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Abstract

:

Since its invention in 1872 by Samuel Percy, the spray drying of food products has been widely used, whether in products consumed by babies in milk formulations, powdered sweets and cocoa soluble in milk for children, or food supplements rich in proteins, vitamins, and minerals for adults. All of these products were first formulated in solution and then converted into powders to facilitate the transport and preservation of the properties during storage. In recent years, novel technologies such as nano spray drying have emerged for the development of food formulations with high-cost active ingredients. The aim of the present work is to present a review of the literature reported in the last 10 years related to these technologies. The basis of the spray-drying technologies i.e., conventional and nano, are described and compared, emphasizing the instrumental processing conditions for achieving a desired product. Examples of some unwanted reactions presented during the encapsulation of active ingredients are provided.
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1. Introduction


A bioactive ingredient is a chemical compound present in small concentrations in a wide variety of fruits, vegetables, roots, pulses, oils, etc. Additionally to the high nutritional content of active ingredients, they also exhibit therapeutic potential, reducing the inflammatory effect, oxidative stress, and improving the overall metabolic profile [1,2]. Multiple works have agreed that the regular intake of active ingredients in the form of vitamins, minerals, and fiber may exhibit a beneficial effect. In the human body, they are helpful in reducing cancer risk, heart diseases, strokes, diabetes, and other degenerative diseases [3,4]. Despite these remarkable properties, the use of active molecules in industrial processes is limited because of their high reactivity at ambient conditions such as light, humidity, and oxygen that induce degradation and the loss of functional properties. With the aim of overcoming these drawbacks, pharmaceutical and food industries have implemented several solutions to extend the shelf life of commercial products containing bioactive ingredients. In this sense, encapsulation by drying processing is a technique commonly employed to preserve active compounds. Encapsulation is the mechanical or physicochemical process comprising trapping valuable substances (active ingredient) in the bulk of a less valuable material (carrier agent, external phase, wall material). Nowadays, the growing interest shown by the academic community in the encapsulation of bioactive compounds has been focused on the incorporation of active ingredients through drying technologies [5]. The encapsulated final products have been classified according to the particle size as nanocapsules for sizes of 100–1000 nm, microcapsules for sizes of 1–1000 μm, and millimeters for encapsulated particles larger than 1 mm [6]. Among the encapsulation techniques, spray drying is simple, fast, and feasible to scale [7]. Thus, it has been widely used in the chemical, food, and pharmaceutical industries in the encapsulation of valuable active ingredients [8]. Spray-drying equipment is commercially available worldwide, while the obtained dehydrated products exhibit great quality, low degradation, and high stability properties [9,10,11].



Several features in the spray dry powder such as particle size and morphology are a consequence of the processing parameters including feeding rate, inlet and outlet temperatures, initial concentration of the solid material, surface tension, and the intrinsic properties of the drying material. For some specific applications involving the encapsulation of relatively large particle size such as probiotics that are in the size range of 1–5 μm, the spray-drying technique has proved to be very efficient [12]. However, in applications demanding smaller particle size, narrow distribution, the controlled delivery of bioactive ingredients, and the design of customized products is required. In these applications, the conventional spray-drying technique is limited. Novel drying technologies such as nano spray drying have been developed to meet these properties. Nanoencapsulates have shown significant enhancement in different properties including antimicrobial activity, as well as better dissolution and absorption rates, consequently increasing the bioavailability of the nanoencapsulated compounds in comparison with analogous microencapsulated particles [13,14,15,16,17,18].



The present work provides a review of the last 10 years in the field of spray-drying and encapsulation processes of bioactive ingredients in food industries. The work addresses a description of recent and relevant works in this field, including important processing parameters for obtaining a high yield product, maximum encapsulation efficiency, and high quality of encapsulated dried products. Emphasis has been placed on the encapsulation of active compounds by the nano spray-drying technique as an emerging technology focused on the optimization of the processing conditions. The work is divided into four topics dealing with (1) the conventional spray-drying process, (2) the nano spray-drying process, (3) the advantages and disadvantages of these two processes, and (4) unwanted consequences in spray-drying products.




2. The Spray-Drying Process


Spray drying is commonly used for the protection of active ingredients and heat-sensitive compounds [19,20,21,22,23]. Although it is considered as a dehydration process, it is also employed as an encapsulation technique. By definition, spray drying is the transformation of a feed in a fluid state (emulsion, dispersion, solution) into a powder by spraying the feed into a hot drying gas [24]. The process is depicted in Figure 1 and described as follows: the liquid formulation is fed either in the form of an emulsion, suspension, or solution (aqueous or organic). Then, the liquid is injected by a pump and atomized at the entrance of the drying chamber, where is converted into a spray of tiny drops. The feeding solution is transformed into relatively small droplets by employing a spray nozzle that is commercially available in three types: centrifugal disk atomizer, pneumatic, and pressure nozzles. The centrifugal disk atomizer is recommended for high-capacity processes due to its flexibility, ease of handling, and low maintenance. In contrast, pneumatic nozzles are employed for small-size processes because they are less efficient, while the use of compressed air increases the operating costs. The pressure nozzle is useful to dry high-viscosity solutions [25,26]. The small size of the drops increases the surface area that will be in contact with the hot gas stream, where heat and mass transfer phenomena are responsible for the evaporation of the liquid. Once inside the drying chamber, the drops enter in contact with the inlet gas, which can be either heated atmospheric air or an inert gas if the liquid phase is flammable or the drying product is oxygen-sensitive. Initially, particle development occurs by nucleation and growth, and later by the agglomeration and coalescence of small particles. While growing, particles move in a helical direction toward the bottom or exit of the dryer. The multidirectional rotation of the particle, and the generation of friction forces cause the spherical morphology and smooth surface regularly observed in dry powders. The high speed of the air stream generates particle friction with the walls of the dryer and between the particles, resulting in the agglomeration and coalescing of particles with a polished surface. Finally, the dry product separates from the gas stream and is collected at the bottom of the conical drying chamber. The separation mechanism is based on the centrifugal force exerted on the particles by the gas stream and the subsequent impact of particles on the surface of a collecting cylindrical blanket. Solid particles are separated from the gas stream by filtration and collected inside the cylinder at the bottom of the drying chamber, while the gas is expelled outside the cylinder. Another separation mechanism is the electrostatic precipitator, which works with an ionizing gas for charging the dried particles, and due to the Columbic forces, the charged particles are deposited on the collecting plates at the bottom of the drying chamber.



The particle size of powders obtained by conventional spray drying may be classified into small size (1–5 μm), medium size (5–25 μm), and large size (10–60 μm). The atomization system is the part of the instrument with the major influence on the size of particles. There is a high relation between the droplet and particle sizes: the bigger the droplet size, the bigger the particles. Nowadays, there are several types of atomizers available for spray drying, achieving a reasonable control over particle size. However, the proper manipulation of the atomization conditions contributes to the final size [27].





[image: Processes 08 00889 g001 550] 





Figure 1. Schematic representation of the conventional spray-drying process. Buchi Labortechnik AG, [28]. 
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The kinetics of the drying process is complex and becomes more complicated as the particle size distribution becomes wider. One of the requirements for the optimum design of drying equipment is to know the fundamental aspects of heat, mass, and momentum transport mechanisms [29]. In this sense, the kinetic process of drying of single drops has been studied theoretically and experimentally. Simulated transport mechanisms using models of levitation or the free-flight technique in hot air closely mimics the real conditions inside the spray dryer [30,31,32,33]. The spray-drying model employed two-phase flow and the Eulerian–Lagrangian approach, providing an extensive understanding of the drying kinetics that allowed the estimation of several drop properties such as mass, moisture content, temperature profiles, and flow patterns of the continuous medium. The evaporation process and changes in temperature with time can be separated into two stages as described in Figure 2. As soon as the drop is exposed to the hot gas stream, solvent evaporation begins. The first stage is known as the constant rate period. This event is marked by the start of heat exchange between the drop and the hot air stream, producing an increase in the temperature of the drop, from an initial temperature (To) to an equilibrium temperature (Teq). This change in temperature favors the diffusion of the solvent from the center of the drop toward the surface. This diffusion process is fast and allows the removal of moisture at a constant rate. Since diffusion is carried out at the surface, the drop remains saturated with moisture, and its temperature corresponds to the wet-bulb temperature. The wet-bulb temperature is the lowest temperature reached by the gas saturated with vapor from the liquid. Another characteristic of this stage is the shrinkage of droplets caused by the intense liquid phase evaporation.



