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Abstract

:

Flavours and fragrances are volatile compounds of large interest for different applications. Due to their high tendency of evaporation and, in most cases, poor chemical stability, these compounds need to be encapsulated for handling and industrial processing. Encapsulation, indeed, resulted in being effective at overcoming the main concerns related to volatile compound manipulation, and several industrial products contain flavours and fragrances in an encapsulated form for the final usage of customers. Although several organic or inorganic materials have been investigated for the production of coated micro- or nanosystems intended for the encapsulation of fragrances and flavours, polymeric coating, leading to the formation of micro- or nanocapsules with a core-shell architecture, as well as a molecular inclusion complexation with cyclodextrins, are still the most used. The present review aims to summarise the recent literature about the encapsulation of fragrances and flavours into polymeric micro- or nanocapsules or inclusion complexes with cyclodextrins, with a focus on methods for micro/nanoencapsulation and applications in the different technological fields, including the textile, cosmetic, food and paper industries.






Keywords:


encapsulation method; essential oil; polymeric capsules; coacervation; inclusion complex; volatiles; nanofibers; aromas; electrospinning












1. Introduction


Flavours and fragrances are a large class of compounds widely employed as additives in different technological fields, including food, cosmetics, textiles and others, mainly to ameliorate the olfactory and gustatory sensations of the product [1,2]. They comprise both synthetic and naturally occurring molecules, such as essential oils (EO) and aroma compounds [3,4]. Especially those of natural origin, which are mostly derived from plants, possess, in addition to sensory properties, also various biological activities (e.g., antibacterial, antiviral, antifungal, antiprotozoal, insect-repellent, anticancer, antidiabetic, anti-inflammatory and antioxidant) that raise the interest around this class of compounds [5,6]. Besides the large potential of exploitation, the major drawbacks regarding their use are related to the volatility and chemical instability [7]. Indeed, most of these compounds are sensitive to light, heat or oxygen; therefore, they can be deteriorated during the manufacturing process and reduce or lose their shelf-life activity during storage and consumer manipulation [8].



To overcome these concerns, different encapsulation strategies have been applied, aiming to prevent the evaporation of volatile compounds and protect them from degradation [9]. Through encapsulation, the compounds are protected by a shell of a different nature (e.g., polymeric, inorganic, lipid or mixed), which acts as a diffusion barrier, thereby enhancing their retention, controlling the release and prolonging the chemical stability [10]. Encapsulation can be achieved using several techniques depending on the nature of the wall material and the fragrance itself, leading to the formation of micro/nano cargoes such as capsules, spheres or vesicles. Both the encapsulation of flavours and fragrances in cargoes of nanometric (nanoencapsulation) and of micrometric (microencapsulation) size have been widely investigated. However, microencapsulation has some advantages over nanoencapsulation, such as a higher payload, better control on the release and an easier processing and industrial scalability [11]. Although several materials of a different nature have been proposed as shells for the encapsulation of fragrances and flavours [12,13,14], polymers and cyclodextrins (CDs) still remain the most employed in all technological fields [15]. Particularly, polymers both of natural or synthetic origin have been reported to successfully encapsulate flavour and fragrances into single or multi-layered core-shell micro- or nanocapsules [16,17,18]. These capsules resulted in being highly versatile for the encapsulation of volatile compounds, thanks to the large variety of polymers and methodologies available (e.g., coacervation and interfacial polymerisation), through which their chemical–physical properties can be tuned [19,20]. Therefore, polymeric capsules can provide an easy handling and processing of this class of chemical compounds, guaranteeing, at the same time, a satisfactory protection from evaporation or degradation, good mechanical properties and the possibility of modulating or controlling the release at different conditions [21]. Besides, molecular inclusion complexation with CDs has been also widely exploited [22]. CDs represent a simple and relatively affordable material, resulting effectively in the encapsulation of aroma and volatile compounds [23]. CDs are a family of cyclic oligosaccharides (α-CD, β-CD and γ-CD), composed of six, seven or eight glucosyl units, having a hydrophilic outer surface and a hollow hydrophobic cavity, able to host lipophilic “guest” molecules with a defined size, shape and stoichiometry of interactions. They were employed for the encapsulations of a large variety of volatiles, such as EOs, plant flavours and spices, with the aim to mask unpleasant smells and tastes, to convert them into solid crystalline forms and to improve physical and/or chemical stability [23,24].



The present review addresses the recent literature, mainly focusing on papers published between 2018 and 2020 related to the encapsulation of flavours and fragrances into polymeric capsules and inclusion complexes with CDs. Particular attention was devoted to the applications of these encapsulated systems in different technological fields, such as textiles, cosmetics, food and paper industries.




2. Methods of Preparation for Micro/Nanoencapsulation of Flavours/Fragrances in Polymeric Capsules and Molecular Inclusion Complexes


2.1. Polymeric Capsules


Different methods have been reported in the literature for the encapsulation of flavours and fragrances in polymeric capsules [16]. The choice of the most suitable technique depends on the different types of core and shell materials, on the properties that the final micro- and nanosystems have to possess in terms of size, shell thickness and permeability and on the desired release rate of the active molecule. In addition, the final application of the capsules can also affect the selection of the more suitable encapsulation process, which could be tailored as a function of the intended use. Generally, these techniques can be divided into three major categories—specifically, chemical methods (e.g., in situ polymerisation, emulsion polymerisation and interfacial polymerisation); physical-chemical methods (e.g., emulsification and coacervation) and physical-mechanical methods (e.g., spray drying, freeze-drying, electrodynamic methods and extrusion) [9,25]. These methods have been extensively reviewed in the last years, highlighting their strengths and weaknesses, in relation also to the different applications for which they have been applied. An overview about the recent advances in the applied methods of micro/nanoencapsulation for fragrances and flavours in polymeric capsules and the formation of molecular inclusion complexes with CDs is presented here.



Although chemical methods for encapsulation are suitable for capsules formed by shells made of synthetic polymers, the so-defined physical-chemical and physical-mechanical methods can be employed both for natural and synthetic polymers. However, chemical methods are generally preferred for synthetic polymers, since, in most cases, they are more effective in controlling the size, the shape of the capsules and assuring a high loading capacity and encapsulation efficiency [16,26]. These methods include in situ polymerisation, emulsion polymerisation and interfacial polymerisation [27,28,29]. Recently, a new approach has been proposed based on the free-radical crosslinking copolymerisation of a double oil-in-water-in-oil (O/W/O) emulsion to prepare synthetic polymeric capsules encapsulating fragrances. This strategy has the advantage of separating the polymerisation process, occurring in the aqueous phase that contains monomers, crosslinkers and an initiator, from the fragrance compartment. In this way, possible undesired reactions involving the fragrance during the polymerisation process are avoided [30].



