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Electrohydrodynamic Encapsulation of Probiotics in Heat-
Resistant Microcapsules for Applications in the Food Industry 

by 
 

David Alejandro Toro Galárraga 
 

Abstract 
 

 Probiotics are an important part of functional foods and are defined as living 

microorganisms that confer health benefits to the host. Viable probiotics are, 

however, significantly destroyed during food thermal processing and in the stomach 

due to harsh digestive conditions. The challenge is to improve the survival of 

probiotic cells during manufacture, storage, and the passage through the 

gastrointestinal tract of the host in order to exert their health benefits. Various 

microencapsulation techniques have been used to protect probiotics against harsh 

conditions, however, these processes have low encapsulation efficiency, low yield 

and high energy consumption. On the other hand, electrospray microencapsulation 

can be used to produce capsules ranging from the micro to the sub-micron sizes, 

works at room temperature and has high encapsulation efficiency with narrow 

particle size distribution. The objective of this project was to create heat-resistant 

microcapsules (HRM) via electrospraying. To accomplish this, core and shell 

solutions were synthesized to perform encapsulation with metallic and 3D printed 

electrospray sources to increase the production rate. HRMs of 394.7±44.50 μm in 

diameter were obtained while physicochemical characterization shows a 

combination of parameters of both biopolymers, which is attributed to the formation 

of bonds between alginate and zein in the esterification process. The 

thermogravimetric analysis also shows an improvement in thermal properties, 

reducing weight loss due to material degradation at 250 ºC from 40% to 19%. This 

technology is a promising technology for probiotics encapsulation and fortification of 

foods thermally processed. 
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Chapter 1 Introduction  
 

1.1. Introduction  

Probiotic bacteria have become increasingly popular over the past two 

decades[1]. Scientific evidence that associates the consumption of these 

microorganisms with various health benefits in the host has led the food industry to 

incorporate them into various products, mainly dairy products because they have 

their cold chain controlled [2]. However, an increased demand for nondairy probiotic 

products is coming from vegetarianism, milk cholesterol content, and lactose 

intolerance [3]. 

Probiotics are sensitive to heat, which makes it difficult to integrate them into 

foods that require heat treatment during processing (e.g.: cooked, baked). To solve 

this limitation, encapsulation has been gaining interest. This technique is used to 

protect and preserve some food materials like vitamins, acidulants, enzymes, 

microbial cells, etc. [4]. However, there are still many challenges to overcome with 

respect to the microencapsulation process and the conditions prevailing in the gut 

[5]. 

Currently, within the traditional encapsulation methods used in the food 

industry are: spray drying [6], coacervation [7], spray cooling[8] and bed fluidization 

[9]. These encapsulation methods have technological limitations, including the use 

of heat during the encapsulation process that inactivates certain bioactive 

compounds while other processes require the use of toxic chemical agents. With 

these technologies, particles with variable particle sizes, the presence of a certain 
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core material in the shell (increase oxidation) and the inactivation of certain bioactive 

compounds have been obtained [4], [10], [11]. 

Electrospray is a very promising microencapsulation technique because it is 

easy to implement, can operate at room temperature and atmospheric pressure, 

does not require the use of toxic chemicals, and can generate particles with a narrow 

size distribution [12]. The main disadvantage of this technology is its low production 

rate, so it is not currently used at the industrial level, to overcome this restriction, 

multiplexed systems can be used [13], [14].  

On the other hand, the effect of baking conditions and storage on the viability 

of probiotics supplemented to bread were studied and results indicate that the 

viability of probiotics decreased from 109 CFU/g to 104~5 CFU/g after baking. These 

values are lower than the recommendable for probiotic foods [15]. 

Several studies have encapsulated probiotics with different polymers by 

electrospray [10], [16]–[18], demonstrating that the process does not affect the 

viability of microorganisms. However, its viability to be incorporated into non-dairy 

foods that require a thermal treatment and the industrial scaling of this technology 

requires further investigation. 

Sodium alginate, which is an edible natural polymer, is one of the most widely 

used materials, this is due to its non-toxicity, egg-box gel forming ability [10], [19]. 

Alginate components alone cannot effectively improve cell viability[20]. One possible 

solution to solve this limitation is to coat alginate-based microcapsules containing 

probiotics with other polymers[17], [21], [22]. Zein, an edible hydrophobic polymer 
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having good gastric fluid digestion resistivity was used to coat alginate 

microcapsules, showing better resistance to stomach pH, however, its effect at high 

temperatures has not been studied [22].  

The aim of this research project that is encapsulate probiotic microorganisms 

by electrospray, where these encapsulated microorganisms can withstand thermal 

treatments such as baking so that it can be added to daily foods such as bread. 

1.2. Motivation  

Traditional processes have technological limitations that make them energy 

inefficient or have low yields. On the other hand, the use of electrospray is a very 

promising microencapsulation technique because it is easy to implement and it can 

operate at room temperature without affecting cell viability, which makes it very 

promising to solve the problems existing technologies have. However, the use of this 

technology has been investigated at the laboratory level and the use of multiplexed 

devices created by additive manufacturing have been reported to be able to take this 

technology to an industrial level at a low cost. This could give industries a new and 

cost-effective method for encapsulating food and pharmaceuticals. 

 
1.3. Problem Statement 

Due to new consumer trends towards a healthier lifestyle, new functional 

foods are constantly being developed that require unique technologies to incorporate 

ingredients that promote health into food systems. However, these ingredients can 

slowly degrade and lose their activity, or become dangerous due to oxidation 

reactions. They can also react with other components in the food system, which can 
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limit bioavailability or change the color or flavor of a product, allowing food to become 

prone to spoilage. In many cases, microencapsulation can be used to overcome 

these challenges [23]. The current traditional methods overcome these challenges 

in a certain way, however, the particles obtained present variable sizes, the presence 

of a certain core material in the shell (increased oxidation) and the inactivation of 

certain bioactive compounds [11]. 

1.4. Thesis Hypothesis  

Encapsulate probiotics using electrohydrodynamic atomization allowing to 

develop monodispersed core-shell micro-nano particles with probiotics in the core 

and a protective layer as shell. These encapsulated probiotics can withstand heat 

treatment during manufacturing process. 

 
1.5. General objective 

Develop alginate-zein and core-shell microcapsules using the electrospray 

technique, incorporating probiotics in the core for applications in the food industry. 

1.6. Specific Objectives  

 Synthesize the ideal collecting solution of zein that allow encapsulation with 

electrospray. 

 Establish optimal ES mode through characterization of alginate-core solution.   

 Establish process parameters of flow and voltage, considering size, 

dispersion and production rate. 

 Develop alginate-core and zein-shell microcapsules containing Lactobacillus 

plantarum in the core.  
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Chapter 2 Literature Review 
 
2.1. Importance of probiotics 

Probiotics include a group of microorganisms with numerous effects acting as 

normal flora and inhibits pathogen colonization. The most common probiotic species 

include Bifidobacterium spp., Lactobacilli and Saccharomyces boulardii. Some 

beneficial properties of probiotics include cancer prevention [24], anti-

cholesterolemic potential [25], stimulation and strengthen of the immune system, 

treatment and prevention of acute diarrhea, reducing inflammation in the intestines, 

and food allergies, and also antibiotics associated diarrhea [24]. Some of the 

potential applications of probiotics are briefly discussed in Figure 1 below. 

 

Figure 1. Clinical significance of probiotics and its potential applications [26]. 

During human digestion, the food consumed is broken down into simpler 

nutrients that the body can metabolize. In the case of probiotics, pH has been 

reported to affect the viability of these microorganisms, so encapsulating these 

microorganisms in structures that protect them has been the interest of several 
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studies [18], [22], [27]. This encapsulation process using alginate and zein protein 

has proven to be useful to maintain its viability during digestion [27]. 

 Currently, a series of in vitro digestion models have been designed to 

observe the effect of encapsulation on the viability of microorganisms. Depending 

on the purpose of the study, simulated digestion models may include the oral, 

gastric, and intestinal phases. In each phase, the food product is incubated for a 

specific time and at a specific temperature with simulated fluids, controlling pH, 

temperature and other parameters that include enzymes and bile salts as the study 

becomes more specific [28]. 

 
Figure 2 Food processing and digestive phases [29]. 

Figure 2 shows the parameters of pH, time and temperature to which these 

microorganisms will be subjected during the digestion process, a food processing 

stage has also been included where temperature and baking time are included 

because it is of interest to observe the effect that this has on the viability of the 

microorganisms in the capsules. 

•Baking

•200-250 ºC 

•15-30min

Food processing

•10 min

•pH 7

•37 ºC

Oral phase

•2h

•pH 3

•37 ºC

Gastric phase

•2h

•pH 7

•37 ºC

Intestinal phase
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2.2. Traditional Encapsulation Technologies 

Encapsulation is the technique by which a material or a mixture of materials 

is coated or trapped within another material or system with the main objective of 

trapping active agents within a carrier material, improving the supply of bioactive 

molecules and living cells to the foods [30]. In general, three steps are involved: 

formation of the wall around the material, ensuring that leakage does not occur, and 

ensuring that undesired materials are kept out [31]. These encapsulation techniques 

include coacervation [7], spray drying [6], spray cooling[8] and bed fluidization [9].  

2.2.1. Spray drying 

Spray drying is one of the oldest processes to encapsulate bioactive agents. 

It is common in the food industry. Encapsulation using this method is commonly 

accomplished by dissolving, emulsifying, or dispersing the active in an aqueous 

solution of carrier material, followed by spraying and spraying the mixture in a hot 

chamber [32]. 

