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The present review describes the basic properties of colloidal and vesicular vehicles that can be used for immobilization of enzymes. The thermodynamic aspects of the immobilization of enzymes (laminarinase and chitinase) in liposomes are discussed. These systems protect enzymes against environmental stress and allow for a controlled and targeted release. The diversity of colloidal and vesicular carriers allows the use of enzymes for different purposes, such as mycolytic enzymes used to control phytopathogenic fungi.
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INTRODUCTION
Enzyme encapsulation has proven its effectiveness in various applications in the biotechnology, pharmaceutical and food industries, and nanoencapsulation of enzymes is one of the most exciting areas of research now underway (Koshani and Jafari, 2019; Taheri and Jafari, 2019). Enzymes, as natural biocatalysts, serve a variety of purposes. Their usage in the industrial production of biofuels, paper, food, agriculture, medicines, fine chemicals, and feed has increased in recent decades. The majority of companies are looking for a way to increase the potential of enzymes in biotechnology applications. One of the most significant disadvantages is the enzymes’ limited stability, which may often be overcome via immobilization techniques. According to Business Communication Company Research (BCC), the worldwide industrial enzyme market is predicted to expand from $5.5 billion in 2018 to $7.0 billion in 2023. This is in line with the industry’s growing trend toward more sustainable and cost-effective methods. Because enzymes accelerate chemical processes in a very sustainable and efficient manner, their application in chemistry underlies our society’s move to a more ecological economy (Mohammadi et al., 2021).
Unfortunately, enzymes’ biological origins make it difficult for them to be used as industrial catalysts. As a result, scientists have been driven to create new technologies to optimize enzymes for commercial applications. Furthermore, enzymatic immobilization alters the enzyme activity profile as a function of temperature and pH, allowing the catalyst to be reused in many reaction cycles (Dos Santos and Dias-Souza 2016). Microencapsulation is a type of physical immobilization that doesn’t rely on the creation of covalent bonds. There are a variety of encapsulation (Figure 1) methods available that do not use solid supports but do include a colloidal phase (Jafari, 2017).
[image: Figure 1]FIGURE 1 | Scheme en listed the main methods applied for encapsulation on colloidal/vesicular systems.
The most common hydration approach is thin-film hydration, which is ideal for encapsulating both hydrophilic and hydrophobic compounds. Multilamellar vesicle is produced using these approaches the lipid mixture is dissolved in solvents under continuous stirring and then injected into the aqueous phase under pressure in injection techniques. Liposome production without organic solvents using a microfluidizer provides very stable liposomes without quick aggregation or fusion (Maja et al., 2020). After a fine hydration, sonication is used to create tiny, small unilamellar vesicle to reduce the size of the vesicles, probe and bath sonication are commonly utilized. Sonication, on the other hand, can change the active conformation of enzymes. To obtain more homogenous and stable liposomes, a high-pressure extrusion process is used. The physical modification of the lamellar structure caused by freezing the lipid formulation gives it a final ionic configuration. The lipid phase and solvents that are chosen are crucial. The polar component of the colloid (lipid, detergents, etc.) links with a polar environment of an aqueous medium, while the hydrophobic phase is arranged in layers, as a lipid bilayer, to produce vesicles. An emulsion (water-in-oil) is formed by magnetic stirring or sonication of an instance containing phospholipids in an organic solvent such as diethylether, isopropyl ether, or combinations of these ethers with chloroform or methanol and aqueous buffer in the reverse-phase evaporation process. The organic solvent is next evaporated under decreased pressure, converting the system to aqueous liposome dispersion. The dehydration–rehydration technique is a reasonably simple liposome synthesis test. This configuration demands a significant quantity of energy (obtained from sonication, homogenization, heating, etc.). Finally, in order to select the most appropriate liposomal production method, the following parameters must be considered: 1) the physicochemical properties of the liposomal ingredients and the components that must be entrapped within liposomes; 2) the nature of the medium; 3) the most efficient concentration of the entrapped material; 4) additional procedures required during the delivery or application of the liposomes; 5) the optimum size of liposomal vesicles; and 6) the optimum required shelf-life (Rafiie and Jafari 2018).