The second stage is known as the falling rate period, and at this step, the critical liquid level is reached. The concentration of solute is almost saturated, and the formation of a solid thin layer named as crust appears on the surface of the drop. This layer restricts the continuity of the diffusion process, causing the decrease in the evaporation rate and an increase in the temperature of the particle. The temperature inside the particle continues increasing until reaching a balance with the surrounding temperature. The removal of the remaining solvent represents the end of the drying process.



For more instrumental considerations and equipment configurations such as the atomizers (rotary, hydraulic nozzle, pneumatic nozzle atomizer), air–droplet flow patterns (co-current, counter-current, mixed mode) and different particle collectors (cyclone separator, bag filters, electrostatic precipitator, and Venturi wet scrubber), the reader is referred to additional bibliography [34]. This work is focused on the processing parameters involved in obtaining a high product yield, maximum encapsulation efficiency, and good quality of encapsulated dry products.
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Figure 2. Two-stage droplet drying kinetics of a single droplet induced during the spray-drying process [35]. 
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2.1. Factors Influencing the Spray-Drying Process


This section describes the variables of the conventional spray-drying process with the greatest influence on the final characteristics of the dried products, such as morphology, size, distribution of particle size, moisture content, or on the quantitative parameters related to the efficiency of the process such as yield, encapsulation efficiency, and product quality. Table 1 shows the values of the processing variables, the encapsulated components, and the wall materials employed as carrying agents in conventional spray drying.



Inlet temperature: This is the temperature of the drying medium i.e., the gas stream, and it determines the ability to remove the solvent by evaporation. The temperature must be chosen as high as possible for obtaining the lowest moisture content in the product while avoiding the thermal degradation of the active compounds. Additionally, a high inlet temperature also helps to prevent particle agglomeration, particles adhesion on the walls of the drying chamber, and microstructure collapse. However, the glass transition temperature (Tg) of the dry solid must be lower than the inlet temperature in order to prevent these processing issues. Along the process, the inlet temperature decreases as the gas is exposed to the atomized drops; for this reason, this variable influences the outlet temperature. Additionally, as the inlet temperature increases, the particle size increases and the moisture content decreases, which is observed in higher yields. Typically, authors report temperatures of 140–200 °C for the conventional spray drying. Lewandowski, Jaskulski, and Zbiciński [36] utilized the spray drying for obtaining powders from a maltodextrin emulsion and associated the quality of the dry particles with several factors. They employed inlet temperatures of 150, 175, 200, and 215 °C, and they determined greater particle degradation above 200 °C. Bednarska and Janiszewska-Turak [37] investigated the effect of inlet temperature and different wall materials on the loss of nutritional components in the spray drying of chokeberries juice. They found that at the tested temperatures of 160 and 200 °C, there was not a significant effect on the content of anthocyanins and polyphenols.



Outlet temperature: This is an experimental variable that cannot be controlled directly by the handling the instrument but rather is a consequence of other factors such as gas inlet temperature, gas flow rate, enthalpy of evaporation, and concentration of solids in the liquid.



Feed rate: This refers to the volumetric flow (mL/min) of the liquid stream. The feed rate has a direct effect on the particle size of the powder obtained. The higher the feed flow rate, the larger the particle size of the final product obtained. Additionally, the use of high feeding rates increases the moisture content; then, a bigger difference between the inlet and outlet temperature must be set.



Aspirator rate: It is a measure of the amount of the compressed gas supplied into the dryer chamber through the nozzle to ensure efficient atomization. A low aspirator rate results in low residual humidity; in contrast, a high aspirator rate promotes a higher separation degree inside the cylindrical blanket.



Residence time: This corresponds to the time elapsed from the entrance of the atomized liquid into the drying chamber until it exits from the dryer in the form of dry particles. According to the literature, a shorter residence time (10–15 s) is recommended to obtain a sufficiently high quantity of finer particles with moisture-free surfaces. An average residence time (25–35 s) should be applied to obtain fine to semi-coarse particles [11]. A higher residence time is necessary to dry thick or high-viscosity sprays.



Concentration of the feeding solution: This variable refers to the initial concentration of solids dissolved in the liquid fed. The higher the concentration of the feeding solution, the greater the viscosity and hence the possibility of obtaining agglomerated and irregularly shaped particles. As the concentration of solids increases, the particle size also exhibits a proportional increase. Since a high concentration of solids necessarily implies a lower concentration of the evaporating solvent, this variable is also correlated with the outlet temperature. Solutions prepared from higher molecular weight substances involve higher viscosity solutions. Therefore, the feeding rate is decreased, while increasing the final particle size. In addition, other controllable parameters that result in the improvement of the dry products related to the characteristics of the fed solution are the composition, surface tension, the nature of the solvent (aqueous or organic), and the glass transition temperature.



Ahmed et al. [38] investigated the influence of the inlet temperature, feed rate, feed solution concentration, and degree of polymerization (DP) on the physical properties of spray-dried inulin. They found that concentration of the feeding solution affected the crystallinity of the final product i.e., at 40% concentration, a crystalline material was preserved, while at 20%, an amorphous product was obtained. The effect of the degree of polymerization (DP) showed higher conservation of the crystallinity in the inulin with a DP of 8–13 than in that with a DP of 7–9. Conversely, the feeding rate did not show any effect on the crystallinity of the final product. The main factor influencing the size and morphology of inulin powders was the viscosity of the feeding solutions. In turn, viscosity depends on the concentration of inulin and DP, while Tg depends on the DP. A higher DP is related with a higher Tg [39]. The feeding rate, inlet temperature, and outlet temperature did not affect the Tg of dry inulin, which presented a crystalline structure and spherically shaped particles with rough surface.




2.2. Microencapsulation of Food Active Ingredients


The encapsulation of food active ingredients provides multiple advantages such as the ability to protect sensitive food components and prevent degradation during storage, nutritional loss, and inclusive adding nutritious materials after processing. Additionally, microencapsulation may be used to incorporate unusual or prolonged-release mechanisms into the formulation, masking flavors and aromas, preserving volatile components, improving the antibacterial performance, and providing greater flexibility in the development of nutritious foods. Numerous food ingredients have been encapsulated including flavors, oils, lipids, acidulants, antioxidants, vitamins and minerals, sweeteners, preservatives, colorants, enzymes, peptides, polyphenols, and probiotics. After encapsulation, the properties of the core material preserve, improving the overall properties of the product such as their smell, taste, handling, flow properties, and hydrophobic or hydrophilic behavior [40]. Encapsulation may increase the solubility of hydrophobic compounds in water or other hydrophilic systems such as oils and lipids. In addition, the versatility of encapsulation opens the possibility of controlled release of bioactive food ingredients on targeted places in the human body [41].



Examples of food additives that can benefit from encapsulation and controlled release are preservatives, colorants, sweeteners, enzymes, antioxidants, nutrient flavors, and crosslinking agents to provide a more gradual release upon dilution in water. Table 1 shows a summary of the recent publications related to spray-drying encapsulation studies of bioactive food ingredients. Table 1 includes examples of wall materials, spray-drying conditions, and major outcomes related to the encapsulation of flavors, oils and lipids, bioactive ingredients, and food additives.



Saavedra-Leos et al. [42] employed a mini spray dryer for encapsulating orange juice with inulin as a carrying agent (complex system), and they compared the results against a model system based on inulin only. The inlet and outlet temperatures were set as 210 and 70 °C, respectively, with a drying air volumetric flow of 28 m3/h, a concentration of solids in the fed solution of 30%, and a volumetric liquid flow of 7 mL/min. Powders were subjected to different water activities at 30 °C for 30 days. Water activity (aw) is the measure of water adsorbed by the product at given conditions of temperature and time. Adsorbed water may participate in spoilage reactions, microbial growth, and microstructure collapse. Aw is defined as the ratio of water vapor pressure in the solid and the water vapor pressure of the surrounding saturated atmosphere [43]. The powders presented a general aspect observed as a non-agglomerated fine powder, in orange color for the complex system and white color for the model system. Both systems showed an amorphous microstructure after drying; however, the model system presented a change at a water activity of 0.71, while in the complex system, the change from amorphous to crystalline was observed at 0.43. This was attributed to the plasticizing effect of water on carbohydrate molecules, and consequently to the depression of the glass transition temperature of the system. Leyva-Porras et al. [39] investigated the effect of molecular weight distribution and degree of polymerization (DP) on the spray drying of single inulin systems. They reported state diagrams for the stability of the two systems and found that high DP inulin showed an abrupt change in the microstructure at a water activity value of 0.51, while the low DP presented a moderated transition from amorphous to semicrystalline and crystalline at water activities of 0.31 and 0.51, respectively. These state diagrams were useful in the prediction of stability during storage. Additionally, Leyva-Porras et al. [44] reported the state diagram for the stability of the complex system orange juice–high DP inulin. They found that spray-dried powders presented an amorphous microstructure, but this may change by the adsorption of humidity from the environment. The state diagram also showed three microstructure stages at water activity values of 0.21 and 0.52. Therefore, by comparing these works, it was possible to infer that chemical composition and interactions are the main factors influencing the stability of sugar-based systems prepared by spray drying.



