral content (Ca, Cu, P, Fe, Mg and K) was 

determined with atomic absorption spectrometry (AOAC 942.05, 1990).  

Physicochemical properties. The pH of FPP, FPC, PPP, PPC, SIS, and MCPP were 

measured according to CTS 4592 (ICONTEC, 1999a); acidity was measured according to 

CTS 4623 (ICONTEC, 1999b); soluble solids (oBrix) were measured according to CTS 4624 

(ICONTEC, 1999); moisture was measured according to AOAC 130.15, (1990); and water 

activity (aw) was measured using a dew point hygrometer (25 °C) (AquaLab 4TE). 

Elemental analysis. Elemental analyses (C, N2, O2, H2, S) were performed on MCPP, SIS, 

W. cibaria biomass reproduced in MRS (Wc-MRS), and W. cibaria biomass reproduced in 

SFS (Wc-SFS) using an Elemental Analyzer (Exeter CE-440, USA) according to ASTM 



26 Viability of Weissella cibaria during integrated fermentation and encapsulation 

processes using double emulsion followed by complex coacervation 

 

D5373 (2016). Based on the results, the number of atoms for elements C, H2, N2, and O2 

was estimated, and the empirical molecular formulas of MCPP, SIS, Wc-MRS, and Wc-SFS 

(Ebbing and Gammon, 2016) were obtained. 

Stoichiometry of the chemical reaction of fermentation. Equation 2 was used to calculate 

the coefficients of the stoichiometric equation of Wc-MRS production. This equation 

corresponds to the general equation of biomass production and LA, where the first and 

second terms corresponded to the MCPP and SIS wastes, respectively, the third term to Wc-

MRS, and the fourth term to LA. The terms α, YX/S and YP/S refer to the coefficients of the 

balanced equation, and the x, y, z, f, g, h, i, j, k, l sub-indices correspond to the estimated 

value of atoms for the elements C, H2, N2, and O2 for each of the compounds. The 

coefficients were determined for batch lactic fermentation. 

/ / 3 6 3x y z f g h x s i j k l p sC O H C O H Y C H O N Y C H O+ → +   (Equation 2) 

C:N2 ratio of MCPP and SIS, and substrate formulation. Molecular weights of MCPP, 

SIS, and Wc-MRS compounds were estimated based on their empirical formulas. The 

coefficients α, YX/S, and YP/S from Equation 2 were determined with a mass balance. The 

following hypotheses were considered for the balance: closed system, anaerobic, and 100 % 

substrate conversion. Using the molecular weights and coefficients from the balanced 

chemical equation, we obtained the relationship C:N2, which was provided by MCPP and 

SIS. The SFS was formulated for the growth of W. cibaria using the C:N2 relation. 

SFS pre-treatments. The SFS was diluted in distilled water (0.1 kg L-1) and three 

pretreatments were applied; T1: homogenization (15000 rpm, time 5 min) in ultraturrax 

(LSK High Shear Mixer, New York); T2: heating to boiling (1 min), and T3: corresponding 

to T1+T2. Each treatment was then hydrolysed with the enzyme Cellic®CTec2 (Novozyme, 

Denmark) (0.01 L kg-1 of SFS on a dry basis). The process was carried out at optimal enzyme 

conditions, 45 °C and 150 rpm with continuous orbital homogenization in a Shaker (VWR-

Incubating Orbital Shaker, USA) (Hu et al., 2016). Each treatment was performed in 

triplicate. The concentration of reducing sugars (g L-1) was determined at the beginning of 

each pre-treatment and during hydrolysis (every hour for 5 h). We took 10 mL samples; they 
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were then centrifuged at 2862 g for 10 min at 4 °C (Penendorf centrifuge 5804 R, Germany). 

The reducing sugars were determined in the supernatant using the 3.5-dinitrosalicylic acid 

method (Miller, 1959) with a UV-VIS spectrophotometer (ThermoScientific - Genesys 

10UV, USA). The treatment with the highest concentration of reducing sugars for the 

reproduction of W. cibaria was selected from the statistical analysis. 

Fermentative reproduction of Weissella cibaria. W. cibaria was propagated by 

discontinuous fermentation in the pre-treated SFS (Wc-SFS), and, as a control treatment, W. 

cibaria was reproduced on MRS substrate (Wc-MRS). Batches of 0.6 L were prepared using 

a 1 L capacity reactor (BioFlo®/CelliGen® 115, Germany) at constant process conditions 

(36 °C, pH = 6, 100 rpm, 24 h). Substrates were sterilized at 121°C for 15 min and then 

incorporated with activated inoculum (10 % v/v) following Serna et al. (2007) and Serna et 

al. (2013a) methodology with some modifications. Adapting the bacteria to the substrates 

was performed in two generations: in the 1st generation, the activation was carried out in 

commercial MRS substrate that was supplemented with glucose (0.04 kg L-1), with a 0.005L 

working volume; and, in the 2nd generation, the bacteria was adapted in pre-treated SFS with 

a 0.05 L working volume.  

Fermented samples (20 mL) were measured for 24 h at various times (0, 2, 4, 6, 8, 10, 12, 

and 24 h). Viability of W. cibaria (CFU mL-1) was measured by plate seeding in-depth. 

Samples of 1 ml of ferment were taken and processed by serial dilution. The plates were 

incubation at 36 °C for 48 h (Serna & Pabón, 2016). Subsequently, each sample was 

centrifuged at 2862 g for 10 min at 4 °C, filtered (0.45 μm qualitative filter), and the biomass 

concentration (g L-1) was determined by dry weight according to the AOAC (934,01. 1990) 

standard method. The following variables were quantified in the supernatants: LA (g L-1) 

(through reflectometry, Reflectoquant Merck - Roflex Plus 10, Germany), nitrogen source 

consumption (g L-1) (through determining free amino nitrogen (FAN), using NaOH (0.1 N), 

Equation 3), and the carbon source consumption (%) with Equation 4. In fermentation 

kinetics, the maximum specific growth rate (µ) was calculated whit Equation 5. 

The supernatants were quantified: LA (g L-1) through reflectometry (Reflectoquant Merck - 

Roflex Plus 10, Germany), nitrogen source consumption through determining free amino 
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nitrogen (FAN) (g L-1) with titration using NaOH (0.1 N), and the carbon source 

consumption (%). The maximum specific growth rate (µ) was calculated in the kinetic when 

the MRS and SFS substrates were used. 

𝐹𝐴𝑁 (𝑚𝑔/𝐿) =
𝑚𝐿 𝑁𝑎𝑂𝐻 (0.1𝑁)∗1.4∗1000

(𝑚𝐿 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒) 
  (Equation 3) 

 

𝑆𝐶 =
(𝑆𝑜−𝑆𝑡) ∗ 100

𝑆𝑜
%     (Equation 4) 

 

µ =
𝑑𝑥

𝑑𝑡
  ℎ−1     (Equation 5) 

 

S0 and St represent the concentrations of reducing sugars at 0 and sampling time, 

respectively.  

Statistical analysis. A completely random unifactorial design was used in the fermentative 

process with W. cibaria reproduced in the pre-treated SFS. Pre-treatment of the substrate 

was the independent variable, which had four levels: T1, T2, T3, and T0 (control treatment); 

and the reducing sugars (g L-1) was the dependent variable. Furthermore, an unifactorial 

design was used in the fermentative reproduction process of W. cibaria: the independent 

variable was the substrate with two levels (SFS and MRS); and the dependent variables were 

biomass production (g dry cell weight L-1), viability (CFU mL-1), C source consumption 

(%), N2 source consumption (%), and LA production (g L-1). Data in triplicate were analyzed 

by variance analysis (ANOVA). Tukey’s mean comparison test was applied with a 95 % 

confidence level using Minitab software (version 18). 

RESULTS AND DISCUSSION 

Characterization of pineapple and sacha inchi wastes 

Proximal characterization. Table 1 shows the yields of FPP, FPC, PPP, and PPC gold 

honey variety pineapple wastes and the relationships between the different types of wastes 

(fresh and powdered). The results show representative values for these types of wastes: FPP 

had the highest percentage of participation, followed by FPC, and then crown. 
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Table 1: Yield percent (R) and the ratio of peel wastes to fresh cores (FPP/FPC) for peel 

and powder cores (PPP/PPC) that come from the gold honey variety pineapple 

Pineapple wastes Yield (%) Ratio 

FPP 26.02±0.58 ----- 

----- FPC 14.69±1.13 

Fresh crown 13.68±1.55 ----- 

PPP 60.52±1.26 ----- 

----- PPC 39.48±1.26 

FPP/FPC ----- 1.76 

PPP/PPC ----- 1.53 

It has been reported that during the commercial production of pineapple juice, around 20 to 

40 % of wastes are generated by FPP and FPC (Khedkar et al., 2017). This percentage is 

similar to the one obtained in this investigation and has led to research the used as substrates 

in fermentative and hydrolytic processes to obtain bioactive compounds (Kaprasob et al., 

2017). Moreover, Sepúlveda et al. (2018) reported that 96 % of the total pineapple wastes 

correspond to organic material and 4 % to inorganic, which potentiates its use in 

bioprocesses. The proximal characterizations of FPP and FPC, SIS, and SFS are shown in 

Table 2. FPC and FPP had low sugar and protein contents; however, they are considered 

important contents for the formulation of fermentation substrates because they constitute 

essential macronutrients as sources of C and N2 (Hu et al., 2016; Neethu et al., 2015). In 

general, there is no detailed information on the main components of pineapple wastes, so 

the results shown in our research are relevant to different developments. 

Table 2: Proximal characterization of fresh peels and cores (FPP and FPC) from gold honey 

variety pineapples, SIS, and SFS 

Component FPP FPC SIS SFS 

Total sugars (% p/p) 6.65 7.21 4.93 30.51 

Protein (% p/p) 0.80 0.40 56.70 33.90 

NDF (% p/p) 5.40 1.80 14.20 17.00 

ADF (% p/p) 2.50 1.00 5.90 9.30 

Ethereal extract (% p/p) --- --- 6.56 3.58 

Ca (mg/kg) 189.00 57.00 0.42 240.00 

Cu (mg/kg) 4.90 4.90 19.00 13.00 

P (mg/kg) 264.00 49.00 0.81 850.00 

Fe (mg/kg) 8.00 4.90 66.00 48.00 

Mg (mg/kg) 81.00 121.00 0.49 270.00 
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K (mg/kg) 0.20 819.00 0.90 1390.00 

Vega-Castro et al. (2016) obtained higher values in sugars with the same variety (27.08 %), 

while Rocha et al. (2013) reported similar values in the cayena lisa variety (7.37 % with 

respect to total waste). Regarding the protein content of FPP, Vega-Castro et al. (2016) 

reported a similar value (0.63 %). The NDF and ADF contents were higher for FPP than for 

FPC due to that in the cell wall of the peels there are more complex structures, such as 

cellulases, hemicelluloses, and lignin. These lignocellulosic compounds can be found 

between 42 and 70 % in FPP (Dai and Huang, 2016; Khedkar et al., 2017); In addition, it is 

possible to increase its availability by hydrolysis process (Banerjee, Chintagunta and Ray, 

2017). Variations in proximal composition are attributed to factors including variety, soil, 

primary production, climatic conditions, and state of ripeness (Difonzo et al., 2018). 

The contents of P, Ca, K, and Mg in FPP and FPC are part of the microelements necessary 

for the growth of bacteria and yeasts (Cizeikiene et al., 2018). Ca and Mg favor 

lignocellulosic enzymatic activity when used as fermentation substrates (Cizeikiene et al., 

2018). 

The protein content of FPP and FPC was low, while SI had a considerably high protein and 

lignocellulosic content (Table 2). Therefore, SIS benefits SFS since N2 is a necessary 

element in microbial metabolism during cell growth (Mensah and Twumasi, 2017). Similar 

protein contents in SIS (59 %) have been reported by Wang et al. (2018). Moreover, the fat 

content of SIS is composed mainly of polyunsaturated fatty acids, including oleic, linoleic, 

and linolenic acids (Vásquez et al., 2017), which are acids that promote the growth of 

lipolytic bacteria (Neethu et al., 2015).  

Physicochemical properties. The moisture content, aw, TSS, pH, and acidity of FPP, FPC, 

PPP, PPC, SIS, and MCPP are given in Table 3. The high moisture and aw values in FPP and 

FPC are suitable environments for microbial growth; while they were significantly lower 

and much more microbiologically stable for PPP, PPC, MCPP, and SIS. In other words, low 

aw and moisture content in the waste facilitates its preservation.  
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Table 3: Physico-chemical characterization of fresh peel (PFP, PFC), powder core (PPP, 

PPC), and a mixture of peel and powdered core (MCPP) for gold honey variety pineapple 

and SIS 

Property FPP FPC PPP PPC MCPP SIS 

Moisture (%) 85.01±0.49 88.74±0.25 4.77±0.53 5.11±0.24 6.53±0.33 6.57±0,15 

aw 0.981±0.007 0.993±0.006 0.389±0.038 0.306±0.040 0.387±0.015 0.595±0.019 

TSS (oBrix) 11.40±0.56 13.73±0.42 13.53±0.06 17.73±0.40 16.07±0.21 0.40±0.01 

pH 3.64±0.12 3.69±0.17 3.64±0.02 3.52±0.03 3.58±0.38 6.42±0.04 

Acidity (%) 0.58±0.01 0.64±0.03 3.11±0.04 2.80±0.09 3.11 ±0.04 0.49±0.05 

Some research has reported moisture values between 70.9 % and 80 % for pineapple wastes 

(Vega-Castro et al., 2016) and an aw of 0.14 for freeze-dried pineapple pomace (Selani et 

al., 2014). Meanwhile, SIS reports moisture values between 3.3 and 8.32 % (Wang et al., 

2018) and aw values of 0.5 (Vásquez et al., 2017). An aw of 0.374 ± 0.01 was obtained in the 

SFS, which provides stability in the substrate. 

The wastes’ TSS are mainly comprised of sugars and a small proportion of acids, salts, and 

hydrosoluble components, which can serve as minor elements to improve the nutritional 

conditions of microorganisms used in the fermentation processes.  

Acidic pH values of FPP, FPC, PPP, PPC, and MCPP (3.5-3.7) may limit microbial growth 

in SFS because they reduce their metabolic capacities (Moumita et al., 2017). However, the 

presence of SIS allowed the final pH of the SFS to be increased and quickly adapt to the 

culture medium, which improved the fermentation conditions and its cellular reproduction 

(Idris and Suzana, 2006; Rolim et al., 2018). Studies have reported pH values of 4.03 

(ground pineapple peel); 4.5 (liquid pineapple extract) (Idris and Suzana, 2006; Difonzo et 

al., 2018); and 6.4 for SIS (Vásquez et al., 2017). Acidity values have been reported between 

0.11 and 2.01 % (citric acid) (Idris and Suzana, 2006, Selani et al., 2014). 

Elemental analysis and empirical formulas of MCPP, SIS, biomass Wc-MRS, and Wc-

SFS. Table 4 shows the results of the elemental analysis and the estimation of the empirical 

formulas and molecular weights of the MCPP, SIS, W. cibaria lyophilized biomass 
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reproduced in a commercial substrate (Wc-MRS), and W. cibaria lyophilized biomass 

reproduced in the pre-treated SFS (Wc-SFS). 

Table 4: Elemental analysis, empirical formulas, and molecular weights of the mixture of 

peels and powder cores (MCPP) for gold honey variety pineapple, SIS, and biomasses that 

are reproduced in MRS (Wc-MRS) and supplemented fermentation substrate (Wc-SFS). 

Element MCPP (%) SIS (%) Wc-MRS (%) Wc- SFS (%) 

C 38.91±0.45b 43.99±0.52a 38.62±0.67b 43.36±2.04a 

N2 2.03±0.06d 10.05±0.39a 9.24±0.16b 7.27±0.21c 

O2 51.65±0.90a 34.16±0.41b 33.11±0.37b 32.32±2.82b 

H2 6.11±0.23a 6.32±0.35a 6.66±0.75a 6.20±0.38a 

S 0.11±0.03c 0.64±0.05a 0.26±0.02b 0.33±0.03b 

Empirical formula CH1.87 ON0.04 
CH1.71 O0.58 

N0.20 
CH2.06 O0.64 N0.21 CH1.70 O0.56 N0.14 

Molecular weight 

(g mol-1) 
30.46 25.81 27.25 24.70 

Different letters for each row indicate a significant difference (𝑝 ≤ 0.05) 

Elemental analysis showed that there was a high concentration of C in MCPP and SIS, and 

higher concentration N2 in SSI (p ≤ 0.05); therefore, using them as fermentation substrates 

to produce biomass could be an effective alternative to substitute commercial substrates 

given that C and N2 are majority elements required for bacterial cell growth (Mensah and 

Twumasi, 2017, Cizeikiene et al., 2018). Additionally, SIS is an important source of 

peptides, essential amino acids, vitamins and minerals (Wang et al., 2018); and the mixture 

of SIS with MCPP represents a good source of carbohydrates and minerals.  

The H2 contents were of the same order of magnitude in all wastes assessed. The higher O2 

content in MCPP could be attributed to the higher presence of functional groups (OH and 

CHO for carbohydrates). However, the difference between the concentrations of H2 and O2 

is mainly due to their molecular weights (Ebbing and Gammon, 2016). S was the element 

that had the lowest concentration, and significant differences (p < 0.05) were exhibited 

among all wastes. SIS had a higher concentration, mainly due to the mineral content found 

in pineapple wastes (Table 1). 
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Furthermore, the elemental analyses performed on the microbial biomass obtained in Wc-

MRS and Wc-SFS allowed us to identify that the elemental composition of the lactic acid 

bacterium (W. cibaria) depends on the composition of the substrates used for cell growth. 

The most significant variations were found in the contents of C, O2, and N2. The N2 content 

of Wc-SFS < Wc-MRS was consistent with the resultant mass balance of the proportions of 

SIS and MCPP used. This is because the N2 quantified in the SFS is not fully available; it 

is, instead, immersed in the complex protein structures (Salmerón, Thomas, and Pandiella, 

2014).  

Equation 6 shows the coefficients of the estimated stoichiometric equation for biomass 

(YX/S) and LA (YP/S) production of W. cibaria. It uses MCPP and SIS as sources of C and 

N2. The coefficients were calculated from the empirical formulas. 

(Equation 6) 

 

The estimated values of the coefficients from mass balances were as follows:  

 1,267 = ; / 1,395x sY = ; / 0,872p sY = .  

The elemental analysis and stoichiometric equation were determined. Then, we estimated 

the relation between the pineapple and sacha inchi wastes that were to be used (MCPP:SIS) 

in the SFS, based on the total C+N2 of each waste. Table 5 shows the concentrations of C 

and N2 (g Lculture medium
-1) per 100g of MCPP and SIS as well as the contents of (C+N2) and 

the MPC:SIS ratio (C+N2). 

Table 5: Concentrations and ratios of C and N2 for 100 g of powdered mixture of peels with 

their gold honey variety pineapple core (MCPP), SIS, and a mixture of MCPP whit SIS 

Waste C (gL-1) N2 (gL-1) C:N2 (C+N2) 

MCPP 39.42 1.91 20.64 41.33 

SIS 46.54 11.41 4.08 57.95 

(MCPP+SIS) 85.96 13.32 6.45  

MCPP:SIS (C+N2) ------ ------ ------ 0.713:1.00 

1,87 0,04 1,71 0,58 0,20 / 2,06 0,64 0,21 / 2X S P SCH ON CH O N Y CH O N Y CH O+ → +
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Since the C:N2 ratio of fermentation substrates is specific to each microorganism, the high 

or low ratio of C:N2 will determine biomass and/or LA production (Zhang, Jin, and Kelly, 

2007). In the case of W. cibaria, this ratio was 0.713:1.00, which is because the SIS is richer 

in (C+N2) than the MCPP. The literature review did not report results on C:N2 ratios for the 

test materials. Ayeleru, Okonta, and Ntuli, (2018) reported a high C:N2 ratio (22.66) in 

substrates that had mixtures of food wastes for composting applications. For fermentation 

processes, this ratio is dependent on the type of microorganism and its metabolic needs 

(Vogel and Torado, 2014).  

The final formulation of SFS on the basis of 1 Lculture medium is shown in Table 6. It is 

important to emphasize that this formulation is specific for the growth and propagation of 

W. cibaria; however, it could be polyfunctional or extensive to other microorganisms using 

the same substrate. As such, we recommend performing an elemental analysis of the 

microorganism and recalculating the MCPP:SIS ratio.  

Table 6: Formulation of a supplemented fermentation substrate (SFS) based on 1 Lculture 

medium 

Compound Quantity (g) 

MCPP 41.33 

SIS 57.95 

C2H3NaO2 (Sodium acetate) 5.00 

C6H5O7
*2NH3 (di-ammonium hydrogen citrate) 2.00 

K2HPO4 (Dipotassium phosphate) 2.00 

MgSO4 (Magnesium Sulfate) 0.20 

Total 108.48 

Until now, no formulations of pineapple + sacha inchi substrates have been developed from 

elemental analysis. Other studies have evaluated the growth of W. confusa bacteria using 

substrates based on agricultural residues of sugar cane as sources of C (Serna and Rodríguez, 

2007) as well as guava and worm seed flours or earthworm flour as sources of N2 (Serna et 

al., 2013b; 2013c), but none of these studies reports the results as a function of the C:N2 

relationship. 
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Application of SFS as fermentation substrate 

Pre-treatments of the SFS. Fig. 1 shows the concentration kinetics for reducing sugars 

through the effect of SFS pre-treatments (T0, T1, T2, and T3) during the enzymatic 

hydrolysis process. Reducing sugars had statistically significant differences (p < 0.05) with 

respect to pre-treatment factor. T0 (control) showed a fluctuation in the concentration of 

reducing sugars (Fig 1), which could be explained by a possible inhibition of Cellic®CTec2 

(Novozyme) during the hydrolysis process, maybe due to the presence of proteolytic 

enzymes in the MCPP (Sepulveda et al., 2018).  

 

Different letters for each kinetic indicate a significant difference (𝑝 ≤ 0.05) 

Fig. 1 Kinetics of the concentration for reducing sugars in a supplemented fermentation 

substrate (SFS) and pre-treated: T0 (control), T1: homogenization (15000 rpm, time 5 min), 

T2: heating to boiling (1 min), and T3: T1+T2. All the treatments were enzymatically 

hydrolyzed. 

The reducing sugars experienced a slight increase during hydrolysis time with T1, which 

was mainly due to homogenization. Process that reduced the particle size and produced 

greater interaction of the enzyme with the substrate (Banerjee et al., 2017). The greatest 

increase of the concentration of reducing sugars over time was observed in T2 and T3. 

Significant differences were obtained between the treatments; there was a higher 

concentration of reducing sugars in T3. The enzyme acts with greater efficiency in T3 due 

to the combined effect of homogenization and heating until boiling; the later inhibits the 
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present proteolytic enzymes (Cizeikiene et al., 2018). In general, all treatments showed 

asymptotic behavior after 5 h of hydrolysis. Studies have reported that using techniques such 

as delignification and autohydrolysis in pineapple wastes make possible to increase the 

concentration of reducing sugars (Sepúlveda et al., 2018). In effect, when biological 

materials are used with complex compounds (lignocellulosic structures), pre-treatments are 

required to improve the availability of the macro and micronutrients contained within them 

(Hu et al., 2016). The results allowed us to define T3 as the best treatment. 