Solid support free encapsulates can be classified as colloidal or vesicular vehicles based on their structural characteristics. Vesicles, double-layered amphiphilic structures with a water core, can carry hydrophilic or hydrophobic enzymes. Hydrophobic enzymes are located in the aqueous core, while hydrophilic enzymes are located within a double layer totally or partially (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic description of hydrophilic and lipophilic enzyme localization on liposomes.
This research looks at the properties of colloidal and vesicular carriers, as well as how they may be used to immobilize enzymes. Thermodynamic properties of chitinase and laminarinase encapsulation in soya lecithin liposomes. For spectrophotometric studies of enzyme activity, laminarin and p-nitrophenyl—D-N-acetyl-glucosamide were utilized as substrates.
PROPERTIES OF COLLOIDAL AND VESICULAR VEHICLES
The major characteristics of the solid support free systems used for encapsulation are summarized in Table 1. All of the methods mentioned above increase the surface area available for enzyme-biological substrate interactions, limit undesired interactions with proteolytic enzymes, improve solubility and absorption, protect against environmental stress, and allow for targeted and controlled release. Because of the variety of encapsulation methods available, they may be used to meet specific goals and types of enzymes and biotechnology processes (Bahrami et al., 2020).
TABLE 1 | Basic description and applications of solid support free encapsulates.
[image: Table 1]Polymeric Micelles
Polymeric micelles, or aggregation colloids generated in solution by the self-assembly of amphiphilic polymers, are a novel method for overcoming a variety of drug delivery difficulties, ranging from low water solubility to poor drug permeability through biological barriers.
Amphiphilic di-block copolymers (polystyrene and poly (ethylene glycol)) and triblock copolymers (poloxamers) are the most widely utilized polymers for micelles production, although graft (e.g. chitosan) and ionic (poly (ethylene glycol)) polymers are also employed (ethylene glycol) The copolymers–poly (-caprolactone)-g-polyethyleneimine) are utilized. The hydrophilic segment is usually made of PEG (polyethylenglycol), but other polymers such as poly (vinyl pyrrolidone), poly (acryloylmorpholine), or poly (trimethylene carbonate) can also be used; the hydrophobic segment can be made of poly (propylene oxide), polyesters like poly (-caprolactone), or glycolic and lactic acid polymers and co-polymers (Mandal et al., 2017). Among all of these options for joining hydrophobic and hydrophilic blocks to generate amphiphilic polymers, attaching phosphatidyl ethanolamine (PE) to the hydrophilic PEG is a comparatively easy technique that only requires one conjugation step between amine or acid terminated PE. The synthesis has good structural control, has a good lipophilic hydrophilic balance, is chemically stable, biocompatible, and biodegradable. Other block co-polymeric assemblages have more structural flexibility and can hold more drugs (Logie et al., 2014).
Depending on the technique of manufacture and the physicochemical features of the medication, protein can be encapsulated in the micelles during their creation or in a subsequent stage. Direct dissolving is the most straightforward way of preparation; additional options include dialysis, emulsion with solvent (or co-solvent) evaporation, and solution-casting followed by film hydration. The choice of approach is based on both polymer and drug features, and further information may be obtained in specific reviews (Makhmalzade and Chavoshy, 2018). Because micelle features such as polarity and hydration degree are not uniform inside the carrier, the medication can be housed in a variety of locations, such as near the surface or deep within the carrier, depending on its qualities. Hydrophobic medicines are usually loaded and stored in the inner core.
Polymeric micelles are attractive carriers for many administration routes due to their small size, ease of synthesis, and good solubilization capabilities. Micelles are thermodynamically self-assembled entities with reversible limits that may be disassembled by a variety of destabilizing forces. Micelles must deal with varied challenges depending on the route of administration; the behavior of the micelles is then determined by their composition and general features, such as size, surface charge, shape, thermodynamic and kinetic stability. All of these properties are crucial in determining the micelle’s destiny and, as a result, drug bioavailability.