Coacervation is a largely employed method since the 1950s for the micro- and nanoencapsulation of different compounds based on the physicochemical process of phase separation in which a polymeric dispersion can form a liquid polymer-rich phase, known as coacervate, at specific conditions [9]. Coacervation can be classified as simple or complex. In simple coacervation, the polymer is salted out by the action of electrolytes, or desolvated by the addition of a water miscible nonsolvent, while complex coacervation is essentially driven by the attractive forces of oppositely charged polymers. The encapsulation process can be performed in an aqueous phase for the encapsulation of hydrophobic water insoluble materials or in the organic phase or via a preliminary double-emulsification step for the encapsulation of hydrophilic compounds [31,32]. Therefore, coacervation allows the encapsulation of different kinds of functional ingredients (solid or liquid core materials), including flavours and fragrances, to be utilised in many industrial sectors, such as food, cosmetics or pharmaceuticals [33,34]. The complex coacervation process has been largely exploited to obtained polymeric capsules containing fragrances, flavours and EOs in the core and biopolymers such as proteins (e.g., gelatin and silk fibroin) and polysaccharides (gum arabic, gum tragacanth, pectin, chitosan, agar, alginate, carrageenan and sodium carboxymethyl cellulose) as shell materials [35,36]. Recently, polyelectrolyte complexes using cationised casein, as an alternative polycation, and sodium alginate were prepared via complex coacervation without crosslinking agents. These complexes were stable and suitable for a controlled release of vanillin fragrance [37]. In another recent study, oregano EO was encapsulated through complex coacervation using gelatin and chia mucilage as an alternative to plant-derived gums. The obtained nanocapsules were compared to those prepared with the standard polyelectrolyte combination gelatin/arabic gum after a spray-drying process. A high EO entrapment both before and after spray-drying was achieved using the combination gelatin/chia mucilage. Moreover, the particle size after drying was actually lower than the control formulations, suggesting the potential use of a gelatin/mucilage combination for the encapsulation of EOs in different applications [38].



Phase separation of a polymer from a colloidal dispersion can be also achieved using a vapour phase as the antisolvent, the so-called vapour-induced phase separation (VIPS). This technique has been widely employed for the preparation of films, membranes and hydrogels, but it has been recently proposed for the preparation of microcapsules. A complex mix of fragrances have been encapsulated in cellulose acetate microcapsules via the VIPS technique. The obtained capsules had a core-shell architecture, high encapsulation capacity and stability up to one year at room temperature, showing no fragrance diffusion without external stimuli at a dry state [39].



Among physico-mechanical methods, the currently most employed for the encapsulation of flavours and fragrances is still spray-drying. It has been reported for flavour encapsulation that around 80–90% of the encapsulated products are obtained by spray-drying; then, by spray-chilling (5–10%), melt extrusion (2% to 3%) and melt injection (∼2%) [40].



Specifically, spray-drying is one of the most common methods used for several reasons, such as equipment availability and simplicity, the possibility to use a wide variety of encapsulating agents, large-scale production, good efficiency and reduced processing costs [41,42]. On the other side, a relevant loss of aroma compounds could occur during the spray-drying process due to the eventual chemical reactions activated at the operating temperature among the flavour and fragrance constituents or volatile diffusions through the shell and the consequent evaporation into the environment [43].



Spray-drying has been extensively employed for the microencapsulation of EOs, using several wall materials, especially polysaccharides (e.g., chitosan and carrageenan) or gums [44,45]. Specifically, the ingredient to be encapsulated is added to the carrier (the ratio of core-to-carrier can be optimised for each individual combination), and then, the dispersion is fed into the spray-drying chamber, passing through an atomiser (e.g., spray nozzle). The atomisation occurs thanks to the circulating hot air that allows the evaporation of the aqueous medium. The dispersed carrier materials should be soluble in water and have low viscosity at high concentrations to assure efficient drying properties [41,46]. The factors influencing the spray-drying process, as well as the characteristics of the obtained EO-loaded capsules, have been investigated. In a study, the impact of the wall composition (whey protein isolate, maltodextrin and sodium alginate) has been evaluated in terms of the formation and stability of cinnamon EO microcapsules produced by spray-drying [47]. In another one, the effect of using a reduced pressure and an oxygen-free environment during the spray-drying process (vacuum spray-drying, VSD technique) was examined in comparison to the conventional spray-dryer (SD technique) for the encapsulation of orange EO using maltodextrin and octenyl succinic anhydride-modified starch as the wall material. The VSD technique provides microcapsules with a smaller size and higher encapsulation efficiency than those from the standard technique [48].



Spray-chilling, also known as spray-cooling, spray-congealing or prilling, is another congener technique utilised for the microencapsulation of flavour compounds, especially when lipids are employed as wall materials [49,50]. Spray-chilling is similar to spray-drying, but a cooling chamber instead of a drying chamber is required. This technique is also easy to use and to scale up with a lower loss of flavours by diffusion, thereby avoiding organic solvents and the application of a high inlet air temperature [51]. One disadvantage is the poor control of the particle size and moderate yields.



Electrohydrodynamic processes such as electrospinning and electro-spraying can be also used for the encapsulation of flavours and fragrances [52], allowing, generally, the production of micro- or nanofibers from a polymeric dispersion using a spinneret by applying a high voltage potential or particles in the nozzle through liquid atomisation by electric forces [53]. Indeed, these techniques use different concentrations of the polymeric dispersion that give rise to nanofibers by electrospinning with high concentrations of the polymer or fine droplets/particles when a low polymer concentration is used in the electro-spraying [54]. Since these methodologies do not require heating treatments, they are very promising for the encapsulation of heat-sensitive compounds such as flavours, fragrances and EOs [55,56,57]. Different polymers have been evaluated for the formation of nanofibers encapsulating volatile compounds, such as cellulose derivatives [58], biodegradable polyesters [59], dendrimers [60] or polysaccharides such as seed gums and mucilages [61,62]. In the last years, new advances in the field of electrospinning-based techniques have been introduced as coaxial electrospinning/spraying and emulsion electrospinning/spraying, enabling the production of core-shell fibres and particles [63,64,65]. An example is from the work of Dehcheshmeh and Fathi, in which an aqueous saffron extract was encapsulated in core-shell nanofibers via the coaxial electrospinning technique. The shell was formed by zein, while the core was made by gum tragacanth, in which the saffron extract was dispersed. The results of this research showed that produced core-shell nanofibers were thermostable, assuring the stability and a satisfactory entrapment for the saffron extract compounds, which were slowly released in saliva, hot water, a gastric simulant and intestinal simulant media [66]. Core/shell nanofibers containing cinnamon oil were also successfully obtained by the emulsion electrospinning technique, using poly(vinyl alcohol) as the water phase. These nanofibers contained up to 20% w/w of cinnamon oil and showed a continuous release of the major volatile components (cinnamaldehyde, eugenol and caryophyllene) for up to 28 days [67]. Recently, another electrospinning technique has been proposed, i.d. needleless electrospinning, more suitable for the production of large-scale batches, since no needles are used, thereby avoiding clogging limitations. Differently from the more common technique, in which the fibres form due to the mechanical forces and geometric characteristics of the needle, it is based on the self-formation of the electro-spun-induced fibres on an open-surface electrode [68]. Needleless electrospinning has been employed for the nanoencapsulation of cinnamic aldehyde in zein nanofibers [69] or the nanoencapsulation of thyme EO in chitosan/gelatin nanofibers [70]. The obtained nanofibers showed bactericidal effects and, after mixing in sausage batter, do not alter the colour, texture and sensory characteristics of the final food product.