Reproduction kinetics of W. cibaria in two fermentation substrates (Wc-MRS and Wc-

SFS). Fig. 2 shows the biomass production kinetics of W. cibaria (g dry cell weight L-1) and 

LA (g L-1) in a control substrate (Wc-MRS) and Wc-SFS. Fig. 3 shows the viability kinetics 

for W. cibaria (Log CFU mL-1) in Wc-SFS, and Wc-MRS.  

The behaviors of the growth kinetics of Wc-SFS and Wc-MRS were similar during the 

adaptation, exponential, and stationary phases. However, ANOVA showed significant 

differences (p<0.05) in biomass production to the treatment factor in t = 8 h.  An increase 

in biomass production was observed over time during the exponential phase, reaching a 

maximum level at 10 h (Wc-SFS: 2.93±0.03 g L-1 and Wc-MRS: 3.52±0.05 g L-1). Finally, 

the stationary phase was observed from t = 10 h to t = 24 h. The maximum specific growth 

rate of W. cibaria was similar in both growth substrates: MRS (0.27 h-1) and SFS (0.26 h-1).  
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Fig. 2 Biomass production kinetics of W. cibaria and LA on MRS and SFS substrates. Wc-

MRS: W. cibaria reproduced in control substrate (MRS); Wc-SFS: W. cibaria reproduced 

in supplemented fermentation substrate (SFS); LA-MRS: concentration of lactic acid in 

MRS; LA-SFS: concentration lactic acid in SFS. 

Among the secondary fermentation products, LA's content is important for its commercial 

value. The production of LA in Wc-SFS and Wc-MRS presented significant differences 

(p<0.05) with respect to treatment There was a higher level of AL-MRS than LA-SFS; 

however, at 24 h of fermentation with Wc-SFS, a higher concentration was reached 

(48.6±0.04 g L-1), corresponding to 4 g L-1 more than obtained with the control substrate. 

Lignocellulosic biomass has generally been considered a biological material with high 

potential for LA production. The concentration of AL found in the present research was 

higher than those found by Probst et al. (2015) who reported 30 g L-1 of LA using biological 

residues fermented by their native microbiota.  

Concerning biomass production, our results are promising when compared with other 

investigations that uses strains of the same genus. Serna, Rengifo, and Rojas (2013c) 

obtained 1.47 g L-1 of AL with W. confusa using worm flour as a source of N2. Serna et al. 

(2010) obtained 3.07 g L-1 using milk supplemented with yeast extract as the source of N2 

and glucose as the source of C. 
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Fig. 3 Growth kinetics (viability) for W. cibaria on supplemented fermentation substrate 

(Wc-SFS) and control substrate (Wc-MRS) 

The viability kinetics had no significant differences (p<0.05) with respect to the type of 

substrate. In both substrates, the maximum viability was reached at 8 h.  

International regulations establish that the viability of LAB that are probiotic in character 

and can be potentially applied in functional foods should be greater than 106 CFU g-1 

(Bosnea et al., 2017). The results show that the biomass of Wc-SFS was very viable. Rolim 

et al. (2018) found a minor viability with W. cibaria 10M using a fermentation substrate 

based on orange juice, sucrose, and malt extract (5.4×108 CFU mL-1); this viability was 

lower than what was found in our research. Rizzello et al. (2019) using LAB reproduced in 

bean flour, obtained a viability of 8.4±0.4 and 9.5±0.1 Log CFU g-1. Finally, consumption 

of the C and N2 sources for Wc-SFS and Wc-MRS are shown in Table 7.  

Table 7: Consumption of C (%) and N2 (%) sources during fermentation processes with W. 

cibaria reproduced on MRS substrate (Wc-MRS) and on supplemented fermentation 

substrate (Wc-SFS) 

Time 

(h) 

Consumption of C (%) Consumption of N2 (FAN%) 

Wc-MRS Wc-SFS Wc-MRS Wc-SFS 

0 0 0 0 0 

2 10.94±0.03aa 1.69±0.02ba 8.93±0.11aa 3.03±0.06ba 

4 16.14±0.01ab 12.30±0.03bb 17.86±0.11ab 12.42±0.07bb 

6 27.35±0.09ac 22.83±0.01bc 32.14±0.04ac 30.±0.06bc 

8 31.73±0.01ad 25.94±0.01bd 42.86±0.04ad 48.18±0.04bd 

10 36.65±0.07ae 30.39±0.01be 51.79±0.07ae 60.91±0.04be 

12 39.11±0.09af 35.70±0.06bf 60.71±0.03af 73.03±0.03bf 

24 44.31±0.07ag 38,74±0.01bg 62.50±0.06ag 73.33±0.03bg 

Different letters for each row and different second letters for each column indicate a 

significant difference (𝑝 ≤ 0.05) 

Statistically significant differences were obtained in the consumption of C and N2 between 

substrates and fermentation time. The consumption rate of the two sources of macronutrients 

was recorded until W. cibaria reached the exponential phase. During the adaptation and 

growth phases, bacteria reproduced and used the highest nutrient content for cell metabolism 
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(Mensah and Twumasi, 2017), while, during the stationary phase, macronutrient 

consumption was reduced since the nutrients are only used for maintenance. There was 

higher consumption of C and N2 for Wc-SFS with respect to Wc-MRS. The composition of 

the substrates can explain these differences. Although MRS is a pure and compositionally 

enriched substrate, SFS is a substrate with structurally complex compounds and, therefore, 

simple compounds are not as frequently available (Dai and Huang, 2016).  

In general, LABs are nutritionally demanding since, for their reproduction, they need to 

supply the metabolism requirement using greater sources of C and N2 during the 

reproduction stage (exponential phase) (Hu et al., 2016). These elements may be depleted 

during the fermentation process, limiting cell growth (Vogel and Torado, 2014). This 

situation depends on the strain of bacteria used and the compositional content of the 

substrate. Salmerón et al. (2014) obtained different profiles of reducing sugars and FAN in 

barley, oats, and malt although with behaviors like those obtained in this research (Table 7). 

CONCLUSIONS 

The wastes of pineapple and Sacha inchi can be used (for their physicochemical and 

elemental properties, macronutrient and micronutrient content (mainly carbohydrates and 

proteins) to formulate a fermentation substrate, which is appropriate for growth of lactic acid 

bacteria such as W. cibaria. This manuscript is relevant as the scientific literature has not 

yet reported studies with a similar approach presented in this research. 

Applying combined pre-treatments (homogenization and heating to boiling) and enzymatic 

hydrolysis in a substrate formulated with pineapple and sacha inchi wastes increases the 

availability of reducing sugars and, therefore, improves the efficiency of the use of these 

wastes as fermentation substrates. Finally, it is recommended that future research evaluates 

the effectiveness of this substrate according to the fermentation operating conditions: pH, 

temperature, agitation, and aerobic and anaerobic environments. The latter is because the 

composition of the culture medium, the biomass concentration, and the production of 

metabolites constantly change due to the metabolism of the microorganisms. 
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ABSTRACT  

Agroindustrial wastes contain macronutrients and micronutrients essential for the 

reproduction of lactic acid bacteria. In this research, the reproduction of Weissella cibaria 

was experimentally optimized in a supplemented fermentation substrate (SFS) formulated 

from pineapple and sacha inchi wastes. Response surface methodology was used to evaluate 

the influence of the following independent variables: temperature (32–40 °C), pH (5.0–6.0), 

and stirring speed (SS) (100-150 rpm) on the following dependent variables: viability (Log10 

CFU mL-1), biomass production (BWc), lactic acid production (LA), biomass yield (YBwc/S), 

biomass volumetric productivity (VPWc), LA volumetric productivity (VPLA), carbon source 

consumption (CSC), N2 consumption (N2C), and specific growth rate (µ). The experimental 

optimization of multiple responses presented a desirability of 76.8 %, thus defining the 

independent variables of the process: temperature = 35.1 °C, pH = 5.0, and SS = 139.3 rpm; 

and the dependent variables: viability = 10.01 Log10 CFU mL-1, BWc = 2.9 g L-1, LA = 19.4 

g mL-1, YBwc/S = 43.9 g biomass/g CSC, VPWc = 0.49 g L-1 h-1, VPLA = 3.2 g L-1 h-1, CSC = 

17.2 %, N2C = 63.6 % and µ = 0.28 h-1. From these, viability, YBwc/S, CSC, N2C, and LA 

mailto:armicanquerc@unal.edu.co


44 Viability of Weissella cibaria during integrated fermentation and encapsulation 

processes using double emulsion followed by complex coacervation 

Título de la tesis o trabajo de investigación 

 

presented significant statistical differences, while the independent variable with the least 

important effect on the process was pH. Under optimal conditions of temperature, pH and 

SS; SFS favors the reproduction and viability of W. cibaria. This provides evidence of a 

sustainable alternative for producing of probiotics in the context of circular economy. 

Keywords: Weissella cibaria, biomass, Ananas comosus, Plukenetia volubilis, viability. 

INTRODUCTION 

Agroindustrial wastes are complex and easily decomposed structures; therefore, its 

accumulation generates environmental problems (Margallo et al., 2019; Singh, Kaur & 

Kennedy, 2019). In 2017, global waste from the food industry exceeded 1.300 million tons 

(Greses & Pejó, 2020). However, these residues are important sources of micro and 

macronutrients (minerals, vitamins, carbohydrates, lipids, and proteins) (Singh et al., 2019; 

Carpinelli et al., 2020) with great potential for recovery of bioactive compounds through 

biotechnological processes (hydrolysis, fermentation, extraction, concentration, 

purification, biocatalysis, among others) (Boulay, Haddad & Rul, 2020; Girelli, Astolfi & 

Scuto, 2020; Yusof et al., 2020). In agroindustrial waste, the high concentration of C and N2 

stands out, determining its potential use as a substrate for fermentation. Elements such as C 

and N2 are essential nutrients in the production of organic acids, bioactive peptides, 

bacteriocins, and probiotic reproduction (Girelli et al., 2020; Abdullah & Winaningsih, 

2020; Arrioja et al., 2020; Sepúlveda et al., 2020). 

In fermentation processes, commercial substrates represent between 40 and 70 % of the costs 

of the process, and some research highlights the challenges of more profitable and 

sustainable processes using agroindustrial waste (Ahmad, Banat & Taher, 2020). In 

addition, the composition of the substrate and the process conditions can improve or 

decrease the production of cellular biomass or other secondary metabolites with wide 

application in the food industry (organic acids, bacteriocins, exopolysaccharides) (Rolim, 

Hu & Gänzle, 2019; Ruiz et al., 2019; Yu et al., 2019). 

Agroindustrial wastes have been evaluated as fermentation substrates mainly for producing 

lactic acid (LA) because it is widely used in the food, chemical, medical and pharmaceutical 
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industries (Arrioja et al., 2020; Hassan et al., 2019). Regarding LA productivity, some 

authors report favorable results when conventional fermentation substrates are replaced by 

substrates formulated with organic C and N2 sources. In their review, Ahmad et al. (2020) 

highlighted the use of various organic substrates and food residues for the production of LA, 

such as cassava bagasse (2.74 g L−1 h−1), apple pulp (5.41 g L−1 h−1), and xylose fermented 

corn liquor (6.15 g L−1 h−1). For the production of bacterial biomass, the commercial 

substrate (MRS) has been principally used (Lakra et al., 2020). This type of substrate favors 

the metabolic efficiency represented by the specific growth rate, a property that determines 

the speed of reproduction and increase of cellular biomass in the fermentation kinetics. 

However, the high cost of commercial substrates reduces the profitability of the 

biotechnological process (Vázquez et al., 2008). 

On the other hand, the circular economy is a production and consumption model that 

involves minimizing the waste generated in production, and generate value-added products 

from such wastes (Greses & Pejó, 2020). Therefore, the use of agroindustrial waste as 

fermentation substrates has been relevant in the context of circular economy (Hassan et al., 

2019; Cizeikiene, Juodeikiene & Damasius, 2018; Serna, Mera &Angulo, 2013). 

One of the largest waste-generating agrochains is the pineapple transformation industry 

since most of the primary production is destined for the generation of products such as 

juices, concentrates, jams, salads, preserves, jellies, cakes, among others (Selani et al., 2014; 

Sepúlveda et al., 2018). Processing processes generate production residues that represent 50 

% of the total weight: crown, epicarp, and cores (Sepúlveda et al., 2018; Micanquer, Cortés, 

Serna, 2020). These wastes are characterized by their high fiber and sugar content, as well 

as their minerals and to a lesser contain vitamins (Seguí & Maupoey, 2018). Similarly, the 

sacha inchi seed oil extraction industry generates a cake byproduct that represents between 

60 and 75 % of the total weight of the seed. It is also characterized as an important source 

of protein (> 50 %) (Chirinos et al., 2021), in addition to carbohydrates, fats, fibers, and 

minerals (Vásquez et al., 2017; Wang, Zhu & Kakuda, 2018). In this sense, pineapple and 

sacha inchi wastes could be used as fermentation substrates, and they would have 

environmental impacts and positive contributions to the circular economy model in the 
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pineapple production chain (Greses & Pejó, 2020; Cizeikiene et al., 2018; Khedkar et al., 

2017). 

Lactic acid bacteria (LAB) are mostly represented within the genera Lactobacillus, 

Bifidobacterium, Streptococcus, and Weissella (Batista et al., 2015). One of the most recent 

genera is the genus Weissella, highlighting the Weissella cibaria species. This LAB is of 

great interest for the following reasons: i) its high capacity to produce exopolysaccharides 

with applications in the food industry (Yu et al., 2019; Lakra et al., 2020); ii) its high 

potential to reduce cholesterol (López-Hernández et al., 2018); iii) its antimicrobial activity 

against Gram (+) bacteria (Staphylococcus aureus, Streptococcus agalactiae, Listeria 

monocytogenes) and Gram (-) bacteria (Escherichia coli and Klebsiella pneumoniae) 

(García et al., 2017; Serna & Pabón, 2016); iv) its excellent adaptation to low pH 

environments, due to its ability to survive in the gastrointestinal tract (Yu et al., 2019; Lakra 

et al., 2020); and v) its high adhesion capacity to intestinal epithelial cells (Yu et al., 2019; 

Serna, Pabón & Giraldo, 2019). 

In previous studies by Micanquer-Carlosama et al. (2020) pineapple epicarps and cores and 

the sacha inchi cake are reported as sources of C and N2 in the formulation of a fermentation 

substrate used for the reproduction of Weissella cibaria. In this context, the objective of this 

research was to optimize the reproduction of probiotic (W. cibaria) as a function of the 

independent variables pH, temperature (T) and stirring speed (SS), using the substrate 

formulated in previous studies from the pineapple wastes and the sacha inchi cake. 

Therefore, an experimental design was worked using response surface methodology, to 

obtain the combination of optimal process conditions that allow greater performance and 

better viability of the bacteria.  

MATERIALS AND METHODS  

Fermentation substrate 

A supplemented fermentation substrate (SFS) was formulated from a mixture of powdered 

residues. The total formulation included epicarps and cores of gold honey variety pineapple 

(Ananas comosus) (41.33 %), the by-product of the sacha inchi oil extraction process 
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(Plukenetia volubilis) (57.95 %), and mineral salts (C2H3NaO2 = 5.0 %, C6H5O7*2NH3 = 2.0 

%, K2HPO4 = 2.0 % and MgSO4 = 0.2 %), which were obtained from previous research by 

Micanquer-Carlosama et al, (2020). 

Activation and reproduction of W. cibaria in the SFS 

A W. cibaria strain from the Strain Bank of the Biotechnology Institute of the National 

University of Colombia (IBUN Strain and Genes Bank 090 – 03684; AN: KU132362) was 

used. The purity of W. cibaria in the strain bank is confirmed by the following tests: the 

ability to assimilate aniline blue, morphology by Gram stain, biochemical confirmation by 

API 50 CHL kit, and effectiveness in antimicrobial activity. The bacteria was activated 

following the methodology described by Micanquer-Carlosama et al.(2020) and its 

reproduction in the SFS was optimized by evaluating the process conditions (pH, T, and 

SS). The optimization was performed through discontinuous fermentation in 600 mL 

batches, using a 1 L capacity reactor (BioFlo® / CelliGen® 115, Germany).  

Fermentation kinetic parameters with W. cibaria 

20 mL of fermentation product were taken at 0, 2, 4, 6, 8, 10, 12, and 24 h (0 corresponded 

to the initial conditions of the substrate). Viability (CFU mL-1) was measured by plate 

seeding in-depth. Samples of 1 ml of the fermentation product were taken and processed by 

serial dilution and the incubation conditions were 36 °C for 48 h (Serna & Pabón, 2016). 

The remaining volume was centrifuged at 4508 g for 10 min at 4 °C (Eppendorf centrifuge 

5804 R, Germany), and the supernatant was separated from the precipitate. The supernatant 

was filtered (0.45 μm cellulose filter) and used to measure: concentration of reducing sugars 

(g L-1) by the 3.5-dinitrosalicylic acid methodology (Miller, 1959). The N2 concentration 

and LA production (g L-1) were measured by the method of free amino nitrogen (FAN) (g 

L-1) (Eq. 1) and by reflectometry (Reflectoquant Merck - RQflex Plus 10, Germany), 

respectively (Valencia et al., 2021). The precipitate was used to determine biomass 

production of W. cibaria (BWc), which was expressed as g of dry biomass (105 °C, time 5 h) 

per L of fermented sample (g L-1). Biomass yield (YBwc/S) (g dry biomass / g CSC), 

volumetric biomass productivity (VPWc) (g L-1 h-1), carbon source consumption (CSC) (%), 
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N2 source consumption (N2C) (%), and volumetric productivity of LA (VPLA) (g L-1 h-1) 

were calculated using Eqs. 2, 3, 4, 5, and 6, respectively. 

𝑭𝑨𝑵 =
𝒎𝑳 𝑵𝒂𝑶𝑯 𝟎.𝟏𝑵∗𝟏.𝟒∗𝟏𝟎𝟎𝟎

𝒎𝑳 𝒐𝒇 𝒔𝒂𝒎𝒑𝒍𝒆
 (mgL-1) [Equation 1] 𝑪𝑺𝑪 =

(𝑺𝒐−𝑺)

𝑺𝒐
∗ 𝟏𝟎𝟎     (%)       [Equation 4] 

𝒀𝑩𝒘𝒄/𝑺 =
𝑩𝑾𝒄−𝑩𝑾𝒄𝟎

𝑺𝒐−𝑺
     (g g-1)               [Equation 2]    𝑵𝟐𝑪 =

(𝐹𝐴𝑁𝑜−𝐹𝐴𝑁) 

𝐹𝐴𝑁𝑜
∗ 100  (%) [Equation 5] 

𝑽𝑷𝒘𝒄 =
𝑴𝑩𝑾𝒄

𝑽𝑻 ∗ 𝒕
        (gL-1h-1)                 [Equation 3] 𝑽𝑷𝑳𝑨 =

𝐿𝐴

𝑉𝑇 ∗ 𝑡
∗ 100   (gL-1h-1)   [Equation 6] 

FAN0 and FAN are the free nitrogen concentrations at the initial time and at each sampling 

time, respectively. MBWc: maximum biomass production. VT: working volume in the 

reactor. t: fermentation time. 

Experimental design and statistical analysis 

Response surface methodology was used with a central composite design –face centered (α 

= 1) (15 experiments), depending on the following independent variables: pH (5.0 - 6.0), T 

(32 – 40 °C), and SS (100 - 150 rpm); and the dependent variables: viability, BWc, YBwc/S, 

VPWc, CSC, N2C, µ, LA, and VPLA. The results were analyzed using the analysis of variance 

(ANOVA) with a significance level of 5 % obtained from the Statgraphics software (version 

XVII. II). The experimental data of the dependent variables are reported as the mean value 

 standard deviation. These were obtained from triplicate measurements for each experiment 

and adjusted to a 2nd order polynomial model (Eq. 7); where, Y are the dependent variables, 

β0 is a constant; βi βii βij, correspond to the regression coefficients, and Xi and Xj represent 

the independent variables. 

𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑋𝑖 + ∑ 𝛽𝑖𝑖𝑋𝑖
2 +3

𝑖=1 ∑  ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗
3
𝑖<𝑗=1

3
𝑖=1             [Equation 7] 

An experimental optimization of multiple responses to the fermentation process was carried 

out. The analysis considered the results of the ANOVA and criteria, weights, and impacts 

of the dependent variables. These optimum parameters favored the production and viability 

of W. cibaria biomass, and the relative mean error (RME) was used to assess the accuracy 

of the mathematical model. 
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Specific growth rate of W. cibaria 

The specific growth rate () (h-1) was calculated for each of the design experiments, 

considering the exponential phase (time: 0 → 10 h). This parameter was determined using a 

model of order 1 (Eq. 8) (Specific growth rate– linear model → 1 h
-1) and the model 

adjusted by the logistic equation (Eq. 9) (Specific growth rate– logistic equation → 2 h
-1) 

(Vázquez et al., 2008). These values were compared with the experimental value obtained 

at the optimal condition. 

𝐥𝐧 𝑩𝑾𝒄 = µ𝟏𝒕 + 𝐥𝐧 𝑩𝑾𝒄𝟎                              [Equation 8] 

𝐝𝐁𝐖𝐜

𝐝𝐭
= µ𝟐𝐁𝐖𝐜 [𝟏 −

𝐁𝐖𝐜

𝐌𝐁𝐖𝐜
] → 𝐁𝐖𝐜 =

𝐌𝐁𝐖𝐜

[𝟏+(
𝐌𝐁𝐖𝐜−𝐁𝐖𝐜𝟎

𝐁𝐖𝐜𝟎
)𝐞−µ𝟐𝐭]

           [Equation 9] 

Morphology of W. cibaria biomass 

 

The morphological characterization of W. cibaria biomass was performed by means optical 

microscopy (Leica ICC50 W, Switzerland) for wet biomass with Gram staining and in 

Scanning Electron Microscope (JSM-5910LV. JEOL) for dry biomass (Da Silva et al., 

2019). The biomass was obtained as a product of the fermentation process with the optimal 

experimental condition, using a supplemented fermentation substrate (SFS).  