The main disadvantage of spray drying is that some heat sensitive 

compounds can be inactivated or damaged during spray drying due to process heat, 

in addition the core material may be on the surface of the capsule, facilitating 

oxidation and possible flavor changes of the encapsulated product. Other 

disadvantages of this technology is the production of non-uniform capsules and also 

there is a limitation in the shell material, since it must have low viscosity and must 

be at high concentrations in order to function properly [11]. 
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2.2.2. Extrusion 

This method consists of forcing the molten mass of the coating through molds 

with the dispersed central material, the capsule is formed by hardening of the 

protective material when it comes into contact with a dehydrating liquid [33]. Its most 

important application in the food area is for the encapsulation of flavors [11]. 

One of the limitations of this technique is the large particle size obtained (500-

2000µm), which limits its application, in addition to the scarce variety of 

encapsulating agents, among which are maltodextrins of different starch equivalents 

and mixtures of additives [34].  

2.2.3. Coacervation  

The separation of colloidal systems into two liquid phases is known as 

coacervation. Coacervate refers to the phase that is most concentrated in 

component and are made of opposingly charged species such as colloids, proteins, 

and surfactants that assemble in an aqueous solution. Coacervation can be initiated 

in different ways: changes in pH, temperature, addition of ionic salts [11]. Core 

materials used in the coacervation must be compatible with the receptor polymer in 

the coacervation medium [35]. 

Optimizing the concentration of shell material is problematic because the 

concentration required to obtain a fine emulsion may be different from that required 

to increase the performance of the microcapsules. Other limitations are evaporation 

of volatiles, dissolution of the active compound in the processing solvent. As with 

spray drying, residual core materials sometimes adhere to the outside of the capsule 
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and this can promote oxidation [11]. A coacervation can be considered efficient, but 

at the same time a high cost [36]. 

2.2.4. Bed fluidization  

The molecules of the coating material are sprayed onto solid particles with 

the bioactive material, which is fluidized by air, thus creating a uniform layer of 

covering material on the solid particles [37]. 

Although the choice of matrix material is much wider compared to spray 

drying technology. Where you can use fats, waxes, polysaccharides, proteins, and 

other complex formulations. For industrial applications, the problem is to coat these 

particles with given characteristics with a given adhesive layer comprising specific 

elements. For this the coating must have well-defined properties of solubility, 

hardness, permeability [38].  

The main disadvantage of this technology is the high contribution of energy 

necessary for the fluidization of solid particles [37]. The force of gravity experienced 

by the particles has to be overcome by an upward air flow. Conventional fluidized 

bed devices can efficiently process particles of 100 µm to just a few millimeters [38].  

2.2.5. Spray cooling 

This technique consists of mixing the active agent with the encapsulating 

agent and atomizing them using cold air, which causes the solidification of the 

encapsulating agent around the active agent, since vegetable oils are used as 

encapsulating materials in the case of cooling drying or vegetable oils hydrogenated 

for freeze drying. The main limitation of this technique is that it requires special 
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storage conditions; Another limitation is that a certain part of the material may remain 

on the surface of the microcapsule [39]. 

In summary, Spray drying has the advantage of being a very well-developed 

technology at an industrial level, despite being energy inefficient, it has a high 

production rate. However, the particle size dispersion here is very wide plus the 

presence of certain core material in the shell, and this material can easily oxidize 

and deteriorate the product. Spray cooling, on the other hand, has more limitations 

since it requires a large amount of energy to cool the production process as well as 

storage, and only a certain material with a low melting point can be used as a shell. 

Although in each technology the core material and the shell must have certain 

characteristics so that the encapsulation can be carried out, in coacervation and 

fluidized bed the compatibility of the core material and the shell is much more limited 

since there must be some compatibility chemistry. Furthermore, these processes 

require post-processing to filter and dry the particles. 

2.3. Electrospray encapsulation Technology  

The Electrospray (ES) technique is an electrohydrodynamic atomization 

(EHDA) process that has been developed and customized for the generation of 

micro- and nano-meter scaled particles[40], [41]. The past two decades have 

witnessed the rapid progress of electrosprayed nanoparticles being utilized as 

functional products in a wide variety of fields  [42]–[45]. 

This process has drawn appreciable attention in the pharmaceutical field due 

to its control in preparing near uniform nano-meter scaled architectures, which can 
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also be extended to bulk production using a single-step process. The process 

advantage is that it operates at ambient conditions (temperature, pressure and no 

need for assisted heat or drying) so the risk of damage bioactive particles is 

significantly lower than other pharmaceutical technologies [46]. 

The disintegration of a liquid into droplets, also denominated atomization, can 

happen by various means. The most applied mechanisms are pressure, ultrasonic 

oscillations and centrifugal forces. Normally, these methods don’t offer fine control 

of the produced droplet’s size, size distribution and/or the spatial dispersion (droplet-

droplet distance). However, it is known that for many applications, e.g. evaporation, 

spray drying, painting systems, well-dispersed droplets with a narrow size 

distribution are desirable spray’s [41]. 

When operated in the cone-jet mode, this process is known by its fine control 

over the generated droplets size (much smaller than the nozzle inner diameter) and 

the fact that the produced droplet population is narrowly distributed, i.e. 

monodispersed sprays [41]. 

Figure 3 shows the liquid contained in a syringe that through a tube is 

connected to a metal nozzle. The flow is controlled by a precision syringe pump and 

fixed at 1.5ml/h. The nozzle is connected to ground and the extractor is connected 

to a high voltage supply. The distance extractor to the needle was fixed at 4mm. 

With a low electric field, a dripping mode is observed since there is not enough force 

to transport the fluid, in this mode the drop is deformed towards the extractor. The 
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drops fall periodically to decrease the surface energy of the growing cone. Each 

event returns to its original form and then the process repeats itself. 

 
Figure 3. Modes ES of Ethylene glycol at; (a) No voltage, (b)4-5, (c)5-6.4, (d) 6.5-7.5Kv and (e)7.6-

8 kV. 

As the voltage increases, the drop gradually decreases in size and eventually 

a pulsating regimen is observed where the Taylor cone grows and contracts, which 

is called the pulsating mode or unstable jetting. As the voltage increases further and 

depending on the properties of the fluid, a voltage produces cone-jet mode, where a 

pointed cone with well-defined edges is formed. When the voltage is too high, there 

is not enough support for the fluid, the jet is too thin, and it breaks, and stability is 

lost. Simulations of these phenomena have been reported [47]. 

 

 

 

a) b) c) 

d) e) 

0.5mm 

0.15mm 0.15mm 

0.6mm 0.6mm 
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2.4 Modeling and characterization of the electrospray encapsulation process 

 

Generally, electrospray in the cone-jet mode can be described by the 

formation of the liquid cone-jet, which is the result of the force balance of surface 

tension, gravity, electric stresses in the liquid surface, inertia and viscous stresses 

[48]. This force distribution forces of electrospray are illustrated in Figure 4 

 

 

The modified Navier–Stokes equation for an EHD flow is,  

 
𝜌

𝑑�⃗�

𝑑𝑡
= −∇𝑃 + 𝜂∇𝑣2 + 𝑓𝑒

⃗⃗⃗ ⃗ + 𝜌�⃗� 
(1) 

where 𝑃 is the pressure, 𝑓𝑒
⃗⃗⃗ ⃗ is the electromechanical force, 𝜂 is the viscosity 

coefficient, and 𝑔 is the gravitational constant. The left side of the equation describes 

the acceleration of the fluid. The right side is the summation of several forces acting 

on the system: the first term is the force due to a pressure gradient ∇𝑃, the second 

term describes the viscous force and the fourth term is the force due to gravity [47]. 

Tangential 
electric force 

Normal electric 
force 

Surface tension 

Viscosity 

Gravity 

Figure 4. Force distribution on the liquid cone–jet based on the leaky dielectric model 
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The force arising from the applied field is captured by the electromechanical 

force, 𝑓𝑒
⃗⃗⃗ ⃗, given by 

 
𝑓𝑒
⃗⃗⃗ ⃗ = 𝑞�⃗⃗� −

1

2
�⃗⃗� ∙ ∇𝜀 (2) 

where �⃗⃗� is the electric field, 𝜀 is the permittivity of the fluid, and 𝑞 is the net 

free charge density near the interface. The first term on the right is the expected 

Coulomb force. The second term is due to polarization stress. Since the electric 

charges are located at the air–liquid interface, both the Coulomb force and 

polarization act at the interface [47].  
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2.5 Encapsulation in Food Industry by electrospray 

The main characteristics of encapsulation include: non-toxic materials, have 

high encapsulation efficiency and their release kinetics must be adequate in addition 

to meeting the requirements of a wide spectrum of applications, for example 

encapsulation of flavor, preservatives, vitamins and others [49]. 

Within food processing, the conservation of active compounds is the main 

interest to use electrospray for encapsulation. As this technology does not use heat 

for its operation, several studies have encapsulated probiotics and other bioactive 

compounds such as lycopene[50], essential [51] and fatty acids [52]. The different 

applications using electrospray in the food industry can be seen in Table 1 where 

the process parameters and the materials used to carry out the encapsulation are 

observed.  

2.5.1. Fats and oils. 

Eltayeb (2016) demonstrated that lipid nanoparticles encapsulating a model 

active component (ethyl- vanillin) can be produced by electrospraying with particles 

up to 65±6 nm, the thickness of the outer lipid layer is dependent upon the 

concentration of lipid in the processed solution [49]. 