Maltodextrin (MX) is a polysaccharide widely employed as a wall material or carrying agent in the encapsulation of active ingredients. The final properties of the spray-drying products containing MXs also depend on the equivalent of dextrose (DE). Saavedra-Leos et al. [45] reported the spray drying of a set of MXs with different DE values. Concentrated solutions containing 30% of dissolved solids were spray dried at an inlet temperature of 200 °C. The obtained powders presented a white appearance. The microstructure of MXs remained unchanged across the entire range of water activities, indicating that polymer glucose chains did not crystallize with the adsorption of water, but just presented a phase change from amorphous to glassy state. This work set the technological application of MXs based on the DP rather than on the DE. A sequential work reported by Saavedra-Leos et al. [46] included the spray drying of orange juice with MXs as the wall material. Powders were prepared by spray drying solutions of 30% of MXs dissolved in the orange juice. The inlet temperature was set at 200 °C and the liquid solution was pumped at 7 mL/min. Optical images showed white color powders for low DP MXs and orange color for the high DP MX. The orange juice dried in the absence of MX was a viscous liquid. Microstructural characterization by X-ray diffraction showed that phase change was presented at intermediate water activities, and it was observed as the change from an amorphous solid into a solid covered with condensed liquid. Araujo-Díaz et al. [47] compared the use of inulin and maltodextrin as wall materials in the microencapsulation of blueberry juice by spray drying and in the conservation of antioxidants. Processing conditions were reported as an inlet temperature of 180 °C, liquid feed flow of 7 mL/min, and concentration of carrying agent in the blueberry juice of 30%. Both carrying agents were suitable for encapsulating the blueberry juice. However, low DP MX showed a higher content of the antioxidants (resveratrol and quercetin 3-D-galactoside). Clearly, this work suggested that differences in the chemical structure of the carrying agent or wall material might lead to different affinities and interactions with the antioxidants.
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Table 1. Encapsulation of flavors, oils and lipids, bioactive ingredients, and food additives.
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	Category
	Core Material
	Wall Material
	Spray Drying Conditions
	Major Outcomes
	Reference





	Oils and lipids
	Fish oil
	Fish protein hydrolysates from sardine (S.pilchardus) and horse mackerel (T. mediterraneus)
	Inlet: 180 °C

Outlet: 70 °C

Air pressure: 4 bars

Rotary speed: 22,000 rpm
	Fish protein with a hydrolysate degree of 5% shows better performance for the stabilization of emulsions of fish oils. 98 ± 0.1% of encapsulation efficiency was reached with oxidative stability of the encapsulated oil over a period of 12 weeks.
	[48]



	
	
	Arabic gum, sodium caseinate, sage extract
	Inlet: 160 °C

Outlet: 80 °C

Feed rate: 15–22 g/min

Air pressure: 450 Kpa
	The high encapsulation efficiency, oxidative stabilization, and low surface oil content for the encapsulation of fish oil was obtained with emulsions stabilized using Arabic gum and sage extract. Furthermore, the simulation of gastrointestinal condition revealed that more than 80% of fish oil encapsulated could be released.
	[49]



	
	
	Yeast cells (Saccharomyces cerevisiae)
	Inlet: 150 °C

Outlet: 60 °C

Feed rate: 25 g/min
	For optimization of the drying conditions, a statistical experiment design was applied, and the maximum efficiency of encapsulation was 82.7 ± 1.0%. The stability of encapsulated oil was of 30 days at relative humidity below 70%. Additionally, stability during storage was increased by coating with hydroxypropyl methylcellulose.
	[50]



	
	Brucea javanica oil (BJO)
	Arabic gum: gelatin (1:2-8)
	Inlet: 140, 150 and 160 °C

Feed rate: 1.0, 1.5, and 2.0 mL/min.

Air flow rate: 50, 65, and 80 L/min.
	The best spray-drying conditions were an inlet temperature of 151.3 °C, a feed flow rate of 1.32 mL/min, and a drying air flow speed of 80 L/m in a relation of 1:6 Arabic gum: gelatin. It shows maximum encapsulation efficiency (82.9% w/w) and a loading capacity of 10.56% with high oxidative stability.
	[51]



	
	Nigella sativa oil
	Maltodextrin, sodium caseinate
	Inlet: 150–190 °C

Feed rate: 1 L/h

Air pressure: 4.5 ± 0.1 bar
	The microencapsulation efficiency was a function of the concentration of the wall material, the oil content, and the inlet temperature, showing the best results for 30%, 10%, and 160 °C, respectively. The dry product exhibited low moisture content, high solubility, and an encapsulation efficiency of 92.71%.
	[52]



	
	Sardine oil
	Vanillic acid grafted chitosan (Va-g-Ch)
	Inlet: 140 °C

Outlet: 77 °C
	Obtaining sardine oil-loaded microparticles (75%) and a polydispersity index of 2.4 μ, the encapsulation efficiency was 84 ± 0.84%, and the loading efficiency was 67 ± 0.51%. The encapsulated product shows good oxidative stability.
	[53]



	
	Flaxseed oil
	Maltodextrin, arabic gum, whey protein, modified starch
	Inlet: 180 °C

Outlet: 110 °C

Feed rate: 12 ± 2 g/min.

Air flow rate: 73 m3/h
	The best encapsulation efficiency was obtained for maltodextrin/modified starch (Hi-Cap 100TM), while the maltodextrin/whey protein combination exhibited better performance against lipid oxidation. Obtained hollow particles without cracks and fissures and with the active material embedded in the matrix.
	[54]



	Flavors
	D-limonene, ethyl hexanoate, citral and ethyl propionate
	Yeast cells (Saccharomyces cerevisiae)
	Inlet: 140–200 °C

Outlet: 64–95 °C

Feed rate: 10 mL/min

Air flow rate: 35m3/h
	Successful flavor encapsulation in partially β-glucans extracted from yeast cells. The incubation time and the temperature showed noticeable effects on the encapsulation of flavors. Flavor contents of d-limonene 37% and ethyl hexanoate 49%.
	[55]



	
	Lemon
	Arabic gum and maltodextrin
	Inlet:160 °C

Outlet: 65 ± 2 °C

Air flow rate: 1.42·10−6 m3/s

Rotary speed: 39,000 rpm
	Good stability of the oil–water emulsion for a period of 5 days. The increase in aroma addition caused an increase in emulsion viscosity. Increasing the aroma content, an increase in porosity, distribution of particle size, and total color differences was observed at the time that loose bulk density, solubility, and lightness decreased. The lowest water content was obtained for powder based on the emulsion with 6% of the aroma.
	[56]



	
	Lime
	Arabic gum and maltodextrin
	Inlet: 180, 200, and

220 °C

Outlet: 80, 90, and 100 °C

Feed rate: 75–170 mL/min
	The methodology of the response surface was used for optimization of the drying parameters, estimating an inlet air temperature of 220 °C and an outlet temperature of 85 °C to provide the maximum evaporative rate, volatile oil retention, and microencapsulation efficiency of 7.7 kg/h, 95.7%, and 99.9% respectively.
	[57]



	
	Orange
	Maltodextrin, modified starch and trehalose
	Inlet: 175 ± 3 °C

Outlet: 83 ± 3 °C

Flow rate: 8 mL/min-

Air pressure: 3.2 bar
	The systems using trehalose were more effective in the encapsulation of orange oil with high aroma retention, since they presented higher Tg values in comparison with those containing sucrose. These systems could be stored in a variety of temperatures and relative humidity conditions without modifying the physical characteristics of the powders.
	[58]



	
	Citral
	Maltodextrin, sucrose, and trehalose
	Inlet: 175 ± 3 °C

Outlet: 83 ± 3 °C

Flow rate: 8 mL/min-

Air pressure: 3.2 bar
	Among the citral retention with matrices of sucrose and trehalose, no differences were observed in the quantity and quality of powder obtained. However, the physical stability of the trehalose system was better than that of the sucrose system.
	[59]



	Food additives
	Goldenberry (Physalis peruviana L).
	Maltodextrin, modified starch, inulin, alginate, and arabic gum.
	Inlet: 140 °C