Polymeric micelles offer a number of characteristics that make them a viable protein delivery platform. In comparison to lipid-based vesicles, they are nano-sized, monodispersed, reasonably stable, and cost-effective, and they may be surface-modified or stimuli-sensitized by changing their chemical structure. Many amphiphilic polymers have been produced and studied for their capacity to self-assemble and load poorly soluble proteic drugs throughout the years due to their lower size compared to other lipid carriers. The creation of the amphiphilic polymer has been connected to various combinations of hydrophobic and hydrophilic polymeric building units.
Hydrophobic protein might be loaded into the center of polymeric micelles. The physical interaction between the proteins and the polymers, on the other hand, governs the trapping of proteins in the micelles’ core. As a result, a variety of options for conjugating hydrophobic and hydrophilic blocks have evolved in order to develop a better micellar system capable of loading a specific chemotherapeutic drug optimally. The options for conjugating polymeric blocks are limitless, and many different combinations have been tested in recent years.
Lipid-Based Nanocarriers
Lipid-based nanocarriers are effective drug delivery nanosystems. The remarkable qualities of their lipid components, such as high flexibility, biocompatibility, and low toxicity profile, have drew a lot of attention to these nanocarriers in recent decades. Lipid-based nanocarriers can be used to improve the therapeutic potential of medications with biopharmaceutical constraints, such as limited water solubility or stability, as well as to provide alternatives to the parent route.
Liposomes, self-nano and microemulsifying drug delivery systems, nanoemulsions, and nanocapsules are all examples of lipid-based nanocarriers. They all have in common the ability to alter their formulation to the features and requirements of the oral route. Indeed, the majority of the oils and fats employed in the production of these nanocarriers are derived from dietary lipids, allowing for improved oral permeability and biodegradability. Furthermore, lipid-based nanocarriers may be engineered to interface with particular cell populations in the gastrointestinal system, boosting medication delivery effectiveness (Ghorbanzade et al., 2017; Plaza et al., 2021).
Liposomes
Liposomes are spherical vesicles made up of one or more lipid bilayers made up of natural or manufactured phospholipids that form lipid bilayer spheres in water and encase aqueous nuclei. Phospholipid molecules and cholesterol with mixed lipid chains (such as phosphatidylcholine from soybeans or phosphatidylethanolamine from eggs) can be found in liposomes (Colletier et al., 2002; Liu et al., 2020). Amphiphilicity of phospholipids is responsible for the production of vesicles in aqueous solutions, which are stabilized by hydrogen bonds, van der Waals forces, and electrostatic interactions (Sercombe et al., 2015; Pattni et al., 2015).
Liposomes come in a variety of sizes, ranging from 20 nm to several micrometers, and are commonly employed as biomembrane models and biocompatible delivery methods (Zarrabi et al., 2020). Liposomes are tiny bilayer vesicles that come in a variety of sizes and forms. They’re lipid layer vesicles that enclose an aqueous phase.
Liposomes may be classified into several kinds based on their fabrication technique, which may include one or multiple bilayer shells (Figure 3). Liposomes are divided into four types based on their structure: multilamellar vesicles (MLVs, 0.1–15 mm), small unilamellar vesicles (SUVs, 15–50 nm), large unilamellar vesicles (LUVs, 100–1 mm), and multivesicular vesicles (MVVs, 1.6–10.5 mm), OLVs are oligolamellar vesicles (OLVs) having a diameter of 100–1,000 nm. A liposome with an aqueous phase enclosed by a bilayer structure is known as a unilamellar liposome. The quantity of aqueous phase contained in each mole of lipid rises as particle size increases, and stability improves (Doskocz et al., 2020; Liu et al., 2020). Static and dynamic light scattering (DLS), microscopy, size exclusion chromatography (SEC), field flow fractionation (FFF), and centrifugal analysis are used to evaluate the size distribution of liposomes. Electron microscopy or spectroscopic technologies can be used to examine the multilayer structure of liposomes (Waglewska et al., 2020).
[image: Figure 3]FIGURE 3 | Schematic representation of liposome preparation.