Polyunsaturated fatty acids, particularly eicosatetraenoic acid (EPA) and  

docosahexaenoic acid (DHA) have clinically proved health benefits, however, they 

are very unstable and get rapidly oxidized, causing an unpleasant odor, taste and 

functional degradation [52]. Investigations have performed the encapsulation of DHA 
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by electrospray to limit its oxidative process [53]. Omega-3 were also encapsulated 

using zein protein, achieving a size up to 490 ±200 nm [53]. 

Essential oils (EOs) are one of the most promising bioactive an bio-

preservation agents obtained from different aromatic plants and spices which can 

show important levels of antifungal and antibacterial actions [51]. Similarly, chitosan 

was used in the encapsulation of origanum vulgare essential oil to obtain particles 

of 290-483 nm; Another essential oil that has been encapsulated is thyme oil in 

polylactic acid (PLA) achieving a size of up to 162nm [54]. 

2.5.2. Probiotic bacteria 

Probiotics have begun to encapsulate by ES due to the need for specific 

conditions to develop and be beneficial for the host. Lactobacillus acidophilus has 

been encapsulated in zein protein achieving particles of 259 ± 62 µm [22]. Kadkhoda 

(2017) obtained particles of 300-400 µm [17], both using a wet ES configuration 

using alginate and calcium chloride. 

Microparticles of up to 1.95±0.54 µm and 2 µm were achieved by 

encapsulating probiotic strains (Lactobacillus plantarum) used maltodextrin and 

acacia gum respectively [18], [55]; similarly, microparticles of lactobacillus casei 

were encapsulated in whey with a size of 3.09±1.04 µm; microparticles of other 

microorganisms such as some yeasts (Saccharomyces cerevisiae) were 

encapsulated in a chitosan solution (0.5wt%) with 200 nm acetic acid obtaining a 

particle size of 115-145 µm with a coefficient of variation of 8.0% [56]. 
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2.5.3. Bioactive compounds 

Micro and nano capsules of edible lycopene were produced by electrospray 

and spray drying, three different solutions as materials of the outer layer were used, 

chitosan was used by the uniaxial method obtaining particles of 1.7±0-5 µm, by the 

coaxial method, Dextran, achieving particles of 0.8±0.3 µm., And WPC with which 

the particles were 1.8±0.9 µm [50]. 

Tapia-Hernandez [57] performed the nanoencapsulation of gallic acid in zein 

protein, the particles obtained were 126.5±17.12 nm. Similarly, the zein protein was 

used in a solution with gelatin to obtain microparticles of 0.3±1 µm, said solution was 

used as a biopolymer for the microencapsulation of a compound of two bioactive 

ingredients, this biopolymer was composed of epligallocatechin gallate (EGCG), as 

a hydrophilic compound and α-linolenic acid (ALA) as a hydrophobic compound. On 

the other hand, larger particles were obtained by encapsulating carrageenan in 

gelatin, using electrospray a size of 1 to 2 mm was obtained while without voltage a 

size of 5 to 6mm was obtained, both characterized by optical microscopy [58]. 

Proteins have also been encapsulated, bovine serum albumin (BSA) was 

encapsulated in alginate solution obtaining particles between 1,488 and 1.5 mm [59]. 

Other bioactive compounds have recently been encapsulated, such as 

Aspalatine nanoencapsulation, tests were carried out with chitosan, lecithin, 

Eudragit S100 (ES100) and poly (lactide-co-glycolide) (PLGA) as outer layer 

materials, the smallest particles were obtained with (ES100) which had a diameter 

of 1899 ±1.8 nm [60].  
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Chitosan and CaCl2 solutions were used to encapsulate caffeine with sodium 

alginate. By the electrospray method, particles of 765.29±14.53 µm were achieved, 

while through gravity the particles increased in size to 2740±115 µm [61]. 
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Table 1. Encapsulation applications by electrospray in food industry 
Application Particle size Core materials Shell materials Reference 
Microencapsulation of Lactobacillus 
acidophilus 
(Food additive) 

4kV:543 ± 88 um 
6kV: 312 ± 69um 
10kV: 259 ± 62 um  

Alginate Zein [22] 

Encapsulation by electrospray coating 
atomization of probiotic strains 
(Food processing) 

WPC, 
2.47 ± 1.15 μm. 
Fibersol®  
2.87 ± 2.07 μm. 
Maltodextrin 
1.95 ± 0.54  

Probiotics 
strains 
 

WPC. 
Fibersol. 
Maltodextrin. 
 

[18] 

Encapsulate beads composed of 
alginate and chitosan as shell and 
bovine serum albumin (BSA) as core 

Sample A  
3 kV, and 75 mL/h. 
1.488mm 
Sample B  
5 kV, and 100 mL/h. 
1.5mm 

BSA Alginate [59] 

Encapsulation Omega 3 in Ultrathin 
Electrosprayed Zein Prolamin 
(Food processing) 

530 ± 215 nm for pure zein  
490 ± 200 nm for zein-DHA,  
 

Omega 3 Zein [53] 

Preparation of polyelectrolyte 
microcapsules by electrospray (yeast) 

The diameters of the microcapsules were 
from 115 to 145µm, with a coefficient of 
variation (CV) of  8.0%. 

Na-alginate CaCl2 and Chitosan [56] 

Hydrogel microcapsules by single- 
and double-stage procedures for 
encapsulation of probiotics. 
(Food processing) 

6 wt.% Na-alginate PS (95%): 450-550 μm  
2 wt.% Na-alginate PS: NM 
3 wt.% PS (74%): 300 – 400μm 

Na-alginate and 
Probiotic 

CaCl2 and Chitosan [17] 

Electrospray-assisted encapsulation 
of caffeine in alginate microhydrogels 
(Food processing) 

With voltage 
765.29±14.53 μm 
Without voltage 
2740±115 μm. 

Sodium alginate 
and caffeine  

CaCl2, chitosan and 
caffeine. 

[61] 

Encapsulation of Thyme Essential Oil 
in Polymeric Capsules using 
Electrospray Method 
(Food processing) 

PLA:162nm 
PMMA:5.4 μm 

Thyme essential 
oil 

Ploylactic acid (PLA) 
Polymethylmethacrylate 
(PMMA) 

[54] 
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Edible Lycopene-Containing Microand 
Nanocapsules Produced Through 
Electrospraying 
and Spray Drying 
(Food processing) 

Uniaxial 
Chitosan:1.7±0.5μm 
 
Coaxial 
Dextran:0.8±0.3μm 
 
WPC (whey protein concentrate):1.8±0.9μm 
 

Lycopene Dextran 
 
WPC 
 
Chitosan 

[50] 

Electrospray-assisted drying of live 
probiotics in acacia gum 
microparticles matrix 
(Food processing) 

2 and 5μm  Probiotics Acacia gum [55] 

Gallic Acid-Loaded Zein 
Nanoparticles 
(Food) 

126.5 ± 17.12 nm Galic acid Zein [57] 

Nanoencapsulation of the 
hydrophilic bioactive dihydrochalcone, 
aspalathin (food) 

Chitosan:333.9 ± 41.8 nm 
Lecithin: 1092.6 ± 33.2 nm 
ES100:189.9 ± 1.8 nm 
PLGA:332.5 ± 25.2 nm 

Aspalathin Chitosan 
Lecithin 
ES100 
PLGA 

[60] 
 

Carrageenan/gelatin hydrogel 
capsules 

Voltage: 1-2mm 
No voltage: ~ 5-6 mm 

Carrageenan Gelatin [58] 

Electro-encapsulation of Lactobacillus 
casei in high-resistant capsules of 
whey protein containing 
transglutaminase enzyme 

3.09 ± 1.04μm Lactobacillus 
casei  

Whey [62] 

Chitosan nanoparticles (CNPs) 
loaded with Origanum vulgare 
essential oil 
(Antifungal properties) 

290 - 483 nm Origanum 
vulgare 
essential oil 

Chitosan [63] 
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Chapter 3 Encapsulation by Electrospray: Process and 
materials characterization  
 

This chapter discusses the different experiments carried out to determine the 

optimal concentrations of various components in the core and shell solutions. For 

this, viscosity, electrical conductivity and viscosity analyzes were carried out, which 

were compared with a model fluid (Ethylene Glycol) with the intention of forming the 

cone-jet mode. In addition, the impact of flow, voltage and gauge on the size of the 

particles and their potential application in printed devices that would increase the 

production rate were studied. 

3.1 Materials 

Sodium alginate (Na-Alg) was purchased from DEQ® (Mexico), CaCl2  was 

purchased from Jalmek Científica® (Mexico). Tween® 20 purchased from Sigma 

Aldrich® under product number P 9416. The used dye was Rhodamine B. Glycerol 

was purchased by  CTR Scientific® (purity of 99.8%). Zein purchased from Sigma 

Aldrich® under product number P 3625. 

Sodium alginate is a natural, non-toxic, edible biopolymer that is used as a 

gel-forming material. Zein is a hydrophobic biopolymer resistant to gastric juice [27]. 

Calcium chloride is used as a source of calcium ions to solidify the structure. Glycerol 

is used as a plasticizer and humectant to reduce the damage of the particles during 

drying process. Citric acid is used to control the protein's structure based on its 

electric charge. 
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3.2. Synthesis of core and shell solutions for encapsulation by Electrospray. 