RESULTS AND DISCUSSION 

Fermentation kinetic parameters with W. cibaria 

Table 1 shows the dependent variables (viability, BWc, YX/S, VPWc, CSC, N2C, LA and VPLA) 

as a function of the independent variables (pH, T, and SS) during the fermentation kinetics 

of W. cibaria. Table 2 presents the p-values of the dependent variables produced by the 

response surface design. Fig. 1, 2, 3, and 4 show the surface and volume response graphs of 

viability, BWc, YX/S, CSC, N2C, and LA, respectively with respect to the effects of the 

independent variables. 
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Table 1: Fermentation kinetic parameters of W. cibaria in substrate formulated with 

agroindustrial wastes (parameters measured at 10 h of fermentation) 

Independent Variables 
Dependent Variables 

Weissella cibaria LA 

Run pH 
T 

(°C) 

SS 

(rpm) 

Viability  

(Log10 

CFUmL-1) 

BWc  

(gL-1) 
YX/S 

VPWc  

(gL-

1h-1) 

CSC 

(%) 

N2C 

(%) 

LA  

(gL-1) 

VPLA  

(gL-

1h-1) 

1 5.0 32 100 9.49±0.04 1.99±0.09 66.52 0.33 2.20±0.14 72.97±1.35 14.40±0.56 2.40 

2 6.0 32 150 9.88±0.01 2.10±0.07 26.11 0.35 9.77±0.16 51.35±0.84 22.80±0.56 3.80 

3 6.0 40 100 9.71±0.04 2.25±0.05 57.50 0.37 3.31±0.05 61.11±1.39 23.40±0.46 3.90 

4 5.5 40 125 9.54±0.03 2.65±0.07 27.40 0.44 7.28±0.18 67.57±0.77 20.60±0.98 3.43 

5 5.5 36 125 9.72±0.05 2.80±0.04 17.24 0.47 14.32±0.57 70.27±0.70 18.30±0.40 3.05 

6 5.0 36 125 9.82±0.05 3.31±0.04 52.90 0.55 5.59±0.35 66.67±0.44 25.40±0.70 4.23 

7 5.5 36 125 9.99±0.02 2.86±0.05 14.11 0.48 18.53±0.46 67.57±1.07 24.20±0.46 4.03 

8 5.5 36 125 10.08±0.02 2.83±0.04 26.87 0.47 8.22±0.16 68.42±0.61 20.30±0.46 3.38 

9 5.5 36 150 9.90±0.02 2.68±0.03 6.78 0.45 25.37±2.51 65.79±1.36 19.10±0.66 3.18 

10 5.5 36 125 10.02±0.2 2.91±0.01 20.32 0.48 15.26±0.55 67.57±0.76 19.30±0.62 3.22 

11 6.0 36 125 9.68±0.04 3.20±0.10 71.38 0.53 4.39±0.09 70.59±0.96 23.40±0.56 3.90 

12 5.5 36 100 9.87±0.01 3.47±0.08 16.40 0,58 16.73±0.34 68.57±0.87 44.50±1.50 7.42 

13 5.0 40 150 9.43±0.04 2.69±0.05 5.87 0.45 38.20±1.82 60.53±2.79 19.50±0.66 3.25 

14 5.5 32 125 9.98±0.02 3.26±0.05 50.43 0.54 15.26±0.65 68.42±1.34 37.50±0.52 6.25 

15 5.5 36 125 9.99±0.02 2.79±0.08 11.48 0.46 18.40±0.77 67.57±0.97 20.30±0.50 3.38 

 

Table 2: P values of the ANOVA corresponding to the kinetic parameters of fermentation 

of W. cibaria by effects of temperature (T), pH, and stirring speed (SS) 

* Significant for p <0.05 

The viability of W. cibaria varied between 9.43 and 10.08 Log10 (CFU mL-1), and the 

ANOVA showed significant differences (p < 0.05) with respect to the T and the linear T-

SS interaction. A decrease in viability (blue zone) of the order of 0.6 Log10 (CFU mL-1) is 

Dependent  

variables  
Log10 CFU mL-1 

BWc  

(gL-1) 
YX/S 

VPWc  

(g L-1h-1) 

CSC 

(%) 

N2C 

 (%) 

LA 

(gL-1) 

pH 0.396 0.840 0.319 0.842 0.845 0.209 0.834 

T 0.026* 0.304 0.227 0.306 0.228 0.766 0.114 

SS 0.617 0.205 0.590 0.207 0.197 0.353 0.032* 

pH2 0.044* 0.803 0.008* 0.808 0.027* 0.216 0.268 

pH - T --- 0.170 0.136 0.171 0.137 0.055 0.049* 

pH - SS 0.132 0.176 0.698 0.177 0.024* 0.889 0.128 

T2 0.053 0.189 0.344 0.189 0.563 0.109 --- 

T - SS 0.043* 0.942 0.557 0.938 0.140 0.008* 0.494 

SS2 --- 0.358 0.043* 0.357 0.023* 0.046* 0.496 
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observed in the response volume graph when T increases (mainly between 38 and 40 °C), 

which is attributed to the effect of heat stress on the bacteria (Suo et al., 2021). 

 

Fig. 1 Response surface and volume plots of viability of W. cibaria (Log10 CFU mL-1) as a 

function of the independent variables (T, pH, and SS) during the fermentation process 

In general, W. cibaria presented better viability when the system was operated at low 

temperatures (32 – 36 °C), higher SS (130 - 150 rpm), and pH between 5.0 - 5.8. In relation 

to the T-SS interaction, two areas of importance were identified in the response surface 

graph when the system was operated at higher SS (140 - 150 rpm): zone 1) higher viability 

at low T (32 – 34 °C) and zone 2) higher lethality at high T (38 – 40 °C). The presence of 

the two zones was due to the lower or higher thermal stress generated. Zone 1 favored the 

reproduction of W. cibaria, which is attributed to mechanical stress caused by agitation and 

low T. These conditions induce greater metabolic activity of bacterial cells and, 

consequently, greater resistance to lethality.  

The above is explained because W. cibaria is a facultative anaerobic bacterium that adapts 

to the presence of O2 without altering its reproduction (Suo et al., 2021; Wang et al., 2020). 

Furthermore, this behavior is affected by the quadratic interaction of the system's pH. 

Interaction indicating curvilinear behavior provide both less and greater favorability in 

different conditions of T and SS. This is attributed to the fact that LAB are characterized by 

their easy adaptation to acidic conditions and wide versatility in diverse temperatures (25 – 

50 °C) (Ruiz et al., 2019; Lakra et al., 2020). Similar results were reported by both Lakra et 

al (2020), using Weissella confusa MD1 and MD2 (10.34 - 10.39 Log10 CFU mL-1) with 

commercial MRS substrate, and by Zannini et al. (2018) using W. cibaria MG1 (1.31×10 9 

CFU mL-1) with whole quinoa milk substrate. Lower viability was reported by López-



52 Viability of Weissella cibaria during integrated fermentation and encapsulation 

processes using double emulsion followed by complex coacervation 

Título de la tesis o trabajo de investigación 

 

Hernández et al. (2018) when using W. cibaria 3LA (7.50 - 7.75 Log CFU mL-1), W. confusa 

L9 (7.69 – 8.66 Log CFU mL-1), W. confusa L17 (7.33 – 7.84 Log CFU mL-1), and W. 

confusa Snc40 k (7.34 – 7.94 Log CFU mL-1) with commercial MRS fermentation as the 

substrate added with xylan as a source of carbon. 

 

Fig. 2 Response surface graph: A: biomass yield (YBwc/S). Response volume graphs: B1: 

Biomass production (BWc) and B2: Biomass yield (YBwc/S) of W. cibaria as a function of 

the independent variables (T, pH, and SS) during the fermentation process 

 

The production of BWc presented values that fluctuated between 1.99 and 3.47 g L-1. The 

ANOVA did not show significant differences (p<0.05) in the production of BWc with respect 

to the independent variables (T, SS, and pH) or their interactions, showing a homogeneous 

behavior (green and yellow-green areas) mainly in the ranges between 2.0 and 3.0 g L-1. 

This situation indicates that W. cibaria adapted and effectively assimilated the nutrients from 

the SFS based on pineapple, sacha inchi, and minerals (in the evaluated ranges of the 

independent variables). The availability of nutrients in SFS favors the cell growth of W. 

cibaria (Yusof et al., 2020; Abdullah & Winaningsih, 2020; Wang et al., 2018) and the 

generation of secondary metabolites (Arrioja et al., 2020). In addition, the enzymatic 

hydrolysis process applied to the substrate allows for increasing the content of disaccharides 

and monosaccharides (Micanquer-Carlosama et al., 2020), compounds easily metabolized 

by LAB during fermentation (Hassan et al., 2019; Cizeikiene et al., 2018). LAB such as W. 

cibaria are nutritionally demanding microorganisms. Therefore, the substrates used for their 

growth must be a source of the main macronutrients (C and N2) and micronutrients (vitamins 

and minerals), which are essential in fermentation processes (Cizeikiene et al., 2018; 

Khedkar et al., 2017). The results obtained in the present investigation were superior to those 

reported by Ma et al. (2019) using W. paramesentedamientos JT13 and commercial 
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fermentation substrate (MRS) (1.17 g L-1), as well as those obtained by Serna-Cock et al. 

(2013b), when using W. confusa and a worm meal-based substrate as a source of N2 (1.47 g 

L-1). The YBwc/S presented significant differences (p<0.05) with respect to the pH-pH and 

SS-SS interactions, and high variability fluctuating between 5.87 and 66.52 g g-1. The 

quadratic interactions show the curvature of the response surface graphs, obtaining the 

highest YBwc/S at extreme pH (5.0 and 6.0) values and intermediate SS (120 rpm) values (Fig. 

2). 

CSC presented statistical differences (p<0.05) with the pH-SS, pH-pH and SS-SS 

interactions, and the CSC fluctuated between 2.2 - 38.2 %. These interactions show a 

curvature of the response surface graphs, where the lowest CSC consumption was found 

between pH 5.0 - 5.2 and SS 100 - 110 rpm, and the highest consumption was between pH 

5.0 - 5.2 and SS 140 - 150 rpm (Fig. 3). The low CSC is attributed to the fact that it takes 

two routes during the process. In one case, it is a nutrient or energy source for cell 

construction during the reproduction of W. cibaria (Serna & Pabón, 2016), and in another, 

it goes to the production of LA (Carpinelli et al., 2020; Cizeikiene et al., 2018). Generally, 

CSC is progressive during fermentation kinetics (Hu et al., 2016), and it could even run out 

at the end of the process. However, the low CSC in this research is attributed, firstly, to the 

greater depletion of N2 that limits the continuity of cellular reproduction; and, secondly, to 

the complex molecular structure of SFS. This is rationalized given that pineapple wastes and 

sacha inchi residues have high fiber and protein contents, respectively (Seguí & Maupoey, 

2018; Wang et al., 2018). Indeed, a greater use of the lignocellulosic material can be 

achieved through the application of pretreatments (homogenization or thermal and 

enzymatic hydrolysis) (Micanquer-Carlosama et al., 2020). 
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Fig. 3 Response surface and volume plots: C source consumption (CSC) and N2 

consumption (N2C) of W. cibaria as a function of the independent variables (T, pH, and 

SS) during the fermentation process by effects of T, pH, and SS 

Serna et al. (2010) and Serna-Cock et al. (2013a) evaluated the CSC in W. cibaria and found 

that the lower or higher CSC depends on the type of substrate used. Therefore, the presence 

of macro and micronutrients favors its metabolic capacity. On the other hand, various 

researchers have shown the progressive consumption of the C source in different 

applications: W. cibaria in commercial MRS substrate (Micanquer-Carlosama et al., 2020); 

W. cibaria MG1 in maltose and sucrose substrate (Zannini et al., 2018); B. coagulans on 

glucose and fructose substrate (Alexandri et al., 2020); L. crustorum W19 and L. 

sanfranciscensis MR29 on wheat straw hydrolyzate substrate (Cizeikiene et al., 2018), 

among others. 

On the other hand, the T-SS interaction and the quadratic S-S interaction affected the N2C 

variable. The response surface plot shows a large area where N2C becomes higher (blue 

area) (70 – 73 %) (Fig. 3). This is consistent with the behavior of the high viability of the 

microorganism, which varied only by 1 Log unit. These results confirm that the bacterium 

W. cibaria easily adapts to the evaluated process conditions. It efficiently assimilates and 

metabolizes the N2 source, which is an essential macronutrient for its cellular structure 

(Boulay et al., 2020). 

The supply of essential nutrients in the fermentation substrate is important for cell 

reproduction. The cell cycle of bacteria depends on the composition of the substrate, 

concentration of available nutrients, process conditions, and physical conditions such as pH, 

T and SS, among others (Ruiz et al., 2019; Suo et al., 2021; Wang et al., 2020). The limiting 

nutrient source of the fermentation process was N2, since this macronutrient was depleted 

first (73.0 %) in relation to the C source (38.2 %). This greater depletion of N2 compared to 

C could have occurred for two reasons: 1) high demand for N2 in the bacterial cell 

metabolism because LAB use the protein content for the formation of the cell membrane 

and for cell growth (Boulay et al., 2020; Ruiz et al., 2019); and 2) W. cibaria adapted to a 

new substrate with specific compositional characteristics for its reproduction (Yusof et al., 
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2020; Wang et al., 2018). In the SFS, the protein content was provided by the sacha inchi, 

and the sugar content was provided by the two residues, pineapple and sacha inchi. 

Regarding LA, the pH-T and SS interaction significantly influenced LA, fluctuating their 

mean values between 14.40 and 44.50 g L-1, corresponding to a VPLA of 2.4 and 7.42 g L-1 

h-1, respectively. 

 

Fig. 4 Response surface and volume plots of the production of LA (g L-1) as a function of 

the independent variables (T, pH, and SS) during the fermentation process with W. cibaria 

The response volume graph identifies the process conditions with the highest production of 

LA: T (32 – 36 °C), SS (100 - 110 rpm), and pH (5.4 - 6.0) (Fig. 4). This area corresponds 

to the conditions with the highest production of BWc, showing that cell growth is proportional 

to the production of LA (Cizeikiene et al., 2018). The above is explained because W. cibaria 

is a heterofermentative LAB, a characteristic that favors the production of various secondary 

metabolites (LA, propionate, butyrate, and acetate, among others) (Yu et al., 2019). LA 

production was favored in the present investigation and under the process conditions 

evaluated (44.5 g L-1). The results obtained are higher than the LA concentration reported 

by several authors: Serna-Cock et al. (2013b) using W. confusa in substrates based on worm 

meal and commercial substrate MRS (4.79 and 4.33 g L-1, respectively); Zannini et al. 

(2018) reporting LA = 7.46 g L-1 with W. cibaria MG1 using a substrate based on quinoa 

flour; and Cizeikiene et al. (2018), who obtained 0.96 - 4.94 g L-1 for different LAB using 

hydrolyzed wheat straw as substrate. Other authors reported 0.89 g L-1 for W. cibaria 

WC018 and 10.79 g L-1 with mixed culture of W. cibaria WC018 + L. plantarum LP067 

using commercial MRS (Xiang et al., 2020). Other investigations obtained higher 

concentrations of LA (54.97 g L-1) using L. delbrueckii and pineapple residues supplemented 

with N2 as fermentation substrates (Abdullah et al., 2020). 
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Experimental optimization of multiple responses 

Table 3 presents the regression coefficients of the 2nd order polynomial models of the 

dependent variables (viability, BWc, YBwc/S, VPWc, CSC, N2C and LA) and their respective 

R2 values. Table 4 presents the criteria, weights, and impacts established in the experimental 

optimization of multiple responses during the fermentation process of W. cibaria. In 

addition, the theoretical values were predicted by the mathematical and experimental models 

obtained from 3 replicates at the optimal conditions of the independent variables. The RME 

was determined in order to validate the results of the mathematical models. 

Table 3: Regression coefficients of the mathematical model and R2 of the dependent 

variables (viability, BWc, YX/S, VPWc, CSC, N2C, and LA) in the reproduction of W. cibaria  

 

Table 4. Experimental optimization of multiple responses in the fermentation process with 

W. cibaria 

Dependent 

variables 
Criteria Weight Impact 

Theoretical 

Optimum 

Experimental 

Optimal 

RME 

(%) 

Viabilidad 

(Log10 CFU) 
Maximize 1.0 5 10.03 10.07±0.05 0.39 

BWc (gL-1) Maximize 1.0 5 2.96 3.16±0.19 6.33 

YX/S  38,63 0.3 1 45,16 25.38±0.11 77.93 

 VPWc (gL-1h-1) Maximize 0.9 4 0.49 0.53±0.03 7.55 

CSC (%) Minimize 0.6 3.0 16.95 45.60±0.04 62.83 

N2C (%) Minimize 0.6 3.0 63.57 63.46±1.82 0.17 

LA (gL-1) Minimize 0.8 4.0 19.23 20.66±1.27 6.92 

VPLA (gL-1h-1) Minimize 0.8 4.0 3.20 3.44±0.21 6.98 

Regression 

coefficient 

Log10 

CFU mL-

1 

BWc 

(gL-1) 
YX/S 

VPWc  

(g L-1h-

1) 

CSC (%) 
N2C 

(%) 

LA 

(gL-1) 

Constant -39.48 -114.49 5768.34 -19.04 -1806.63 339.37 -2413.11 

pH 8.68 17.43 -1624.57 2.89 571.51 0.59 549.86 

T 0.94 2.97 -95.28 0.50 15.62 -10.15 41.00 

SS 0.16 0.30 7.22 0.05 -0.35 -1.51 4.20 

pH2 -0.65 -0.25 123.41 -0.04 -31.42 -6.73 -18.57 

pH – T --- -0.27 9.10 -0.04 -3.15 2.08 -6.91 

pH – SS -0.01 -0.04 -0.34 -0.01 -0.91 0.02 -0.79 

T2 -0.01 -0.02 0.48 0.00 -0.10 -0.14 --- 

T – SS 0.00 0.00 0.06 0.00 0.06 0.07 -0.04 

SS2 --- 0.00 -0.03 0.00 0.01 -0.01 0.00 

R2 84.94 71.91 89.89 71.86 93.38 95.18 69.89 
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The R2 values showed a good acceptable fit of the mathematical models (R2 ≥ 85 %) for the 

dependent variables Log10 CFU, YX/S, CSC, and N2C, while the variables BWc, VPWc, LA, 

and VPLA presented acceptable regression adjustments (R2  70 – 72 %). This lack of 

adjustment is due to the low influence of the values evaluated in pH, T, and SS on the 

variables BWc, VPWc, LA, and VPLA. On the other hand, it is highlighted that the models 

adequately to describe the behavior of the results found. All the variables presented a random 

distribution of the residuals, which ensures that the data can be parameterized according to 

a normal distribution. 

The experimental optimization defined the independent variables as follows: pH = 5.0, T = 

35.1°C, and SS = 139.3 rpm, which reached a desirability value of 76.8 % according to the 

results obtained in the design and the criteria defined. For most of the dependent variables, 

the RME values were less than 7.5 %, which revalidates the values obtained at the optimal 

process conditions. The degree of deviation presented in the CSC is highlighted (62.83 %) 

(experimental value > value predicted by the model), and a lower YX/S (RME = 77.93 %) 

was attributed to the curvilinear behavior of the surface responses (significant effects with 

the quadratic interactions of pH and SS) that affected the RME. Despite the specific 

difference, the experimental value obtained in the CSC contributed to better production and 

viability of W. cibaria produced in the SFS. 

Specific growth rate () 

Table 5 presents the experimental and theoretical  values of W. cibaria obtained from the 

production kinetics of BWc for each evaluated experiment. In addition, it presents the 

adjusted R2 coefficients according to the order 1 and logistic models. 
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Table 5: Results of experimental and theoretical µ, and the real and adjusted R2 

coefficients of the growth kinetics of W. cibaria 

Variable 
        Run       

T1 T2 T3 T4 5 6 7 8 9 10 11 12 13 14 15 

1 (h-1) 0.23 0.23 0.25 0.26 0.28 0.29 0.27 0.27 0.27 0.27 0.30 0.29 0.27 0.28 0.26 

2 (h-1) 0.16 0.16 0.18 0.19 0.21 0.22 0.20 0.20 0.20 0.21 0.22 0.22 0.20 0.21 0.20 

R2
order1 0.90 0.85 0.95 0.93 0.92 0.95 0.91 0.88 0.94 0.90 0.91 0.92 0.94 0.91 0.86 

R2
LE  0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 

Note: Experiments 5, 7, 8, 10 and 15 are replicates obtained under the same fermentation process 

conditions. R2
order1: Regression coefficient - linear model and R2

LE: Regression coefficient - logistic 

equation. 

The 1 values of W. cibaria in the SFS were higher in all cases (0.23 - 0.30 h-1) compared 

to 2 (0.16 - 0.22 h-1). However, the logistic model presented a better regression fit for the 

estimate of µ for W. cibaria reproduced in the SFS, where the R2 values were 0.99 in all 

cases. In the model of order 1, the estimate of 1 fluctuated between 0.85 and 0.95. Similar 

results of  have been reported by Serna-Cock et al. (2013b) (0.28 h-1) and by Micanquer-

Carlosama et al. (2020) (0.27 h-1) using the same bacteria and worm meal supplemented 

with yeast extract and MRS respectively. In another investigation, Serna-Cock et al. (2013a) 

reported higher values of  (0.32 and 0.35 h-1) with W. confusa reproduced on glucose 

supplemented with guava seed flour and MRS, respectively. 

Fig. 5 presents the kinetic behavior of BWc production (t = 0 → 48 h) at the optimal process 

conditions.  

 
Fig. 5 Kinetics of biomass production (BWc) obtained at the optimal experimental condition, using 

a supplemented fermentation substrate (SFS) 
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In general, the growth kinetics behavior defines the adaptation, exponential, stationary, and 

cell death phases, allowing for determining the highest production intervals of BWc and 

obtaining the primary product or other secondary metabolites as a result of bacteria 

fermentation metabolism (Suo et al., 2021; Wang et al., 2020). 

The behavior of the growth kinetics of W. cibaria obtained under the optimal process 

conditions was similar to the kinetics obtained when the commercial substrate (MRS) was 

used. Although, an adaptation phase was absent (Fig. 5), indicating the easy and rapid 

adaptation of W. cibaria in the SFS. This is attributed to the previous adaptation that the 

bacteria had in the preparation phase for the fermentation inoculum. Furthermore, the 

optimal process conditions allowed for improved cell production (3.16 ± 0.19 g L-1) 

compared when SFS was used in reference conditions (T = 36 °C, pH = 6, SS = 100 rpm) 

(2.93 ± 0.03 g L-1) (Micanquer-Carlosama et al., 2020). This highest cell growth occurred 

during the exponential phase (10 h). Next, an asymptotic behavior was identified, and this 

defined the stationary phase and a BWc corresponding to 3.13 ± 0.05 (g L-1). The easy 

adaptation of W. cibaria in SFS is attributed to the fact that the substrate was specifically 

formulated to meet the nutritional requirements (macronutrients and micronutrients of W. 

cibaria). 

On the other hand, the evaluation of the  obtained to the optimal experimental condition 

and using the order 1 and logistic models, presented the following results: 1 = 0.24 h-1 and 

2 = 0.28 h-1, behavior similar to that described for all experiments (1 > 2). Additionally, 

the assessment of the R2 for the two models reported values of 0.90 and 0.99, respectively. 

These values were similar to those achieved for the 15 treatments in the statistical design, 

which guarantees an acceptable prediction of the model of order 1 and excellent in the 

logistic model. 
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Morphology of W. cibaria biomass 

||    

Fig. 6 A) Micrograph in wet biomass of W. cibaria using optical microscopy at 100× 

magnification. B) Micrograph in dry biomass of W. cibaria using scanning electron 

microscopy (10kV, 8000×). 

The product of the fermentation process consists of W. cibaria biomass and SFS (Fig. 5). 

Before using the strain, its purity is checked by the following tests: 1) ability to assimilate 

aniline blue. 2) Morphology of the cells by Gram staining under optical microscope. 3) 

Biochemical tests by API 50 CHL Kit (positive values for Amygdalin, Arbutin, Esculin, 

Salicin, Cellobiose, Maltose and Sucrose, and Catalase negative). 4) LA production (range 

11 to 12 g L-1 during 12 h) and 5) Antimicrobial activity (Serna et al., 2013a; Serna et al., 

2013b; Serna et al., 2010). Micrograph (A) shows Gram positive stained bacteria. In which 

the bacteria are observed in the form of bacilli, violet in color and scattered on the plate, and 

micrograph (B) shows biomass of W. cibaria. Observing a large amount of bacteria 

agglomerated in their characteristic form of bacilli. In addition, it is evident that after the 

drying process of the biomass, the bacteria retained their shape and structure. 