Because of their advantages such as lipophilic/hydrophilic properties, ability to compartmentalize space, and flexible colloidal sizes, liposomes have been widely used to entrap various compounds such as peptides (Mohan et al., 2016), enzymes (Jahadi et al., 2015), antioxidants (Tavakoli et al., 2018), antimicrobials (Cui et al., 2017), essential fatty acids (Faridi Esfanjani et al., 2018).
The ratio of the substance encapsulated in the liposomes to the total amount of compound at the initial input is known as encapsulation efficiency. It is dependent on the liposome’s capacity to capture the encapsulated molecules as well as the number of encapsulated molecules’ starting moles. Depending on their solubility and polarity, encapsulated compounds interact with liposomes in a variety of ways. They can be completely trapped in the lipid chain’s bilayer area, interspersed in the polar head group region, adsorbed on the membrane surface with a hydrophobic tail, or imprisoned in the interior aqueous compartment (Gomez and Hosseinidoust, 2020). Dilution with alcohol, extraction of lipids in a chloroform solution, or forced bilayer breakdown by surfactants are all common methods for determining the quantity of substances contained in liposomes, with subsequent measurement of release (Tomadoni et al., 2019; Amarachinta et al., 2021).
Quantitative approaches such as spectrophotometry, fluorescence spectrometry, enzymatic methods and electrochemical methods are all dependent on the liposome vesicle’s characteristics (Gerente et al., 2007).
Liposomes are a good way to preserve labile molecules like enzymes from degradation while yet allowing them to function effectively. It’s a very effective approach for physically immobilizing enzymes, which makes them more stable and allows them to be introduced into cell membranes with regulated release of active principles (Mikhaylov et al., 2011).
Enzymes, peptides, and nanoparticles may now be encapsulated within liposomes thanks to advances in entrapment techniques. Encapsulation techniques preserve enzyme function by preserving it from denaturation caused by pH extremes, high temperatures, and protease action (Ngo et al., 2010).
Liposomes’ physical, chemical, and biological stability are only a few of the issues that restrict their use. Dimensional stability, lipid-to-substance ratio, and entrapped membrane are all examples of physical stability. Liposomes’ physical stability can be enhanced by storing them at low temperatures (Babaki et al., 2016). Liposomes are typically stable for minutes to weeks. Using specific procedures, however, liposomes may be bonded to be stable for extended periods of time. Tan et al. (2016), for example, found that unilamellar liposomes produced by the emulsion transfer method can last up to 26 days. The hydrolysis and oxidation of lipids are the primary causes of chemical instability. It’s also brought on by the digestion of catabolic enzymes. Hydrolysis is used to eliminate fatty acid residues. Oxidation also has an impact on unsaturated lipids. The biological stability of liposomes is now a hot issue; for example, it is affected by the type of lipids used to create the liposomes, as well as polymerization and interactions with other components. Optical techniques based on solute leakage from liposomes have been used to evaluate membrane mobility and penetrability using common fluorescent probes (Mendes et al., 2011). Chen et al. (2017) used changes in the Z-average diameter and retention rate to assess the stability of liposomes loaded with b-ionone after storage at 4°C.
Traditional liposomes are commonly used to immobilize enzymes and increase their stability for storage or usage. Encapsulation in liposomes, on the other hand, can reduce the bioavailability of encapsulated enzymes (Nguyen et al., 2016).
As a result, numerous attempts have been undertaken to alter the outer membrane of liposomes in order to improve their stability and permeability, with the goal of developing innovative uses as a result (Kim et al., 2014).
Ethosomes
The ethosomes are elastomeric nanovesicles made of phospholipids with a high ethanol concentration (20–45%). (Waglewska et al., 2020). Both hydrophilic and hydrophobic components can be encapsulated in these easily produced lipid vesicles. Essential oils may be integrated into ethosomes by dissolving them in ethanol with great flexibility and entrapment efficiency because ethosomes have a shell of bilayer phospholipids and a core of ethanol phase. Because of ethanol evaporation, the fundamental disadvantage of ethosomes is their limited stability. Because of their increased permeability qualities, most of the current literature on the application of essential oils loaded ethosomes is in the field of topical distribution. This is owing to their high fluidity, which is attributable to the synergistic impact of phospholipids and ethanol. Ethanol is a permeation enhancer that has been used to make these elastic nanovesicles in vesicular systems. These ethosomal systems are more effective in releasing chemicals to the skin than liposomes or traditional hydroalcoholic solutions. Ethosomes are efficient in transporting chemicals into the bloodstream. It’s been utilized to deliver the antiviral medication acyclovir via the skin. Because of their superior water solubility and biocompatibility, ethosomal gels are used with medicines. (Ascenso et al., 2015; Yücel et al., 2019).