3.2.1. Design of experiments for the formulation of the core solution. 

A series of alginate core solutions were prepared at different concentrations 

in order to find the best formulation. A series of alginate core solutions were prepared 

at different concentrations to find the best formulation. From the solution used by 

[22], the concentration of alginate, glycerol, polysorbate 20 was modified in order to 

adjust the parameters of the alginate solution to the parameters of the Ethylene 

Glycol used as a model system. 

To analyze the electrical conductivity of the nucleus solution as a function of 

the concentration of alginate and glycerol, two concentrations of sodium alginate, 

0.25 and 1.4% (w/v) were tested; and to each one, the concentration of glycerol was 

varied in 0 and 8% (v/v) as shown in Table 2. All of them stirred for 2h. 

To analyze the effect of Polysorbate 20 addition, different concentrations of 

sodium alginate 0.5 and 1.4 (w/v) were tested; and to each one, the concentration 

of Polysorbate 20 was varied in 0.05, 6 and 10% (v/v) as shown in Table 2. All of 

them stirred for 2h. 

Table 2. Design of experiments for formulation of core solution. 
Factor Levels 
Electrical conductivity 
Alginate 0.25-1.4 
Glycerol 0-8 
Surface tension 
Alginate 0.5-1.4 
Polysorbate 20 0.05-6-10 
Glycerol 0-8 
Viscosity 
Alginate 0.25-0.5-0.7-1.4 
Glycerol 0-8 
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To analyze the viscosity behavior  of core solution as a function of the 

concentration of alginate and glycerol, four concentrations of sodium alginate 0.25, 

0.5, 0.7 and 1.4% (w/v) were tested; and to each one, the concentration of glycerol 

was varied in 0 and 8% (v/v) as shown in Table 2 .All of them stirred for 2h. 

3.2.2. Design of experiments for the formulation of shell solution 

A series of protein collecting solutions were prepared at different 

concentrations in order to find the best formulation. A 1.4% alginate solution was 

used to verify the solution with the best coating.  

Solutions were prepared by dissolving concentrations of calcium chloride 1, 

2, 3%w/v and citric acid 1, 2 and 3%w/v in ethanol 80%v/v and stirred for 20min. 

Subsequently, 7, 8, 9 and 10% w/v zein powder was added and stirred 1000 rpm for 

1 h. Once the zein powder was dissolved, glycerol 0.5, 0.75, 1, 2, 6, 7, 8%w/v was 

added and stirred for 30 min at 1000 rpm. 

Table 3. Design of experiments for formulation of shell solution 
Factors Levels 
Zein 7-8-9-10 
Citric acid 1-2-3 
Glycerol 0.5-0.75-1-2-6-7-8 
Calcium chloride 1-2-3 

 

As shown in Figure 5 the outer layer of the particle is altered with increasing 

protein concentration, therefore the collecting solution with 10% protein (d) was 

selected because with this concentration particles were obtained with a more 

homogeneous surface than with the other solutions. 
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Figure 5. Alginate particles encapsulated using different concentrations of protein (zein) in the 

collection solution: (a) 7%, (b) 8%, (c) 9% and (d) 10%. 

In order to modify the electric charge of the protein and thus modify its three-

dimensional structure, the concentration of citric acid was varied. In Figure 6 an 

increase in the concentration of citric acid in the collecting solution allows the 

formation of a uniform and homogeneous layer. In the encapsulation of alginate with 

1% citric acid (a) particles with an irregular surface were observed. The 2% citric 

acid solution (b) has a homogeneous surface as does the 3% solution (c). 

 
Figure 6. Shell solution citric acid variation a)1% b)2% c)3% 

As shown in Figure 7, an increase of more than 1% in the concentration of 

glycerol in solution decreased the adsorption of the protein on the surface of the 

particles. The maximum percentage of glycerol possible in the collection solution 

that did not affect protein adhesion was found to be 0.5% (a) and was selected at 

this stage of the design of experiments. 

a) b) c) 

0.5mm 
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Figure 7. Shell solution glycerol variation a) 0.5% b)0.75 c)1% d)2% e)6% f)7% g)8% 

Solutions with citric acid concentrations of 1, 2 and 3% were dry at room 

temperature for 24 hours to observe their morphology and the reduction in size. As 

shown in Figure 8 (a), (b) and (c), the dry particles presented a change in their 

morphology, fractures and loss of their sphericity can be observed. 5% glycerol ((d), 

(f) and (g)) was added to act as a plasticizer and to improve the morphology of the 

particles during drying. 

 
Figure 8. Shell solution citric acid variation a-c) 1%, b-d)2%, e-f)3%. Glycerol added c-d-f and no 

glycerol added a-b-e. 

On the other hand, the calcium chloride concentration was varied from 1.5 to 

3% and it was observed that an increase in the concentration favored the formation 

of a homogeneous morphology of the alginate particles, this because the Ca+ 2 ions 

a) b) 

d) f) 

c) 

e) 

1mm 

0.5mm 

a) b) 

d) f) c) 

e) 
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they act as catalysts in the esterification reaction (Figure 9). The ideal concentration 

was 3% (c) for the formulation of the collecting solution. 

 
Figure 9. Shell solution CaCl2 variation a)1% b)2% c)3% 

Finally, the resulting formulated collecting solution was composed of 10% 

protein, 2% citric acid, 0.5% glycerol and 3% calcium chloride. It is important to 

highlight that low concentrations of citric acid (0.1 %w/v) have been used in the zein 

collection solution [22], however the structure observed of the protein is irregular 

while the layer observed by optical (Figure 9) and SEM (Figure 26) microscopy of 

the final solution used, presents a regular shell layer of the micro-capsule. This would 

allow to control shell thickness and with this the release of the encapsulated 

bioactive compound. 

3.3. Solutions characterization 

As previously mentioned in literature there are various parameters that affect 

the morphology of the particles generated including electrical conductivity, surface 

tension and viscosity.  

a) b) c) 

0,5mm 0,5mm 0,5mm 
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3.3.1 Electrical conductivity 

The electrical conductivity of the core and shell solutions were measured 

using a conductivity meter (Hanna, HI5521, Italy). The electrode used to measure 

was HI76312 with a range between 0 to 200 mS/cm. 

EG was used as model fluid and the parameters of electrical conductivity, 

surface tension and viscosity were measured Table 4. This fluid was used for its 

ease of forming the cone-jet mode and its wide window of operation as shown in 

Figure 11 with 0% of NaCl. 

Table 4. Ethylene Glycol (EG) Characterization 
Parameter Value Temperature 

Electrical conductivity 0.213 µS/cm 23.5°C 
Surface tension 50±1.32 mN/m 23°C 

Viscosity 19.15 mPa.s 21°C 
13.86 mPa.s 30°C 

As observed in Table 4, the conductivity of ethylene glycol is low, even lower 

than distilled water and deionized water, while the electrical conductivity of 1.4% 

Alginate with 8% glycerol used in the literature [22] has a value of 2237 µS/cm. Even 

at low concentrations of 0.25% alginate, high electrical conductivity values of 331.1 

µS/cm are still obtained compared to 0.213 µS/cm of the EG. (Table 5).  

Table 5. Alginate Components and Solutions Electrical Conductivity Measurements 
Solution Electrical 

Conductivity [µS/cm] 
Temperature [ºC] 

Ethylene Glycol (EG) 0.213 23.5°C 
Distilled water 1.96 22.9°C 

Deionized Water 2.710 22.1°C 
Glycerol 0.116  22.7°C 

Alginate 1.4% & Glycerol 8% 2237 18.8°C 
Alginate 0.25% & Glycerol 8% 331.1  24.2 

Alginate 0.25%  433.7 24.6 
 

Glycerol has a very low electrical conductivity 0.116 µS/cm (Table 5), so its 

addition to alginate solutions reduces the electrical conductivity of the solutions. 
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However, values close to those required to have something similar to EG are not 

obtained. Table 6 shows the electrical conductivity for each of the solutions prepared 

and measured according to the standards. Table 6 shows the electrical conductivity 

of the added EG with various concentrations of NaCl ranging from 0 to 1 [% w / v]. 

Even small concentrations of NaCl produce a significant change in the conductivity 

of the solution. 

Table 6. NaCl in EG Electrical Conductivity Measurements 
NaCl 

concentration 
[%w/v] in EG 

Electrical 
Conductivity 

[µS/cm] 

Temperature [ºC] 

0 0.213 23.5°C 
0.0001 0.335 23.8 °C 
0.0005 0.754 24.3 °C 
0.001 1.233 23.7 °C 
0.002 2.231 24.0 °C 
0.01 10.08 25.0°C 
0.02 21.5 23.5°C 
0.05 47.24 24.1°C 
0.1 97.23 24.3°C 
1 762.6 23.6°C 

Sodium chloride (NaCl) was added to EG to modify its electrical conductivity, 

a linear behavior was found between the NaCl concentration and electrical 

conductivity (Figure 10). Each of these solutions in the device was subsequently 

tested and a reduction in the operational voltage window for operating in cone-jet 

mode was observed (Figure 11).  
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Figure 10. Electrical conductivity behavior of EG with the addition of different NaCl concentrations 

The tests showed that from 0.002 %w/v of NaCl with an electrical conductivity 

value of 2,231 µS/cm (Table 6), the cone formation window is minimal as seen in 

Figure 11, and is limited to very specific values.  