Melt extrusion is another “traditional technique” employed in the past decades for the encapsulation of flavours and fragrances [71]. It consists of the melting of the polymer with the plasticiser and the subsequent mixing of the compound to be encapsulated. The obtained melt is forced out of the extruder orifice under high pressure. Droplets originate from the action of the surface tension, gravitational or frictional forces, which result in the formation of solid particles when quickly dried. A variant is represented by the co-extrusion method, enabling the formation of core-shell particles. Specifically, the liquid active ingredient and the solubilised wall material are pumped, separately in two streams, through a concentric nozzle. Droplets are formed by applying vibration on a laminar jet, giving particles after drying. These techniques require “mild” operating conditions, and they have been employed for carbohydrates, dextrins or starch-based polymers [72]. In a recent work, different blends of a modified-starch (i.d. octenyl succinate starch) and malto-polymers with different molecular weights were investigated to optimise the microencapsulation of orange oil through the twin-screw extrusion process. The study highlighted how the matrix composition, the amount of water in the mixture and the degree of starch gelatinisation affected the oil payload [73].



Over the years, alternative novel methods have been investigated for the encapsulation of fragrances and flavours. Indeed, supercritical CO2 (sCO2) technologies have been employed to formulate particles or capsules with a wide variety of polymeric materials [74]. In these processes, supercritical CO2 can act either as a solvent, solute or antisolvent, giving rise to different techniques (e.g., Rapid Expansion of Supercritical Solutions, RESS and supercritical antisolvent, SAS techniques). CO2 methodologies are versatile and scalable, allowing a formulation process in a completely anhydrous medium, by obtaining noncontaminated products, high encapsulation efficiencies, customised particle properties and good scalability. The characteristics of the particles/capsules can be tuned by employing supercritical CO2 at different operating conditions (e.g., temperature, pressure) [75]. Recently, the particle from a gas saturated solution (PGSS) technique, using sCO2 as the solvent at a moderate pressure and temperature, was employed for the encapsulation of eucalyptol in polyethyleglycol/polycaprolactone microparticles and of Citrus aurantifolia EO in polyethylene glycol/lauric acid microparticles, demonstrating satisfactory entrapment efficiency and controlled release [76,77]. sCO2-based technique alternatives to the conventional ones can be also employed for encapsulation, such as the supercritical fluid extraction of emulsions (SFEE). This technique is based on the removal of the organic phase solvent in fractions of seconds as the time scale by sCO2, leading to the rapid precipitation of compounds dissolved in it. In general, very small and highly homogeneous particles are obtained. Lima Reis et al. reported for the first time the encapsulation of an EO (i.d. Laurus nobilis EO) using the SFEE technique. A chemically modified food starch was used as the encapsulating agent. The efficiency of encapsulation by the SFEE process was found to be favoured by the increase in EO concentration and the final dried particles demonstrated to be effective in the protection of this highly volatile compound [78].



Figure 1 provides a schematic representation of some micro/nanoencapsulation processes (complex coacervation, spray-drying, coaxial electrospinning and supercritical fluid technology) successfully employed for the encapsulation of fragrances and flavours.




2.2. Molecular Inclusion Complexes with CDs


The formation of molecular inclusion complexes using CDs is a very common microencapsulation approach, widely investigated for different purposes [79,80,81,82]. It is based on the stoichiometric hydrophobic interactions via dynamic equilibrium between CDs and the complexed substance, which is entrapped in the hydrophobic cavity of CDs [83]. The formed host–guest complexes demonstrated being effective to improve the stability and prolonged release of large amounts of fragrances, flavours, EOs and volatiles [84]. Apart from the production of continuous and extensive studies aimed to study the interactions and, therefore, the encapsulation capability of CDs towards volatile compounds [85,86,87], a flourishing literature has been recently produced regarding the processing of molecular inclusion complexes by electrospinning to obtain micro- and nanofibers in which fragrances and volatile compounds are incorporated [88,89].



In the last years, the same research group has published several works reporting the encapsulation of molecular inclusion complexes of volatile compounds incorporated in polymeric fibres, mats or webs by electrospinning. A polymer-free electrospinning approach was applied on CD inclusion complexes to enhance the water solubility; improve the high temperature stability and control the release of carvacrol [90], tymol [91], camphor [92], menthol [93], limonene [94], citral [95], cineole and p-cymene [96] and eugenol [97]. In other studies, the volatiles/inclusion complexes with CDs were incorporated in a biopolymer matrix as zein [98,99], o pullulan [100], semisynthetic polymers such as cellulose acetate [101] or synthetic polymers such as poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) [102] via electrospinning. These polymers have been used for the formation of edible or biodegradable antimicrobial films, as well as porous membranes for packaging or biomedical applications.





3. Applications of Micro-/Nanoencapsulated Fragrances and Flavours


Micro- and nanocapsules/spheres, as well as molecular inclusion complexes with CDs, have been largely employed as protective carriers for aroma compounds (fragrances, aromas and flavours) in different technological fields [25,103]. The following paragraphs summarise the main experimental studies recently conducted on the design and application of micro- and nanocapsules/spheres in the textile, food, cosmetic and paper production fields.



3.1. Textile Applications


Textiles represent one of the most investigated applications for micro- and nanospheres/capsules encapsulating fragrances and aromas. These encapsulated volatile compounds have been employed for several years in textile-finishing processes, such as fabric conditioners to impart freshness and odour control [104,105,106,107]. Through encapsulation, fragrances are retained and released for a long time [108]. Moreover, the sensation of the added encapsulated fragrances can be preserved also after several washing-drying cycles (up to 25); therefore, the attractiveness of the product to the consumers is improved [109,110]. Encapsulated perfumes and EOs have been added in scarves, ties, lingerie and other garments, as well for home textiles, such as sofa coverings, curtains and cushions for aromatherapy [106,111]. Perfumes and aromas can be directly applied on textiles; however, their scarce affinity to fabric fibres and their chemical volatility limit their permanence. Thus, encapsulation promotes a prolonged duration of aroma sensations due to the controlled release of the fragrance. For this purpose, several types of fabrics can be processed with encapsulated fragrances and aromas, such as cotton, silk and synthetic fibres (polyamide or polyester). These micro- and nanocapsules/spheres can be added to textiles using different techniques, such as impregnation, spraying, coating or stamping [103,112]. The encapsulation of fragrances and aromas is still achieved through traditional methods such as simple or complex coacervation, as well as the inclusion encapsulation method or interfacial polymerisation. However, other “innovative” encapsulation processes for fragrances and aromas have been recently explored in textile applications. Ye et al. proposed an electro-spraying method using aqueous media to prepare composite nanospheres made up of silk fibroin and β-CD encapsulating rose oxide or D-limonene (Figure 2). The nanospheres have an aroma encapsulation higher than 90% and were deposited directly on silk fabric. The fragrances were released with zero-order kinetics, guaranteeing a low rate and constant release profile. Noticeably, the composite nanospheres were retained at a higher percentage (more than 80%) after 10 runs of washing with water, demonstrating its applicability in the textile field [113].