Outlet: 70 °C

Flow rate: 473 L/h

Feed rate: 10 mL/min
	Maximum yield of goldenberry powder of 67.2%. The obtained products exhibited low moisture content (<5.25%) and good solubility in cold water (>82%). The highest total carotenoid contents after spray drying were found using maltodextrin and cellobiose powder. Additionally, cellobiose powder showed the highest retention of carotenoids and encapsulation efficiency of 77.2%
	[60]



	
	β-carotene
	Maltodextrin
	Inlet: 170 °C

Outlet: 95 °C

Feed rate: 7.5 mL/min
	Two different microencapsulation methods by β-carotene were compared; spray drying with maltodextrin and the structuration of beads with alginate and chitosan, as well as its bioavailability in a food matrix. The spray drying showed less encapsulation efficiency than beads of alginate and chitosan, being of 37.7% and 54.7% respectively. Nevertheless, into of a food matrix, the β-carotene microencapsulate obtained by spray drying was more bioavailable compare to beads of alginate and chitosan.
	[61]



	
	Carotenoid Astaxanthin
	Arabic gum, whey protein, maltodextrin, and inulin
	Inlet: 120 °C

Outlet: 70 °C

Aspirator rate: 32.9 m3 h−1

Air pressure: 40 kg/cm2
	Obtaining yellow and orange pigments was evidence of the pigment contents. Whey protein alone or in combination with Arabic gum exhibited the best encapsulation yield (61.2–70.1%). The microencapsulates with 100% whey protein showed the highest temperature stability. However, the system with 100% whey protein showed the maximum stability as a function of the temperature.
	[62]



	
	Vitamin A acetate
	HI-CAP 100 (starch octenylsucciniate, OSA-starch)
	Inlet: 182 °C

Outlet: 82 °C

Feed rate: 1000 mL/ min
	The microcapsules exhibited spherical morphology with characteristic dents, and the maximum encapsulation efficiency (96.38 ± 0.71%) was obtained with a solution of total solids concentration at the core/wall material ratios of 40%.
	[63]



	
	Quercetin 3-D-Galactoside
	Maltodextrin
	Inlet: 170–210 °C

Flow rate: 35 m3/h

Air pressure: 1.5 bar
	Optimization of the spray-drying conditions for maximizing the yield, content, and retention of the antioxidant quercetin 3D galactoside, as well as evaluation of the effects of type and concentration of maltodextrin, such as the inlet temperature for drying. The yield and content of the antioxidant were mainly affected by the maltodextrin concentration, while temperature had a relatively low effect on the quantitative parameters.
	[64]



	
	Orange juice
	Maltodextrin
	Inlet: 200 °C

Outlet: 70 °C

Flow rate: 7 mL/min

Air flow: 28 m3/h

Air pressure: 1.5 bar
	Obtaining orange juice–maltodextrin powders and evaluating maltodextrins with different grades of polymerization to avoid structure collapse due to any change in appearance and the formation of particle agglomerates.
	[46]



	Bioactive ingredients
	β-galactosidase
	Arabic gum, chitosan, modified chitosan, calcium alginate, and sodium alginate
	Inlet: 115 °C

Outlet: 56–61 °C

Flow rate: 4 mL/min

Air pressure: 6.5 bar
	All the microencapsulates showed a spherical morphology with a mean diameter of 3 μm, but the particles obtained with chitosan and Arabic gum as wall material presented a rough surface. Regarding the enzymatic activity, this decreased with all the wall materials evaluated compared to the free enzyme activity.
	[22]



	
	Lactobacillus acidophilus NRRL B-4495 and Lactobacillus

rhamnosus NRRL B-442
	Maltodextrin
	Inlet: 100–130 °C

Outlet: 67–97 °C

Feed rate: 40–60 mL/min
	Response surface methodology was used to evaluate the effect of the concentration of maltodextrin, inlet temperature, and feed rate during the spray drying of raspberry juice with a probiotic. The response variables were the culturability of probiotics and the color of the powder. The high temperatures during spray drying were detrimental to probiotics and may be circumvented by sub-lethal thermal shock (50 °C for L. acidophilus and 52.5 °C for L. rhamnosus). An increase in the concentration of maltodextrin favored the survival of the probiotics.
	[65]



	
	Bifidobacterium BB-12
	Inulin, oligofructose, and oligofructose-enriched inulin
	Inlet: 150 °C

Outlet: 55 °C

Feed rate: 6 mL/min

Flow rate: 35 m3/h

Air pressure: 0.7 MPa
	Three prebiotics and their mixtures with reconstituted skim milk (RSM) were used to microencapsulate bifidobacterias BB-12. The system with prebiotics increased the survival rate of the microorganism during storage at the temperatures evaluated. Specifically, the microcapsules produced with a blend of oligofructose-enriched inulin with RSM and blending of oligofructose with RSM resulted in better protection of bifidobacteria during storage.
	[66]









2.3. Carrier Agents or Wall Materials


These materials act as the physical wall and barrier for the protection of functional ingredients from adverse environmental conditions. These materials increase the stability of active ingredients and preserve the functional properties. The encapsulation is applied to regulate the liberation of the active ingredient, to mask the flavor of an ingredient, and to improve the bioavailability. Encapsulation is achieved by dissolving, emulsifying, or dispersing the active ingredient located in the liquid drop in a solution with the carrier agent. An ideal carrier agent must exhibit the following characteristics: (1) suitable rheological properties (low viscosity) at high concentrations and easy handling during the process; (2) chemical affinity to disperse or emulsify the bioactive material, as well as to stabilize the emulsion produced; (3) unreactive with the bioactive material during the drying process or storage; (4) capacity to trap and maintain within its structure the material to be encapsulated; and (5) ability to provide maximum protection to the active material against environmental conditions (oxygen, heat, light, and humidity). The carrier agents are classified into categories as waxes and lipids (bee wax, carnauba wax, and catkin wax, macro and micro wax emulsions, glyceryl distearate, natural and modified fats), proteins (gelatine, whey protein, zein, proteins of soybean, gluten), carbohydrates (starches, maltodextrins, saccharides, chitosan, glucose, ethylcellulose, cellulose acetate, alginates, and carrageenan), food grade polymers (polypropylene, polyvinyl acetate, polystyrene, and polybutadiene).





3. The Nano Spray-Drying Process


The nano spray-drying equipment was first introduced by Büchi technology (Nano Spray Dryer B-90) in 2009. Since its introduction, the nano spray dryer has been used in numerous scientific investigations focused on the development of pharmaceutical applications and in minor frequency by the food industry [15,67]. The drying principle of the nano spray process is similar to that of conventional spray drying. However, the former process includes instrumental differences such as the cylindrical drying chamber, the atomizer that generates the spray, the porous metal foam that induces the laminar flow in the drying gas, and the electrostatic particle collector [14,68]. The characteristics of these instrumental variants are described herein and in Section 4 to relate their effect on the characteristics of the dry products obtained.



Similar to the spray-drying process, the liquid sample is fed into the spray head, but here, a piezoelectric driven actuator generates a finer spray of droplets. Figure 3 shows a schematic representation of the vibrating mesh employed in nano spray-drying technology. The mesh-based droplet generation system consists of a small cap containing a stainless steel membrane with a precise arrangement of micrometer-sized holes (4.0, 5.5, or 7.0 μm). The vibration frequency of the cap may be also manipulated in the range from moderate to high, leading to the formation of droplets of bigger or smaller sizes, respectively. The piezoelectric actuator is driven to vibrate in the range of 60–140 kHz. The high-frequency vibrations in the membrane produce the ejection of millions of droplets per second with a homogeneous size distribution [14,15]. In turn, drop size depends on the size of the hole in the membrane, solution viscosity, and the surface tension. For example, with a spray mesh of 4 µm, water droplets of approximately 3–8 µm are produced [69,70]. There is a strong correlation between the sizes of the spray mesh and the droplets, and consequently the particle size and physicochemical properties of the dried product. Thus, when operating nano spray-drying systems with the smallest mesh size, particles with sizes ranging from nanometers to submicrons may be obtained. In order to obtain particles of sizes smaller than the submicrons, it is necessary to sacrifice the yield of the process. Hence, the use of highly diluted feeding solutions is a common practice that affects the amount of product obtained. For example, the nano spray drying of Arabic gum solutions at different concentrations such as 0.1%, 1% and 10% yield 70%, 74%, and 54%, respectively [15]. In contrast, with large mesh sizes, the particle size will increase proportionally, yielding greater amounts of product. Schmid et al. [70] tailored the obtained droplet size by employing spray meshes of different apertures (4, 5.5, and 7 μm). They used distilled water as the solvent and measured the size of the drops by laser beam diffraction. The resulting spray contained drops in the range of 3.3–14.7 μm, while the mean droplet size varied from 4.8 to 7.2 for the spray mesh of 4 and 7 μm, respectively.