Ethosomes are non-invasive delivery carriers that allow medications to reach deep into the epidermal layers or the systemic circulation (Kumar et al., 2020). They offer outstanding features such as room-temperature stability, high entrapment efficiency, and compatibility with the stratum corneum, which allows for efficient release of hydrophilic and lipophilic medicines into the deep layers of the skin (Abdulbaqi et al., 2016; Xiao-Qian et al., 2019). According to their composition, ethosomals systems may be divided into three groups:
• Phospholipids, a high concentration of ethanol (45%), and water make up traditional ethosomes.
• Drugs entrapped in typical ethosomes have molecular weights ranging from 130.077 Da to 24 kDa.
• Another type of alcohol was added to create binary ethosomes; the most common alcohols are propylene glycol and isopropyl alcohol.
Transferosomes
Transfersomes, also known as elastic, deformable, or ultra-flexible liposomes, were first reported by Cevc and Blume (1992). Their characteristics make them excellent transdermal medication delivery devices (TDDS). Due to their ultra-deforming membrane, drugs are easily administered into or through the skin, squeezing themselves along the intracellular lipid or transcellular channel of the stratum corneum. Furthermore, owing of their flexibility, they have a lower risk of skin rupture, and this trait also allows them to follow the natural water gradient across the epidermis under no occlusive circumstances (Opatha et al., 2020).
Transfersomes hydrophobic and hydrophilic compositions allow them to transport medications of various solubilities while being extremely biocompatible owing to their inherent phospholipid content (Manconi et al., 2019). They may also contain low or high molecular weight medicines, with an entrapment effectiveness of up to 90% (Abdellatif and Abou-Taleb, 2016). These structures also have the advantages of being resistant to metabolic breakdown and releasing their contents slowly and gradually. However, transfersomes have some drawbacks, such as oxidative deterioration and the challenge of transporting hydrophobic medicines without affecting their elastic and deformability features (Harmita et al., 2020).
Niosomes
Niosomes are non-ionic surfactant vesicles that are formed by hydrating synthetic non-ionic surfactants with or without cholesterol or lipids (Patra et al., 2018). These are generated by non-ionic surfactant self-assembly in non-aqueous fluids as spherical, multilamellar, and polyhedral structures, as well as inverse forms that only emerge in aqueous solvent. A variety of non-ionic surfactants have been utilized to produce vesicles since then. Polyglycerol alkyl ethers, glucosyldialkyl ethers, crown ethers, polyoxyethylene alkyl ethers, ester linked surfactants and steroid linked surfactants (Zhu et al., 2018).
Niosomes are a handy, long-lasting, targeted, and effective medicine delivery mechanism. They may be used to encapsulate a variety of natural active compounds, such as enzymes and peptides. These vehicles, unlike liposomes, have a unique structure that permits them to transport both hydrophilic and lipophilic medications, making them a viable drug delivery option (Manosroi et al., 2016).
Niosomes are biocompatible, biodegradable, and long-lasting, allowing for controlled and sustained drug administration to the target site (Habib and Singh, 2021). Papain is a proteolytic enzyme that is generated from the latex of the Carica papaya plant and is used to repair wounds. Despite this, the enormous molecular weight of papain makes it challenging to employ topically (Ruslan and Roslan, 2016). They are vesicular structures that look like liposomes and can transport both amphiphilic and lipophilic medicines. Vesicles are defined as little sac-like entities that are made up of or related to. Both niosomes and liposomes have the same medication delivery capacity and boost effectiveness when compared to free drug. Niosomes are chosen over liposomes because they are more chemically stable and cost less. In aqueous environments, non-ionic surfactant vesicles are tiny lamellar structures including spherical, uni or multilamellar, and polyhedral vesicles with sizes ranging from 10–1,000 nm.