Once this value is exceeded, the cone jet mode is not formed. In the case of 

alginate solutions, even at very low concentrations such as 0.25% they have an 

electrical conductivity of 433.7 µS/cm, which explains why the cone jet mode is not 

formed. 
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Figure 11. Electrical conductivity influence on cone-jet mode of different EG solutions containing 

NaCl 

3.3.2. Surface tension 

The surface tension of the previous solutions was measured by pendant drop 

method. The pendant drop method for surface tension measurement consists in 

analyzing the shape of an axisymmetric drop hanging from a capillary tube.  

The software used is an add-on for the public domain image processing 

software ImageJ [64] which matches a theoretical profile to the contour of a pendant 

drop, either interactively or by automatically minimizing the mismatch. It provides an 

estimated measurement of the surface tension from the best matching parameters. 

To measure the surface tension using the software mentioned before, the 

image needs to be scale-calibrated, and a sensible value was entered for the ‘density 

contrast times g’ parameter [65]. 

Stable cone-jet 

Stable cone-jet 

Stable cone-jet 
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The equation 3 represents the difference of the densities in/outside the drop 

multiplied by gravitational acceleration. The values used for air density and gravity 

were 1.225 × 10−6 g/mm3 and 9810 mm/s2  respectively, to obtain results in mN/m. 

 (𝜌𝑖𝑛 − 𝜌𝑜𝑢𝑡)𝑔 = Δ (3) 

On the other hand, polysorbates are a family of surfactant compounds widely 

used in the cosmetic, pharmaceutical and food industries [66]. The addition of 

surfactants in encapsulation by electrospray has been reported in collecting 

solutions where surface tension can affect the morphology of the spheres due to the 

impact with the solution [20], [67], [68]. However, the addition of surfactants to 

alginate solutions has not been reported. 

Table 7. Alginate, Glycerol and Tween 20 Concentration Effect on Surface Tension 
Alginate 

concentration 
[%w/v] 

Glycerol 
concentration 

[%w/v] 

Tween 20 
concentration 

[%v/v] 

Surface 
tension 
[mN/m] 

SD 
[mN/m] 

1.4 8 0 74.56 0.37 
1.4 8 10 37.39 0.17 
1.4 8 6 38.13 0.55 
1.4 8 0.05 52.83 0.22 
0.5 0 0 65.71 1.21 
0.5 0 0.05 43.51 0.70 
0.5 8 0.05 46.71 0.57 

The addition of Polysorbate 20 to the alginate solution reduced the surface 

tension from 74.56 to 37.39 (Table 7) . And it was determined that the optimum 

concentration of surfactant to reach EG levels was 0.05% v/v as shown in Figure 12. 

With this concentration it was possible to have a surface tension like EG regardless 

of the concentration of alginate and glycerol in the sample. 
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Figure 12. Tween 20 effect on alginate solutions surface tension 

3.3.3. Viscosity  

Rheological studies were carried out by a programmable rotational rheometer 

Physica (MCR301, Anton Paar™, Austria), using spindle No. 3912 at two constant 

temperatures of 21 °C and 30ºC. Concentric cylinder geometry and a shear rate test 

were used. Shear stress (τ) was recorded as a function of shear rate (�̇�) ranging 

from 30 to 100 s−1 and the results were obtained as viscosity (η) changes against 

shear rate in this interval.  

The variation of alginate concentration directly affects the viscosity of the 

solution. Low concentrations of alginate 0.25 %w/v have values of 17.30 and 14.82 

[mPa.s] for 21 and 30 ºC respectively (Table 8). Similar values to those obtained for 

(EG) 19.15 and 13.86 [mPa.s] for 21ºC and 30º respectively (Table 4).  
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Table 8. Alginate and Glycerol Concentrations Effect on viscosity at Different Temperatures 
Alginate 

concentration 
[%w/v] 

Glycerol 
concentration 

[%w/v] 

Temperature [ºC] Viscosity [mPa.s] 

0.25 0 21 17.30 
0.25 0 30 14.82 
0.5 0 21 41.48 
0.5 0 30 34.96 
0.7 0 21 73.56 
0.7 0 30 62.48 
1.4 0 21 293.57 
1.4 0 30 261.87 
0.25 8 21 18.93 
0.25 8 30 16.06 
0.5 8 21 43.50 
0.5 8 30 36.75 
0.7 8 21 75.75 
0.7 8 30 64.09 
1.4 8 21 286.08 
1.4 8 30 252.64 

However, these low values affect alginate gelation, which could be 

compensated by an increase in gelation time or an increase in the concentration of 

calcium ions used in the collecting solution. On the other hand, temperature and 

glycerol concentration have little effect on the viscosity of the solution (Figure 13). 

 
Figure 13. Glycerol and temperature effect on alginate solutions viscosity and its comparison with 

ethylene glycol (EG)  
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Glycerol viscosity values of 1470 and 645.8 [mPa.s] have been reported for 

21ºC and 30ºC respectively [69]. On the other hand, aqueous concentrations of 10% 

glycerol have reported values of 1.31 and 1.03 [mPa.s] for 21ºC and 30ºC, 

respectively, while water has reported a value of 0.979 and 0.798 [mPa.s] for 21ºC 

and 30ºC degrees, respectively [70].  

According to the data mentioned above, the increase in viscosity in solutions 

of 0.25%, 0.5% and 0.7% of alginate can be attributed to the addition of glycerol. 

However, it can be seen that in 1.4% alginate solutions, the addition of glycerol 

decreases the viscosity of the solution because an increase in the alginate 

concentration has a greater effect on the viscosity due to its ability to form gels than 

the glycerol. Shear stress-shear rate diagrams of EG, alginate and zein are 

described in Annex C. 

3.4. Process parameters for encapsulation using Electrospray technology. 

3.4.1. Experimental apparatus and testing procedure-Metal needle 

One milliliter of the core solution was loaded into a sterile syringe equipped 

with Hamilton needle (Needle design and dimensions are described in Annex A). 

The needle was connected to ground and the extractor was connected to a negative 

high-voltage generator (Gamma High Voltage, USA). The syringe was mounted on 

a syringe pump (New Era Pump System, USA), which was used to control the feed 

rate of the core solution.  

The schematic setup  for uniaxial electrospray for the experimental 

encapsulation is shown in Figure 14. 
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Figure 14. Schematic of single ES with a collection solution. 

The extractor electrode and the emitter tips must be well aligned, otherwise 

the particles leave the plane of the camera. Furthermore, if they are small and do 

not have enough mass to fall due to the effect of gravity, they can be attracted to the 

extractor electrode. As material builds up on the extractor electrode along with the 

high conductivity of the alginate, the electric field is affected and the entropy of the 

system increases. 

To minimize these problems, an aligner was designed and manufactured 

using Fused Deposition Modeling (FDM) to ensure concentricity between the needle 

and the extractor electrode. This aligner shown in Figure 15, has a hole designed for 

the entry of an alligator clip that allows the electrical connection with the metal 

needle. 
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A high-speed digital camera (Photron Co.; FASTCAM-SA3 Model 120K-MK). 

A 12X zoom lens was attached to the high-speed camera. Light source (Nila, Zaila 

Tungsten LED) illuminated the spray area and the images of the droplets were 

recorded by the high-speed camera at 0.5 ms intervals (2,000 fps). The shutter 

speed was 1/10000s and the resolution of the image was 1024x1024 pixels. Similar 

set up was used by Hyun's [71]. 

3.4.2. High speed drops characterization 

A solution of sodium alginate 1.4 %(w/v) with 8%(v/v) glycerol was used as 

core solution. In all cases the needle-extractor distance was 4 mm, the extractor-

collector distance was 25 mm and needles with different gauges were used (Table 

Chuck 

Needle aligner 

Collector 

Extractor 

Needle 

Electrical 
connection 

High voltage  
supply 

Syringe pump 

Figure 15. Needle aligner and assembly for uniaxial electrospray. 
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9). The voltage at the extractor electrode was fixed at -4 kV. On the other hand, the 

needle and the extractor electrode were grounded. 

To measure the particle diameter, ImageJ image analysis software was used. 

The pixel measurement was calibrated with the needle external diameter. Then a 

circle was added around the drop to measure its diameter.  

Table 9. Influence of gauge and voltage on the diameter of the alginate droplets 
Flow rate [ml/h] Gauge Extractor voltage 

[kV] 
Collector voltage 

[kV] 
0.5 25-27-30 4-5.2 0 
1 25-27-30 4-5.2 0 

1.5 25-27-30 4-5.2 0 

As seen in Figure 16, increasing the voltage from 4.0 to 5.2 reduces the 

particle size considerably. However, in gauge 30 when the voltage was increased 

there was a change from dripping mode to unstable jetting, so the particles were no 

longer in the same plane and it was no longer possible to obtain the frames to be 

able to perform the measurement.  

It is also evident that by decreasing the diameter of the needle (increasing the 

gauge) the particle size is also considerably reduced. With everything mentioned 

above and looking for a higher production rate, the selected parameter was Gauge 

30, flow rate 1.5 at 4.0 kV. 



51 
 
 

 
 

 

 
Figure 16. Size distribution box plot of alginate droplets 

The averages diameter of the alginate droplets in each test, as well as their 

standard deviation are shown in Table 10. On the other hand, histograms of particle 

size distribution shown in Figure 17 show normal behavior. However, it is important 

to note that as the voltage increases, the size dispersion is also increased, this can 

also be attributed to the fact that the dripping mode is changing slightly to unstable 

jetting mode.  