The drying gas enters from the top of the cylindrical dry chamber in co-current flow with the solution drops at the set inlet temperature. Co-current flow refers to both fluids—the drying gas and liquid fed—traveling in the same direction. The heating system in nano spray dryers is designed to provide a laminar flow, which is generated when the air passes through compact porous metal foam. The laminar flow air heater is another one of the characteristics of nano spray drying. In contrast with the turbulent flow in conventional spray drying, in nano spray drying, the heating system is designed to provide a hot gas entry flow in the Reynold number regime (Re < 2300). In the laminar flow regime, the movement of the particles is almost unidirectional, limiting the travel path within a profile that reduces the contact with the walls of the dryer. In addition, since evaporation occurs at the near vicinity of the spray head, the heating process begins at an early stage, reducing the residence time and promoting the conservation of heat-sensitive ingredients [14,71]. On the way, the hot gas dries the particles while dragging them to the particle collector located at the bottom of the drying chamber.



The cylinder length configuration also has an effect on the drying of different systems. Although the length of the drying cylinder is not a process variable, but a design variable, its dimension directly affects the residence time. A short drying chamber is recommended for fine sprays or small drops, since low residence time (1–4 s) would be required to reach the complete dry state. In contrast, large droplet sizes, water-based systems, or solvents with high evaporation temperatures may require larger residence times, which may be achieved by increasing the length of the cylinder [67]. In terms of solid dry particles, a short drying chamber is recommended for obtaining fine particles, while a larger chamber produces larger particles.



Additionally, particle size obtained is much smaller compared to conventional spray drying; hence, the gravity effect acting on the particles is less significant. In consequence, an electrostatic system is required to obtain higher collection efficiency. Two electrodes, a cylindrical anode, and a grounded cathode compose the electrostatic system. During the drying process, a high voltage applied between the electrodes generates an electrostatic field, accelerating the negatively charged particles and attracting them to the surface of the electrode. After a discharge process, the particles detach from the wall, falling inside the cylinder where they can be collected.



Nanoencapsulation of Food Active Ingredients


The efforts of nanoencapsulation of active ingredients in the pharmaceutical are mainly directed to the production of targeted release drug products. In this type of application, the therapeutic ingredient is liberated at the desired site of action or environment, optimizing the biological response of the substance. The global bioactive ingredients market in 2017 was 29.8 billion (USD), according to research and markets, and it is projected to grow about 6.6% to 41.1 billion (USD) by 2022 [72]. However, the commercial interest opens an area for obtaining high-tech food materials and food products with better resistance to oxidation, controlled release, extended shelf life, eradication of incompatibilities, improved solubility properties, and the masking of tastes and odors. Nowadays, the food industry has shown a major interest in bioactive ingredients such as probiotics, prebiotics, omega-3-fatty acids, carotenoids, phenolic compounds, essential minerals, proteins, and extracts from herbs and species i.e., essential oils and saffron [73,74,75,76]. The materials employed as carrier agents are proteins (egg, gelatin, caseins, whey, soy and wheat proteins, collagen), carbohydrates (maltodextrins, lactose, maltodextrins, cyclodextrins, dextrose, Arabic gum, acacia gum, alginate, carrageenan, pectin, cellulosic materials, chitosan), lipids (oils, acylglicerides, phospholipids), and food-grade emulsifiers [76]. Table 2 summarizes major outcomes of recent publications related to nano spray-drying processes of foods and several processing conditions. For example, Burki et al. [77] studied the encapsulation of β-galactoside by using a Nano Spray Dryer B-90 for obtaining spherical particles within an inhalable size of 1–5 μm. The influence of inlet temperature, size holes in the spray cap membrane, and concentration of solids in the solution were studied by estimating the enzyme activity, particle size, span, yield, shelf life, and morphology of dry products. Different spray-drying conditions were evaluated, finding the optimum values for inlet temperature of 80 °C, spray mesh size of 4 μm, and flow rate of 100 L/min. At these conditions, spherical shape particles with a smooth surface and diameters of 2–4 μm were observed. The maximum yield product at the optimized conditions was 93.7%. Although a greater amount of dry product may be obtained with the use of a mini spray dryer (Mini Spray Dryer B-290), the enzymatic activity was null. The assay of residual enzymatic activity of samples obtained by mini spray drying did not show activity, while the product dried in the nano spray still exhibited an enzymatic activity of 92% after three weeks of preparation. Hu et al. [78] studied the optimal fabrication method, physicochemical characterization, and stability of a polyelectrolyte complex system based on conjugated gallic acid–chitosan (GA-CS) and Arabic gum. The study showed the effect of the mass ratio of GA-CS and Arabic gum on the particle size, and the role of adding polyethylene glycol in the formation and morphology of the nanoparticles. The average particle size was 122 nm with a narrow size distribution. The GA-CS/Arabic gum spray-dried nanoparticles exhibited excellent dispersibility in water, while the native nanoparticles were unable to disperse, which was attributed to the lack of gallic acid. Li et al. [15] compared different wall materials such as Arabic gum, maltodextrin, whey protein, polyvinyl alcohol, and modified starch for encapsulating lipid nanoemulsions of Vitamin E acetate. The authors evaluated the nature of wall materials and found that the type and concentration has a marked effect on the particle size and distribution. O’Toole et al. [79] reported the implementation of Taguchi’s statistical method to optimize the nano spray drying parameters of curcumin encapsulated in submicrometer chitosan. The authors explored the efficiency of the system curcumin/chitosan/Twin 20 for obtaining spherical particles with smooth surfaces and particle sizes of 285 ± 30 nm. They suggested the feasibility of encapsulating the submicrometric system since after 2 h, the encapsulated active ingredient was released 100%.



As has been mentioned before, the experimental parameters employed during the drying and encapsulation process strongly influence the final features of the dried powders. The main process variables that show a direct effect on the characteristics of the dry material in nano spray drying include the controllable variables. These variables are controlled through the handling of the equipment or either through the characteristics or properties of the feeding formulations. The second category corresponds to the variables derived from the inlet parameters. The main parameters influencing the nano spray-drying process are the inlet temperature, spray mesh size, and concentration of the liquid fed. Consequently, these variables affect the drop size, drying gas flow rate, spray rate, solvent, and surfactant concentration. The appropriate setting of these parameters may modify the particle size distribution, morphology, moisture content, encapsulation efficiency, yield, and the bioactive loading of the powders. Evidently, the experimental variables studied with more frequency are the inlet, outlet temperatures, and feed and flow rates. Despite the spray-drying technology, i.e., conventional or nano spray, the reported results of the cause–effect relationship remain constant.





4. Advantages and Disadvantages of Conventional Spray Drying and Nano Spray Drying


In contrast with different drying techniques, conventional spray drying and nano spray drying may exhibit a wide variety of advantages such as the low cost, high availability of equipment, speed and efficiency of the process, high reproducibility, and versatility of the products that can be encapsulated. However, each instrument shows comparative advantages and disadvantages. Nano spray drying may show some advantages over traditional spray drying, specifically in the particle size. However, traditional spray drying can be more easily scaled up, allowing use at an industrial level for obtaining kilograms or tons of dried samples. Conversely, nano spray dryers have been produced for research purposes such as formulations design, and they can produce valuable products in small quantities (i.e., milligrams). Another advantage of conventional spray drying is the handling of solutions with higher viscosities (<300 cps), while in the nano spray, viscous solutions may block the small holes in the mesh generation system, thus impeding the proper generation of the spray [69]. For specific applications such as the encapsulation of probiotics, conventional drying technologies are still required, since the dimensions of probiotics are in the range of 1–5 μm, limiting the use of emerging drying nanotechnologies. Evidently, the most remarkable advantage of conventional spray drying over nano spray is the difference in terms of the amount of yield product. The relatively high solid concentrations and solvent evaporation rate handled in the mini-spray dryer are the responsible features of these advantages. Alternatively, the advantages exhibited by the nano spray dryer are numerous in both control of the process and in the desired characteristics of the dry product. The generation of tiny droplets results in the formation of submicron-sized particles with a larger surface area, which is beneficial in applications of active ingredient controlled release. The vibration mesh that generates droplets in the nano spray dryer causes the formation of smaller drops of submicrometric sizes and with narrower distribution, i.e., a particle size range of 0.3–5 μm, and size distribution of 1.4 μm [90]. In this sense, the reduction of particle size is reflected as a larger surface area. Conversely, in conventional spray drying, the particle size is in the range of 2–25 μm and a size distribution of 1.8 μm [69]. The particle collection efficiency of the electrostatic precipitator in the nano spray dryer also makes a difference in terms of product yields. The cyclone separator in the mini-spray dryer is highly dependent on the mass of the particles. Therefore, it is unable to collect particles smaller than 2 μm. In contrast, the electrostatic precipitator in the nano spray dryer is not dependent on the mass of the particles but on the electrostatic charge; for this reason, the highly efficient electrostatic collector can accumulate particles of submicron or nanometric size at yields of about 93%. The air heater with laminar flow is another of the advantages of the nano spray dryer, since in this regime of Reynolds number, heat transfer is efficient, reducing residence time. Clearly, this feature allows drying heat-sensitive compounds such as bioactive ingredients. Additionally, to the increase velocity in the heat and mass transfer phenomena, nano spray-dry powders show other benefits such as higher bioavailability, better control release, and improved absorption rates of the active ingredients [91].