The mean diameter of niosomal vesicles is calculated using the laser light scattering technique, and their shape is intended to be spherical. Electron microscopy, optical microscopy, ultracentrifugation, molecular sieve chromatography, photon correlation microscopy, and freeze fracture electron microscopy may all be used to quantify diameter. Under light polarisation microscopy, an X–cross formation is used to quantify bilayer formation. Nuclear magnetic spectroscopy and electron microscopy are used to count the number of lamellae.
Bilosomes
Bilosomes (bile salts including niosomes) are a novel type of vesicular carrier that was initially reported by Conacher et al. (2001). Bilosomes are non-ionic amphiphile closed bilayer vesicles that integrate bile salts, similar to niosomes. Several studies have shown that bilosomes may be used to administer vaccinations successfully orally (Aburahma, 2014; Jain et al., 2014). Bile salts in the lipid bilayers of bilosomes make them more resistant to bile salts and enzymes found in the gastro-intestinal (GI), providing protection for the entrapped vaccine from the GI tract’s hostile environment.
In terms of composition, chemical stability, and storage conditions, they differ from liposomes and niosomes. Vaccines based on bilosomes provide a systemic and mucosal immune response that is comparable to the immunological response elicited by the subcutaneous method. When it comes to storage and handling, bilosomes don’t require any specific considerations. Bilosomes have the advantage of allowing little amounts of antigen to be effective while also increasing the efficacy of antigen that is weak initially injected. They are a safe and effective alternative to conventional vaccinations since they do not involve the use of live organisms. This non-invasive technology has a higher acceptability and compliance rate among users.
Vesicular delivery systems are highly organized assemblies made up of one or more concentric bilayers that develop because of amphiphilic building blocks self-assembling in water. These systems are crucial for targeted medication delivery because they have the capacity to localize drug activity to the organ or site of action, lowering concentrations at other parts of the body, the drug delivery systems (DDS) has the ability to maintain drug levels at a preset pace (zero-order kinetics) and maintain effective medication concentration inside the body, therefore reducing adverse effects.
Encapsulation technologies are used to produce controlled-release delivery systems in medicine, pharmaceutics, agriculture, and cosmetics. Drugs, insecticides, perfumes, and enzymes are released over time via colloidal systems including ethosomes, bilosomes, and niosomes. The composition of colloidal particles used to encapsulate enzymes and other proteins determines the properties of the particles. The active principle’s capacity to encapsulate, protect, and distribute the active principle is influenced by the composition of encapsulated systems (Perry and McClements, 2020).
Colloidal vesicles may be made from a variety of edible components, including proteins, polysaccharides, lipids, phospholipids, and surfactants (Aditya et al., 2017). As a result, choosing the best components to build an enclosed system is critical.
For specific applications, the size and shape of the colloidal enzyme-encapsulating vesicles can also be modified. Depending on the components utilized and the manufacturing techniques used to produce them, colloidal particles can range in size from around 10 nm to 1 mm. Colloidal particles are typically spherical, although various morphologies, such as ellipsoid, cubic, fibrous, or irregular, are also conceivable. Emulsions are mixtures of oil (O) and water (W). It is possible to make O/W and W/O emulsions, both of which are appropriate for encapsulation (Niu et al., 2017). As a result, O/W emulsions are used to encapsulate enzymes in oil-filled capsules for oral delivery. This sort of technology is used to preserve bioactive peptides, enzymes, and proteins from digestive enzyme breakdown. The fact that these systems may be made from a variety of natural oils and emulsifiers is their major benefit. W/O emulsions, on the other hand, are more expensive and time-consuming to make. Furthermore, they are unstable, decomposing during storage or when subjected to environmental stressors (Sobczak et al., 2017; Perry and McClements, 2020).