The retention of fragrances and aromas, especially after washing or rubbing, depends on the penetration of microcapsules and nanocapsules into the spacing of textiles during the finishing process. To address this, in a work, a series of micro-/nanocapsules, with a size suitable for the pore spacing of cotton textiles and formed by citronella oil as the core material and chitosan as the wall material, was prepared through a microemulsion approach. These micro-/nanocapsules were applied on the textile through vacuum impregnation. The matching between the spacing of the pore sizes of cotton textiles and the sizes of micro-/nanocapsules was assessed via the retention of aromatic compounds in the finished cotton textiles after several washing cycles (washing durability). Indeed, the aromatic retention of cotton textiles finished by nanocapsules was much greater than the same textiles finished with microcapsules (28.84% vs. 1.55%) after 10 cycles of washing. The authors demonstrated that nanocapsules can penetrate better into the pores of the cotton textiles [114]. To overcome the issue related to the poor combination fastness and duration in the textiles, several approaches were employed in the past, using chemical binders or crosslinking agents. Recently, Ma et al. exploited electrostatic adsorption and immobilisation to retain nanocapsules loaded with lavender essence on cotton textiles. Firstly, the textile was positively charged through quaternary ammonium cationisation to promote the adsorption of nanocapsules with a negatively charged surface. The in-situ immobilisation was achieved via the diffusion and permeation of an alkali solution, leading to a chemical bond between nanocapsules and the textile fibres at the position of absorption. The encapsulated fragrance was released continuously for 120 days, and 91.19% of the essence still remained entrapped in the textile after five washing cycles. The authors proposed this method as a simple and “green” approach for the preparation of nanocomposite textile materials for different applications.



On the other side, the encapsulation of fragrances and aromas was pursued recently for the fabrication of “smart textiles” with additional functional properties [115], such as antibacterial, UV protection, moisturising and skin treatments, body temperature regulation and insect repellence, depending on the action of the encapsulated fragrances, aromas or EOs [116,117,118,119]. An example of encapsulation for UV protection in textiles is from the work of Chen et al., in which the one-step fabrication of cellulose/silica hybrid microcapsules via an emulsion solvent diffusion method was reported [120]. These microcapsules were loaded with lavender fragrance oil and embedded into a polysiloxane coating. This coating ensured a controlled release of the EO and an excellent UV protective property, even after 30 repeated abrading/heating cycles, thanks to the grafting onto the particle shell of UV absorbers. The authors proposed the use of this material for sports clothing, curtains and other outdoor textiles [121].



Among the different classes of functional textiles, those with the most potential exploitation are the cosmetic textiles or cosmetotextiles. They are defined from the European Cosmetic Directive (76/768/EEC) Article l as “any textile product containing a substance or preparation that is released over time on different superficial parts of the human body, notably on human skin, and containing special functionalities such as cleansing, perfuming, changing appearance, protection, keeping in good condition or the correction of body odours” [122]. In these textiles, cosmetic ingredients are adsorbed or incorporated inside the cotton fibres of clothes and garments to be transferred after contact to the skin at a dose enough to impart some cosmetic benefits [123].



The active ingredients, including fragrances and aromas, are generally encapsulated and released from the fabric to the skin upon the action of different triggering events, such as changes in the pH or temperature, sweating and rubbing [124]. As for the other functional textiles, the encapsulation of the active ingredients allows for a prolonged release, even after a few washing–drying cycles [125]. The washing durability is enhanced when the active ingredient is incorporated inside the fabric fibres with respect to the application by coating or impregnation. The encapsulated active ingredient embedded or adsorbed onto a cosmetotextile can exert any cosmetic action, including skincare, antiaging or odour control. Encapsulated aromas and fragrances have been incorporated in cosmetotextiles for perfuming or deodorising purposes, thereby controlling odours resultant from daily activities and physical exercise. In a recent work, two strategies were reported for the release of β-citronellol from cotton functionalised with Carbohydrate-Binding Module (CBM) proteins. The first strategy was based on the odorant-binding proteins (OBPs) as a container for the fragrance, while the second one exploited the high cargo capacity for β-citronellol of liposomes. These two carriers were bound to the cotton fabric via CBM proteins. These two approaches were able to differentiate and control the release of β-citronellol after exposure with an acid sweat solution. Indeed, the release was faster for the OBP-based approach with respect to the immobilised liposomes on the functionalised cotton (31.9% vs. 5.9% of the initial amount after 90 min, respectively). Therefore, the first strategy result is more suitable for applications in which a high amount of fragrances should be released in a shorter time, while the second strategy is potentially employed for fabrics from which the fragrance should desirably be released in a prolonged and controlled manner [126]. The most used coolant agent, menthol, which is able to penetrate through the stratum corneum, reaching the nerve termination and providing a freshening sensation, was loaded in a core-shell nanocapsule impregnated within nonwoven fabric. The nanocapsules assured a rapid penetration of menthol inside the deeper skin layers, preferentially through hair follicles and trans-epidermal absorption routes [127]. Similarly, citronella oil was encapsulated in acacia gum microcapsules, which were dripped onto a nonwoven fabric. Microencapsulation by spray-drying reduced the volatility, with a prolonged release up to 16 weeks, and decreased the irritation potential of nonencapsulated citronella oil, as evaluated by the nonanimal hen’s egg test-chorioallantoic membrane (HET-CAM) assay [128].



Table 1 and Table 2 summarise the recent studies reporting the microencapsulation and nanoencapsulation of fragrances and flavours for textile applications, respectively.




3.2. Food Applications


Another application in which the micro- and nanoencapsulation of fragrances and flavours research has been focused on is related to food [143]. As for the other active ingredients, the encapsulation of fragrances and flavours has been exploited in food processing and for the design of active food packaging [40]. In the food industry, encapsulated flavours and fragrances have been widely used to ameliorate taste and/or odour, to adjust the nutritional value and to prolong the shelf-life of food [144,145,146]. As such, food quality has improved, with positive implication in terms of consumer satisfaction and food consumption [147]. For instance, fragrances and flavours are volatile compounds and are prone to evaporation during several food-processing operations or storage of the final product. Moreover, they can undergo chemical instability due to oxidation in the presence of air and light, moisture or high temperature, leading to chemical degradation and possible interactions with other food additives [148]. In this regard, these compounds can be stabilised by encapsulation or complex formations. In addition to overcoming these concerns, encapsulation and/or complex formations improve also the manageability of these volatile food additives, guaranteeing stability and a simpler and standardised dosing. A classic example of the encapsulation of flavours in food technology is coffee aroma. Coffee aroma compounds are a mixture of pyridines, pyrazines, ketones, furans, etc. contained in the oil extracted from roasted coffee. These compounds are considered as flavouring agents to enrich the aroma, especially in instant coffee formulations. Roasted coffee oil is composed of several unsaturated fatty acids sensitive to oxidative degradation in the presence of air. Therefore, microencapsulation has been proposed as a strategy to preserve the freshly brewed coffee aroma in instant coffee products for a prolonged time after the first opening of the packaging. In addition, microencapsulation can be employed to control the release of these coffee aroma compounds over time. Specifically, roasted coffee oil was encapsulated in a modified food starch derived from waxy maize, and the resultant microcapsules were added to the formula of soluble coffee and instant cappuccino products with the aim of modulating the release of volatile organic compounds (VOC). The addition of microparticles improved the quality of the products in terms of aroma intensity, and the authors demonstrated how the composition of the product can affect the aroma release profile [149]. Among all fragrances and aromas, EOs obtained from a large botanical variety of plants are the most encapsulated substances in food [40,150]. They are used to provide a pleasant smell to food or to cover the original odour, configuring the olfactory sensation as a product identity marker. Being volatile liquids, their direct incorporation in food is not straightforward. Therefore, the food industry generally employed encapsulated or complex EOs, since these technological approaches both stabilised the components of EOs and increased their manageability. Complexation with β-CDs and encapsulation by simple or complex coacervation are still the most investigated in recent scientific studies. Different EOs have been employed for their antioxidant and antimicrobial effects, exploited for fruit preservation. Syringa EO was microencapsulated by the formation of complexes with β-CDs and used as an antifungal agent against Botrytis cinerea and Alternaria alternata to improve the quality attributes and storage behaviours of peaches [151]. Similarly, microcapsules of Zingiber officinale EO were prepared using chitosan and carboxymethyl cellulose as shell materials to investigate the effects on the postharvest quality and prolonged the shelf-life of jujube fruits in terms of morphologic characteristics and some parameters as soluble solid contents, titratable acidity, the Red index and decay index and sensory quality [152]. The EO extracted from the leaves of Eucalyptus and incorporated into carboxymethyl cellulose (CMC) was employed to control fungal growth causing soft rot on strawberries, configured as a valid alternative to synthetic fungicides for this preharvest treatment [153].