Figure 4 shows an illustrative scheme of nano spray-drying technology indicating the main components. The top of the diagram of the nano spray dryer shows the location of the laminar flow heater and the vibrating mesh spray components, and the bottom shows the electrostatic collector. In addition to the advantages and disadvantages mentioned above, it is evident that the size of the instrument and its peripheral equipment are characteristics that must also be considered to choose the most suitable drying system for a given application.



The comparison of energy consumption of spray dryers is of great importance for production and economic purposes at pilot and industrial scales. However, because the nano spray-drying technology was designed for the development of novel products with a high cost–benefit ratio and not for production of large scales, the bibliography related to energy balances and thermal efficiency calculations is still scarce. Anyhow, it is expected that the configuration of the instrument such as the cylindrical shape of the drying chamber and the laminar flow of the drying air may promote an optimal exchange of energy and reduce heat input rates, resulting in greater energy efficiency for drying heat-sensitive products [14]. Conversely, the literature found on this topic for conventional spray drying is extensive. Baker and McKenzie [92] conducted a comparative study of 32 industrial-level spray dryers in the UK. They reported that the specific energy consumption for the food sector was 4.88 GJ/ton of evaporated water, and they found a linear increase of the input with the evaporation rate. Later, Al-Mansour et al. [93] conducted a study in a pilot plant scale spray dryer for drying soluble coffee. They determined the specific heat consumption based on some processing variables and found values of 3.3–5.5 GJ/ton of evaporated water. Motevali et al. [94] compared the energy parameters between seven types of dryers used in the drying of chamomile plants and found that the drying efficiency does not depend linearly on temperature for all systems. Furthermore, each system presented greater efficiency by combining the different process variables such as drying temperature and airflow. For example, for infrared light-based technologies, increased airflow promoted greater efficiency and a decrease in energy requirements. However, in technologies based on microwave drying, efficiency decreases with airflow. Huang et al. [95] compared the use of two atomization systems in the spray drying of a 42% maltodextrin solution. From the 3D simulation, it was found that the pressure nozzle system leaves more empty spaces inside the drying chamber i.e., without contact between the drops and the wall of the dryer, while the rotary disk atomization system fills the volume of the camera to a major extent. Although the numerical results showed small variations between the two systems, the rotary disk atomization resulted in lower heat consumption and higher energy consumption per-unit evaporation rate (24,059 W and 3165 kJ/kg) than the spray drying with a pressure nozzle (24,285 W and 3114 kJ/kg).




5. Unwanted Reactions and Physicochemical Changes Presented by Spray-Dried Products


Either of the two drying technologies, conventional or nano spray drying, necessarily require the use of heat. Consequently, during the increase of temperature, undesired chemical reactions and physicochemical changes may take place, inducing the thermal degradation of encapsulated active ingredients. Among these reactions, combustion, oxidation, denaturation, and the loss of bioactive ingredients are included. The oxidation of ingredients is one of the major causes of food spoilage affecting the nutritional quality. It is a reaction that occurs during spray drying at high temperature, when oxygen enters in contact with polyunsaturated compounds such as fats, altering its chemical composition. Oxygen reacts with unsaturations i.e., double bonds, producing toxic by-products such as hydrogen peroxides, ketones, and hyperoxides, causing changes in the taste, odor, loss of activity, and nutritional value of food ingredients. Drusch et al. [96] carried out the microencapsulation of fish oil employing starch, Arabic gum, sugar beet pectin, sodium caseinate, and glucose syrup as wall materials. Microencapsulates were prepared by spray drying, and the lipid oxidation was monitored through the analysis of hydroperoxide content and volatile secondary lipid oxidation products. Results evidenced the low stability upon storage conditions at 20 °C and 33% of relative humidity for the microcapsules containing starch of higher viscosity (type 1). The highest and fastest increase in contents of hydroperoxide and propanal were observed in the microcapsules prepared with starch type 1. The decrease in stability of these microencapsulates was attributed to inclusions of air trapped into the particle, as well as the composition and the density of the oil–water interface. Linke et al. [97] microencapsulated fish oil using maltodextrin and soy protein as wall materials by spray drying and quantified the impact of the oil droplet size on the oxidative stability of the powders stored at 25 °C for 147 days. The fish oil/maltodextrin/soy protein emulsions were prepared at different pressures to induce the formation of oil droplets during drying, obtaining sizes between 0.48 and 1.54 μm. The oxidative stability was evaluated through the hydroperoxides formation as primary oxidation products and by the anisidine value that corresponds to the amount of secondary oxidation products of lipid compounds [98]. The small oil drops (0.48 and 0.71 mm) showed a linear increase of the hydroperoxides amount after a storage period of 6 days, while in the large drops (1.19 and 1.54 mm), the change was observed between 9 and 14 days. The rapid hydroperoxide formation of the smaller oil droplets was attributed to the larger specific surface area. The authors suggested that the oxidative process was favored in oil droplets with a large specific surface area, since the interfacial space between the lipid and the encapsulation material is greater than in the large drops. A larger interfacial space in the system allows a greater amount of oxygen to diffuse into the particle and accelerate the oxidation process of the lipid. Anisidine values showed a similar trend that the hydroperoxide for the first analysis period. Additionally, the higher oxidative stability exhibited by the smaller oil droplets was attributed to the pronounced chemical stabilization by the soy protein. Linke et al. [99] studied the effect of particle size on the oxidative stability of fish oil spray-dried microcapsules. The quantification of the peroxide value revealed that small particles undergo faster oxidation than large particles, since the concentration of hydroperoxides squared with the interfacial area, and thus, it was inversely proportional to the squared radius, indicating that oxidation was diffusion-limited. Karthik [100] carried out the microencapsulation of docosahexaenoic acid (DHA) by spray-drying (SD), freeze-drying (FD), and spray-freeze drying (SFD) methods to reduce the oxidation of polyunsaturated DHA. Higher encapsulation efficiencies were reported for SD than for FD and SFD as 82.16%, 73.08%, and 70.77%, respectively. In contrast, estimation of the oxidation percent under storage conditions for encapsulates obtained from SD, FD, and SFD was 33%, 31%, and 14%, respectively. One way of evaluating the level of oil deterioration or degree of oxidation is determining the level of hydroperoxides quantified as the peroxidation value (PV). PV is a standard index employed to examine the safety and quality of food systems. In this sense, microencapsulation obtained from SFD showed lower PV, meaning higher oxidative stability. Thus, the encapsulation efficiency does not depend only on the encapsulated amount of oil but also on the thickness of the shell material and the capacity to maintain the active ingredient in the core of the particle. The increase in the PV was attributed to the high temperatures exerted during the SD process. Tonon et al. [101] found similar results for the microencapsulation of flaxseed oil by spray-drying methodology.