CONCLUSIONS 

The research allowed for experimental optimization of W. cibaria reproduction and viability, 

showing that the temperature and stirring speed independent variables had a greater 

influence on the fermentation process. The non-extreme conditions of temperature and 

higher stirring speed allowed for greater use of the substrate and metabolic efficiency of W. 

cibaria, which was reflected in the results obtained in yield and volumetric productivity. It 

was evidenced that the SFS formulated based on pineapple and sacha inchi wastes provided 
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the macronutrients (C and N2) and micronutrients (Na, NH3, K2, and Mg) necessary for 

effective cell reproduction. Therefore, it is inferred that the use of agroindustrial waste as 

fermentation substrates is an excellent alternative for optimizing probiotic production 

processes, contributing positively to environmental impacts and, in effect, to the circular 

economy. 
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ABSTRACT 

Emulsions are complex systems, thermodynamically unstable, and widely used 

across the food, pharmaceutical, and cosmetic industries. The objective of the 

research was to optimize the formulation and process for obtaining a water-in-oil 

(W/O) emulsion, using a supplemented aqueous phase (pineapple and sacha inchi 

wastes, and mineral salts) and sunflower oil; and to evaluate its stability during short 

storage (3 days at 4 °C). Response surface methodology (RSM) and a central 

compound design were used to define the optimal formulation and process. The 

independent variables: homogenization time (HT) (1 - 5 min), total hydrophile-

lipophile balance (HLBtotal) (4.7 – 6.7), surfactants (Tween 80+Span 60) (0.1 – 0.5 

%), and oil (30 – 50 %) and dependent variables: viscosity, zeta potential (), 

cremated index, particle size, and the spectral absorbance stability index were 

considered. In general, the independent variables and their linear interactions 

affected the stability of the low viscosity emulsions. The optimal conditions were 

HT: 3.73 min, HLBtotal: 6.53, surfactants: 0.47 %, and oil: 39.6 %. A stable emulsion 

was obtained due to the repulsive forces generated by the double electrical layer 

formed at the interface of the particles. The models adequately describe the behavior 

of the results found; the variables presented a random distribution of the residuals, 
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making it possible to ensure that the data can be parameterized according to a 

normal distribution. Additionally, spherical, homogeneous, slightly flocculated, and 

small size drops were observed. During storage, the emulsion remained stable with 

a high negative electrical potential (: - 41,40±1,90 mV). The use of agro-industrial 

waste in formulating emulsions favors the sustainability of production systems in 

the context of a circular economy. 

Keywords: Colloidal system, Ananas comosus, Plukenetia volubilis, electrostatic forces, 

Van der Waals forces, viscosity. 

INTRODUCTION 

In the food, pharmaceutical, chemical, and cosmetic industries, products based on single 

emulsions (O/W, W/O) and double emulsions (W/O/W o O/W/O) are frequently formulated 

(Li et al., 2012; Vicente et al., 2018). There is a growing trend in demand for this product in 

the world market (Muhamad, Quin & Selvakumaran, 2016; Lucas, Tobón & Cortés, 2018). 

On the other hand, colloidal systems are thermodynamically unstable and complex 

(phenomena of creaming, sedimentation, flocculation, Ostwald ripening, and coalescence) 

(Tadros, 2016; Okuro et al., 2019; Lei et al., 2019), due to excess free energy at the interface 

of the dispersed drops that are caused by different forces including attractive or Van der 

Waals, repulsive or electrostatic, steric, hydrophilic and hydrophobic (Chang & 

McClements, 2015; Dai et al., 2018). 

Multiple studies have highlighted the effect of attractive forces on emulsion stability based 

on drop sizes (nano or micro) (Nesterenko et al., 2014; Ren et al., 2019; Doğan, Göksel & 

Aslan, 2019), and these depend on the operating conditions applied (homogenization speed, 

gap of the rotor-stator system, recirculation, or direct passage, pressure, and homogenization 

time, among others) (Estrada, Rodríguez & Correa, 2017; Ma et al., 2017; McClements, Bai 

& Chung, 2017; Zhao et al., 2018). Similarly, other research highlights the importance of 

repulsive forces, due to the generation of an electrical double layer around the particles, this 

effect has a sufficiently low charge density in both layers to keep the particles dispersed and 

reduce their attraction (Feng, Kilker & Lee, 2020). Additionally, other factors are associated 

with the emulsions' composition (Arango, Cortés & Largo, 2019; Homayoonfal, Khodaiyan 

& Mousavi, 2015). The presence of surfactants, which have an affinity for the polar and 
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non-polar parts of emulsions and whose micelles are deposited at the particle interface, 

decrease their surface tension (Ren et al., 2019; McClements, 2015), and its affinity modifies 

both the hydrophilic-lipophilic balance (HLB) (Okuro et al., 2019) and other parameters 

emulsion development of (pH, ionic force, and temperature) (Doğan et al., 2020; Ravindran 

et al., 2018).  

On the other hand, the constant generation of agro-industrial waste worldwide causes an 

accumulation of difficult organic materials to handle, resulting in drastic environmental 

effects (Carpinelli et al., 2020; Sepúlveda et al., 2020). For example, pineapple processing 

results in 50 % of the total fruit weight being discarded as waste (represented by crown, 

epicarp, and core) (Sepúlveda et al., 2018). In this process of extracting oil from the sacha 

inchi seed, the byproduct represents 75 % of the total seed weight (Wang, Zhu & Kakuda, 

2018). These two wastes present high concentrations of carbohydrates and proteins; 

therefore, they have great potential for use in bioprocesses (Sepúlveda et al., 2018; Wang et 

al., 2018).  

Although agro-industrial wastes have been used in recent decades to formulate fermentation 

substrates (Sepúlveda et al., 2020; Greses, Tomás & Gónzalez, 2020), reduce metabolite 

production costs (Carpinelli et al., 2020; Khedkar et al., 2017), produce probiotics and 

metabolites (Khedkar et al., 2017; Micanquer, Cortés & Serna, 2020), produce 

polyunsaturated fatty acids under the concept of biorefineries (Greses et al., 2020), among 

other uses, the challenge of the best use for agro-industrial wastes persists.  

Micanquer-Carlosama et al. (2020) formulated a fermentation substrate from pineapple and 

sacha inchi wastes, supplemented with mineral salts. In the later investigation, the product 

showed promising results in reproducing the lactic acid bacterium Weissella cibaria. This 

substrate could be integrated as an aqueous phase in W/O emulsion formulations for 

subsequent applications (double emulsions, encapsulation of probiotics, controlled release 

of bioactive compounds, among others). Currently, the scientific literature does not report 

investigations of the use of agroindustrial wastes in formulating emulsions. Therefore, this 

line of research would open a path in strengthening sustainable production systems, which 

are currently of great importance given the principles of circular economy (Greses et al., 



70 Viability of Weissella cibaria during integrated fermentation and encapsulation 

processes using double emulsion followed by complex coacervation 

 

2020; Dahiya et al., 2018). In this context, the research had two objectives: (i) to optimize 

the formulation and process of obtaining a W/O type emulsion using both a supplemented 

aqueous phase of pineapple and sacha inchi wastes combined with mineral salts and 

sunflower oil; and (ii) to evaluate their stability during storage. 

METHODS 

Materials 

The core and peel of the pineapple variety "Oro Honey" were used at maturity stage 4 

according to NTC 729-1 (NTC 729-1) from Valle del Cauca, Colombia. The by-product of 

the sacha inchi (cake obtained by extracting oil from the seed) from the seed in Putumayo, 

Colombia (supplied by Agroincolsa S.A.S.). The supplements C2H3NaO2 (Sodium acetate), 

C6H5O7*2NH3 (di-ammonium hydrogen citrate), K2HPO4 (dipotassium phosphate), MgSO4 

(Magnesium Sulfate), and analytical grade reagents were obtained from Sigma Aldrich, 

Germany; edible sunflower oil (Premier) and the surfactants Tween 80 (Oxiteno) (HLB 15) 

and Prosorb 60 (Protécnica Ingeniería) (HLB 4.7) were used. 

Formulation of W/O emulsions 

The dispersed aqueous phase (W) was obtained according to the methodology described by 

Micanquer-Carlosama et al. (2020); it was formulated from a mixture of pineapple core and 

peel powder, by-product of the sacha inchi and supplementation reagents; the continuous 

phase (O) was sunflower oil. The emulsions were prepared using a rotor-stator type 

homogenizer (Silverson Machines Ltd. Model L5M. England) whit a standard emulsifier 

head that operated at 10.000 rpm. Initially, the Tween 80 was diluted in the supplemented 

aqueous phase. The Prosorb 60 was heated until it melted and added to the oil phase. Finally, 

the aqueous phase was slowly added to the oil phase during the homogenization time (HT). 

For the development of the W/O emulsion, the response surface methodology was used with 

a central face-centered composite design (=1) (21 experiments). It considered four 

independent variables: HT (1 – 5 minutes), HLBtotal (4.7 – 6.7), a mixture of surfactants (0.1 

– 0.5 %), and oil (30 – 50 %); the dependent variables were: viscosity (), zeta potential (ζ), 

creaming index (CI), particle size (percentiles D10, D50, D90, and D[4,3]), and the spectral 

absorbance stability index (R). The continuous phase content was calculated from the mass 
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balance in batches of 200 g; the amounts of Tween 80 and Prosorb 60 were determined from 

the HLBtotal (Equation 1) and the percentage of surfactant mixture established in the 

experimental design. Where X and (1-X) are the mass fractions of Tween 80 and Prosorb 

60 in the respective mixture (Nejadmansouri et al., 2016).  

(1 )
80 Pr 60

HLB XHLB X HLB
total Tween osorb

= + −   Equation 1 

Characterization of emulsions W/O 

 

The  was determined by using a Brookfield DV-III Ultra Rotational Rheometer (Brookfield 

Engineering Laboratories, Inc., EE. UU), supplemented by ULA, with a velocity of 0.01-

100 rpm, reporting at 100 rpm (Estrada et al., 2017). The ζ was determined by using the 

Zetasizer Nano ZS90 (Malvern Instruments Ltd., Worcester, UK) and following a modified 

methodology originally proposed by Li et al. (2012) where the findings were diluted (1:100), 

and the injection in the cell was 1 mL at 25 °C. The software Standard Operating Procedure 

produced the results. The CI was determined by following a modified methodology 

originally described by Chang & McClements, (2015); Muhamad et al. (2016); 10 mL of 

the emulsion is transferred to 15 mL falcon tubes. Subsequently, the tubes were centrifuged 

at 1027 g for five minutes in a centrifuge (Hettich - Universal 320R. Germany). Finally, the 

relationship between the volume of the cream layer (VC) to the total volume of the emulsion 

(VE) determined the CI ( (%) ( )*100C ECI V V= ). The Mastersizer 3000 determined the 

particle size by using laser light diffraction (Malvern Instrument Ltd., Worcestershire, UK) 

and a Hydro LV system; sizes were expressed in the D10, D50, and D90 percentiles including 

an equivalent volume diameter (D4,3) (Chang & McClements, 2015); the refractive index of 

the supplemented aqueous phase (1.343 at 25 °C) and the refractive index of water (1.33) 

were previously determined; the absorption index of the particle was set at 0.45 and the level 

of obscuration of the laser at 15 (Linke, Hinrichs & Kohlus, 2020). The R was determined 

with the absorbance relationship at 800 nm and 400 nm (A800/A400) (Estrada et al., 2017) by 

using a UV-Visible spectrophotometer (Thermo Scientific Evolution 60. USA) And 

deionized water as witness evidence.  
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Finally, the microstructure of the W/Ooptimal emulsion was observed through micrographs 

obtained by an optical microscope (Leica ICC50 W, Switzerland) at 40× magnification. 

Mathematic model and experimental optimization 

The dependent variables described above were modeled as a function of the independent 

variables employing a 2nd degree polynomial model (Equation 2), where Y is the 

independent variable, β0 is the model constant; βA, βB, βC, and βD are the linear coefficients; 

βA
2, βB

2, βC
2, and βD

2 are the quadratic coefficients; and βAB, βAC, βAD, βBC, βBD, and βCD are 

the coefficients of the interactions between the independent variables. 

2 2 2 2

2 2 2 2

0 A B C D AB AC AD BC BD CDA B C D
Y A B C D A B C D AB AC AD BC BD CD              = + + + + + + + + + + + + + +      

(Equation 2) 

The data were analyzed using the ANOVA, with a significance level of 5 %, through the 

Statgraphics software, version 17.2.15. The experimental data of the dependent variables are 

reported as the mean value  standard deviation, obtained from measurements in triplicate 

for each experiment. An experimental optimization carried out the selection of the W/O 

emulsion from multiple responses, which guarantees the best physicochemical stability. 

Storage 

The physicochemical stability of the W/Ooptimal emulsion stored at 4 °C, was evaluated from 

a unifactorial design; it considered both the storage time (1, 2, and 3 days) as the independent 

variable and , ζ, CI, D10, D50, D90, D[4,3], and R as the dependent variables. 

RESULTS AND DISCUSSION 

Development of the W/O emulsion 

Tables 1 presents the mean values  standard deviation. Table 2 presents the analysis of 

variance (ANOVA) results for the dependent variables , ζ, CI, D10, D50, D90, D[4,3], and R, 

as a function of the independent variables HT, surfactants, HLBtotal, and oil, for the W/O 

emulsion.  



 

 

 

Table 1: Results of the experimental design of the W/O emulsions based on the supplemented aqueous phase (pineapple and sacha 

inchi wastes, and mineral salts) and sunflower oil 

 

 

Run 

Independent variables Dependent variables 

HT 

(min) 

Surf  

(%) 

HLB 

total 

Oil 

(%) 
 

(cP) 

ζ 

(mV) 

CI  

(%) 

D10  

(µm) 

D50 

(µm) 

D90  

(µm) 

D[4,3] 

(µm) 
R 

1 3 0.3 6.7 40 8.9±0.1 -49.6±1.2 8.3±0.1 1.1±0.0 4.7±0.3 150.4±4.8 41.3±2.1 0.962±0.016 

2 5 0.3 5.7 40 12.9±1.4 -47.0±1.6 10.3±0.4 3.8±0.3 84.6±1.4 185.1±5.1 96.3±1.7 0.859±0.035 

3 3 0.3 5.7 40 9.3±0.4 -46.1±0.7 43.3±0.0 1.5±0.0 28.4±0.2 93.2±1.3 40.4±1.7 0.985±0.014 

4 1 0.5 4.7 30 13.4±2.1 -41.6±0.4 31.0±0.4 13.4±1.5 77.6±2.4 139.0±8.9 78.5±2.6 0.853±0.012 

5 5 0.1 6.7 30 4.9±0.3 -43.6±1.3 41.3±0.1 20.3±0.7 58.7±0.6 144.8±4.9 214.1±2.2 0.919±0.013 

6 3 0.3 5.7 30 3.7±0.2 -45.1±0.4 27.3±0.5 1.1±0.1 11.7±0.1 26.8±0.1 12.6±1.3 0.996±0.004 

7 5 0.1 4.7 50 7.9±0.5 -47.0±1.0 51.7±0.2 16.8±0.3 54.6±0.3 127.0±5.6 66.6±1.4 0.961±0.011 

8 5 0.5 4.7 50 20.8±1.6 -44.2±1.6 49.0±0.7 26.0±2.3 167.4±5.7 303.8±16.1 187.2±1.8 0.941±0.003 

9 1 0.5 6.7 50 19.8±1.4 -46.7±0.3 55.7±0.2 1.2±0.0 26.4±0.1 107.6±1.2 40.8±1.1 0.908±0.001 

10 3 0.5 5.7 40 12.2±0.7 -43.6±2.9 45.3±0.3 1.1±0.0 10.9±0.4 24.2±0.1 11.5±0.8 0.990±0.001 

11 3 0.3 5.7 40 7.3±0.2 -44.2±1.5 35.7±0.1 1.2±0.0 17.2±0.1 36.1±0.5 17.8±1.0 0.967±0.005 

12 1 0.3 5.7 40 7.2±0.5 -47.8±0.5 38.7±0.1 1.6±0.0 47.6±0.2 88.6±0.9 47.3±0.6 0.940±0.002 

13 3 0.3 5.7 50 36.0±5.6 -43.8±1.9 18.3±0.3 41.5±2.3 154.0±9.6 291.6±13.2 189.0±2.0 0.833±0.013 

14 3 0.3 4.7 40 8.2±0.2 -44.5±1.2 46.3±0.4 10.1±0.4 94.3±1.6 170.7±4.9 97.5±0.5 0.903±0.004 

15 1 0.1 4.7 30 3.8±0.0 -43.7±1.7 29.7±0.2 36.4±1.3 138.0±6.2 262.8±13.8 159.2±1.0 0.827±0.02 

16 3 0.3 5.7 40 7.4±0.5 -47.7±1.2 46.7±0.1 1.3±0.0 22.4±0.1 56.1±0.2 28.2±0.6 0.984±0.003 

17 3 0.3 5.7 40 8.3±0.7 -49.8±2.1 39.7±0.2 1.5±0.0 29.5±0.1 51.0±0.2 28.6±0.4 0.974±0.003 

18 5 0.5 6.7 30 4.8±0.9 -40.2±1.2 41.7±0.6 1.1±0.1 6.2±0.0 17.4±0.1 7.7±0.2 0.991±0.004 

19 3 0.3 5.7 40 7.4±0.1 -45.1±1.6 51.0±0.2 1.2±0.0 14.2±0.0 28.8±0.1 14.4±0.5 0.985±0.002 

20 1 0.1 6.7 50 7.2±0.4 -48.3±0.8 31.7±0.8 53.5±2.1 117.2±2.7 197.4±5.9 129.1±0.6 0.902±0.006 

21 3 0.1 5.7 40 9.9±0.1 -48.6±1.5 36.7±1.0 54.8±3.7 131.6±4.5 237.6±9.3 153.1±0.9 0.917±0.014 

  



 

 

 

Table 2: W/O emulsions ANOVA results 

Independent 

variables 

Dependent variables 

 

(cP) 

ζ  

(mV) 

CI 

(%) 

D10  

(µm) 

D50  

(µm) 

D90  

(µm) 

D[4,3] 

(µm) 
R 

A: HT (minutes) 0.312 0.754 0.105 0.889 0.494 0.389 0.367 0.146 

B: Surfactant (%) 0.018* 0.035* 0.388 0.006* 0.111 0.155 0.012* 0.198 

C: HLBtotal 0.889 0.088 0.040* 0.575 0.129 0.852 0.306 0.269 

D: Oil (%) 0.001* 0.644 0.578 0.037* 0.031* 0.044* 0.013* 0.015* 

AA 0.379 0.609 - 0.291 0.686 0.847 0.740 0.131 

AB 0.397 0.644 0.399 0.074 0.082 0.253 0.439 0.843 

AC 0.005* 0.096 0.280 0.093 0.078 0.105 0.016* 0.012* 

AD 0.619 0.160 0.049* 0.782 0.588 0.563 0.598 0.667 

BB 0.627 0.542 0.086 0.039 0.539 0.944 0.444 0.472 

BC 0.366 - 0.432 0.105 0.105 0.241 0.016* 0.486 

BD 0.175 0.831 0.544 0.982 0.231 0.155 0.019* 0.292 

CC 0.157 0.849 - 0.497 0.766 0.500 0.818 0.839 

CD 0.263 0.866 0.064 0.497 0.372 0.324 0.590 0.025* 

DD 0.016* 0.076 0.339 0.156 0.288 0.517 0.150 0.334 

* Significant for p < 0.05 

 

Figure 1. Response volume and surface graph of and main effects of  in the W/O 

emulsions as a function of independent variables (HT, HLBtotal, surfactant mixture and oil) 

Figure 1 presents the response surface graph and the main effects of  as a function of the 

independent variables. The  presented significant differences (p < 0.05) with respect to the 

oil content and the surfactant mixture in addition to the HT-HLBtotal interaction, fluctuating 

its mean values between 3.7 and 36.0 cP. These results categorize the colloidal system as 

lightly viscous with significant mobility of its particles in the continuous phase, which favors 

interparticle interaction and possible colloidal instability if the collisions do not meet an 

energy minimum (Zheng et al., 2020). An increase in  is observed when oil and surfactant 
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content increases in the emulsion. This phenomenon can be attributed to the fact that the oil, 

despite being less dense than the aqueous phase, has a higher  (Lei et al., 2019; Alliod et 

al., 2019), which is reflected in the highest proportion of the continuous oily phase in the 

emulsion; this confers greater opposition of the fluid to tangential deformation. 

Additionally, with the increase of the oil content to the imposed homogenization conditions, 

the size of dispersed particles increases with a smaller interface area, which means that a 

part of the micelles formed is absorbed in the interface of the particle with a higher 

concentration of surfactants due to its amphiphilic nature. Another part of the micelles 

remains dispersed in the continuous oily phase, amplifying the increase in  (Tripathy et al., 

2018; Wang, Hartel & Zhang, 2021). 

These hydrodynamic and colloidal interactions change the  of the colloidal system, 

increasing the degree of disturbance of the normal flow of liquid (Vicente et al., 2018). The 

extent to which a higher viscosity from the continuous phase is preserved, the greater the 

physicochemical stability of emulsion, due to the lower mobility of the dispersed particles 

(Tadros, 2016; Alliod et al., 2019). On the other hand, the individual effect of HT was not 

influential with any dependent variable, which affected the HT-HLBtotal interaction 

positively, where the trend of a high  is projected to high or low values of HT-HLBtotal; 

however, this would be consistent for low HLBtotal values where the higher lipophilic affinity 

of Prosorb 60 would contribute to the  increase. This situation leads us to think that the 

amount of oil in the emulsion prevails over this HT- HLBtotal interaction. The rheological 

behavior obtained in the present study coincides with reports from Alliod et al. (2019) who 

evaluated the effects of the composition and content of different mineral oils (continuous 

phase), reporting  values in the final emulsion between 4.3 and 17.8 cP. On the other hand, 

Abdul-Hammed et al. (2020) report that the chemical composition of the oils influences the 

, which is lower in vegetable oils (14.8 - 20.2 cP) due to the higher degree of unsaturation. 
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Figure 2. Response volume and surface graph of  in W/O emulsions, as a function of the 

independent variables (HT, HLBtotal, surfactant mixture and oil) 

 

The  represents the electric potential formed by the presence of positive and negative 

charges around the dispersed particle in a colloidal system; predicting stability in medium 

and long term is now possible (Ravindran et al., 2018; Wu et al., 2018; Dukhin & Xu, 2020). 

In the W/O emulsions, the  presented statistically significant differences (p < 0.05) with 

respect to the surfactant mixture, with its values fluctuating between - 49.8 and - 41.6 mV. 

These results indicate that the emulsions obtained, when at the temperature conditions 24 ± 

1 °C and pH 5.2 ± 0.2, have a high electric potential (-) in the adhered co-ions layer at the 

interface of the dispersed particles (Stern layer); this is represented by anions mainly 

contributed by carboxylic groups dissociated to COO- of the fatty acids present in the 

continuous phase (Ondo, 2020). In this situation, the internal surface charge of the aqueous 

particles is of the sign (+) because of the presence of dissociated cations from the 

supplemented aqueous phase salts (i.e. C2H3NaO2, C6H5O7*2NH3, K2HPO4, and MgSO4). 