Active packaging represents a fashionable option to preserve the quality and prolong the shelf life of food products. It refers to packaging materials, which are not inert, and does not exert only a mechanical function of enclosing food, but they “actively” interact with the atmosphere inside the packaging or directly with food products [154,155,156]. In most cases, active packaging results in being effective in preventing chemical–physical or microbiological degradation by maintaining, at the same time, the organoleptic and nutritional properties of the product (Figure 3) [157]. Studies about active packaging have increased over the years, and several EOs have been incorporated to prepare materials with antioxidant and antimicrobial properties [158]. In this field, besides the traditional encapsulating approaches such as β-CD complexation and simple or complex coacervations, nanofibers or microfibers of different compositions have been explored [159]. Cinnamon EO as an antimicrobial agent for spoilage bacteria of edible fungi was encapsulated in polyvinyl alcohol/β-CD. Then, nanofibers were formed by electrospinning and chemical crosslinking to finally obtain a film. The film was applied on the inner surface of the box containing mushrooms. The packaging based on the nanofibrous film inhibited Gram-positive and Gram-negative bacteria and prolonged the shelf life of mushrooms, especially regarding quality parameters such as hardness and colour [160]. Cinnamon EO was also encapsulated in CD nanosponges (CD-NS) as an antimicrobial agent for antimicrobial activity against foodborne pathogens, potentially employed in food packaging. CD-NS containing cinnamon EO displayed an effective antibacterial effect toward the tested bacteria. Notably, encapsulation enhanced the antibacterial activity of cinnamon EO with the respect to the nonencapsulated one, despite the slower release profile. According to the authors of the work, it represents the first study demonstrating the potential use of CD nanosponges to encapsulate and control the release of EOs in aqueous media [161]. A biocomposite for active food packaging was prepared using chitosan, β-CD citrate (β-CDcit) and an oxidised nanocellulose (ONC) biopolymer. The obtained film was then impregnated with clove EO, which was retained possibly by the formation of inclusion complexes between the components. A higher activity toward Gram-negative than Gram-positive bacteria and toward fungi than yeast was observed in comparison to chitosan film alone [162]. In another work, a saffron extract was encapsulated by electrospinning and electro-spraying techniques in zein matrices, yielding different microstructures as particles or fibres. This microstructure protected the encapsulated bioactive compounds from the saffron extract at different pH values, storage temperatures and UV light exposure, configuring these materials as potentially employed for food packaging and food healthy formulations [163].



Table 3 summarises the recent studies reporting the microencapsulation and nanoencapsulation of fragrances and flavours for food applications.




3.3. Cosmetic Applications


The European Union (EU) Cosmetics Regulation defines a cosmetic product as “any substance or mixture used for external parts of the human body (epidermis, hair system, nails, lips and external genital organs), teeth and mucous membranes of the oral cavity for cleaning them, perfuming them, changing their appearance and/or correcting body odors and/or protecting them or keeping them in good condition” [187]. In the last years, the beauty and personal care industry have become a multibillion-dollar international business with a significant growth value in emerging markets, such as Brazil, China, India, Indonesia and Argentina [188,189]. In general, there is an increasing interest in natural cosmetic formulations that generates the demand for new products reformulated by using botanical and bioactive ingredients, including fragrances and aromas, to contribute to health, beauty and wellness. Another goal to have success in such a competitive and demanding sector is the use emergent technologies, such as microencapsulation able to give innovation, functional properties and, thus, an additional value to a cosmetic product [190]. In particular, microencapsulation technologies have been proposed to increase stability, to protect against degradation and, also, to direct and control the release of active ingredients [191,192].



Fragrance ingredients are active ingredients commonly used in cosmetic products intended for the application to skin and hair with the purpose to release pleasant odours. In some cases, the products also labelled as “unscented” may contain fragrances to mask the unpleasant smell of other ingredients without giving a perceptible scent. The application of microencapsulation technology on the delivery of flavours and fragrances is a topic of relevant interest considering the need to improve the efficacy of a wide range of cosmetic (perfumes) and personal care (hand and body wash, toothpaste, etc.) products [192]. Fragrances are small volatile substances with scents, and their volatility is fundamental for the sensory response, despite causing an often-undesired loss during storage, limiting their effective use as additives in various products [193]. Different substances are often used to replace natural fragrances because of their poor chemical and physical stability. Among these compounds, there are, for example, synthetic nitro- and polycyclic musks used in perfumes, deodorants and detergents that are toxic and nonbiodegradable, with accumulations in the environment, aquatic organisms [194] and, also, in human milk [194]. Since natural fragrances represent a preferable alternative from a toxicological point of view, microencapsulation represents an effective strategy to overcome all the issues related to their delivery. Microencapsulation can improve the shelf life and the delivery of highly volatile fragrances, with a gradual release of the encapsulated functional ingredient. Furthermore, the encapsulation technique has a strong effect on different odour properties and consumer perceptions, such as wet odour impact, tenacity and long-lasting odour during use, that are fundamental concerns for a cosmetic product. On the other hand, the formulation of effective nano- or microcapsules needs to take into account different issues, such as the amphiphilicity of volatile compounds and the need and difficulty to obtain monodisperse microcapsules with precisely controllable shell thicknesses and shell materials. New preparation techniques have been tested to obtain microcapsules with precisely tunable sizes, highly efficient encapsulation and proper shell properties, such as a crosslinking density, polarity and thickness, to achieve the enhanced retention of fragrances [21]. Another strategy is the use of chemically functionalised biodegradable polymeric carriers able to give enhanced properties over conventional carrier materials with the advantage of being nonreactive when in contact with the human body and metabolised and removed from the body via normal metabolic pathways [33,195]. The most commonly used shell materials in cosmetics are polysaccharides (gums, starches, celluloses, CDs and chitosan) [196,197]; proteins (gelatin, casein and soy proteins) [198]; lipids (waxes, paraffin and oils) [198,199] and synthetic polymers (acrylic polymers, polyvinyl alcohol and poly(vinylpyrrolidone)) [15,200]. Inorganic materials (silicates, clays and polyphosphates) can also be used [201].