Denaturation refers to the physical changes taking place in proteins exposed to environmental conditions such as heat, acid solvents, high salt concentrations, alcohol solutions, and mechanical agitation. These changes result in the loss of protein through aggregation and alteration in secondary structures, leaving the amino acid residues located deep inside the proteins exposed [102]. Since proteins are sensitive to heat, these compounds may undergo denaturation at elevated temperatures, i.e., whey proteins subjected to temperatures of 95 °C for 20 min [103], casein–whey mixture at 70 °C [104], and egg white proteins at 60 °C [105]. In this sense, during the spray drying of proteins-based compounds, the inlet temperature should be set as low as possible in order to avoid undesired degradation reactions. However, during spray drying, partial denaturation occurs. Tan et al. [106] studied the effect of the spray-drying inlet temperature on the microencapsulation and release behavior of caffeine from egg albumen in the form of a powder. The thermal characterization of the micro-eggs showed that a higher drying temperature induced a greater denaturation of proteins, affecting the solubility properties and releasing profile. Haque et al. [102] studied the denaturation and the physical properties of spray-dried whey protein isolate (WPI), with and without sugars such as lactose, trehalose, and Polysorbate-80. WPI formulation with or without sugar and Twin 80 were prepared and spray dried at inlet and outlet temperatures of 180 and 80 °C, respectively. The denatured proteins were quantified by HPLC. In addition, the denaturation degree was estimated by a size exclusion chromatography with a column that allowed the separation of proteins according to their size. The infrared spectra in the amide region (1600–1700 cm−1) were analyzed to assess the alteration in the secondary structure of WPI. The protective efficacy of sugars and surfactants on the secondary structure (β-turn, β-sheet, α-helix, and random coil) of WPI was also tested. The results showed that the secondary structural features of the spray-dried WPI were affected. The native WPI contained 43.0% of β-sheet, 22.8% of α-helix, and 34.2% of β-turn in its structure. After the spray drying, it was observed that the β-turn structure was the most heat-sensitive structure, since it decreased to 14.5%, while the random coil content of WPI in the spray-dried sample increased to 20.7%. The α-helix was the most stable to the spray-drying processing conditions. Furthermore, it was found that the use of a small concentration of Twin 80 improved the stability of the α-helix and β-sheet but not the β-turn structure. This work revealed that processing conditions affect the denaturation extent of spray-dried WPI. Burgos-Díaz et al. [107] studied the encapsulation of astaxanthin to minimize the degradation and oxidation of the carotenoid with the aim of reducing the microbial growth. They designed a colloidal system based on Pickering emulsions, i.e., emulsions that are not physically stabilized by conventional emulsifier molecules, but instead by solid colloid particles. The Pickering emulsion system was formulated by protein-based aggregates from a lupin protein-rich cultivar (Lupinus luteus, AluProt-CGNA®), while maltodextrin at different ratios was employed as a wall material for the encapsulation of astaxanthin. The oxidative stability, the primary oxidation products (PV), and the astaxanthin concentration were determined to evaluate the loss of concentration of the carotenoid during storage. Experimental conditions consisted of storage in darkness for a period of four weeks at 25 and 45 °C. The PV analysis showed a slight primary oxidation after 2 weeks of storage at accelerated conditions (45 °C). In contrast, the PV analysis for powders stored at 25 °C showed a very slight increase in the PVs values after 4 weeks. The secondary oxidation was estimated from thiobarbituric acid-reactive substances analysis (TBARs). It was observed that the TBAR values increased faster in powders containing a low concentration of lupin protein particles (2%), while at higher concentrations (4% and 6%), the secondary oxidation was slower. It was observed that the inlet temperature employed during the spray-drying process also had an effect on the secondary oxidation process. Samples dried at higher temperatures showed a more pronounced oxidation tendency even after one week of storage. In general, it was demonstrated that oxidative stability is enhanced as the concentration of lupin protein aggregate particles was increased.



The thermal degradation of food ingredients is another one of the undesired reactions taking place in the presence of different factors such as oxygen, heat, pH, the presence of heavy metal ions, and light. The thermal degradation has been extensively studied, employing a wide variety of matrices and wall materials. Tupuna et al. [108] evaluated the thermal stability of norbixin microencapsulates obtained by spray drying assisted with Arabic gum and MX at different concentrations. High-performance liquid chromatography (HPLC) analysis was carried out for the quantification of norbixin in the encapsulates. The results showed that encapsulation efficiency highly depended on the wall material ratios. The properties depended on the total soluble solids percentage and the ratio between the core and wall material. Kinetics of thermal degradation of norbixin microcapsules were determined from thermal experiments at 60 and 75 °C, observing a decrease of the norbixin content after 240 min. Then, temperatures 60, 90, and 98 °C were chosen, and the thermal analysis was performed for 300 min. It was observed that the increase in temperature resulted in the loss of norbixin with time, and all temperatures showed first-order kinetics degradation. Additionally, the half-life time (t1/2) defined as the required time for degrading 50% of norbixin in the encapsulates was determined at each temperature. In summary, an increase in temperature induced a shorter half-life time. Weber et al. [109] encapsulated blackberry by spray drying and found first-order kinetics for the degradation of anthocyanins during storage under light at different temperatures.



Phenolic compounds are phytochemicals that are found in a large number of foods and beverages in the form of phenolic acids or aromatic polyphenols with attached hydroxyl groups. These compounds are important because in addition to the antioxidant properties, they contribute to the color, taste, and texture of the product [110]. In fact, phenolic compounds have redox properties, acting as reducing agents, hydrogen donors, and oxygen quenchers [111]. The antioxidant activity of phenolic compounds is attributed to the capacity of scavenging free radicals, donating hydrogen atoms, electrons, or chelating metal cations. Generally, the thermal processing applied to these compounds impacts negatively on the antioxidants’ retention and bioavailability, degrading flavonoids and phenolic acids compounds. Several authors have reported the loss or decrease of phenolic compounds subjected to the spray-drying process. Ramírez, Giraldo, and Orrego [112] studied the stability of the gallic acid in a model fruit juice (MFJ) obtained by spray and freeze drying. The factors evaluated were the operational conditions and the concentration of wall materials (maltodextrin and Arabic gum). Different ratios of wall material (100% MD, 100% AG, and 50% MD/AG) and encapsulating levels (10%, 20%, and 30%) were proposed. The authors employed second-order polynomial model equations to predict the initial gallic acid content as a function of the independent variables for both encapsulating techniques. Additionally, the total phenolic content of selected samples of MFJ encapsulates was periodically measured over a period of 200 days. The storage stability of spray-dried encapsulates showed better performance than those obtained by freeze-drying. The results evidenced that the total polyphenol content was a function of water activity, and the degradation of gallic acid followed a first-order kinetic. It was explained in terms of the plasticizing effect of water that tends to reduce the glass transition temperature, increasing the degradation and oxidation rates. Ballesteros et al. [113] reported a low retention of phenolic compounds and flavonoids content from spent coffee grounds subjected to the spray-drying process in comparison with the encapsulates obtained from a freeze-drying technique. The authors employed maltodextrin, Arabic gum, and a mixture of these components as wall materials. The percentage of phenolic compounds and flavonoids retained and the antioxidant activity of the samples after encapsulation were compared against the initial values presented in the coffee grounds. Maltodextrin showed better performance as wall material in the freeze-drying process. The retention of phenolic compounds and flavonoids in the freeze-drying encapsulated samples were 62% and 73%, respectively, while for the spray-drying encapsulates, the corresponding values were 58% and 56%. These results were attributed to the changes in morphology caused by the drying process. During the spray-drying process, the liquid drop is subjected to heat and mass transfer, until obtaining the shape of a solid particle. If the inlet temperature is higher than the Tg of the wall material, the microstructure of the particle changes from the rubbery state into the amorphous state. Since the residence time is relatively short, the particle rapidly cools to the outlet temperature below the Tg, retaining the amorphous microstructure. However, if the drying temperature is lower than Tg, the particle microstructure will remain in the rubbery state. Evidently, the encapsulating properties of these two states are quite different. Cheng et al. [114] evaluated the effects of storage time and temperature on polyphenolic content and the qualitative characteristics of freeze-dried and spray-dried bayberry powder. Dry powders were stored at 4 and 25 °C by 50 days. Their results showed that the retention of total polyphenols, gallic acid, protocatechuic acid, cyanidin-3-o-glucoside, and anthocyanins in the freeze-dried bayberry powder was higher than in the spray-dried powders. The total polyphenols content in the freeze-dried bayberry powder was in the range of 11.2–14.1 mg/g and 11–14.1 mg/g when stored at 4 and 25 °C, respectively. Meanwhile, the spray-dried powders were about 6.0–7.5 mg/g and 5.7–7.3 mg/g, respectively. On the other hand, the anthocyanin content from the freeze-dried bayberry powder was significantly higher than that in the spray-dried powder. The same behavior was observed for gallic and protocatechuic acids. This behavior was attributed to the induced thermal degradation exerted during the spray-drying process. They concluded that the degradation of anthocyanins followed first-order kinetics and the degradation degree increased with the water activity. Saavedra-Leos et al. [64] determined the effect of the processing conditions on the yield, content, and retention of quercetin 3D galactoside in the spray drying of mixtures of blueberry juice (BJ) and maltodextrin (MX). Though applying a D-optimal experimental design, two independent variables and one categorical variable were evaluated at different levels as inlet temperature (170–210 °C), MX concentration (10–30%), and type of MX (Mc, M10, M20, and M40), respectively. The concentration of maltodextrin was the main variable affecting both the yield and content of the antioxidant, and the inlet temperature had a negligible effect. The low molecular weight MXs showed a better response as wall material. Reported yields were in the range of 0.12–10.77%, while the content of quercetin 3D galactoside was in the range of 0.0–2.36 mg/g of dried powder. These values corresponded to antioxidant retention of 4.76–13.7%, respectively. From the response surface plots, it was possible to establish the optimal conditions for obtaining the highest yield of powder with the highest content of the antioxidant. These conditions were a maltodextrin concentration of 25% and 170 °C when employing the Mc, and 210 °C with the M10. Later, Leyva-Porras et al. [115] carried out a study using similar conditions to those reported by Saavedra-Leos et al. [64]. They evaluated the content and retention of resveratrol after the spray drying of blueberry juice with MX as a wall material. Minimum and maximum values for resveratrol content and retention were 0.0–0.47 mg/g, and 0.0–10.24%, respectively. The optimal processing conditions for resveratrol were a concentration of 23% of MX and temperature of 170 °C for Mc and 210 °C for M10. Finally, from comparing the results reported in these studies, they concluded that quercetin 3-Q-galactoside was more likely to interact chemically with MXs. The explanation suggested that the active sites for chemical interactions were more important than the stearic hindrance. Therefore, relatively higher content and retention values for quercetin were observed than for resveratrol.