Followed by the interface ion layer, a second diffuse layer is formed, mainly charged by 

ions contrary to those absorbed in the Stern layer, which is (+), whose charge density is 

greater with the increase of the double layer. When particle-particle interact, it produces 

repulsive or electrostatic forces that are mainly responsible for the observed colloidal 

stability (Doğan et al., 2020; Feng et al., 2020). 

Figure 2 presents the  response surface graph, where a trend of a greater(> (negative 

electric potential) is observed mainly at a lower content of surfactants; this could be 

simultaneously generating a decrease in the dielectric constant of the continuous medium 

and a modification of the electrical double layer thickness (Wu et al., 2018; Hong, Kim & 
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Lee, 2018). Various authors have reported a strong criterion of physicochemical stability is 

when the || > 30 mV because the colloidal system has a predominance of repulsive 

electrostatic forces (Tadros, 2016; Doğan et al., 2020; Ravindran et al., 2018).  

Liu et al. (2020) reported similar values in the first emulsion (- 43.9 mV), who evaluated 

double emulsions by using hydrogenated and hydrogenated soybean oil in the oily phase. 

Similarly, Young, Basiana, & Nitin, (2018) obtained values between - 37.1 and 87.7 mV in 

emulsions based on canola oil. Duffus et al. (2016) showed that the pH and composition of 

emulsions significantly influence the , reporting higher negative electrical potentials (- 55 

mV) in acidic conditions and with a pH between 4.6 and 6.2. 

   

Figure 3. Response volume and surface graph for CI (%) in W/O emulsions, as a function 

of the independent variables (HT, HLBtotal, surfactant mixture and oil) 

 Creaming is a reversible process induced by gravity or centrifugal action, which implies the 

formation of a vertical gradient of particle concentration without modifying its size 

distribution. This has been used as a reference to express the thermodynamic instability 

associated with droplet aggregation phenomena followed by a possible coalescence (Dai et 

al., 2018; McClements, 2015). The CI in the W/O emulsion presented statistically significant 

differences (p < 0.05) with respect to the HLBtotal and the linear interaction HT-Oil, 

fluctuating the mean values between 8.3 - 55.7 %; this denotes an important difference in 

the volume of creaming induced by centrifugal action, which accelerates the rate of 

creaming formation (accelerated colloidal instability) when given the differences in 

densities between the continuous and dispersed phase (Lei et al., 2019). The high CI values 

found could be favored by the type of W/O emulsion, the composition of the phases, and the 

type of oil used. Vegetable oils have low viscosity due to their rich composition in 
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unsaturated fatty acids and because they can cream more easily than a more viscous oil 

(Abdul-Hammed et al., 2020). 

Figure 3 presents the CI response volume and surface graph as a function of the independent 

variables. A lower CI trend is mainly observed when the HLBtotal was higher (6.3 - 6.7, blue 

zone); on the other hand, the HT-Oil interaction favors the lowest CI at conditions of 38 - 

48% and HT  2-5 minutes. This situation conditions the CI response to the characteristics 

of the W/O emulsion production and to the multivariate interaction of surfactants-Oil-HT, 

where a higher or lower CI on the surface is accompanied by aggregation at the bottom of 

aqueous particles (Hong et al., 2018). However, the greatest effect presented by the 

surfactant mixture shows its emulsifying action against a centrifugal force when applied in 

the accelerated stability analysis (Tripathy et al., 2018). 

Vicente et al. (2018) reported a decrease in stability during 14 days of storage (100 → 

11.0%) for emulsions based on sacha inchi oil; in contrast, Duffus et al. (2016) reported 

greater instability in W/O type emulsions over O/W, observing phase separation at 24 h 

when using sunflower oil in the oily phase. 
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Figure 4. Response surface and volume plots for particle size (D10, D50 y D90) in W/O 

emulsions, as a function of the independent variables (HT, HLBtotal, surfactant mixture and 

oil) 

 

Figure 4 presents the graphs of response surface and volume for the D10, D50, D90, D[4,3] 

percentiles in the W/O emulsions. In general, the three percentiles and D[4,3] showed a similar 

behavior: a decreasing trend for D10, D50, and D90 in formulations with lower oil content and 

higher surfactant content. This situation is unclear and not what is expected because the 

decrease in the oil content in the W/O emulsion increases the volumetric fraction of the 

dispersed phase; therefore, the ratio of shear energy/dispersed phase mass is lower, which 

should produce a larger particle size. 

The D10 and D[4,3] percentiles presented significant differences (p < 0.05) with respect to the 

oil and surfactant contents, and additionally, D4,3 presented a linear interaction whit HT-

HLBtotal, surfactant-HLBtotal, and surfactant-HLBtotal. On the other hand, D50 and D90 

presented significant differences (p<0.05) only with respect to oil content. The influence of 

these independent variables confers an important variation in the mean values of D10 (1.1 - 

54.8 µm), D50 (4.7 - 164.7 µm), D90 (24.2 - 303.8 µm), D[4,3] (7.7 - 214.1 µm), and in the 

particle size distribution all at the same time. Particle size in colloidal systems is directly 
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related to attractive forces, and these colloidal interactions can lead to physicochemical 

instability (Feng et al., 2020; Dukhin & Xu, 2020); Therefore, the surfactant action plays an 

important role due to the large accumulation of free energy at the interface, given the lack 

of chemical affinity of the phases (Tadros, 2016). W/O emulsions require surfactants with 

low HLBtotal values; however, the particle sizes obtained were not statistically affected when 

studying colloidal systems under these evaluated conditions.  

On the other hand, the presence of larger particle sizes generates a smaller surface area that 

adsorbs a smaller quantity of Tween 80 and Prosorb 60 micelles; however, at high 

concentrations of surfactants and mainly with high levels of oil, the Tween 80 micellar 

distribution at the interface could have a higher affinity given the polarity of the dispersed 

particles, leaving a micellar excess of Prosorb 60 in the continuous oily phase; without 

actually precipitating (no phase separation was observed), this could be increasing the D10, 

D50, and D90 percentiles. Furthermore, the results of D[4,3] are very consistent with the 

variability of sizes found in the D10, D50, and D90; however, there is no well-defined trend in 

the behavior of D[4,3], with its response being dependent on the combination of the 

independent variables. 

Alliod et al. (2019) reported in W/O emulsions, based on mineral oils (White, Fisher and 

Marcol), that the droplet size was dependent on the  of the continuous phase, and reaching 

droplet sizes (D50) between 550 - 660 nm. Likewise, Okuro et al. (2019) reported that by 

using sunflower oil with W/O and O/W emulsions, drop sizes are between 2 - 4 µm (D3,2). 

Additionally, the W/O emulsions showed an increase in the droplet size with the highest 

emulsifier content (lecithin). Other investigations have reported small droplet sizes (D[4,3]: 

123.45 - 180.56 nm) in W/O emulsions based on vegetable oils (sunflower, olive and red 

pepper), when subjected to a double homogenization process (Chouaibi et al., 2019). Young 

et al. (2018) reported a variability in droplet sizes (D50) (115.1 - 1132.9 nm) due to, the effect 

of applied treatments (heat treatment, high hydrostatic pressure). 
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Figure 5. Graphs of response volume for R. in W/O emulsions, as a function of the 

independent variables (HT, HLBtotal, surfactant mixture and oil) 

 

Figure 5 presents the R response surface and volume plots in W/O emulsions. The average 

values of R varied between 0.827 - 0.996, presenting significant differences (p < 0.05) with 

respect to the oil content and with the linear interactions HT-HLBtotal and Oil-HLBtotal. 

Because R is related to the scattering properties of light as it passes through the measurement 

cell, greater light absorption is caused by the presence of a high density of smaller droplets, 

contributing to a greater stability of the colloidal system (Vicente et al., 2018; Estrada et al., 

2017; Homayoonfal et al., 2015). The R values are considered high and consistent with the 

poly-dispersibility in the D10, D50, and D90 percentiles; however, the emulsions were physio-

chemically stable without showing phase separation, given the high synergy with the high 

negative electric potential in the vicinity of the particle interface ( >>>).  

A trend for the decrease in R was observed with higher oil content, which corresponds to a 

lower content of the supplemented aqueous phase and greater action of shear energy on the 

size reduction. On the other hand, the linear interactions HT- HLBtotal and Oil - HLBtotal were 

negative, being more critical (> R) to high HLBtotal and low HT, as well as to high HLBtotal 

and low oil content. This high HLBtotal interaction could be due to the lower non-polar 

affinity that the surfactant mixture has under these conditions, which is empowered at low 

HT and oil contents, where the effect of homogenization generates larger particle sizes. 

Similar results have been obtained in stable coconut-based colloidal systems (0.830–0.900) 

(Lucas et al., 2018); at the same time, other authors have reported lower values in stable 

colloidal systems based on avocado combined with certain spices (0.78 ± 0.03) (Estrada et 
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al., 2017), yacón (0.460 - 0.607) (Arango et al., 2019), and the combination of egg and 

mango (0.679 ± 0.002) (Ramirez et al., 2020). 

Microstructure of the W/Ooptimal emulsion  

Figure 6 presents a micrograph of the W/O emulsion at the optimal condition, where very 

well-defined, homogeneous, and slightly flocculated spherical drops are observed.  

 

Figure 6. Micrographs of W/Ooptimal emulsion, obtained with an Optic Microscope (40×). 

 

According to the results found, it is conferred that when considering the independent 

variables (HT, Surfactant, HLBtotal and oil) and their linear interactions, they affected on the 

morphology of the drops. This is because the size and particle size distribution are associated 

with the tension of the water-oil interface; at the same time, this depends on all the 

phenomena induced by the independent variables evaluated (Nesterenko et al., 2014). Drop 

size and similar morphology were reported by Chouaibi et al. (2019) in a W/O emulsion 

based on olive and sunflower oil. On the other hand, Dai et al. (2018) reported micrographs 

with a homogeneous distribution and a size increase with a higher fraction of the short chain 

triglyceride oil used. However, other investigations identified differences in the distribution 

of the droplets formed in the W/O emulsions based on sunflower oil (Okuro et al., 2019). 

Mathematical modeling and experimental optimization of multiple responses 

Table 3 presents the estimated regression coefficients of the 2nd order polynomial model for 

the W/O emulsion and their respective R2.  
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Table 3. Mathematical modeling of regression coefficients and R2 of the dependent 

variables (, ζ, CI, D10, D50, D90, D4,3 y R) of the W/O emulsion 

 
 

Regression 

coefficients 

Dependent variables 

 

(cP) 

ζ  

(mV) 

CI 

(%) 

D10  

(µm) 

D50  

(µm) 

D90  

(µm) 
D[4,3] 

(µm) 

R 

β0 123.352 2.69068 -492.075 235.581 1265.21 3836.68 1664.78 -2.00022 

βA -33.2021 2.45105 64.3792 -37.3456 -165.169 -401.688 -240.069 0.28541 

βB 41.2928 2.88932 -278.251 -184.788 -164.974 -368.413 -155.881 -0.16377 

βC 11.3348 3.10649 65.7509 11.3508 -129.367 -751.574 -229.173 0.53579 

βD -7.00189 1.32467 17.7813 -9.7973 -29.7861 -59.3495 -33.32 0.05616 

βA
2 -0.544022 0.151717 ----- -1.93397 2.39734 2.32343 1.93052 -

0.009383 

βAB -2.95219 -0.770938 -8.64563 20.3784 66.1156 82.1803 25.9928 0.00625 

βAC 6.27094 -1.37519 -5.02088 8.45744 30.2596 55.4569 46.3431 -0.04837 

βAD 0.0759187 0.112506 -1.00625 -

0.120556 

-

0.806575 

1.77763 -

0.780619 

0.00061 

βB
2 -29.3272 -18.1533 299.023 437.603 368.484 83.593 455.552 0.41170 

βBC -6.32937 ----- 16.0425 -36.1519 -122.41 -168.889 -209.098 0.0450 

βBD 0.996313 0.0708125 1.22912 -

0.058937 

8.43688 21.1389 19.9569 -0.00700 

βC
2 -3.69959 0.223866 ----- -4.81939 -6.99912 32.9772 5.33508 -0.00453 

βCD 0.357538 0.0250125 -1.86253 0.614713 2.75782 6.24531 1.59879 -0.00807 

βD
2 0.0756391 -0.023596 -

0.062061 

0.108656 0.263379 0.316437 0.367286 -0.00022 

R2 92.5733 82.4141 71.1565 89.5663 86.1048 80.2789 91.5449 88.0757 

 

The R2 values for the dependent variables , , D10, D50, D90, D[4,3], and R showed a good fit 

of the mathematical model (R2 > 80 %); while, the CI presented the lowest regression 

adjustment (R2 = 71 %); this is possibly due to the additional effect of the independent 

centrifugation operation, which could induce a more significant error with respect to the 

value predicted by the model. It is highlighted that all the variables presented a random 

distribution of the residuals, which makes it possible to ensure that the data can be 

parameterized according to a normal distribution; therefore, the models are adequate to 

describe the behavior of the results found. 

Table 4 presents the criteria, weights, and impacts established in the experimental 

optimization of the W/O emulsion, the theoretical values predicted by the 2nd order model, 
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the experimental values obtained from three replicas at the optimal condition, and the 

relative mean error (RME). 

Table 4: Criteria, weights, impacts and results of the experimental optimization of W/O 

emulsions 

 

Dependent 

variables 

Criteria Weight Impact Theoretical 

optimal 

Experimental 

optimal 

RME 

(%) 

R Minimize 0.5 3 0.967 0.99±0.01 2.0 

 (cP) 19 cP 1.0 4 12.8 11.1±0.7 15.3 

CI (%) Minimize 1.0 4 23.9 22.3±0.5 7.2 

Ζ (mV) -45 mV 0.5 3 -46.1 - 47.9±1.5 3.8 

D10 (µm) Minimize 0.5 3 1.0 1.7±0.1 41.2 

D50 (µm) Minimize 1.0 4 4.7 2.6±0.1 80.8 

D90 (µm) Minimize 2.0 5 108.3 28.5±0.1 280 

D[4,3] (µm) Minimize 2.0 5 13.1 8.8±0.7 48.9 

 

The experimental optimization of multiple responses presented the following results: HT = 

3.73 min, surfactant = 0.47 %, HLBtotal = 6.53, and oil = 39.6 %, with a desirability value of 

70.1 %, which corresponds to the best stability for the W/O emulsion. The experimental 

optimization validation of the dependent variables to the optimal conditions found presented 

lower values in D10, D50, and D[4,3] with respect to the theoretical values, producing high 

values of the RME (41.2 - 80.8 %); however, the point differences of these variables are not 

very noticeable (minimal), taking into account the polydispersibility observed in the particle 

sizes. The differences observed in the D90 percentile are much more notable, which is 

consistent with the greater variability found under the conditions of the experimental design 

(24.2 - 303.8 m). Despite the point differences found, the experimental results of the 

validation of the optimum showed that the lower values of particle sizes contributed to a 

better stability of the W/O emulsion (Lei et al., 2019). 

W/Ooptimal emulsion stability during storage 

 

Figure 7 illustrates the evolution of the dependent variables, , , D10, D50, D90, D[4,3] and R, 

during the storage at 4 ºC for the W/Ooptimal emulsion.  
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Figure 7: Stability of the dependent variables (, ζ, CI, D10, D50, D90, D[4,3] y R) of the 

W/Ooptimal emulsion during storage 

 

It was observed that the presented changes in the percentiles D10, D50, D90, D[4,3] and R were 

not significant; however, the rheological behavior of the emulsion shows a slight increase 

in  over time. This could infer that various physicochemical phenomena are being 

promoted due to: 1) increased energy in the interfacial region of the emulsion, which could 

confer a structural reorganization in the particle size distribution and the possible formation 

of flocs over time (Velderrain et al., 2019); 2) reorganization of the size of the Prosorb 60 

micelles that could be in excess in the oil phase (Nesterenko et al., 2014); and 3) the 

reorganization of the Tween 80 micelles that could be located in the hydrophilic part of the 

same micelles (Zhao et al., 2018). 

According to the behavior and appearance observed in the emulsions, good stability of the 

same emulsions is admitted during the 3 days of storage; this is mainly because the important 
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levels of the electrical potential in the Stern layer are maintained (-47.9±1.5 and – 41.4±1.9 

mV) and the stability of the emulsion through repulsive forces is guaranteed within the 

diffuse layer of the particles, configuring a wide electrical double layer (Feng et al., 2020). 

CONCLUSIONS 

A low viscous W/O emulsion made up of a continuous phase based on sunflower oil and an 

aqueous dispersed phase formulated from agro-industrial wastes of pineapple, sacha inchi, 

and supplements (sources of macro and micronutrients) presented excellent 

physicochemical stability. This was due to the predominance of the repulsive forces 

generated by the double electrical layer formed at the interface of the colloidal system 

particles, which were stronger than the attraction forces caused by the low sizes of spherical, 

homogeneous, and little flocculated drops. The evaluated independent variables and their 

linear interactions exert an important influence on the stability of W/O emulsions. Statistical 

tools allowed for experimental optimization of multiple responses to define the optimal 

conditions of the independent variables. The W/Ooptimal emulsion practically conserved its 

properties during three days of storage:  = 12.67±0.36 cP,  = -41.40±1.90 mV, D10 = 

0.84±0.01 µm, D50 = 1.59±0.01 µm, D90 = 10.54±0.04 µm, D[4,3] = 3.91±0.09 µm, and R = 

0.97±0.01. The developed emulsion provides potential alternatives for subsequent 

applications in double emulsions, encapsulation of probiotics, and controlled release of 

bioactive compounds, among others, strengthening sustainable production systems. 
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ABSTRACT 

The research aimed to optimize the encapsulation process of the lactic acid bacteria (LAB) 

Weissella cibaria by integrating the double emulsion (W1/O/W2) and complex coacervation 

technologies. The double emulsion was prepared from a single emulsion (W1/O) obtained 

in previous studies (E1) and a continuous phase (W2) based on a solution of gum arabic 

(GA) and gelatin (G). The mixing ratio was determined from the equivalence point of the 

hydrocolloids and was 1.5. The evaluation of the E1/W2 emulsion was performed using 

response surface methodology and a central composite design. The independent variables 

were homogenization time (HT) (2 - 4 min), homogenization speed (HS) (3000 - 5000 rpm), 

the mass ratio of E1 and W2 (E1/W2) (0.428 - 0.666 kg/kg), and the mixing ratio GA/G (1.34 

- 1.66). The dependent variables were: zeta potential (), stability index by spectral 

absorption (R), viscosity (), creaming index (CI), particle size (D[4:3]), the viability of W. 

cibaria Log10(CFU mL-1) and particle morphology by optical microscopy. On the other 

hand, evaluating of the complex coacervation process used a unifactorial design. The effect 

of pH (3.5, 4.0, and 4.5) on the properties: , R, , CI, D [4:3], moisture (Xw), the viability of 

W. cibaria, and coacervate morphology were evaluated. The results of the multiple response 

optimization for the E1/W2 emulsion defined the following independent variables: HT = 

mailto:armicanquerc@unal.edu.co
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3.08 min, HS = 3000 rpm, GA/G ratio = 1.66 and E1/W2 ratio = 0.55. The dependent 

variables were  = -28.98±0.61 mV, R = 0.94±0.02,  = 23.29±0.01 cP, CI = 52.88±0.82 %; 

D4,3 = 2.29±0.03 µm, viability= 10.47±0.06 Log10 (CFU mL-1). At pH = 4.0, the best 

coacervate formation and high viability of W. cibaria (10.01±0.02 Log10 CFU mL-1) were 

obtained. Finally, micrographs showed dispersed droplets in the E1/W2 emulsion of 

spherical geometry and variable size; while in the coacervate, an agglomeration of particles 

is highlighted. It was demonstrated that the hydrocolloids GA and G fulfill the function of 

coating materials for W. cibaria, providing excellent viability to LAB. The present research 

opens a path for the design of new probiotic products in solid matrices, where the challenge 

is to maintain the viability of the microorganisms under stress conditions. 

Keywords: Weissella cibaria, colloidal system, gum arabic, gelatin, coacervate. 

INTRODUCTION 

Currently, the food industry focuses on producing foods with high added value, highlighting 

their nutritional and functional properties (Eslami et al., 2017; Marefati et al., 2021). The 

wide range of functional foods has diversified in recent years. In this context, implementing 

new probiotic products continue to growth in the global market. The leaders in creating 

awareness of healthy food consumption are the countries of Asia, Europe, and North 

America (Diez-Gutierrez et al., 2020; Reque & Brandelli, 2021). The consumption of 

functional foods represented 2018 an approximate market of 231 million dollars (Reque & 

Brandelli, 2021). The trend for the year 2023 is estimated with an annual growth rate of 

around 8%. However, the expansion of the probiotic food market faces two challenges: 1) 

evaluating sustainable alternatives in the reproduction processes of microorganisms 

(Carpinelli et al., 2020; Micanquer et al., 2020, 2021) and 2) maintaining the viability of 

microorganisms during processing, storage, and their passage through the gastrointestinal 

tract (Daniele, Furtado, de Almeida, et al., 2019; Lakra et al., 2020; Marques da Silva et al., 

2021).  

Probiotics are GRAS microorganisms with a beneficial effect on human health when 

supplied in adequate quantities (De Almeida et al., 2019; Sharifi et al., 2021). This is due to 

its preventive action on inflammatory bowel diseases and others associated with the colon 

(Beldarrain-Iznaga et al., 2021; Daniele, Furtado, De Almeida, et al., 2019). Several studies 
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emphasize the positive effect of probiotics on gastrointestinal diseases and other important 

mechanisms of action, such as the production of metabolites, modulation of the immune 

system, improvement in lactose digestion, and control of cholesterol levels (Diez-Gutiérrez 

et al., 2020; Marefati et al., 2021; Reque & Brandelli, 2021). The World Health Organization 

(WHO) and a variety of research suggest a content between 8 to 9 Log CFU/g to comply 

with the designation of probiotic products (Beldarrain-Iznaga et al., 2021; Diez-Gutiérrez et 

al., 2020; Lee et al., 2018). The main genera of lactic acid bacteria (LAB) identified with 

probiotic potential include Lactobacillus, Streptococcus, Bifidobacterium, and Weissella 

(Beldarrain-Iznaga et al., 2021; Marefati et al., 2021; Muschiolik & Dickinson, 2017). Of 

the genus Weissella, the species cibaria is characterized as a Gram-positive LAB, with 

bacillus-like morphology, non-spore-forming, catalase-negative, and heterofermentative 

(Lee et al., 2018). Additionally, it is attributed to benefits such as the ability to adhere to 

intestinal epithelial cells, survival in low pH environments, resistance to passage through 

the gastrointestinal tract (Lakra et al., 2020; Serna et al., 2013, 2016), and antimicrobial 

activity against pathogenic microorganisms (Lee et al., 2018; Serna, Pabón, et al., 2019).  

In food design, LABs are exposed to environmental factors unfavorable to their survival 

(high temperature, acidity, low pH, mechanical action, O2, bile salts) (Ruiz et al., 2019; 

Serna, Rojas, et al., 2019). Encapsulation processes have been used in the food and 

pharmaceutical industries as a mechanism for the protection, preservation, and controlled 

release of compounds such as vitamins, sweeteners, colorants, antioxidants, peptides, and 

probiotics (Fraj et al., 2021; Kanha et al., 2020; Ying et al., 2021).  