Different examples can be found in the literature on the development of systems intended for the encapsulation of fragrances with cosmetic applications. Sansukcharearnpon et al. encapsulated six fragrances: camphor, citronellal, eucalyptol, limonene, menthol and 4-tert-butylcyclohexyl acetate using the solvent displacement method and different polymer blends of ethyl cellulose, hydroxypropyl methylcellulose and poly(vinyl alcohol) as polymeric carriers. The process gave a 40% fragrance loading capacity with an 80% of the encapsulation efficiency at the fragrance:polymer weight ratio of 1:1 [202]. A more recent example was represented by the encapsulation of Kaffir lime oil, an EO from Kaffir lime leaves. It is known to possess some important bioactivities, such as antioxidant, antileukemic, antitussive, antihemorrhage, antioxidative stress and antibacterial properties, that make it a fragrance used in the food, perfumery and cosmetic industries. Nanoencapsulation were obtained through the coacervation process. Nanocapsules with uneven surface morphology and a mean size of 457.87 nm with an encapsulation efficiency of 79.07% were formulated [203]. Novel biocompatible nanocapsules (mean diameter 100  nm) based on soya lecithin and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(polyethylene glycol)-2000 (DSPE-PEG (2000)) as a polymeric shell and PLGA as a core material encapsulated a lily fragrance (LF-NPs) were formulated through the self-assembly technique, a simple and low-cost method. The encapsulation of lily fragrance was about 21.9%, and a sustained release was obtained [204]. Another example is the encapsulation of rose fragrance, widely applied in the textile and cosmetics industry, characterised by the presence of many kinds of volatile compounds in this composition. Polybutylcyanoacrylate (PBCA) nanocapsules obtained via anionic polymerisation were successfully used to encapsulate this fragrance (encapsulation efficiency was 65.83%), providing sustained release properties inversely proportional to the nanocapsules size [205]. The same technique has been used for the encapsulation of tuberose fragrance in chitosan nanoparticles characterised by promising controlled release and antibacterial properties [206]. Apple aroma microcapsules were prepared by a complex coacervation–emulsion polymerisation technique using sodium alginate and tetradecylallydimethylammonium bromide as shell materials. The obtained microcapsules have a core-shell structure and a sphere-like shape (diameter from 20 to 50 μm). After the optimisation of the formulation, the microcapsules showed thermal stability up to 110 °C and a 10.8% aroma release after 100 h. The aroma release much increased once the microcapsules were broken by pressure, finding a potential application in cosmetic products [207]. Microcapsules containing camellia oil were prepared using the heterocoagulation approach between chitosan and oleic acid. For the preparation, oleic acid was dissolved in camellia oil and chitosan in the continuous aqueous phase. The obtained core-shell microcapsules were tested as a dressing material to be applied on hair. Their mean diameters ranged from 1.5 μm to 4.5 μm and were adherent on the surface of human hair, being stable both before and after drying [208]. A microparticulate system based on the zein and keratin proteins was developed for the release of fragrances on hair. Linalool and menthol were used as model fragrances. The zein/keratin microparticles were prepared using two approaches: (i) zein nanoparticles were firstly formed, and then, keratin was deposited onto the surface by electrostatic interactions, and (ii) zein was coprecipitated with keratin for microparticle formation. Microparticles were applied onto the hair, forming a film from which fragrances are released, thereby improving the hydration degree and mechanical properties of hair [209].



EOs and volatile compounds can be also encapsulated in CDs in order to improve their water solubility; avoid oxygen-, light- or heat-induced degradation and loss during processing and storage and to stabilise them against unwanted changes. Moreover, the use of CD–flavour inclusion complexes allows the use of very small amounts of flavours [210]. 1-Phenylethanol (1-PE) and 1-phenylethanol (2-PE) are important aromatic alcohols with rose-like fragrances that are the major constituents of rose-like flowers scents. The applications of the two isomers have been limited because of their low aqueous solubility, high volatility and thermal instability. For these reasons, CDs have been utilised for the formation of 1:1 stoichiometric inclusion complexes with α-CD, β-CD and HP-β-CD. The results showed that 1-PE and 2-PE can form inclusion complexes with β-CD in a solid state and greatly enhance their stability, indicating that β-CD was a suitable excipient for increasing not only the stability but, also, to achieve a controlled release of 1-PE and 2-PE. Thus, β-CD complexation technology might be a promising approach in terms of expanding the applications of 1-PE and 2-PE [211].




3.4. Paper Applications


Another application of the aroma and fragrances encapsulation is the design of aromatic paper or scented paper. Aromatic paper is intended to provide a pleasant surrounding atmosphere on the basis of the aromatherapy principles. In this regard, research has been focused on the development of wallpaper with the aim of providing comfortable sensations and to enhance the psychological and physical well-being [212,213]. Scented papers are, generally, wrapping or writing papers, in which perfumes or fragrances are added for voluptuary purposes or marketing appeal. These papers can be prepared by adding the nano/microspheres containing fragrances or aromas directly into the pulp during the processing operations, or, alternatively, the encapsulated materials can be adsorbed onto the paper surface in a further production step. Moreover, the scented encapsulated compounds can be applied on paper after dispersing them into a coating varnish or ink.



Lavender oil microcapsules were prepared with ABA-type triblock copolymer (polyethylene oxide-polypropylene glycol-polyethylene oxide, PEO-b-PPG-b-PEO) and adsorbed onto the paper surface. The distribution of the microcapsules on the paper surface was homogeneous without degradation. The colour and gloss properties of the paper were also maintained in compliance with the standards [214]. In another work, lavender EO was encapsulated by coacervation using gelatin/gum arabica as the shell material. The obtained microcapsules were dispersed into a UV-curable varnish at a selected microcapsule-to-varnish ratio. The varnish was characterised in terms of the control and protection of the encapsulated lavender EO major volatile components. Notably, the presence of the encapsulated materials does not interfere with the standard screen-printing process generally employed to produce a fragrant gift-wrapping paper [215].



Recently, encapsulated fragrances with an antibacterial effect were applied on paper. Specifically, vanillin was encapsulated in chitosan/poly(lactic-co-glycolic acid (PLGA) nanocapsules to prepare an aromatic wallpaper with an additional antibacterial action. Thanks to the presence of chitosan, the nanospheres showed an antibacterial effect against Gram positive and Gram negative, and the adhesion on the wallpaper was also enhanced [216]. In another work, the encapsulated EO had an antibacterial effect. Citronella EO was encapsulated in microcapsules, obtained by complex coacervation using as a coating material the mixture gelatin/carboxymethyl cellulose or gelatin/gum arabic or by the in-situ polymerisation of melamine–formaldehyde with a polyacrylic acid modifier. These nanocapsules were employed for the preparation of functional coatings intended for paper or cardboard secondary packaging. Both microencapsulation methods provided single-core microcapsules, but some differences were highlighted. Microcapsules from coacervation were more permeable and allowed a steady release of the EO, while those from in-situ polymerisation were impermeable, showing a high retention of the EO, which was released only after a mechanical pressure. The released vapour efficiently inhibited the growth of the tested microorganisms, configuring this manufacture as the first description of a pressure-activated coating for antimicrobial paper [217].