As shown in Figure 17a a reduction in flow rate makes a decrease in particles 

size. However, this is not as significant in dripping mode as in cone-jet mode where 

there is greater variation in particle size depending on the flow rate as reported by 

other studies. On the other hand, increasing the voltage from 4kV to 5.2kV makes a 

considerable decrease in the size as documented previously [72].  
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Table 10. Behavior of alginate droplets size in each test 
Gauge Flow Voltage Average diameter 

(um) 
Standard 

deviation (µm) 
25 0.5 4 1598 10.18 
25 0.5 5.2 632.4 19.36 
25 1 4 1630 7.68 
25 1 5.2 524.4 36.23 
25 1.5 4 1782 20.48 
25 1.5 5.2 638.3 19.81 
27 0.5 4 1152 5.46 
27 0.5 5.2 537 33.97 
27 1 4 1236 19.02 
27 1 5.2 658.2 26.30 
27 1.5 4 1168 8.55 
27 1.5 5.2 698 28.44 
30 0.5 4 684 16.17 
30 1 4 666.2 15.71 
30 1.5 4 692.0 17.08 

 

 
Figure 17. Effect of flow rate and voltage on particles size for gauge 27G a) Particle size 

distribution at extractor at 5.2kV b) Particle size distribution at extractor at 4kV   

Figure 17 shows the effect of applied voltage and flow rate on the alginate 

droplets produced by electrospray, it’s evident a reduction in voltage makes 

decrease in particles size, as documented previously [22], [72]. 

a) b) 
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Figure 18. Contour plot of the effect of flow rate and voltage on alginate droplets size for gauge 

27G. 

The decrease in size with respect to the flow rate is more evident in higher 

voltages, however this may be due to the change of mode from dripping to unstable 

jetting where, despite decreasing the size, the dispersion is increased (Table 10). 

3.4.3. Characterization of particles dynamics 

Same solution mentioned above was used as core solution using only a 30G 

gauge. The voltage at the extractor electrode was fixed at 4kV. On the other hand, 

collector applied voltage of 4, 6 and 10 kV were tested. The distance between the 

needle tip and extractor was 4mm and between the extractor and collector 25mm. 

In  dripping mode, drops accelerates rapidly from the needle to the extractor 

electrode. Therefore, the shutter speed  is required to be faster and exposure will be 

less than the total frame rate. If the exposure were for the entire frame, the images 

will be blurred. To explain this Figure 7 represents one second of a video consisting 

of 25 frames. Each frame is represented by a vertical line. At a setting of 1/25, the 

shutter is open for 1/25th of a second (same as the frame rate), so the shutter is 

open for the entire duration of each frame. At 1/50, the shutter is open for 1/50th of 



54 
 
 

 
 

 

a second which is half the duration of each frame. At 1/100, the shutter is open for 

1/100th of a second which is quarter the duration of each frame. 

 
Figure 19. Shutter Speed vs Frame Rate of a 25FPS video 

Preliminary studies determined the optimal combination of 2000 fps at 1/ 

10000s. With this combination of parameters, it is possible to obtain squares with 

the edges of the drop well defined to be able to be measured. 

   

 

Calculation of linear velocity of the drops were performed in Tracker video 

analysis software. The center of the drop in each frame of the videos recorded at 

2000 fps was manually located frame by frame for accurate position. Knowing that 

the time interval between frames is 0.05 ms and that the pixel measurement was 

Frame rate [FPS] 
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Figure 20. Frames used for particle size measurement a) and b) 
27G and 4kV in extractor. c) 25G and 4kV in extractor 
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calibrated with the external diameter of the needle, the instantaneous velocity was 

computed. 

3.4.4. Electric field simulation 

COMSOL Multiphysics 5.4 was used to investigate the intensity and direction 

of the electric field. A 2D model was created to simulate the electric field effect using 

the electrostatic module. 0 kV was applied at the needle, 4kv at the extractor 

electrode and the voltage at the collector electrode was varied (not connected, 0kv, 

2kv, 4kv and 6kv). These data were compared with experimental data obtained from 

the linear speed of the drops with different voltage settings. 

The electric field simulations a, b and c (Figure 21) show an upward flow that 

slows the particles. On the other hand, simulation shows both upward and downward 

flow, while e simulation  shows a downward flow.  

This direction and intensity of the electric field can give us an idea of the speed 

of the particle as it passes through the extractor, with this we can estimate the speed 

at which the particle is going to be collected and avoid damage to its morphology. It 

has been reported that the speed and high surface tension of the collecting solution 

could affect its morphology. 

High-speed videos where recorded in order to calculate the speed of the 

particles could be estimated before and after crossing the extractor. Alginate droplets 

with the collector connected to ground had the lowest speeds while the droplets with 

the collector connected to 6kV had a greater acceleration (Figure 22).  
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Figure 21. Electric field simulation (V/m). a) 0kV needle-4KV extractor-Collector not connected. b) 
0kV needle-4KV extractor-0kV collector. c) 0kV needle-4KV extractor-2kV collector. d) 0kV needle-

4KV extractor-4kV collector. e) 0kV needle-4KV extractor-6kV collector.  

 

 

 

 

a) b) 

c) d) 

e) 
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Figure 22. Particles collection linear velocity (mm/s). 

To calculate the speed of impact of the particles, the average of the data 

obtained from 12ms was calculated, where in all cases a slowdown and almost 

constant speed is observed Table 11.  

Table 11. Particles collection normalized linear velocity 
Collector electrode Speed [mm/s] 
Not connected 1023.11 
Ground connected 860.88 
2 [kV] 928.54 
4 [kV] 1024.00 
6 [kV] 1459.85 

3.4.5. Electrical conductivity influence on cone-jet formation 

Several authors have reported the relationship between electrical conductivity 

with cone-jet mode, but it is still a phenomenon that has not been fully understood 

[73]. EG has been used in coaxial printed devices with a single emitter and 

multiplexed, achieving the cone-jet mode easily [13]. 

In order to study the effects of electrical conductivity on electrospraying 

phenomena, NaCl was dissolved EG. Adding NaCl changes electrical conductivity 
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of EG. The conductivity of EG solutions were measured by conductivity-Meter 

(Hanna, HI5521). Measured amount are noted in Table 6 

The operational window of a stable cone-jet with different values of electrical 

conductivities was tested. The flow rates tested were 0.8, 1, 1.5 and 2ml/h. To 

determine the effect of electrical conductivity, NaCl was added to ethylene glycol to 

increase its electrical conductivity. The distance between needle and extractor was 

set at 4mm and the distance between extractor and collector was fixed at 25mm. 

3.4.6. Stereolithography (SLA) printed device 

A single emitter coaxial device manufactured by SLA, made of a material ABS 

like was used [74]. This coaxial electrospray device is internally powered by two 

37mm diameter and 700 μm long helical channels (Figure 23). Regulated channels 

allow internal and external flows to be regular. The emitter tip has a diameter of 2.5 

mm and the nozzle outlets have a hydraulic diameter of 400 μm. 

 

  
Figure 23. Schematic of a single-emitter coaxial electrospray source showing the helical feed 

channels, liquid reservoirs, and spill guards [74]. 

The apparatus shown in Figure 24 was used to explore the possibility of 

microencapsulation using the same configuration as with the metal syringe. In this 

case the metal needle was replaced by the printed device. The printed device was 

Nozzle 

Shell tank 

Core tank 

Helical feed 

channels 
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attached to the aluminum chuck using M4 screws where in the metallic needle 

configuration it was used to fix the alignment device. The distance from the emitter 

tip to the extractor electrode and the distance from the extractor electrode to the 

collector were the same 4mm and 25mm respectively. The use of printed polymer 

devices would allow increasing the production of capsules per unit area.  

Alginate solution 1.4% with Glycerol 8% was loaded into 1 ml syringe 

controlled by a syringe pump and pumped through the inner channel (New Era Pump 

System, USA) (Figure 24). The effect of air flow through the outer channel was 

evaluated with the objective of reducing the particle size and keeping the walls of 

the external capillary free of material for the correct operation of the system. 

 
Figure 24. Schematic of experimental apparatus for SLA printed source with 1 emitter [74]. 

As it can be seen in Figure 25a there is an accumulation of material on the 

walls of the external capillary, this causes a flow of material to the extractor electrode 

and finally the formation of plasma. Air flow through the external capillary Figure 25c 

reduced the number of times there was accumulation of material in the source. 

However, the air flow deflected the particles from the plane of the camera, so it was 
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not possible to make an accurate measurement using the high-speed camera, this 

is attributed to the design of the device that does not allow a concentric flow of air 

over the alginate. 

 

In addition to the single-emitter printed device, multiplexed devices were also 

experimentally tested. However, these showed certain flow problems and the 

accumulation of material that did not allow the generation of core-shell structures. A 

more detailed description is found in Annex B.   

a b c 

Figure 25. Electrospray through a printed device with 1 emitter. 4Kv extractor-0kv collector. 
Alginate by internal capillary. a)external capillary without air and material accumulation b) 

external capillary without air c) external capillary with air flow 
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Chapter 4 Probiotics Encapsulation by Electrospray 
 

4.1. Application of the Electrospray process in the encapsulation of 

lactobacillus. 

Preliminary experiments showed that acidification of the collection solution 

with an increase in the concentration of citric acid manages to modify the structure 

of the protein so that it adheres better to the surface. With this, a more uniform layer 

was obtained on the particle. It was also found that by increasing the concentration 

of calcium chloride, an improvement in the spherical morphology of the particles 

could be observed and the addition of glycerol as a plasticizer prevented the 

structural fracture of the particles once they were dry. The final core and shell 

solutions were prepared as follows: 

The core solution was prepared by dissolving 1.4% (w/v) sodium alginate in 

distilled water and constantly stirred for 2 h. Then glycerol 8% (w/v) was added to 

the sodium alginate solution [22]. Afterward, 1.0 ml of L. plantarum in phosphate 

buffer was added to 9 ml of the alginate-glycerol mixture solution. The mixture was 

finally mixed using a magnetic stirrer and used for microencapsulation. 