The encapsulation of hydrophilic active compounds has been applied in emulsified systems 

or double emulsions (W1/O/W2) (Eslami et al., 2017; Fraj et al., 2021; Velderrain-Rodriguez 

et al., 2019 These complex multiphase systems guarantee effective trapping of the 

compound of interest (Fraj et al., 2021; Jamshidi et al., 2019; Saffarionpour & Diosady, 

2021). Some applications in double emulsions are highlighted: masking unpleasant tastes 

and odors (Jamshidi et al., 2019; Micanquer et al., 2017), encapsulating bioactive peptides 

(Giroux et al., 2016; Jo & van der Schaaf, 2021; Ying et al., 2021) and protect 
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microorganisms with probiotic character (Beldarrain-Iznaga et al., 2021; Marefati et al., 

2021; Marques da Silva et al., 2019). However, these colloidal systems are 

physicochemically unstable; therefore, complex coacervation technology has complemented 

the encapsulation process (Bosnea et al., 2017; Marques da Silva et al., 2019; Marques da 

Silva et al., 2021). This process involves two or more hydrocolloids with opposite charges, 

capable of interacting strongly by electrostatic attraction (Bosnea et al., 2017; Jo & van der 

Schaaf, 2021; Kanha et al., 2020). The process of coacervate formation is induced by a 

change in the pH of the colloidal system. This leads to associative liquid-liquid phase 

separation (Fraj et al., 2021), where one of the phases is characterized by a high 

concentration of the hydrocolloid, low solubility, and high concentration of the bioactive 

compound that is trapped inside the coacervate (Kanha et al., 2020; Micanquer et al., 2017; 

Sharifi et al., 2021). 

Commonly used hydrocolloids include proteins and polysaccharides (Zhao et al., 2020). 

Gelatins and gums are highlighted because of their versatile functional groups, easily 

modified by pH and temperature effects (Bosnea et al., 2017; Zhao et al., 2020). The use of 

these hydrocolloids as wall material has evidenced favorable results in the encapsulation of 

Lactobacillus plantarum (Daniele, Furtado, De Almeida, et al., 2019), Bifidobacterium 

lactis Bb-12 (Marques da Silva et al., 2018), and Lactobacillus plantarum ST-III (Zhao et 

al., 2018).  

Complex coacervation technology has shown high efficiency in encapsulating Lactobacillus 

acidophilus and Lactobacillus plantarum ATCC 8014 (Marques da Silva et al., 2021; Sharifi 

et al., 2021). It has also improved the viability of Lactobacillus casei LC2W and 

Lactobacillus reuteri TMW (Zhang et al., 2021; Zhao et al., 2020). Moreover, it has allowed 

for increased resistance to simulated gastrointestinal fluids (Marefati et al., 2021; Salas-

Veizaga et al., 2021). However, at present, the literature does not report research on 

encapsulation of W. cibaria using these technologies, nor the use of the fermentation liquid 

necessary for LAB reproduction, in the formulation of the double emulsion. In this context, 
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this research aimed to optimize the encapsulation process of Weissella cibaria by integrating 

double emulsion (W1/O/W2) and complex coacervation technologies. 

METERIALS AND METHODS  

Material. A strain of W. cibaria was obtained from the Strain Bank of the Biotechnology 

Institute of the National University of Colombia. IBUN Strain and Genes Bank 090 - 03684; 

AN: KU132362. On the other hand, a fermentation liquid was used as a product of the 

fermentation process with W. cibaria. The bacteria were reproduced in a culture medium 

formulated from agro-industrial waste according to the methodology described by 

Micanquer et al. (2020, 2021); sunflower oil and the hydrocolloids, gum arabic (GA) (Tic 

Gums, USA), and gelatin (G) type B (Blum 250) (Rousselot®) for the preparation of the 

emulsion. The pH change in the complex coacervation process was induced with lactic acid 

(99 %) at 25 % w/w concentration. 

The equivalence point of the hydrocolloids. The equivalence point of the hydrocolloids 

used (GA and G) was determined to define the ranges to be evaluated in the experimental 

design of the double emulsion. Initially, potentiometric titration curves of different solutions 

of GA (1, 2, 4, 4, 6, and 8 % w/w) and G (1, 2, and 4 % w/w) were performed, following the 

methodology described by (Espinosa, Sandoval, Vázquez, Vernon, & Lobato, 2010). 

Titration was performed by adding 0.5 mL of NaOH buffer solution (0.05 N) to each 

hydrocolloid solution at 60 s intervals. For each interval, the pH values (pH 211-HANNA) 

and their corresponding ΔpH were recorded. The equivalence point was determined as the 

concentrations of GA and G, at which the maximum point of ΔpH and equal milliequivalent 

value of NaOH were identified.  

Zeta potential in solutions of gum arabic, gelatin, and W. cibaria. The zeta potential (ζ) 

was determined to define the Pka of GA, the isoelectric point of G, and the electric potential 

behavior of W. cibaria. The ζ was determined as a function of pH (2.0 → 8.0), GA solutions 

(1.0 % w/w), G (1.0 % w/w), GA/G mixtures corresponding to mass ratios of (1.0: 1.0), and 

(1.5:1.0), and W. cibaria biomass previously obtained from the optimized fermentation 
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process (10,07 Log10 FCU mL-1) (Micanguer-Carlosama et al., 2021). For the hydrocolloid 

solutions, pH was adjusted using HCl (0.1N) and NaOH (0.1N) buffer solutions. For 

biomass, it was initially resuspended in KNO3 solution (1Mm and pH = 6.8) (Hernández-

Rodríguez et al., 2014) and then pH was adjusted with the buffer solutions. A Zetasizer Nano 

ZS90 (Malvern Instruments Ltd., Worcester, UK) was used at 25 °C, according to the 

methodology of Beldarrain Iznaga, Villalobos Carvajal, Leiva Vega, & Sevillano Armesto, 

(2020) diluting the samples (1:100). 

Formulation and evaluation of double emulsions and complex coacervation process. 

The double emulsions were prepared in two stages. First stage, a single emulsion or E1 

(W1/O) was prepared and formulated according to the methodology described by 

Micanquer-Carlosama et al. (2022). E1 is constituted by a dispersed phase (W1) (aqueous 

solution or concentrated fermentation liquid) obtained from the optimal reproduction 

process of W. cibaria (Micanquer-Carlosama et al., 2021) and a continuous phase of 

sunflower oil. Second stage, a double emulsion (E1/W2) was prepared from E1 (dispersed 

phase) and a continuous phase (W2) corresponding to a solution of the hydrocolloids GA 

and G with different mass ratios (GA/G). The E1/W2 emulsions were prepared in a Silverson 

homogenizer (Machines Ltd. Model L5M. England). The evaluation was performed based 

on response surface methodology with a face-centered experimental design (α = 1.0). The 

independent variables were homogenization time (HT) (2 - 4 min), homogenization speed 

(HS) (3000 - 5000 rpm), the mass ratio of E1 and W2 (E1/W2) (0.428 - 0.666 kg/kg), and 

mixing ratio GA/G (1.34 - 1.66). The dependent variables were; zeta potential (), stability 

index by spectral absorption (R), viscosity (µ), creaming index (CI), particle size (equivalent 

volume diameter: D[4:3], the viability of W. cibaria Log10(CFU mL-1) and particle 

morphology by optical microscopy. On the other hand, the complex coacervation process of 

the optimized E1/W2 emulsion was evaluated from a unifactorial design by varying the pH 

(3.5, 4.0, and 4.5). Coacervate properties were also determined: , R, , CI, D[4:3], moisture 

(Xw), the viability of W. cibaria, and morphology. The coacervate formation was 
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accelerated by destabilizing the double emulsion (associative phase separation) using a 

water bath to decreasing the system's temperature to 10°C. 

Characterization of the E1/W2 emulsions and coacervate. The pH was measured 

according to NTC 4592 (ICONTEC, 1999). The ζ was determined according to the 

methodology of Beldarrain Iznaga et al. (2020) using the Zetasizer Nano ZS90 (Malvern 

Instruments Ltd., Worcester, UK). The stability index by spectral absorption (R) was 

determined according to the methodology mentioned by Arango, Cortés, & Largo (2019), 

which relates the 800 and 400 nm absorbances (R = A800/A400) and using a UV-Visible 

spectrophotometer (Thermo Scientific Evolution 60, USA). The µ was determined in a 

Brookfield DV-III Ultra rotational rheometer (Brookfield Engineering Laboratories, Inc., 

USA) at 25 °C, the ULA attachment was used with speeds between 0.01 to 100 rpm, and the 

values were reported in cP at a speed of 100 rpm (Estrada et al., 2017). The creaming index 

(CI) was determined according to the methodology described by Muhamad, Quin, & 

Selvakumaran (2016), with modifications (20 mL of emulsion were transferred to 50 mL 

falcon tubes, resting time: 1 h at 25 °C). CI = (VC/VT) *100 (%), where Vc is the volume of 

the creaming layer and VT the total volume of the emulsion. Particle size was determined 

according to the methodology described by Chang & McClements (2015), using laser light 

diffraction on a Mastersizer 3000 (Malvern Instrument Ltd., Worcestershire, UK), where the 

refractive indices of the double emulsion and water were 1.350 and 1.330 respectively at 

25°C, the absorption index of the particle was set at 0.45 with a laser darkening level at 15%. 

The Xw of the coacervate was determined by method 934.06 (AOAC. 2012). 

Viability of W. cibaria. Bacteria were counted (UFC mL-1) using a plate seeding in-depth 

method (Serna & Pabón, 2016). Samples were processed by serial dilutions. The sowings 

were performed in triplicate in an incubator at 36 °C and were counted at 72 h. 

Data analysis, mathematical modeling, and experimental optimization of the E1/W2 

emulsion. Data were analyzed by analysis of variance (ANOVA) at 5 % significance level, 

using Statgraphics software, version XVII.II. The dependent variables (ζ, R, µ, CI, D[4:3], 

and viability) were modeled as a function of the independent variables (HT, HS, GA/G, and 
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E1/W2). The data were fit to a polynomial model of order 2 (Equation 1), where Y is the 

dependent variable, β0 is the constant, βA, βB, βC, and βD are the linear coefficients; βA
2, βB

2, 

βC
2, and βD

2 are the quadratic coefficients; and βAB, βAC, βAD, βBC, βBD, and βCD are the 

coefficients of the linear interactions of the independent variables. 

𝑌 =  𝛽0 + 𝛽𝐴𝐴 + 𝛽𝐵𝐵 + 𝛽𝐶𝐶 + 𝛽𝐷𝐷 + 𝛽𝐴2𝐴2 + 𝛽𝐵2𝐵2 + 𝛽𝐶2𝐶2 + 𝛽𝐷2𝐷2 +  𝛽𝐴𝐵𝐴𝐵 +

𝛽𝐴𝐶𝐴𝐶 + 𝛽𝐴𝐷𝐴𝐷 + 𝛽𝐵𝐶𝐵𝐶 + 𝛽𝐵𝐷𝐵𝐷 + 𝛽𝐶𝐷𝐶𝐷    [Equation 1] 

The experimental data of the dependent variables were reported as the mean value ± standard 

deviation. The data were taken in triplicate. In addition, the mean relative error (MRE) was 

determined to evaluate the accuracy of the mathematical model The E1/W2 emulsion was 

selected based on experimental optimization by multiple responses, which ensures the 

highest emulsion stability and viability of W. cibaria. 

Morphology of the E1/W2 emulsion and the coacervate. The E1/W2 emulsion formulated 

under the optimum conditions and the coacervate were morphologically characterized by 

micrographs obtained under an optical microscope (Leica ICC50 W, Switzerland) at 40× 

magnification.  

RESULTS AND DISCUSSION 

Equivalence point and zeta potential 

Figure 1 presents the equivalence point determined from the inflection point of the 

hydrocolloids GA and G. In turn, Figure 2 shows the behavior of ζ concerning pH for the 

solutions of GA (1 % w/w) and G (1 % w/w), W. cibaria biomass, and GA/G mixing ratios 

(1.0/1.0 and 1.5/1.0). 

NaOH is a compound characterized by a strong base. In solution, it dissociates into Na+ and 

OH- ions and interacts easily with the amino (-NH3
+) and carboxyl (COO-) functional groups 

present in GA and G (Espinosa et al., 2010). The use of this basic solution allowed us to 

know the degree of ionization of both hydrocolloids by titration and pH control of the 

respective hydrocolloid solutions. The turning point for both polymers were recorded at 1.6 
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milliequivalents of NaOH. The ratio of GA/G concentrations was 6 %/4 %, that is, equal to 

a 1.5/1.0 ratio. The predominant electric potential of the ionizable groups and the neutral 

character of their charges allow for eventual interactions between compounds, making the 

electrostatic interactions the most relevant in the complex coacervation process (Rabelo et 

al., 2019). 

   

Figure 1: NaOH milliequivalents for A) 6 % w/w of GA and B) 4 % of G (hydrocolloid 

tipping point). 

Evaluation of the effect of pH on ζ in plot A (Figure 2) highlights the following aspects:  

1) The sigmoidal curve of G identified the isoelectric point (IP) (ζ = 0 mV) when pH = 4.8. 

Furthermore, at pH values < PI the predominant charge density is (+) due to ionization of 

the amino-functional groups (NH3
+ ⇌ NH2 + H+). At pH > PI there is the presence of the 

ions of the carboxyl groups (COOH ⇌ COO- + H+), therefore, their predominant charge is 

(-) (De Almeida et al., 2019).  

2) The GA presented a negative electrical potential throughout the pH range (2.0 - 8.0). 

However, these results are not corresponding to the pKa value reported in the literature (≈ 

2.0 - 2.2). This could be due to the presence of impurities in the hydrocolloid used. The high 

negative charge of the polysaccharide is attributed to the presence of COO- groups in its 

structure, which easily dissociate in aqueous environments with pH values higher than pKa 
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(Baiocco et al., 2021; De Almeida et al., 2019). Indeed, GA and G hydrocolloids can 

establish higher electrostatic interaction in the pH range between 3.0 and 4.5. At this pH the 

charges are opposite, and this is conducive to the complex coacervation process, as indicated 

by Jo & van der Schaaf, (2021) who evaluated the encapsulation of a bioactive peptide by 

double emulsion.  

3) The biomass of W. cibaria behaved similarly to the GA curve, reaching negative ζ values 

throughout the pH range (-15.1±0.4 and -32.2±1.1). These results are attributed to the fact 

that the cell wall of this bacterium is mainly constituted of peptidoglycans, polysaccharides, 

acids, and proteins, given that it is a Gram (+) LAB (Ruiz et al., 2019). Indeed, the 

dissociation of weak acid groups present in cell wall polysaccharides and surface proteins 

influences the reduction of ζ or having a higher negative electrical potential (Hernández-

Rodríguez et al., 2014). Generally, bacterial strains subjected to high pH values are 

negatively charged; therefore, the reference medium KNO3 (1Mm) is used to avoid 

alterations in the results. This prevents the nonspecific adsorption of ions on the cell surface 

(Hernández-Rodríguez et al., 2014). Studies on different bacteria with probiotic character 

have reported similar results in evaluating of the effect of pH on ζ (Beldarrain-Iznaga et al., 

2021; Hernández-Rodríguez et al., 2014; Marques da Silva et al., 2018).  
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Figure 2: Variation of ζ with pH: A) GA (1 % w/w), G (1 % w/w) and W. cibaria 

biomass, and B) GA/G mixtures of 1.5 and 1.0 (equivalence point) 

It was evidenced that among the three compounds (Fig. 2A) evaluated the one with the 

highest ζ by pH factor effect was G (ζ ≈ 26.3 mV). This is because the structure of 

proteins is highly sensitive to changes in pH or temperature environments (Yildirim et al., 

2017). The high electrical potential that proteins have has been the basis for a wide variety 

of these compounds to have been used in complex coacervation technology (Muhoza et al., 

2022). 

On the other hand, Figure 2B illustrates a similar behavior of the GA/G mixing ratios (1.5 

and 1.0) to that found for the solution of G. A significant change in the ζ values concerning 

pH was evidenced, with the 1.5 and 1.0 ratios reaching charge neutrality at pH 3.0 and 3.4, 

respectively. When pH > 6, the ζ behavior of the solutions with mixing ratios 1.5 and 1.0 

tend to be asymptotic, reflecting negative values with a mean and standard deviation of -

16.5±0.5 and -22.1±1.0, respectively. This situation of charge equilibrium is due to the 

contribution of GA, since being a heteropolysaccharide it provides cations and anions from 

its saccharide and protein fractions, respectively (Rabelo et al., 2019). Several investigations 

have evaluated the encapsulation of LAB by complex coacervation, using different types of 

hydrocolloids and ratios of hydrocolloid mixtures (wall material): L. plantarum in GA/G 

(1.0/1.0) (De Almeida et al., 2019); L. acidophilus in GA/G type A (1.0/1.0) (Marques da 
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Silva et al., 2019; Marques da Silva et al., 2021; Rabelo et al., 2019) L. plantarum in 

GA/whey protein isolate (Baiocco et al., 2021; Sharifi et al., 2021; Zhao et al., 2020). It is 

noted that the use of protein/polysaccharide mixtures is common. However, each mixture 

ratio provides specific techno-functional properties depending on the conditions of the 

medium in the solution. In addition, the operational and formulation conditions vary 

according to the encapsulation process (Rabelo et al., 2019). 

The pH factor is important in complex coacervation processes, since, depending on its value, 

proteins can be highly ionized with charge (+) below the isoelectric point. In contrast, 

polysaccharides can reach their maximum ionization state with charge (-) when they are 

above the pKa value (Muhoza et al., 2022). Under this context, it is of interest to evaluate 

the influence of pH on the yield of the coacervate that will finally contain LABs. Thus, the 

influence of the GA/G ratio was evaluated in the vicinity of the value of 1.5 obtained (1.34, 

1.50, and 1.66) for the development of the double emulsion. 

Evaluation and optimization of the E1/W2 emulsion formulation 

Tables 1 and 2 show the results obtained for the dependent variables of the E1/W2 as a 

function of the independent variables evaluated according to the experimental design, and 

the ANOVA results, respectively. In general, it is highlighted that the E1/W2 emulsions were 

physicochemically stable, where a negative electric potential identifies the colloidal system 

with fluid viscosities, small particle sizes, and high viability of W. cibaria. On the other 

hand, Figure 3 shows the response surface and volume plots for the dependent variables ζ, 

R, µ, CI, and D[4:3]. 

 

 

 

 



Chapter 5 103 

 

 

Table 1: Results of E1/W2 emulsion-dependent variables according to experimental design 

Run 

Independent variables Dependent variables 

HT 

(min) 

HS 

(rpm) 

GA/G 

(kg/kg) 

E1/W2 

(kg/kg) 

ζ 

(mV) 
R 

µ  

(cP) 

CI  

(%) 

D[4:3]  

(µm) 

Log10 (CFU 

mL-1) 

1 2 4000 1.500 0.539 -33.89±1.81 0.935±0.01 17.81±0.50 47.33±0.15 2.36±0.0

3 
10.96±0.01 

2 3 4000 1.500 0.428 -34.46±0.82 0.944±0.00

1 
16.24±0.3 25.50±0.44 2.23±0.0

3 
10.01±0.02 

3 2 3000 1.340 0.428 -31.43±0.26 0.963±0.01 14.68±0.32 32.50±0.36 2.87±0.0

1 
10.33±0.02 

4 4 5000 1.340 0.666 -29.70±0.46 0.901±0.02 11.19±0.4 37.33±0.31 2.01±0.4

8 
9.68±0.01 

5 3 5000 1.500 0.539 -35.49±1.23 0.922±0.01 11.58±0.47 55.33±0.15 2.13±0.1

1 
9.50±0.04 

6 4 3000 1.660 0.666 -32.42±0.3 0.926±0.02 10.53±0.21 62.67±0.65 2.89±0.1

8 
9.95±0.01 

7 2 5000 1.660 0.666 -32.55±0.52 0.914±0.04 12.24±7.07 57.00±0.35 2.17±0.0

2 
9.37±0.03 

8 4 3000 1.660 0.428 -27.94±0.77 0.91±0.02 12.3±0.54 23.17±0.15 3.28±0.0

2 
9.90±0.004 

9 3 4000 1.500 0.539 -33.48±1.43 0.961±0.01 15.01±0.21 50.67±0.15 2.56±0.0

4 
10.92±0.01 

10 3 4000 1.340 0.539 -34.97±1.27 0.97±0.01 9.90±0.30 59.50±0.30 2.52±0.0

6 
10.90±0.01 

11 4 4000 1.500 0.539 -33.22±0.71 0.938±0.01 12.88±0.29 39.50±0.36 2.22±0.0

5 
9.92±0.00 

12 3 4000 1.660 0.539 -31.71±0.27 0.939±0.02 20.59±2.74 59.00±0.20 2.24±0.0

2 
10.89±0.01 

13 3 4000 1.500 0.539 -35.56±0.66 0.94±0.02 16.98±1.25 50.17±0.15 2.19±0.0

17 
10.95±0.01 

14 3 3000 1.500 0.539 -30.46±0.37 0.972±0.02 16.59±0.73 49.50±0.26 2.28±0.0

15 
10.89±0.01 

15 2 3000 1.340 0.666 -34.40±0.38 0.995±0.00 13.09±0.16 53.83±0.45 2.29±0.0

06 
11.18±0.02 

16 3 4000 1.500 0.666 -35.01±0.36 0.97±0.01 14.18±0.39 37.33±0.06 2.16±0.0

25 
10.92±0.01 

17 3 4000 1.500 0.539 -33.55±0.85 0.94±0.01 15.1±0.13 45.83±0.55 2.23±0.0

42 
10.99±001 

18 3 4000 1.500 0.539 -34.30±0.61 0.959±0.01 16.48±0.24 45.83±0.25 2.33±0.0

21 
10.93±0.02 

19 2 5000 1.660 0.428 -35.28±1.39 0.924±0.01 21.72±1.11 48.17±0.55 1.978±0.

03 
10.71±0.01 

20 4 5000 1.340 0.428 -32.03±0.31 0.954±0.00 14.55±0.49 51.17±0.12 2.20±0.0

3 
9.59±0.58 

21 3 4000 1.500 0.539 -32.82±0.99 0.975±0.02 16.81±0.47 45.00±0.26 2.27±0.0

5 
10.80±0.58 

 

Zeta potential. The ζ showed significant differences (p<0.05) concerning HS and the GA/G 

ratio, and with the linear HS-HT, HS-E1/W2, and GA/G-HT interactions. The ζ showed a 

negative electric potential in the vicinity of the dispersed phase interface (E1): -27.9±0.8 

and -35.6±0.66 mV. These results characterize the E1/W2 emulsion with a predominance of 

repulsive forces, identified as providing good physicochemical stability to colloidal systems 

(ζ  25 mV) (Doğan et al., 2020). The surface area and volume response plots showed an 

increasing negative electric potential at high HS and lower GA/G ratios.  

The effect of high HS evidences that in double emulsion systems the application of shear 

force interferes with the dielectric potential formed at the particle interface (Yildirim et al., 

2017), resulting in the following situations: 1) the formation of smaller droplets and higher 
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stability of the colloidal system and 2) destruction of the internal droplets formed in the first 

emulsification stage, which could lead to a destabilization of the double emulsion and the 

release of the LAB encapsulated in the external phase (Lei et al., 2019; Micanquer et al., 

2017). The effect of GA/G was not unclear, since a negative electric potential would be 

promoted at higher concentrations of GA being a negatively charged polyelectrolyte (Sharifi 

et al., 2021). 