Table 4 summarises the recent studies reporting the microencapsulation and nanoencapsulation of fragrances and flavours for paper applications.





4. Conclusions


Flavours and fragrances are compounds of great importance, widely employed in different products to improve the quality and ameliorate the satisfaction of the consumers. Encapsulation protects them from evaporation and chemical degradation, thereby controlling the release and allowing a simpler handling for processing. This strategy has enabled the use of flavours and fragrances for different technological applications, including the textiles, food, cosmetic and paper industries. Although research is still ongoing in this field, the encapsulation in core-shell polymeric nanoparticles, as well as the formation of molecular inclusion complexes between volatile compounds and CDs, are the most employed techniques in the experimental studies published in the last years. Both techniques resulted in being effective in encapsulating flavours, aroma compounds and EOs in a stable form suitable for different applications. Specifically, remarkable advances have been achieved for the encapsulation of these compounds or their molecular inclusion complexes in micro- or nanofibers/particles via electrodynamic processes. Among all technological fields in which core-shell-encapsulated flavours and fragrances find a relevant usage, the textiles and food packaging industries are the most investigated, despite other applications, such as paper production or coating, that can also benefit from the potential development of these micro- or nanosystems.
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Figure 1. Schematic representation of the micro/nanoencapsulation process by (A) complex coacervation, (B) spray-drying, (C) coaxial electrospinning and (D) supercritical fluid technology (image adapted from [31,34,45,54]). 
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Figure 2. Direct deposition of fragrance-loaded nanoparticles onto fabric surfaces by electro-spraying (reproduced from [113]). CD: cyclodextrins. 
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Figure 3. Application of essential oil-β-CD molecular inclusion complexes for the preparation of an active cardboard packaging for food storage (Reproduced from [174]). 
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Table 1. Recent studies reporting the microencapsulation of fragrances and flavours for textile applications. EO: essential oil. CD:cyclodextrin.
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	Encapsulate System
	Carrier Agent
	Encapsulated Substance
	Encapsulation Method
	Applications
	Ref.





	Microcapsule
	Gelatin/Arabic gum
	Citronella oil
	Complex coacervation
	Textiles
	[108]



	Microcapsule
	Gelatin/Arabic gum
	Wormwood oil
	Complex coacervation
	Potential application in health care textiles
	[129]



	Microcapsule
	Chitosan
	Citronella oil
	Coacervation
	Textiles
	[114]



	Microcapsule
	Ethyl cellulose/silica
	Lavender fragrance oil
	One-step emulsion solvent diffusion
	Fragrant and UV resistant textiles
	[120]



	Microsphere
	Cellulose derivatives/Polyvinyl alcohol (PVA)
	Eugenol
	Oil-in-water emulsion solvent evaporation
	Textiles
	[130]



	Microcapsule
	Crosslinked polymers
	Model fragrances
	Double-emulsion
	Potential application in textiles
	[27]



	Double-Layered Microcapsule
	β-CD (inner layer)/chitosan and sodium alginate (outer layer)
	Lavender EO
	Inclusion encapsulation method
	Potential application in textiles
	[131]



	Microcapsule
	Polyurea Shell
	Thyme oil
	Interfacial polymerisation method
	Potential application in textiles
	[132]



	Microcapsule
	Methyltrimethoxysilane/Tetraethyl orthosilicate
	Palmarosa oil
	Interfacial co-hydrolysis and co-condensation
	Health care textiles
	[133]



	Microcapsule
	Melamine
	Sage and rose EO
	Purchased
	Potential application in cosmetotextile
	[134]



	Microcapsules
	Gelatin/Gum acacia
	Lemongrass oil
	Coacervation
	Potential application as antibacterial textile
	[135]



	Microcapsule
	Starch/Glutaraldehyde
	Aloe vera EO
	Coacervation
	Functional textiles
	[136]



	Microcapsule
	Gelatin/Gum Arabic
	Thyme Oil
	Complex coacervation
	Potential application as antibacterial textile
	[137]



	Microcapsule
	Silane/orthosilicates/surfactant
	Vetiver EO
	Interfacial polymerisation technique
	Potential application in Health care textiles
	[138]



	Microcapsule
	PVA and Arabic gum and β-CD Inclusion Complex
	Tea tree oil
	Simple coacervation and inclusion encapsulation
	Potential application as antibacterial textiles
	[139]



	Microcapsule
	Acacia gum
	Citronella oil
	Two-step approach: oil-in-water emulsification and spray-drying
	Potential application as cosmetic textiles
	[128]



	Microcapsule
	Polyurethane/β-CD
	Neroline
	Interfacial polycondensation
	Fragrant cosmetotextile
	[140]
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Table 2. Recent studies reporting nanoencapsulation of fragrances and flavours for textile applications.
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	Encapsulate System
	Carrier Agent
	Encapsulated Substance
	Encapsulation Method
	Applications
	Ref.





	Polymeric micelle
	poly(ethylene glycol)-graft poly(vinyl acetate) (PEG-g-PVAc) graft copolymer
	2-phenyl ethanol, L-carvone, and α-pinene
	Homogenisation
	Potential use in textiles
	[141]



	Nanocapsule
	Chitosan
	Citronella oil
	Coacervation/High-speed homogenisation
	Textiles
	[114]



	Nanoparticle
	butyl methacrylate/ethylene glycol dimethacrylate
	Limonene
	Free-radicalemulsion polymerisation
	Potential application in fragrance-release textiles
	[29]



	Nanocapsule
	Epichlorohydrin modified CD
	Lavender essence
	Purchased
	Potential applications as aromatic medical care textiles and household, clothing
	[121]



	Composite nanoparticle
	2-hydroxypropyl-β-CD/regenerated silk fibroin
	Limonene Rose Oxide
	Complex inclusion/electro-spraying
	Fragrant textiles
	[113]



	Core-shell nanocapsules
	Core: styrene/methyl methacrylate copolymer, shell: poly(butyl acrylate) modified by octamethylcyclotetrasiloxane
	Jasmine EO
	Two-stage emulsion polymerisation
	Textile
	[142]



	Nanofiber
	Polyamidoamine dendritic polymer
	Thyme EOs
	Electrospinning
	Potential application as antibacterial textiles
	[60]



	Nanocapsule
	Poly(ε-caprolactone) caprylic/capric triglycerides
	Menthol
	Nanoprecipitation
	Potential application a as cosmetotextiles
	[127]
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Table 3. Recent studies reporting the micro/nanoencapsulation of fragrances and flavours for food applications.
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	Encapsulate System
	Carrier Agent
	Encapsulated Substance
	Encapsulation Method
	Applications
	Ref.