6. Conclusions


The present work reviewed recent articles published in the last 10 years related to the encapsulation of active ingredients in the food industry by conventional and nano spray-drying technologies. The work provided an overview of the basis of the technology, describing the main instrumental processing variables and the relationship with some of the characteristics of the obtained powders. The differences between the two technologies as well as some advantages and disadvantages were presented. The main advantage of conventional spray drying is the large yield obtained, while for nano spray drying, the particle size and relatively low residence time influence the preservation of active ingredients. Some unwanted reactions such as thermal degradation, oxidation, denaturation, and a loss of bioactive ingredients were also included, emphasizing the relation with the processing variables.
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Figure 3. Schematic representation of the spray mesh for the generation of droplets in the nano spray dryer. Buchi, Labortechnik AG [28]. 
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Figure 4. Schematic representation of a nano spray dryer. Buchi Labortechnik AG, [28]. 
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Table 2. Summary of protection of bioactive ingredients employing a nano spray-drying technique.
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	Category
	Core Material
	Wall Material
	Spray Drying Conditions
	Major Outcomes
	Reference





	Lyphophilic substances
	Vitamin E acetate
	Arabic gum, whey protein, polyvinyl alcohol, modified

starch, and maltodextrin
	Inlet: 100 °C

Outlet: 41–58 °C
	Obtaining of submicron particles with size as low as approximately 350 nm for the formulations prepared using Arabic gum as wall material at 0.1 wt % of solid concentration. The yield of the obtained dried products was between 70% and 90%.
	[15]



	
	Curcumin
	Chitosan
	Inlet: 100 °C

Spray mesh: 4.0 μm

Air flow rate: 150 L/min
	The encapsulation of curcumin in submicrometric chitosan with spherical morphology and smooth surface with an encapsulation efficiency near 100%. The authors achieved a complete release of the active ingredient in a short period of time (2 h).
	[79]



	
	Bovine serum albumin (BSA)
	Polyoxyethylene and

sorbitan monooleate
	Inlet: 80–120 °C

Outlet: 36–55 °C

Spray meshes: 4.0, 5.5, and 7.0 μm

Nitrogen flow rate: 120 L/min
	Taguchi methodology was incorporated into an empirical study for the optimization of process parameters in the production of smooth, spherical nanoparticles with diameters around 460 nm and high-yield products (72%).
	[80]



	
	Folic acid (Synthetic vitamin B9)
	Guar gum, whey protein and resistant starch
	Inlet: 90 °C

Outlet: 45 °C

Spray mesh: 0.7 μm

Air flow rate: 140 L/h
	Efficient encapsulation of folic acid (vitamin B9). Whey protein showed higher encapsulation efficiency and low degradation during storage compared to starch. The encapsulation efficiency from the whey protein/folic acid formulation was around 84%, although bigger average diameters and broader size distribution were observed in comparison with other drying technology (electrospraying).
	[81]



	
	Peppermint oil
	Sodium caseinate and pectin
	Inlet: 100 °C

Spray mesh: 5.5 μm

Air Flow rate: 120 L/min
	Encapsulation of hydrophilic and hydrophobic nutrients by the development of a sodium caseinate/pectin/peppermint oil nanocomplex delivery system. Encapsulates were stable and had exceptional capability to preserve the antioxidant activity of nutrients under storage conditions.
	[82]



	
	Not active compound encapsulated
	Sodium caseinate, L-α-soya lecithin, and pectin
	Inlet: 100 °C

Spray mesh: 5.5 μm

Air Flow rate: 120 L/min
	The Box–Benhken design was applied in the spray drying of solid lipid nanoparticles with a bilayer of the biopolymers and stabilized with soya lecithin to achieve well-separated and spherical ultra-fine powders with excellent redispersibility in water.
	[83]



	
	Curcumin and stearic acid
	Sodium caseinate, pectin,

and stearic acid
	Inlet: 100 °C

Spray mesh: 7 μm

Air Flow rate: 120 L/min
	Production of solid lipid nanoparticles loaded with curcumin with enhanced antioxidant activity, gastrointestinal stability, small particle, and low polydispersity index.
	[84]



	
	Curcumin
	Egg yolk low-density

lipoprotein, pectin
	Inlet: 70, 100, and 120 °C.

Outlet: 50–60 °C

Air Flow rate: 130 L/min
	Optimization of the fabrication conditions for egg yolk low-density lipoprotein/pectin nanogels with a smooth surface and spherical shape with a diameter of 58 nm. The obtained ultra-fine powders were able to re-disperse into water and keep the nanoscale size.
	[85]



	Hydrophilic

substances
	Vitamin B12
	Arabic gum, cashew nut gum, sodium alginate, sodium carboxymethyl cellulose, and Eudragit RS100
	Inlet: 120 °C

Outlet: 50–60 °C

Spray meshes: 4.0 and 7.0 μm

Air flow rate: 130 L/min
	Production of submicron particles by the highly diluted solutions. Eudragit RS100 showed more controlled release kinetics since it presented solubility dependent on the change in pH.
	[86]



	
	β-Galactoside
	Trehalose
	Inlet: 80–120 °C

Outlet: 38–60 °C

Spray meshes: 4.0, 5.5, and 7.0 μm

Air flow rate: 100–110 L/min
	Obtaining of submicrometric encapsulates between 2 and 4 μm of diameter at the optimized spray drying conditions of inlet temperature 80 °C and the lower spray mesh size and the flow rate of 4 μ and 100 L/min, respectively. The obtained morphology was spherical with a smooth surface and the yield product reached up to 90%.
	[77]



	
	Not active compound encapsulated
	Chitosan/gallic acid conjugate, Arabic gum, and polyethylene glycol
	Inlet: 100 °C

Spray mesh: 5.5 μm

Air flow rate: 100–120 L/min
	Obtaining spherical, homogeneous, and smooth powders of nanoparticles with improved water solubility and dispersibility properties. In comparison with the native chitosan (CS)/Arabic gum nanoparticles, the polyethylene glycol (PEG) complexes exhibited smaller size,

narrower polydispersity index, and greater redispersibility behavior.
	[78]



	
	Լ-leucine
	α,α-trehalose
	Inlet: 75 °C

Outlet: 45 °C

Spray mesh: 4 μm

Air flow rate: 100 L/min
	Presented a mechanistic model for the efficient experimental design for obtaining microparticles. Authors produced particles with spherical morphologies that begin to exhibit a corrugated surface as the percentage of crystalline leucine increases, lowering the density and improving the dispersibility properties of the dried products.
	[87]



	
	Eugenol
	Zein, sodium caseinate, and pectin
	Inlet: 100 °C

Spray mesh: 5 μm

Air flow rate: 120 L/min
	Under optimal preparation condition and formulation, eugenol-loaded complex nanoparticles with a size of 140 nm, spherical shape, and uniform size distribution and excellent storage stability were obtained.
	[88]



	
	Saffron apocarotenoids
	Maltodextrin
	Inlet: 100 °C

Spray meshes: 4 and 7 μm.

Air flow rate: 100 L/min
	Obtaining spherical particles found that the morphology is highly dependent on the mesh size employed.

Product yield and encapsulation efficiency of saffron apocarotenoids were found to be satisfactory being approximately 70% and 80%, respectively.

Thermal stability and bioaccessibility of the apocarotenoids was enhanced by the nanoencapsulation process.
	[89]
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