Table 2: E1/W2 emulsions ANOVA results 

Independent 

variables 

Independent variables 

ζ R µ CI D[4:3] Log10 (CFU mL-1) 

A: HT (min) 0.624 0.925 0.012* 0.051 0.463 0.043* 

B: HS (rpm) 0.008* 0.045* 0.009* 0.195 0.484 0.012* 

C: GA/G (kg/kg) 0.039* 0.188 0.001* 0.956 0.204 0.366 

D: E1/W2 (kg/kg) 0.327 0.819 0.002* 0.000* 0.043* 0.583 

AA 0.304 0.113 0.737 0.046* 0.449 0.234 

AB 0.048* 0.861 0.001* 0.329 0.049* --- 

AC 0.027* 0.291 0.004 0.864 0.024* 0.090 

AD 0.466 0.201 0.055 0.514 0.601 0.468 

BB 0.070 0.511 0.042* 0.009* --- 0.035* 

BC 0.152 0.265 0.280 0.357 0.092* 0.406 

BD 0.002* 0.035* 0.013* 0.000* 0.036* 0.038* 

CC 0.179 0.904 0.595 0.000* 0.093 0.285 

CD 0.668 0.535 0.046* 0.001* 0.175 0.031* 

DD 0.354 0.708 0.720 0.000* 0.778 0.281 

* Significant for p < 0.05  

On the other hand, the most important interaction affecting the  in E1/W2 emulsion was 

HS-E1/W2. This showed an increase in the negative electric potential as E1/W2 decreased 

and HS increased. This situation occurs because a decrease in E1/W2 engages a greater mass 

of continuous phase in the dual emulsion and, at the same time, a greater negative electric 

charge contributed by GA in the co-ion layer formed around the dispersed E1 phase. The 

increase in HS confers a larger number of dispersed E1 particles and a larger surface area, 

which is favorable for the observed higher negative electric potential. Hong et al. (2018) 

mention that high values indicate the formation of stable emulsions, without agglomerates. 
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Figure 3: Surface and volume response plots of the dependent variables: , R, µ, CI, and 

D[4:3] 

Spectral absorption index. The R presented significant differences with the main effect of 

the HS variable and with the HS - E1/W2 interaction, reaching values between 0.901±0.02 

and 0.995±0.01. The emulsion stability criterion based on the R-index relates light scattering 

properties as a function of the size of the scattered particles (Estrada et al., 2017). The 

response surface plot shows a tendency to decrease R (higher stability of the colloidal 

system) as HS increases. This could be due to the formation of smaller particle sizes (E1), 
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which favors greater light absorption (Arango et al., 2019). On the other hand, the HS-E1/W2 

interaction was positive, enhancing the smaller particle size (< R) when HS and E1/W2 

increase. That is a higher content of E1 scattered particles absorbed lighter. Comparative 

studies of R in double emulsions have not been reported in the literature; similar R values 

reported by Estrada et al., (2017), in a colloidal system of avocado and lower values (0.446 

and 0.607) in a colloidal suspension of yacon are highlighted (Arango et al., 2019). 

Viscosity. The µ was one of the most sensitive variables to formulation and process, 

presenting significant differences (p<0.05) concerning the main effect of all the independent 

variables, to the linear interactions HT-HS, E1/W2-HS, GA/G- E1/W2, and the quadratic 

interaction of HS. However, despite these statistical effects, the values fluctuated in a low 

range: 9.90±0.30 and 21.7±1.1 cP. The increase in µ of the continuous phase contributes to 

the physicochemical stabilization of the double emulsion. This may be due to the reduction 

of the mobility of the dispersed particles (E1) and, at the same time, the contact frequency 

between them and the possibility of occurrence of the flocculation phenomenon and 

subsequent coalescence (Lei et al., 2019; Marques da Silva et al., 2021) by not reaching 

energetic minimum (Wang et al., 2021). 

The µ presented an increasing tendency when the system operated at low values of HS, HT, 

and E1/W2, and at higher GA/G ratios. However, the volume response graphs summarize 

the most favorable condition of the double emulsion (red zone): GA/G (1.5 - 1.7), HT (2.0 

- 2.4 min), HS (3000 - 3400 rpm), and E1/W2 throughout the evaluated range. The increase 

in µ is mainly highlighted when the GA/G ratio is high. This is due to the good interaction 

of these hydrocolloids in the continuous phase of the double emulsion, allowing the 

formation of a firm surface layer on the E1 particles (Marques da Silva et al., 2018). On the 

other hand, this is strengthened at low E1/W2 ratios, by conferring a higher content of the 

continuous phase containing GA and G, providing a strong matrix as wall material in 

probiotic encapsulation (Daniele, Furtado, De Almeida, et al., 2019; Zhao et al., 2018). 

These results are in line with what was reported by Alliod et al. (2019) who obtained an 

increase in viscosity when the viscosity of the continuous phase was greater. 



Chapter 5 107 

 

 

Creaming index. The CI presented a significant difference (p<0.05) concerning the main 

effect of E1/W2, on the linear interactions E1/W2-HS and E1/W2-GA/G, and all the quadratic 

interactions, conferring a wide variability of its results: 23.17±0.15 % and 62.67±0.65 %. 

This significant statistical influence is evidence that their response is very susceptible to 

small changes in the specific operating conditions and formulation used. The CI results 

highlight an important effect of the centrifugal action on the instability of the colloidal 

system. It is therefore very favorable that the double emulsion presents the lowest CI values. 

The E1/W2-HS response surface plot highlights a concave behavior of CI (quadratic 

interaction), defining the highest instability of the colloidal system at the maximum point of 

the curvilinear when the E1/W2 variable is formulated between 0.57 and 0.62. That is, at 

high values of E1/W2, which corresponds to a higher content of oily phase coming from the 

dispersed phase E1, and whose bulk density is much lower than the aqueous phases present 

(W1 and W2). The volume response graph illustrates the most favorable process and 

formulation conditions for CI (blue zone): E1/W2 (0.42 - 0.44), GA/G (1.6 - 1.5) HS (3000 

- 4400 rpm), and HT (throughout the range). Muhamad et al. (2016) reported CI between 

34.61 and 52.14 % in W/O/W emulsions and reported that emulsifier concentration is an 

important factor in the stability of these colloidal systems. 

Particle size. The D[4:3] presented significant differences (p<0.05) concerning the main 

effect of E1/W2 and the linear interactions HT-HS, HT-GA/G, HS-GA/G, and HS-E1/W2. 

However, the fluctuations found did not show appreciable changes: 2.0±0.0 - 3.3±0.0 µm, 

which is corresponding to the stability observed in the double emulsions. This guarantees 

the formation of the internal droplets containing E1 and no outflow of LAB to the external 

phase (W2). The response surface plot did not show a well-defined trend of D[4:3] concerning 

the E1/W2 ratio. It mainly highlights its interaction with HS, where the lowest D[4:3] is 

reached at low HS and high E1/W2 values. This is consistent with the lower shear stress 

applied and the higher mass fraction of the E1 dispersed phase (Beldarrain-Iznaga et al., 

2021). The HS-HT interaction also favors the physicochemical stability of the double 

emulsion, decreasing the D[4:3] at higher HT and HS, due to the longer time and higher shear 

stress (Muhoza et al., 2022). On the other hand, positive HT-GA/G and HS-GA/G 
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interactions denote lower D[4:3] at higher HS, HT, and GA/G. This revalidates 

homogenization time and shear effects in a colloidal system whose viscosity did not change 

substantially.  

The regular size of strains belonging to the genus Weissella has been reported in the order 

of 0.5-0.6 μm and 1.2-2.7 μm corresponding to the width and length of the strains, 

respectively (Liu et al., 2009). Some investigations have reported particle sizes larger than 

those obtained. Marefati et al., (2021) reported D[4:3] values around 13.4±0.3 µm in the 

encapsulation of Lactobacillus reuteri by applying double emulsion technology as a final 

stage. On the other hand, Beldarrain-Iznaga et al., (2021) reported D[4:3] values between 

49.2±12.9 µm and 51.3±10.4 µm when they evaluated different compounds in the external 

aqueous phase in obtaining the double emulsion for the encapsulation of Lactobacillus casei. 

Viability of W. cibaria. Figure 4 provides the surface area and volume response plots of the 

viability of W. cibaria encapsulated by double emulsion followed by complex coacervation. 

The ANOVA presented significant differences (p<0.05) in the viability of W. cibaria 

concerning the main effects of HT and HS, with the linear interactions HS-E1/W2 and 

E1/W2-GA/G, with the quadratic interaction of HS, fluctuating their values between 9.4 and 

11.0 Log CFU mL-1. 

 

Figure 4: Surface and volume response plots of W. cibaria viability encapsulated by 

double emulsion followed by complex coacervation 

The response volume plot showed that the viability behavior of W.cibaria is favored over a 

wide range of the independent variables. However, the interactions highlight a more intense 

red zone mainly at low values of HT (2.0 - 2.8 min), HS (3000 - 4200 rpm), GA/G (1.5 - 
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1.7), and E1/W2 (0.50 - 0.66). It is suggested that to ensure higher viability during W. cibaria 

encapsulation, increases in shear motion with prolonged emulsification times (higher 

mechanical stress causing loss of viable cells) should be avoided and thus effectively protect 

LAB (Zhao et al., 2018). Preventing cell death is a challenge for technologies to ensure the 

naming of capsules with probiotic character (10-6 CFU mL-1) (Ruiz et al., 2019) and even, 

the standard of viable cells must be guaranteed at their final destination of the host 

gastrointestinal tract. 

In this context, the emphasis on determining the best process and formulation conditions in 

double emulsion systems highlight the care of the microorganism, providing guarantees of 

survival in the different stages of encapsulation (single emulsion, double emulsion, 

coacervation, lyophilization) and subsequent application environments (Lakra et al., 2020). 

In similar studies, lower viability (9.7±0.2 – 9.4±0.4 log CFU mL-1) has been reported for 

L. casei, encapsulated by double emulsion, and using sodium caseinate, sodium alginate, 

and chitosan as encapsulation compounds (Beldarrain-Iznaga et al., 2021). The same authors 

obtained higher viability (10.8±0.1-10.4±0.3 Log CFU mL-1) of the bacteria when they 

combined the double emulsion and ionic gelation technologies (Beldarrain Iznaga et al., 

2020). Similarly, (De Almeida et al., 2019) reported a result of 7.93±0.2 log CFU·mL-1 for 

Lactobacillus plantarum encapsulated with GA and G by the same double emulsion 

mechanism. 

Experimental Optimization 

Table 3 presents the results of the experimental optimization of multiple responses of the 

E1/W2. It presents the criteria, weights, and impacts, the theoretical values predicted by the 

2nd order models, the experimental values obtained at the optimum condition, and the 

validation of the models from the RME.  
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Table 3: Experimental optimization of the E1/W2 emulsion 

 
Dependent 

variable Criteria Weight Impact 
Theoretical 

optimum 

Experimental 

value 

RME  

(%) 
|ζ| (mV) Maximize 1.5 4.5 27.3 29,0±0.6 6,2 

R 0.948 0.5 3.0 0.945 0.940±0.020 0.5 

 (cP) Maximize 1.0 4.0 21.7 23.3±0.0 7,4 
CI (%) Maximize 1.5 4.5 65,7 52.9±0.8 19,5 

D[4:3] (µm) 2.63 0.5 3.0 2.6 2.3±0.0 11,5 
Log10 (CFU 

mL-1) 
Maximize 2.0 5.0 11.3 10.5±0.1 7,1 

 

The experimental optimization presented a desirability of 99.1 %, defining the independent 

variables as follows: HT = 3.08 min, HS = 3000 rpm, GA/G = 1.66 and E1/W2 ratio = 0.55. 

The validation results of the models' validation are considered acceptable, where the 

differences between the theoretical and experimental values were between 0.5 and 19.5 %. 

It should be noted that the CI was the one that presented the highest RME, which 

corresponded to the dependent variable that reached the highest variability in the 

experimental trials. On the other hand, it should be noted that the CI was maximized 

because, for the formation of the coacervate in the next stage, a physicochemical instability 

of the colloidal system must be induced by changes in pH. In general, although for this study, 

we worked with optimized conditions of the W1/O emulsion (without W. cibaria) 

(Micanquer et al., 2022), the inclusion of W. cibaria modified the physicochemical 

properties of the colloidal system and the addition of the external aqueous phase protected 

the LAB.  

Complex coacervation with W. cibaria 

Table 4 shows the experimental design results in the complex coacervation phase of the W. 

cibaria encapsulation process. The physicochemical characterization of the coacervate 

indicated that all the dependent variables increased their values concerning those obtained 

in the double emulsion process.  
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The ANOVA was statistically different (p<0.05) for the dependent variables ζ, µ, CI, and 

D[4:3] concerning pH; while, the R did not present significant differences (p>0.05). The ζ 

tended to increase the negative electric potential at high pH values (4.0 and 4.5). While µ 

presented its highest value (50.9±1.0 cP) when pH = 4.0. Regarding the CI, the levels of 

variability in the mean values found (59.5 - 67.6 %, where the higher CI values identify a 

higher yield in the coacervation process. On the other hand, the increase in particle size 

because of pH change concerning that reported for the double emulsion contributes to 

improving the survival conditions of W. cibaria (Liu et al., 2009). Both ζ and D[4:3] showed 

that pH values close to the Isoelectric point of the protein favored coacervate stability, which 

is attributed to the large gelatin structure with covalent bonds of amino groups and the 

complex galactose structure with 1 → 4 bonds of gum arabic (Cook, Tzortzis, 

Charalampopoulos, & Khutoryanskiy, 2012). 

Table 4: Results of the experimental design in the complex coacervation phase in the W. 

cibaria encapsulation process 

T pH 
ζ  

(mV) 
R 

µ  

(cP) 

CI  

(%) 
 

D[4:3]  

(µm) 

Xw 

(%) 

Viability  

(Log10 CFU mL-1) 

T3 3.5 -22.77±0.92b 0.99±0.01ª 37.73±0.58b 65.34±0.31c  8.38±0.01ª 56.53±6.50ª 8.06±0.02ª 

T1 4.0 -39.73±1.75ª 0.97±0.02ª 46.5±0.79c 63.87±0.90b  10.42±0.01b 71.27±5.03ab 10.03±0.02c 

T3 4.0 -37.33±0.5ª 0.98±0.01ª 50.94±0.97c 63.23±1.64b  10.72±0.03b 81.73±7.20ab 10.01±0.03c 

T1 4.5 -35.13±2.48ª 0.95±0.04ª 24.68±0.33ª 59.91±1.30ª  13.67±0.16c 83.54±4.92b 9.33±0.14b 

T1 3.5 -22.93±0.6b 0.99±0.01ª 35.8±0.14b 67.57±1.15c  8.90±0.01ª 65.28±5.96ª 8.43±0.53ª 

T2 4.0 -33.1±1.21ª 0.97±0.03ª 43.77±1.27c 64.47±0.66b  10.64±0.02b 73.19±3.03ab 10.01±0.03c 

T2 3.5 -21,83±1,19b 0.99±0.01ª 38.12±0.24b 66.39±0.62c  8.27±0.07ª 63.77±1.26ª 8.10±0.04ª 

T3 4.5 -29.8±0.87ª 0.98±0.01ª 26.04±0.26ª 59.48±0.41ª  13.81±0.02c 86.19±4.25b 9.32±0.12b 

T2 4.5 -31.13±1.72ª 0.99±0.01ª 24.9±1.47ª 61.21±1.37ª  13.84±0.01c 97.42±1.88b 9.31±0.13b 

Means with different letters in the same column are significantly different (p<0.05) 

The Xw of the coacervate showed a tendency to increase with increasing pH, which is 

attributed to a higher electrostatic interaction of the GA and G when the pH approaches the 

PI value of the protein, which allows for higher coacervate performance. This moisture 

content is the basis for forming probiotic capsules in a subsequent freeze-drying step. 
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Finally, the viability of W. cibaria showed higher protection of viable cells when the system 

was adjusted to pH = 4. This suggests that the combined double emulsion and complex 

coacervation technologies allowed obtaining high viability of W. cibaria (10.01±0.02 

log10CFU mL−1) and, indeed, a good efficiency in the encapsulation process. In a similar 

study, De Almeida et al. (2019) evaluated the encapsulation of L. plantarum by combining 

the two technologies and with similar hydrocolloids (GA and G), obtaining lower viability 

of LAB in the coacervate (8.6±1,2 log CFU g−1). 

Morphology 

Figure 5 presents the micrographs obtained under a high-resolution optical microscope (40× 

magnification) of the double emulsion at the optimum condition and the coacervate obtained 

at pH 4.0 

  

Figure 5: Micrographs (40×) of the optimized double emulsion (A) and the coacervate 

obtained at pH 4 

The micrograph corresponding to the optimized double emulsion identifies spherical 

droplets of different sizes and homogeneous distribution. In each droplet, there was evidence 

of the incorporation of small droplets very well grouped and distributed. Likewise, droplets 

of the single emulsion (W1/O) were observed outside the larger droplets, which remain free 

and unprotected, contributing to the loss of viability of some W. cibaria cells.  
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On the other hand, the micrograph of the coacervate shows agglomerated, heterogeneous 

droplets with variable sizes. However, the internal droplets are present in greater quantity 

and size than those observed in the optimized double emulsion. Even the formation of a 

surface layer covering the droplets harboring the single emulsion (E1) was observed, which 

behaves as a barrier to the possible rupture of the internal droplets (Micanquer-Carlosama 

et al., 2017). The high agglomeration of the particles and consequent increase in their size 

is due to the elimination of the aqueous phase, poor biopolymers during associative 

separation of the phases, and subsequent obtaining of the coacervate (Sharifi et al., 2021).  

Studies of probiotic encapsulation using double emulsion technology reported similar 

characteristics to the present investigation. Beldarrain Iznaga et al. (2020) highlighted the 

thickness of the surface layer in the droplets formedparticle size variation and the variation 

of the particle size when they used sodium alginate in encapsulation of Lactobacillus casei. 

On the other hand, De Almeida et al. (2019) reported densely clustered micrographs with a 

high number of internal droplets without encapsulation in the double emulsion and spherical 

microcapsules in the coacervate at pH = 3.5 using pea globulins and GA in the encapsulation 

of Lactobacillus plantarum. 

CONCLUSIONS 

The determination of the equivalence point of GA and G allowed for establishing the mixing 

ratio where a higher electrostatic interaction was established between the encapsulating 

compounds. On the other hand, the integration of the double emulsion and complex 

coacervation technologies allowed the encapsulation of the LAB W. cibaria reproduced in 

an alternative fermentation medium. The result of the experimental optimization process of 

multiple responses of the double emulsion defined the process and formulation conditions: 

HT = 3.08 min, HS = 3000 rpm, GA/G = 1.66, and the ratio of E1/W2 = 0.55. In addition, 

microcapsules with stable physicochemical properties and morphological characteristics 

conducive to ensuring high bacterial cell viability (10.5±0.1 Log10 CFU mL-1) were 

obtained. Finally, the coacervation process that showed higher yield and stability of the 
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microcapsules, and better viability of W. cibaria was achieved when the pH was adjusted to 

4.0. The results of the present study indicate that the concentration of biopolymers, E1/W2 

ratio, HT, and HS, greatly influence the encapsulation process of W. cibaria. 
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Abstract 

The viability, physicochemical properties, and digestibility of lactic acid bacteria microcapsules 

represent important characteristics for the definition of shelf life and their subsequent application. 

The objective of the investigation was to evaluate the viability, physicochemical properties, and 

stability of gastric and intestinal juices of freeze-dried W. cibaria microcapsules during storage. W. 

cibaria microcapsules obtained by integrated technologies of double emulsion and complex 

coacervation were lyophilized and evaluated during storage at temperatures (5, 15, and 25 °C) and 

time (1, 2, 3, 4, 5, and 6 months). Dependent variables were evaluated: water activity (aw), moisture 

(Xw), solubility (S), hygroscopicity (H), peroxide index (PI), viability and simulated in vitro 

gastrointestinal digestion (SGD). Capsules stored at 5 °C retained the highest viability at 180 days 

of storage (7.8±0.1 Log10 CFU g-1), ensuring adequate physicochemical properties: aw (0.507±0.003), 

Xw (3.4±0.1 %), S (33.1±1.3 %), H (1.2±0.3 %), PI (3.8±0.1 meqO2/kg). At 25 °C, the lowest PI 

(3.3±0.2 meqO2/kg) was obtained. However, its viability was also lower (6.5±0.1 Log10 CFU g-1). In 

general, it is highlighted that at the 3 temperatures, the probiotic character of the W. cibaria 

microcapsules is maintained during the 6 months of storage, which guarantees the effectiveness of 

the integrated encapsulation method of double emulsion and complex coacervation, and its 

subsequent lyophilization 

Keywords: Probiotics, viability, gastrointestinal digestion, encapsulation. 
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Introduction  

Encapsulation technologies have been widely used to protect and control the release of 

various bioactive compounds (antioxidants, pigments, anthocyanins, essential oils) (Baiocco 

et al., 2021; Giroux et al., 2016; Micanquer et al., 2017). In this context, microencapsulation 

of probiotics has likewise been effectively evaluated using different technologies: 

Lactobacillus reuteri by double emulsion (Marefati et al., 2021), Lactobacillus plantarum 

by complex coacervation (Sharifi et al., 2021), Lactobacillus plantarum by freeze-drying 

and use of cryoprotectants (Oluwatosin et al., 2022). However, colloidal systems used in 

some encapsulation technologies present physicochemical instability, which is why freeze-

drying has been used as the final stage of the encapsulation process (Cheng et al., 2022; 

Marques da Silva et al., 2018). Freeze drying is a low-temperature dehydration process 

characterized by generating greater physicochemical stability to the products by reducing 

their water activity (aw). It also reduces the cell damage of lactic acid bacteria (LAB) 

compared to conventional drying processes (Oluwatosin et al., 2022; Reque & Brandelli, 

2021). Additionally, the microcapsules obtained offer great benefits to the viability of LAB 

and subsequent controlled release in the gastrointestinal tract (Marques da Silva et al., 2018). 

Probiotics are microorganisms with great benefits for the consumer's health since they allow 

for re-establishing the balance of the intestinal gut microbiota. This contributes to preventing 

of chronic diseases such as cardiovascular, autoimmune, intestinal diseases, and colon 

cancer (Raman et al., 2019), which has led to an increase in demand for probiotic-containing 

products. Consequently, these products have diversified into foods other than dairy to meet 

their increasing demand in the functional food market (Shori, 2015). The new products are 

governed as established by FAO and WHO, who have named probiotics as "live 

microorganisms that when administered in adequate amounts confer a health benefit to the 

host" (minimum 10-6 CFU g-1) (Diez-Gutiérrez et al., 2020).  

The preservation of the physicochemical properties and the minimum amount of LAB must 

be guaranteed during the product's shelf life. Changes in the state of matter (vitreous → 

rubbery) can occur during storage. This accelerates the degradative processes of the food 

and at the same time cell death. This occurs because LABs are exposed to factors such as 
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pH, temperature, time, presence or absence of O2, media composition (nutrients) 

(Beldarrain-Iznaga et al., 2021; Marques da Silva et al., 2019), and others. This situation 

identifies viability as a variable to be improved in the reproduction of LAB during 

fermentative processes and subsequently, in the stages of commercialization and passage 

through the gastrointestinal tract (Zhang et al., 2021). The arrival of live cells in the colon 

guarantees the beneficial effect of the probiotic on the organism's health and evidence of the 

gastrointestinal resistance of LAB. There are in vitro simulation methods (static and 

dynamic) to evaluate the survival of cells passing through the gastric and intestinal phases 

(Marefati et al., 2021). The most common has been static in vitro digestion with an average 

duration of 4 h at 37°C (Moumita et al., 2017). 