	Microcapsules
	β-CD
	Cinnamon and oregano EOs
	Solvent evaporation/complex inclusion
	Potential application for active packaging
	[164]



	Nanofibers
	Hydroxypropyl-β-CD (HPβCD) and hydroxypropyl-γ-CD (HPγCD)
	Cineole and p-cymene
	Complex inclusion and electrospinning
	Food and oral care applications
	[96]



	Microcapsule
	Different shell materials including jackfruit seed starch, chitosan, and β-CD
	Vanilla EO
	Ultrasonic method
	Potential use in food industry
	[165]



	Microcapsule
	Maltodextrin and gum Arabic
	Vanilla and raspberry aromas
	Spray-drying
	Potential use in food industry
	[166]



	Inclusion complex
	β-CD
	Syringa EO
	Complex Inclusion
	Improving storage of peaches
	[151]



	Inclusion complex
	β-CD
	Eucalyptus staigeriana Essential Oil
	Complex Inclusion
	Potential use in food
	[167]



	Core-shell array
	poly(lactic-co-glycolic acid) (PLGA)
	Longan milk, or vanilla spices
	Ink-Jet Printing
	Potential use in food security and anticounterfeiting
	[168]



	Microcapsule
	Gelatin/gum arabic
	Pandan flavour
	Complex coacervation
	Potential use in food industry
	[169]



	Microsphere
	Modified food starch derived from waxy maize
	Roasted coffee oil
	Spray-drying
	Improving quality and acceptance of instant coffee products
	[149]



	Microcapsule
	Chitosan/sodium carboxymethyl cellulose
	Zingiber officinale EO
	Emulsion/freeze-drying
	Improving Jujube (Ziziphus jujuba) fruit quality
	[152]



	Microcapsule
	Inulin/gum Arabic
	Mentha spicata EO
	Spray-drying
	Potential use in pharmaceutical and food applications
	[170]



	Microcapsule
	Carboxymethyl cellulose coating
	EOs from Eucalyptus staigeriana and Eucalyptus urograndis
	Mixing
	Microorganisms growth control in strawberries
	[153]



	Microcapsule
	Chitosan coating
	Savoury and/or tarragon EOs
	Mixing
	Postharvest maintenance of kumquat (Fortunella sp.) fruit
	[171]



	Microcapsule
	Chitosan coating
	Thymus capitatus EO
	Mixing
	Improving shelf-Life of Strawberry during Cold Storage
	[172]



	Nanocapsule
	Chitosan
	Pepper tree (Schinus molle) EO-loaded
	Nanoprecipitation
	Postharvest control of Colletotrichum gloeosporioides and quality evaluations in avocado
	[173]



	Inclusion complex
	β-CD
	Carvacrol, oregano and cinnamon EO
	Complex inclusion
	Improving the quality of fresh tomatoes during storage through packaging active materials
	[174]



	Microcapsule
	Chitosan coating
	Propolis extract and Zataria multiflora oil
	Mixing
	Active packaging of chicken breast meat
	[175]



	Microparticle
	Sodium alginate
	Oregano EO
	Ionic gelation
	Potential use as active and biodegradable packages in food conservation
	[176]



	Inclusion complex
	β-CD
	Citral/trans- cinnamaldehyde
	Complex inclusion
	antimicrobial active packaging for food
	[177]



	Inclusion complex
	β-CD
	Watermelon flavour
	Complex inclusion
	Potential application in food industry
	[178]



	Microsphere
	Chitosan/gum Arabic
	Vanilla Oleoresin
	Complex coacervation and spray-drying
	Potential application in various food matrices
	[179]



	Nanocapsule
	Polybutylcyanoacrylate (PBCA)
	Green grass fragrance
	Emulsion polymerisation
	Potential application in food industry
	[180]



	Core-shell nanofiber
	Zein/tragacanth gum
	Saffron extract
	Coaxial electrospinning
	Potential use in food industry (chewing gum and tea bag development)
	[66]



	Nanocapsules
	Polyurethane
	Lavender EO
	Emulsion inversion point method
	Potential application in food industry
	[181]



	Nanofiber
	chitosan–gelatin
	Thyme EO
	Nozzleless electrospinning
	Nitrite substitute for meat products
	[70]



	Nanocapsule
	Chitosan
	Coriandrum sativum EO
	Emulsion formation/ionic gelation
	Prolong shelf life and control the fungal and aflatoxin contamination of stored rice
	[182]



	Nanoparticle
	Polycaprolactone
	Geranyl cinnamate
	Mini-emulsification/solvent evaporation technique
	Potential use antimicrobial packaging
	[183]



	Nanoparticle
	Chitosan
	Paulownia Tomentosa EO
	Ionic gelation method
	Improve shelf-life of ready-to-cook pork chops
	[184]



	Fast-dissolving fibre mats
	Balangu seed gum
	Bergamot EO
	Electrospinning method
	Potential strategy for enhancing the flavour in the food systems
	[62]



	Nanofiber
	PVA/β-CD
	Cinnamon EO
	Electrospinning method
	Antimicrobial packaging for fresh mushroom
	[160]



	Nanosponge
	CD
	Cinnamon EO
	Synthesis via a crosslinking agent
	Antimicrobial food packaging
	[161]



	Nanobiocomposite
	Chitosan/β-CD citrate/oxidised nanocellulose
	Clove oil
	Impregnation of biocomposite
	Active food packaging
	[162]



	Microparticle and nanofiber
	Zein
	Saffron extract
	Electrohydrodynamic processing
	Potential use in for active packaging applications or in food formulations.
	[163]



	Nanofiber in a film
	Polylactic acid (PLA)
	Thyme EO
	Electrospinning
	Antimicrobial and humidity sensitive food packaging system
	[185]



	Nanofiber
	Gelatin
	Peppermint and chamomile EOs
	Electrospinning
	Potential application as edible food packaging
	[186]



	Nanofibrous film
	Chitosan/PVA/β-CD
	Cinnamon and oregano EOs
	Complex inclusion and electrospinning
	Potential application in active packaging
	[164]



	Nanofiber
	Zein
	Cinnamic aldehyde
	Needleless electrospinning
	Food additive to reduce nitrites in sausages
	[69]
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Table 4. Recent studies reporting the micro/nanoencapsulation of fragrances and flavours for paper application.
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	Encapsulate System
	Carrier Agent
	Encapsulated Substance
	Encapsulation Method
	Applications
	Ref.





	Microcapsule
	Gelatin/gum Arabic
	Lavender EO
	Complex coacervation
	Making fragrant gift-wrapping paper
	[215]



	Nanocapsule
	Chitosan/PLGA
	Vanillin
	Emulsion method
	Antibacterial function applied to wallpaper
	[216]



	Nanocapsule
	Polyethylene oxide-polypropylene glycol-polyethylene oxide (PEO-b-PPG-b-PEO)
	Lavender EO
	Micellisation of interactions between the hydrophilic–lipophilic–hydrophilic polymer and oil
	Paper coating applications
	[214]



	Microcapsule
	Gelatin/Carboxymethylcellulose or gum arabic
	Citronella Oil
	Coacervation
	Antimicrobial Paper Coatings
	[217]



	Microcapsule
	PLGA or PLGA/Chitosan
	Orange EO
	Emulsion solvent evaporation
	Biodegradable functional packaging paper
	[218]
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