For shell solution preparation, acidic alcohol was prepared by first dissolving 

citric acid in 80% (v/v) EtOH to obtain acidic alcohol having a concentration of citric 

acid of 2(w/v). CaCl2 (3%, w/v) was then dissolved in the acidic alcohol. Zein powder 

(10 wt.%) was dissolved in the mixed solvent and constantly stirred for 1 h using a 

magnetic stirrer. Then glycerol 0.5% (w/v) was added to the solution. 
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Microencapsulation of L. plantarum was performed via the use of an 

electrospraying apparatus shown schematically in Figure 14. One milliliter of the core 

solution containing L. plantarum were loaded into a sterile syringe equipped with a 

stainless-steel needle 30G (Hamilton); the needle was connected to ground. The 

extractor electrode was connected to a negative high-voltage generator (Gamma 

High Voltage, USA). The syringe was mounted on a syringe pump (New Era Pump 

System, USA), which was used to control the feed rate of the core solution at 1.5 

mL/h. Core solution was electrosprayed into the shell solution, which was contained 

in a aluminum container that was completely grounded. The applied voltage was 

fixed at 4kV in extractor electrode while needle and collector electrode were 

connected to ground.  The distance between the needle tip and extractor was 4mm 

and between the extractor and collector 25mm.The obtained microcapsules were 

separated from the shell solution by filtration through  filtration (25 meshes) and then 

frozen at -80ºC and finally freeze-dried. 

4.1.1. Scanning electron microscopy (SEM) 

Lyophilized microparticles generated by electrospray were visualized using a 

scanning electron microscope (Zeiss®, EVO 18) operated at 15 kV. The samples 

were coated directly by a thin layer of gold under vacuum using a sputter coater 

(Quorum, Q300T). 

General morphology of the alginate–zein core–shell microcapsules 

containing examined using SEM. (Figure 26a) show the morphology of a typical 

microcapsule (Alginate 1.4, Zein 10%, 1.5ml/h, 30G). (Figure 26b, c and d) are cross 
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sectional cuts that show the layer thickness of zein (Figure 26b) the alginate matrix 

without probiotics (Figure 26c) and the alginate matrix with Lactobacillus plantarum 

(Figure 26d). 

  

  
Figure 26. SEM Alginate% 1.4, Zein 10%, Flow rate:1.5ml / h, Gauge:30G Extractor voltage: 4kV 
microcapsules. a) Morphology of a typical microcapsule. b), c) and d) cross sectional cuts. b) layer 

thickness of zein. c) alginate matrix without Lactobacillus. d) Alginate matrix with Lactobacillus. 

The diameter measurements (N=100) were made for every test. The data was 

processed using the computational software Minitab® to calculate the average size, 

standard deviation and size dispersion from the obtained structures. 

60μm 

40μm 20μm 

20μm 

a) 

c) d) 
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Figure 27. Histogram size distribution of Alginate% 1.4, Zein 10%, Flow rate:1.5ml / h, Gauge:30G 

Extractor voltage: 4kV microcapsules 

Riaz (2019) encapsulated Bifidobacterium bifidum using sodium alginate 

1.4% w/v and glycerol 8% v/v as the core solution and zein with 9% w/v as the 

collecting solution. Core solution was extruded into zein solution without applying 

voltage and particles with a size of 1.72 ± 0.14 mm were obtained [27]. It is evident 

that the application of voltage and the system working in dripping mode allows to 

reduce the size of the particles and their dispersion, obtaining particles of 

394.7±44.50 µm as shown in Figure 27. 

The decrease in the diameter of the alginate hydrogels with the increase of 

the calcium chloride concentration in the collecting solution has been reported and 

this difference is attributed to the direct relationship of gelation with calcium 

concentration [75]. This would explain the difference in size observed in droplets 

during its formation in the air 692.0±17.08 µm (Table 10) and those observed by 

optical microscopy 394.7±44.50µm. 
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 It should be noted that the dispersion of the alginate drops is less than the 

core-shell microcapsules. This may be due to the shrinkage that they present during 

the gelation process. The behavior of the capsules was observed over time (10 min) 

under the microscope and a reduction in their size of around 20% was evident. 

4.1.3 Thermal characterization of the capsules 

TGA measurements were made using a thermogravimetric analyzer (TG 

Perkin Elmer, Waltham Ma, USA) by heating the sample to a temperature from 30 

to 900 °C with a heating rate of 10°C/min using oxygen and nitrogen phases as 

carrier gases with an air flow of 20mL/ min. 

 
Figure 28. Thermogravimetric analysis of alginate, zein and core-shell particles of alginate-zein 

TGA of alginate (Figure 28) shows a weight decrease of 15% from 20 °C to 

215 °C, which may be associated to water loss followed by a salt degradation to 

sodium carbonate Na2CO3 (215-270 °C) and finally a carbonized material that 

decomposes slowly from 500-550 °C, similar results were obtained [76]. 
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In the case of the zein curve, the first weight loss as well as the most 

significant occurs around 270 to 320 °C, decreasing 50% of the mass, which can be 

attributed to the breakdown of the peptide bonds of the protein as well as the 

breakdown of amino acid residues. 

Table 12. TGA Weight loss attribution 
Temperature 
range 

Weight 
loss 

Attributed to Material Reference 

20 – 215 °C 15% Water loss Alginate [77] 
215 -270 °C 50% Salt degradation to 

sodium carbonate 
Na2CO3 

Alginate 

20 – 215 °C 5% Water loss Zein [78] 
270 – 320 °C 50% Breakdown of the 

peptide bonds of the 
protein as well as the 
breakdown of amino 
acid residues. 

Zein 

240–400 °C 50% Degradation of the 
esterified structure of 
alginate and zein 

Microcapsules Not 
reported 

In the case of the microcapsules, a loss of 10% of weight from 50-150 °C is 

observed, attributed to the water loss. A behavior like the alginate curve is observed 

but with a more gradual decrease, this can be attribute to the stability given by the 

Ca2+ ions present in the calcium chloride used in the esterification of alginate 

4.1.4. FTIR  

An infrared Fourier transform (FTIR) kit from (Perkin-Elmer Frontier) was used 

to carry out the infrared (IR) analysis; With a resolution of 4cm-1 and 16 

accumulations. The spectrum was measured between 4000 and 400cm-1 and was 

adjusted to the baseline. 

Figure 29 shows the FTIR spectra of zein, Alginate-zein composite particles, 

as well as commercial sodium alginate. For the alginate spectrum (c), a wide band 
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centered at 3308 cm− 1 is presented, which can be attributed to stretching vibrations 

bound by hydrogen (-OH) due to the hydroxyl group. A weak signal is presented at 

2822 cm−1 C – H stretching vibrations. The 1595 and 1407 cm−1 signal present due 

to asymmetric and symmetric stretching of the carboxylate group vibration (–COO–

), respectively. The band present at 1034 cm−1 may be due to stretching vibrations 

of the C-O carbonyl group. 

 
Figure 29. FTIR spectrum of zein (a), core-shell particles of alginate-zein (b) and commercial 

sodium alginate (c). 

The zein spectrum presents a clear OH band at 3286 cm− 1, likewise, it 

exhibited the typical peaks of amides I and II at 1644 and 1516 cm − 1 that correspond 

to the vibration of C=O carbonyl stretch and C – N stretch, respectively; In one amide 

band, the C=O vibratory stretch predominates, and for the other amide band, the C–

N stretch predominates; these bands are expanded in the zein particle spectrum, 

which could indicate that the interactions between alginate and zein could be due to 

hydrogen bonds and hydrophobic interactions.  
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Table 13. FTIR wavenumber and attributed functional groups 
Wave 
number cm

-1
 

Functional groups Material Reference 

3308 Stretching vibrations bound (-OH) Alginate [77] 
1595 Asymmetric stretching of the carboxylate 

group vibration (–COO–) 
Alginate 

1407 Symmetric stretching of (–COO–) Alginate 
3286 Stretching vibrations bound (-OH) Zein [78] 
2822 N–H stretching vibrations Zein 
1644 Amide I Zein 
1516 Amide II Zein 
3300 Hydrogen bond formation Micro-capsules Not 

reported 

In the spectrum of the alginate-zein particles in the same way as in the 

alginate, a band appears at 3308 cm−1, also being attributed to stretching vibrations 

bound by hydrogen (-OH) due to the hydroxyl group.
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Chapter 5 Conclusions and future work 
 The high electrical conductivity of sodium alginate even at low concentrations 

does not allow the formation of the cone-jet mode using this configuration. 

However, in dripping mode, micro-capsules of 394.7±44.50 µm can be obtained 

to be used in the food industry for food fortification.  

 The decrease in diameter of the alginate hydrogels with the increase of the 

calcium chloride concentration in the collecting solution is attributed to the direct 

relationship of gelation with calcium concentration resulting in syneresis. This 

would explain the difference in size observed in droplets during its formation in 

the air 692.0±17.08 µm and those observed by optical microscopy 394.7±44.50 

µm. 