The LAB Weissella cibaria has been characterized for presenting potential properties as a 

probiotic (Serna et al., 2013; Serna & Pabón, 2016). Different studies have evaluated its 

probiotic properties, as well as its adherence to the intestinal epithelium, resistance to 

adverse pH environments, and inhibitory effect against pathogenic microorganisms 

(Micanquer et al., 2021; Serna et al., 2019; Valencia et al., 2021). This warrants a potential 

use of this LAB in developing functional foods. In storage studies, Marques da Silva et al. 

(2018) obtained high viability in freeze-dried capsules of Bifidobacterium lactis 12 (9.45 

Log CFU g-1) at 3 months of storage at 25 °C; whereas for double emulsion samples with L. 

reuteri stored at 6 °C, they reported low viability (2.82 ± 0.10 Log CFU mL-1) at 30 days of 

storage. In the evaluation of digestive stability, some authors have obtained high viability 

(8.7 Log CFU g-1) in freeze-dried microcapsules of B. lactis Bb-12 (Marques da Silva et al., 

2018). Although, other authors reported complete cell death of L. acidophilus in capsules 

obtained from the coacervation and lyophilization process (Marques da Silva et al., 2019) in 

the gastric phase. In this context, the research aimed to evaluate the viability, 

physicochemical properties, and stability of gastric and intestinal juices of freeze-dried W. 

cibaria microcapsules during storage. 

MATERIALS AND METHODS 

Materials. A strain of Weissella cibaria obtained from the Strain Bank of the Biotechnology 

Institute of the National University of Colombia was used. IBUN Strain and Genes Bank 
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090 - 03684; AN: KU132362. For the study in vitro gastrointestinal digestion of 

microcapsules, we used KCl. KH2PO4, NaHCO3, NaCl, MgCl2(H2O)6, (NH4)2CO3, CaCl2 

2(H2O), NaOH, bile salts, and the enzymes pepsin (0.7 FIP U mg-1) and pancreatin (100 U 

mL-1). The enzymes were purchased from Sigma-Aldrich (USA) and all chemicals were 

analytical grade (Merck, Germany). 

Encapsulation and freeze-drying process. The development of the probiotic 

microcapsules was based on previous studies: 1) Formulation of a fermentation substrate 

from pineapple and sacha inchi waste for the cultivation of W. cibaria (Micanquer-

Carlosama. et al., 2020); 2) Optimization of W. cibaria reproduction in a fermentation 

substrate formulated with agro-industrial waste (Micanquer-Carlosama. et al., 2021); 3) 

Optimization and storage of a W/O emulsion (supplemented aqueous phase and sunflower 

oil) (Micanquer-Carlosama. et al., 2022); and 4) Optimization of the double emulsion 

encapsulation process (W1/O/W2) by response surface methodology evaluating the 

independent variables (HT, HS, GA/G, and E1/W2) and the dependent variables (ζ, R, µ, CI, 

D[4:3], and viability). Next, the effect of pH on the viability of W. cibaria in the complex 

coacervation process was evaluated. Microcapsules were lyophilized in a 12 L tray freeze 

dryer, reference: 77590-44 (Labconco Corporation, Kansas City, USA), with a rotary 

vacuum pump (195 L min-1). The operating conditions were condenser pressure and 

temperature (0.14 mbar and -52 °C, respectively), freezing temperature (-40 °C), heating 

rate = 0.03 °C min-1, and final temperature = 25 °C. 

Viability of W. cibaria microcapsules. The viability of the microcapsules was performed 

by bacterial count (CFU g-1) by seeding plate with depth method (Serna & Pabón, 2016). 

Samples were processed by serial dilutions. The sowings were performed in triplicate in an 

incubator at 36 °C and the count was carried out at 72 h. 

Physicochemical properties of W. cibaria microcapsules. Water activity (aw): measured 

in a dew point hygrometer at 25 °C (AquaLab 3TE, USA). Moisture (Xw): was quantified 

according to method 934.06 (AOAC. 2012) and expressed as a percentage on a wet basis. 

Solubility (S): it was determined according to the methodology of (Estrada et al., 2017), 

with modifications. It was worked with a dilution of 50 mL of distilled water/1 g of 
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lyophilized capsules. Hygroscopicity (H): was determined by the gravimetric method at 25 

°C and constant relative humidity atmosphere (aw = 0.689), using supersaturated KI solution 

(Muzaffar & Kumar, 2016). The results were expressed as percentages of Xw on a wet basis. 

Peroxide index (PI): it was quantified by spectrophotometric method 965.33 (AOAC. 2012) 

(R=0.993 determination coefficient was used on the calibration curve). 

Simulation of in vitro gastrointestinal digestion of W. cibaria microcapsules. The freeze-

dried capsules were subjected to an in vitro digestion process. The static simulation 

procedure was evaluated in the gastric and intestinal phases (stomach, small intestine, and 

large intestine). The simulated gastrointestinal fluids were prepared following the 

standardized INFOGEST method (Minekus et al., 2014). The digestion procedure was 

worked according to the methodology of Marefati et al, (2021) with modifications. 1 g of 

the lyophilized microcapsules were weighed and diluted in 30 mL of simulated gastric fluid 

with pepsin (1.25 g L-1) and CaCl2 (0.3M). The pH adjustment was performed with HCl 

(1M) starting at pH = 5.5 and ending the first phase at t = 90 min with pH = 2.0 and constant 

agitation (130 rpm). Next, the intestinal phase was evaluated, which was worked in two 

phases. The 1st phase simulated the duodenum. For this, the gastric solution was added to 

the simulated intestinal solution with pancreatin (4.5 g L-1), bile salts (10 mM), and CaCl2 

(0.3M) and maintained for 20 min at pH = 5.0. The 2nd phase (Ilion simulation) was adjusted 

pH = 6.5 with NaOH solution (1M), time 90 min, and low agitation (50 rpm). Incubation 

conditions were at 37 °C, pH adjustment, and constant shaking on a horizontal shaker. 

Samples for live cell counts were taken at the end of each of the phases (gastric, intestinal 

phases 1 and 2) and freeze-dried microcapsules were evaluated at 0 and 6 months of storage 

(5, 15, and 25 °C).  

Morphology of W. cibaria microcapsules. The morphology of the microcapsules was 

observed immediately after freeze-drying. A scanning electron microscope (SEM) (JSM-

5910, JEOL) was used where samples were coated with platinum and processed at an 

accelerating voltage of 10 kV at magnifications of 100× and 1000× (Marques da Silva et al., 

2018).  
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Storage. The evaluation of freeze-dried microcapsules of W. cibaria was carried out using 

a multifactorial design. The independent variables were temperature (5, 15, and 25 °C) and 

time (0, 1, 2, 3, 4, 5, and 6 months). The samples were packed in heat-sealed metalized bags 

(ALICO S.A.S, Colombia) and stored in stability chambers with controlled relative humidity 

(65 %). Triplicate samples were taken for each storage condition. The dependent variables; 

aw, Xw, S, H, PI, and viability were evaluated. Simulated in vitro gastrointestinal digestion 

(SGD) was performed on the freeze-dried microcapsules for each temperature at 0 and 6 

months. 

Statistical analysis. Results were compared by one-way analysis of variance (Minitab. 0.19 

and Statgraphics version XVII.II) with pooling of data by Tukey's test, with significant 

differences for p<0.05. All results were reported as means ± standard deviation of triplicate 

measurements of each treatment. 

RESULTS 

Viability of W. cibaria microcapsules 

Figure 1 shows the evolution of the viability of microencapsulated W. cibaria during storage.  

 

Figure 1: Viability evolution of microencapsulated W. cibaria during storage 

The viability of W. cibaria had significant differences (p<0.05) concerning time, 

temperature, and their linear interaction. A significant reduction of viability concerning time 

was observed, being higher at 25 °C (4 Log units) reaching at 6 months 6.5±0.1 Log10 CFU 
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g-1. While at 5 °C the reduction was smaller (3 Log units), reaching viability of 7.8±0.1 

Log10 CFU g-1. These results indicate that the freeze-dried microcapsules of W. cibaria 

presented lower cell death when they were at refrigeration temperature. This is attributed to 

the lower biochemical activity of bacterial cells in low-temperature environments (Cheng et 

al., 2022). Similar behavior has been reported by Oluwatosin et al. (2022) in a viability study 

of L. plantarum microencapsulated with different encapsulants (inulin, maltodextrin, and 

sucrose). The authors found higher survival using maltodextrin (1.3 × 108 CFU ml-1) at 90 

days of storage. Marques da Silva et al. (2018) evaluated the viability of Bifidobacterium 

lactis 12 in wet (complex coacervation) and dry (freeze-drying) samples, obtaining higher 

survival in dry samples (9.45 Log CFU g-1) after 3 months of storage at 25 °C. In another 

study, Cheng et al. (2022) evaluated several protective agents in the encapsulation of L. 

plantarum L1 and L. fermentum L2, finding high viability after the freeze-drying process 

(3.1 × 1011 CFU mL-1 and 5.2 × 1010 CFU mL-1 respectively). 

Physicochemical properties of W. cibaria microcapsules  

Figure 2 presents the physicochemical properties (aw, Xw, S, H, and PI) of freeze-dried W. 

cibaria microcapsules during storage.  



 

 

 

    

   

Figure 2: Evolution of the physicochemical properties of W. cibaria microcapsules during storage.el alamcenamiento 
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Moisture and water activity. The ANOVA presented significant differences (p<0.05) of aw 

and Xw concerning storage time and temperature, indicating increasing behavior over time 

at the three temperatures evaluated. The maximum awvalues at 6 months were aw < 0.510 

and Xw < 3.5 %. This guarantees good microbiological stability in the freeze-dried 

microcapsule (Reque & Brandelli, 2021). However, the presence of other bacteria that can 

grow in these conditions (extreme osmophiles) can be found (Xu et al., 2016). It was found 

that samples stored at 5 °C experienced the highest water adsorption, resulting in the greatest 

change in aw (0.280 → 0.507). Whereas samples stored at 25 °C experienced the lowest rate 

of change in aw (0.280 → 0.389). The increase in aw and Xw is mainly attributed to the mass 

transfer of water between the sample and the environment. The water vapor permeability of 

the package favors the flow towards the sample since there is a difference in the chemical 

potential of water between the internal environment of the stability chamber (aw = 0.650) 

and the samples, generating a higher adsorption force inside the package when the aw is 

higher. 

In general, it is considered that the water adsorption levels were acceptable. This 

phenomenology is favored by the porosity of the microcapsules, allowing air currents to 

flow between particles and into their interior (Wahl et al., 2016). However, the encapsulation 

network of high molecular weight hydrocolloids (gum arabic and gelatin) obtained during 

the complex coacervation process is also highlighted (Daniele et al., 2019). This network is 

strengthened during freeze-drying interaction with water vapor and good protection to the 

microcapsule of W. cibaria. Some authors have reported Xw values between 1.4 % and 7.2% 

at 4 months of storage in freeze-dried microcapsules with L. plantarum using different 

cryoprotectant compounds (Oluwatosin et al., 2022). Similar values at 60 days of storage 

(3.35±0.02) have been reported in microcapsules obtained by W/O/W emulsion and 

lyophilization, using inulin and whey protein concentrate as wall materials (Jamshidi et al., 

2018). 

Solubility. The S of W. cibaria microcapsules showed significant statistical differences 

(p<0.05) concerning storage time. Two homogeneous groups were identified: one at time 

zero and the other at times 1, 2, 3, 4, 5, and 6 months. A positive rate of change was identified 
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during the first month (26.2 → 31.6 %); subsequently, an asymptotic behavior was described 

at all temperatures. In month 6, values of 33.1±1.3 %; 32.2±1.6 %, and 29.9±2.4 % were 

obtained for 5, 15, and 25 °C, respectively.  

In general, the results showed that W. cibaria microcapsules have a low S. This is mainly 

attributed to the composition of the microcapsules, which contain a significant percentage 

of sunflower oil, and to the fact that the agglomerated formation of the microcapsules 

prevented a better interaction of water with the hydrocolloid network (gum arabic-gelatin). 

Other characteristics of the microcapsules could equally have contributed to their dissolution 

or solubilization: particle sizes, density, porosity, and the surface electric potential of the 

particles (Wahl et al., 2016). On the other hand, the increase in S during the first month 

could be associated with the increase in Xw. Such an increase favors their dissolution, 

because of their polar affinity and their greater availability to act as a solvent. Similar results 

(30.3±1.5 mg/100g) have been reported in freeze-dried and stored microcapsules for 60 days 

at 4 °C (Jamshidi et al., 2018). 

Hygroscopicity. The ANOVA showed significant differences in H (p<0.05) concerning 

storage time. No significant differences were found concerning temperature so that for each 

time the humidity configured a homogeneous group. An increase in H over time was 

observed, which is consistent, due to the driving force for mass transfer that is promoted 

between the air inside the controlled container at a relative humidity of 68.9 % (aw = 0.689 

and temperature of 25 °C), and the microcapsules of W. cibaria at each storage time and 

temperature. The aw behavior of the microcapsules was discussed above. It was observed 

that the driving force (aw) decreases with increasing time. Generally, freeze-dried products 

present high H due to their high adsorption strength which is favored by their porosity (Wahl 

et al., 2016). However, the morphology (size, distribution, and shape) of the microcapsules 

also influences this property. 

Peroxide index. The ANOVA showed significant differences in PI (p<0.05) for storage time 

and temperature. An increasing behavior was obtained overtime for all temperatures, which 

denotes an oxidative tendency from the beginning of storage. However, it was found that 

the PI values at 5 and 15 °C behaved as a homogeneous group. On the other hand, there was 
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no consistency with the values obtained at 25 °C, which exhibited a lower oxidation level. 

Moreover, at 25 °C the microcapsules of W. cibaria experience an induction zone during the 

first month of storage, which is not observed at the other temperatures.  

The oxidation of fatty acids from sunflower oil used in the formulation of the single 

emulsion (W/O) (40 %) (Micanquer-Carlosama et al., in press 2022) is directly related to 

the formation of free radicals (R•) in the initiation stage. This is caused by various factors 

(light, temperature, irradiation, presence of metals, or free radical attack (Xing et al., 2022), 

which generate the loss of H2 molecules (Haruna et al., 2022). These R• react with O2 and 

produce the peroxyl radical (ROO•) which reacts with the fatty acid to form a hydroperoxide 

ROOH, and then another lipid radical reacts similarly, thus giving way to the propagation 

phase. Subsequently, the propagation stage is interrupted by termination reactions where all 

the radicals are consumed and autoxidation ends (Xing et al., 2022). In products with high 

oil content, the determination of PI and acid number are related to their overall quality. The 

lower the PI, the longer the shelf life of the product (Haruna et al., 2022). On the other hand, 

it should be noted that the presence of unsaturated fatty acids favors the survival of LAB. 

These fatty acids act as protective agents, improving the cell membrane's fluidity and 

producing less cell death (Cheng et al., 2022). Similar behavior in the increase of lipid 

oxidation has been reported by (Jamshidi et al., 2018), in freeze-dried microcapsules 

obtained by W/O/W. Lower PI values have been reproved by (Nejadmansouri et al., 2016) 

in nanoemulsions with fish oil (0.8 meqO2/kg). 

Simulation of in vitro gastrointestinal digestion of W. cibaria microcapsules. The viability 

results of microencapsulated, freeze-dried, and stored (6 months) W. cibaria in SGD are 

shown in Table 1. Due to the short retention time in the oral phase in the mouth, the in vitro 

simulation started with the gastric phase, where pH changes are significant (from 5.5 to 2.0). 

In this phase, the level of protection of the encapsulating compounds and the resistance of 

bacterial cells to extreme acidic environments are mainly evidenced (Marefati et al., 2021). 

In addition, the high interaction between the encapsulating materials (gum arabic and 

gelatin) allowed controlling the release of bacteria in the SGD media. Since, the capsules 

were formed by coacervation in acid medium, where the structure of the protein with the 

gum was propitious to form complex and firm networks (Daniele et al., 2019). 
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Table 1: Viability of microencapsulated W. cibaria in month 6, in the SGF test at 37°C 

Gastrointestinal 

phase 

Viabilidad (Log10 CFU g-1) 

Tiempo 0 
Tiempo 6 meses 

5°C 15°C 25°C 

Gastric phase 8.42±0.08ª 6.73±0.01ª 6.43±0.08ª 6.31±0.01ª 

Intestinal phase (Duodenum) 8.14±0.02b 6.51±0.02b 6.35±0.03ª 6.02±0.03b 

Intestinal phase (Ilium) 7.56±0.01c 6.04±0.05c 5.88±0.04b 5.43±0.06c 

Different letters for each row indicate a significant difference (p<0.05). 

The viability of W. cibaria showed significant differences (p<0.05) for the three 

gastrointestinal phases evaluated in simulated static digestion in vitro. Viability loss was 

found in the gastric phase in the freeze-dried microcapsules at the beginning and the end of 

the storage period. The highest loss of viable cells was found at the beginning of storage 

(10.85±0.041 → 8.42±0.08 Log10 CFU g-1), equivalent to a reduction of 2.43 Log units. At 

the end of the storage period, the microcapsules presented greater protection to the bacterial 

cells, evidencing a lower loss of viability of W. cibaria: reductions of 1.04; 0.51, and 0.18 

Log units at 5, 15, and 25 °C, respectively. 

These results indicate that the temperature conditions at 25 °C were the least favorable for 

cell survival. However, the microcapsules showed greater resistance to gastrointestinal 

digestion. On the other hand, between the gastric and intestinal phases, bacterial cells lost 

viability in a relatively similar way: 0.86, 0.69, 0.55, and 0.88 log units for the samples at 

times 0 and 180 days, at temperatures of 5, 15, and 25 °C, respectively. 

The effect of acidic conditions in the gastric phase was reflected in the greater loss of viable 

cells. This is attributed to the proteins present in the microcapsules, which have H+ and OH- 

ions and influence the modification of their structure. In addition, these ions interact with 

the side radicals of amino acids altering the surface charge of the protein and causing higher 

solubility when the pH moves away from the isoelectric point (Ravindran et al., 2018). 

Marefati et al, (2021) reported similar behavior with Lactobacillus reuteri encapsulated in 

double emulsion, highlighting a higher cell death at the beginning of the gastric phase, which 

is a function of the susceptibility of the components that protect the bacteria and adverse pH 

changes (Xu et al., 2016). Higher cell death has been reported for 4 strains of Lactobacillus 
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(acidophilus NCIM 2660, bulgaricus NCIM 2056, fermentum NCIM 2156, plantarum 

NCIM 2083) microencapsulated in the sodium alginate and CaCl2. At the end of the 

digestion process (4 h), L. plantarum NCIM 2083 reported zero viable cells (Moumita et al., 

2017).  

Morphology of W. cibaria microcapsules. Figure 3 presents the micrographs obtained by 

SEM at 100× and 1000× of the freeze-dried microcapsules of W. cibaria.  

  

Figure 3: SEM micrographs (100× and 1000×) of freeze-dried microcapsules containing 

W. cibaria. 

Micrographs at 100× evidenced the formation of irregular, porous structures of variable size. 

Magnifications of 1000× show many W. cibaria bacillus-like cells located on a smooth, 

concave surface of the microcapsules. The surface structure of the microcapsules showed a 

rigid coating, which is attributed to the hydrocolloids gum arabic and gelatin. These 

hydrocolloids favor the level of LAB protection under acidic conditions (Ph = 4.0), allowing 

to obtain high viability of the bacteria. Micrographs with similar characteristics have been 

reported by Daniele et al. (2019), on freeze-dried microcapsules of L. plantarum obtained 

from the encapsulation process by double emulsion and complex coacervation. In another 

study by Hernández-Rodríguez et al. (2014) micrographs of L. plantarum microcapsules 

showed more homogeneous surface networks, forming interconnected complexes and with 

evidence of the high presence of LAB.  
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CONCLUSION 

Freeze-dried W. cibaria microcapsules stored for 6 months reached viability higher than the 

minimum required for the naming of probiotic microcapsules: 8±0.1 Log10 CFU g-1 (5 °C), 

6.9±0.1 Log10 CFU g-1 (15 °C), and 6.5±0.1 Log10 CFU g-1 (25 °C), reflecting the highest 

cell death at 25 °C (6.5±0.1 Log10 CFU g-1). Likewise, W. cibaria microcapsules presented 

higher resistance to simulated gastrointestinal fluids for samples stored at 5 °C. In general, 

the physicochemical properties of the microcapsules during the 6 months of storage were 

acceptable. During this time, good microbiological stability was observed according to the 

Xw and aw values found. However, the microcapsules show hygroscopic and potentially 

oxidizable characteristics, which suggests a packaging with minimum permeability to water 

vapor and O2. On the other hand, the S of the microcapsules were low, which generates a 

future challenge in their reformulation, thus improving and expanding their applications as 

probiotics in food matrices. 
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8. CONCLUSIONES Y RECOMENDACIONES 

GENERALES 

8.1. Conclusions 

The integration of the fermentation and encapsulation processes of the lactic acid bacterium 

Weissella cibaria allowed: i) optimize biomass production using a fermentation substrate 

formulated with agro-industrial residues (pineapple and sacha inchi) as sources of C, N2 and 

micronutrients. ii) optimize formulations of the single (W/O) and double (W1/O/W2) 

emulsions, using the fermentate obtained in numeral i. iii) to obtain W. cibaria capsules that 

are physicochemically stable and with the viability required for probiotic designation for up 

to 6 months of storage.  

The physicochemical, proximal and elemental characterization of pineapple residues 

(epicarp and nucleus) and sacha inchi by-product indicated that these residues are important 

sources of macronutrients (C and N2) and micronutrients (Ca, Cu, P, Fe, Mg, K), allowing 

the formulation of a fermentation substrate with the necessary nutritional requirements for 

the reproduction of W. cibaria. The substrate formulated as a result of this research broadens 

the alternatives of organic sources to be used in biotechnological processes positively 

impacting the circular economy framework. 

Double emulsion and complex coacervation technologies were shown to protect W. cibaria 

cells and maintain their viability, and the colloidal system required in the double emulsion 

can be achieved by using fermented generated in the fermentative reproduction of W. 

cibaria.  

The freeze-dried microcapsules of W. cibaria open a path of high impact towards the 

development of new probiotic food matrices, because they have physicochemical stability, 
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maintain the viability of the probiotic and are resistant to gastrointestinal digestion (in vitro) 

for 6 months of storage and at different temperature conditions (5, 15 and 25°C). 

8.2. Recommendations 

Exploring other sources of fermentation substrates is recommended, which allows to expand 

the range of alternative substrates for the reproduction of lactic acid bacteria, which allow 

to optimize the fermentative processes. 

It is recommended to reinforce the investigations that integrate fermentation processes, 

probiotic encapsulation and their respective applications. 

It is recommended to extend the research in the economic aspect, with figures that allow 

analyzing the profitability and viability of the use of agro-industrial wastes as fermentation 

substrates.  

 

 

 

 

 

 

 