 General morphology and core-shell formation of the alginate-zein microcapsules 

containing L. plantarum were examined using SEM. Shell formation was also 

observed and a cross-section cut of microcapsule indicates that L. plantarum was 

trapped in the alginate matrix of the micro-capsule.  

 A correlation between the electric field and the linear speed of droplet collection 

has been observed. If the voltage applied to the extractor is fixed, the linear 

velocity of the particles will be defined by the collector voltage. A higher voltage 

in the collector increased linear velocity of the droplets to 1459.85 mm/s  while 

grounded, linear velocity was 860.88 mm/s. 

 The alginate esterification process in the protein solution improved the thermal 

properties of the capsules, reducing weight loss due to material degradation. 
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Alginate by itself at 250 ºC shows a weight loss of 40% while capsules at that 

temperature show a weight loss of 19%. 

 In uniaxial electrospray using coaxial devices made from additive manufacturing 

with a single emitter, microcapsules could be obtained, however in multiplexed 

devices and due to the design and high viscosity of the alginate, the micro-

capsules could not be obtained. 

 Contributions 

 Core-shell microcapsules were made. The core contained the alginate matrix 

with the probiotics embedded in it. The shell layer consists of protein that 

improves the thermal properties of the capsule. 

 Values of electrical conductivity, surface tension and viscosity were established 

in which the system works stable in cone-jet mode. 

 A surfactant approved for use in food was used and showed good results in 

alginate solutions, being able to modify the surface tension of this biopolymer. 

 A correlation between the finite element simulation of the electric field and the 

droplet collection speed was found  

Future work 

 Alginate electrical conductivity is the only parameter that could not be controlled 

for cone-jet mode formation. However, the combination of this polymer with other 

materials could overcome this limitation and achieve the formation of the cone-

jet mode. Thus, being able to manufacture smaller capsules. 



71 
 
 

 
 

 

 Baking temperatures vary from 200 to 250 ºC for 15 to 30min. Carry out viability 

tests of the microcapsules with Lactobacillus plantarum in simulated gastric fluid, 

simulated intestinal fluid after being subjected to these thermal treatments. 

 The design and manufacture of a single channel multiplexing device that has a 

pressure regulation system so that the flow is the same for all the emitters would 

be ideal to work in the encapsulation with these biopolymers. 

 The finite element method (FEM) using Navier-Stokes equations to determine 

fluid behavior and in this incorporating the electromechanical force produced by 

the electric field can help us predict if a system will work, only with the 

characterization of the fluids to be used. 
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Annex A 
Needle Gauge Index 

Straight 304 reusable stainless needles with LUER connector were used 

(Figure 30).  

 

Figure 30. Hamilton needle 

Blunt needle. Needle Tube Length: 25mm, Total length: 37mm. For inside 

and outside dimensions for each gauge. See needle chart (Table 14) for different 

inner and outer diameter dimensions. 

Table 14. Hamilton needles dimensions 

Gauge Needle nominal 
Outer diameter  

O.D. 
(mm) 

Needle nominal 
Inner diameter 

I.D.  
(mm) 

Needle wall 
thickness 

(mm) 

34 0.159 0.051 0.051 
33 0.21 0.108 0.051 
32 0.235 0.108 0.064 
31 0.261 0.133 0.064 
30 0.312 0.159 0.076 
29 0.337 0.184 0.076 
28 0.362 0.184 0.089 
27  0.413 0.21 0.102 

26S 0.474 0.127 0.178 
26 0.464 0.26 0.102 
25 0.515 0.153 0.178 
25  0.515 0.26 0.127 
24 0.566 0.311 0.127 

23S 0.642 0.116 0.267 
23 0.642 0.337 0.152 

22S  0.718 0.168 0.279 
*Obtained from [79] 
 

 
 

Female 
LUER lock 

AISI 304 

https://www.hamiltoncompany.com/laboratory-products/needles/products?menu%5Bfilter_facet_13122%5D=27%20gauge&page=1&configure%5BhitsPerPage%5D=1000
https://www.hamiltoncompany.com/laboratory-products/needles/products?menu%5Bfilter_facet_13122%5D=25%20gauge&page=1&configure%5BhitsPerPage%5D=1000
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Annex B 
Encapsulation using multiplexed device  

Extractor plate failure 

When assembling the multiplexed system using the alginate solution in 

dripping mode. An irregular flow was observed between the emitters. Furthermore, 

the extractor holes were very small and due to the high viscosity of the solution, 

material accumulated on the extractor electrode. This accumulation of material 

shown in Figure 32 and Figure 33 and the high electrical conductivity of the solution 

caused an electric arc and the formation of plasma. 

 
Figure 31 Coaxial electrospray drop behavior. Alginate through inner channel and compressed air 
through outer channel. a)expected drop formation b)material accumulation in outer channel c)drop 

release with material accumulation. 

Figure 31 shows the emitter tip of the printed device, where a 1.4% alginate 

solution flows through the internal channel and compressed air flows at a pressure 

of 30psi through the external channel. Figure 31a shows the optimal result where 

there is no accumulation of material on the external walls of the device. Figure 31b 

on the other hand shows the accumulation of material when air is not flowed and 

finally Figure 31c shows a deviation of the drop due to a low air flow that does not 

allow the external channels to be kept free of material. 

Alginate 
Compressed air 

a) b) c) 
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Figure 32. Nine emitters multiplexed extractor failure, left: no uniform flowrate between emitter, 

right: short-circuit due to high conductivity of alginate and short distance of solution and electrode 

To solve the problem of material accumulation, a compressed air line was 

pressurized to 30psi and this line was connected to the external channel of the 

devices. In the 9-emitter device, it was possible to keep the wall free of material for 

a short period of time (≈15s). This was because an emitter located in the corner, 

continued to accumulate material on the external wall as shown in Figure 32. This 

caused material to accumulate in the extractor electrode and later the accumulation 

of material in the other emitters. 

 
Figure 33. Twenty-five emitters multiplexed extractor failure, left: no uniform flowrate between 

emitter, right: short-circuit due to high conductivity of alginate and short distance of solution and 
electrode. 
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The accumulation of material on the external walls is one of the main 

limitations when using multiplexed devices. However, the results obtained with the 

9-emitter device give a possible solution to this problem using compressed air. The 

viscosity of the core solution also has an important role, a reduction of this and in 

combination with compressed air could solve this problem. 

Multiplexed flow failure 

In order to check the correct flow of material through all the emitters of the 25 

emitters multiplexed device, a rhodamine B solution (10mg / l) was injected into the 

system through the internal channel. It was observed that the device is damaged 

since material could not flow through all the emitters as can be seen in Figure 34. 

On the other hand, although in the single emitter system the air flow through 

the external channel helped to keep the external walls free of material, in the 

multiplexed system it caused the accumulation of material in the extractor more 

quickly and therefore the formation plasma. 

The printed device has internal helical channels (same as 1 emitter source 

shown in Figure 23), so the air flow through the external channel comes out at a 

certain angle and this deviates the drops when leaving the emitter. The air does not 

completely envelop the liquid in the center channel, and therefore a stable flow of 

alginate cannot be obtained in the device. Experimental testing failed to obtain a flow 

that does not wet the external walls of the printed device. 
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Figure 34 Multiplexed flow failure of 25 emitters source 

CAD of single emitter design with core and shell tanks 

This design seeks to resolve the limitations of the device currently used 

shown in Figure 23. Two tanks are included in this design whose function is to have 

a more homogeneous pressure at the end of the emitter, while the purge channels 

serve to clean the device of resin residues after the device has been printed, allowing 

the channels to be open after post-processing.  

 
Figure 35 CAD of single emitter design with core and shell tanks. a)Isometric view b)lateral view c) 

Detailed needle tip view  

Core helix Shell helix 

Shell tank 

Purge 

channels 

Core tank 

Shell  

deflectors 

Core oulet 
Shell 

outlet 

Nozzle Feed channels 
a) 

b) 

c) 
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On the other hand, deflectors at the end of the emitter are designed to 

generate an air curtain that has concentricity with the core flow to avoid the 

accumulation of material on the walls of the external channel. 

Annex C 
Rheological Studies 

Shear stress was recorded as a function of cutting speed between 30 and 

100 s-1. Results were represented as changes in viscosity versus cutting speed in 

this region. This region has been used to report viscosity data of solutions in 

electrospray by various authors [61], [68], [75]. 

 

 
Figure 36. EG Shear stress-shear rate diagram 

At these shear rates, ethylene glycol (Figure 36), alginate (Figure 38) and 

zein solutions (Figure 37) experience linear behavior, so it can be assumed that they 

have Newtonian behavior and that their viscosity is constant. However, with higher 

shear rates, alginate solutions have reported to exhibit shear thinning, lowering their 

viscosity values at higher shear rates [67], [76]. 
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Figure 37. Shear stress-shear rate diagram of zein variation in collection solution 

The Shear stress-shear rate of alginate solutions prepared at various 

concentrations are shown in Figure 38.  

 
Figure 38. Shear stress-shear rate diagram of alginate and glycerol on core solution. Panel variable 

is [% w/v alginate - %w/v glycerol] 

 

An alginate viscosity of 17.30 and 293.57 mPa.s were obtained with 

0.25%[w/v] and 1.4%[w/v] of alginate concentration at 21ºC respectively as shown 
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in Table 8. This is in agreement with results reported by [67]. Previous studies have 

shown that the viscosity of the alginate solution must be greater than 60 mPa.s to 

produce pearls with good mechanical properties and the desired spherical shape 

[80]. 

 