LIPOSOME APPLICATION FOR LAMINARINASE AND CHITINASE ENCAPSULATION
Chitinases (EC 3.2.2.14) are hydrolytic enzymes that can dissolve the 1, 4-glycoside bonds in chitin, which is a major structural component of insect exoskeletons and fungal cell walls. Chitinases are a diverse collection of enzymes that differ in structure, substrate selectivity, and method of action. These enzymes have a size range of 20 kDa to roughly 90 kDa. Chitin is the second most common biopolymer on the planet, consisting of a linear polymer of -1, 4-N-acetylglucosamine (GlcNAC).
The hydrolysis of 1,3- and 1, 4-linkages in -D-glucans is catalyzed by laminarinase (EC 3.2.1.6, also known as 1,3-glucanohydrolase or -1,3-glucanase). Laminarinase principal hydrolytic activity is on the 1, three- glucose polymer laminarin. Laminarin is a low molecular weight -glucan storage polysaccharide found in fytopategens’ cell walls.
Laminarinases and chitinases are important enzymes responsible for the lysis of the fungal cell and sclerotial wall in fungi such as Trichoderma spp (Koteshwara et al., 2021). Different phospholipids, such as soya lecithin, which is made up of various triglycerides, phospholipids (phosphatidylinositol, phosphatidyl choline, phosphatidyl ethanol amine), and glycolipids, can be utilized to make liposomes (Jørgensen et al., 2004; Li et al., 2015).
The thermodynamic characteristics of the encapsulation process of both enzymes in soybean licithin liposomes were compared by Cano-Salazar et al. (2011). Liposomes were made using the Bangham method (Bangham, 1993): soybean licithin was dissolved in chloroform; then organic solvent was evaporated, obtaining thin lipid layer in flask surface; lipids film hydration was carried out with enzyme-contained aqueous solution by hand shaking.
According to Ávila et al. (2003), this method leads to obtaining MLV that are confirmed by microscopy. The molal partition coefficients (Ko/w) were determined using the technique (Lozano and Martínez, 2006). The standard free energy of transfer (Gwo) from aqueous medium to organic system was estimated using the technique of Ávila et al. (2003). To acquire data on the enthalpy of transfer (ΔHw→o), the temperature dependency of partitioning (van’t Hoff technique) was used. The entropy of transfer (ΔSw→o) was calculated using van’t Hoff linearization and the equation ΔSw→o = (ΔH w→o - ΔG w→o)/T.
The term “partition” refers to the distribution of an enzyme between two phases in a dynamic equilibrium. Because the solute is spread between two different phases: water (w) and liposomes (o), it is a heterogeneous equilibrium. The reduction of the enzyme’s concentration in the aqueous phase following liposome formation, which is connected to the partition process between these two phases, may be regarded evidence supporting the distribution process of the enzyme (Dobreva et al., 2020).
The temperature dependency of the partition coefficients for laminarinase and chitinase in the investigated systems is depicted in Figure 4. In chitinase-contained systems, the Ko/w values decreased with increasing temperature, but for laminarinase microencapsulation, they rose (Figure 4). The partition coefficients (Ko/w) of the enzymes laminarinase and chitinase were larger than one, suggesting that the enzymes have an affinity for microencapsulation in liposomes. However, the thermodynamic characteristics of the microencapsulation of each enzyme vary, which could be due to differences in their primary structure and the amount of amino acids of a lipophilic nature (Nobe et al., 2004).
[image: Figure 4]FIGURE 4 | Partition coefficients of enzymes (laminarinase and chitinase) in soybean lecithin liposomes system quantified for different temperatures (±0.1°C), in molality (±standard deviation).
Table 2 summarizes the thermodynamic functions involved in the transfer of laminarinase and chitinase from aqueous media to soybean lecithin liposomes. ΔG w→o values at 25°C are comparable and negative in both instances. This shows that each enzyme prefers the organic phase, indicating that enzyme transfer from an aqueous medium to an organic environment is not inhibited (Ávila et al., 2003).
TABLE 2 | Thermodinamic parameters (free energy, enthalpy and entropy) for the transfer of enzymes (laminarinase and chitinase) from aqueous media to soybean lecithin liposomes (Cano-Salazar et al., 2011).
[image: Table 2]Enthalpic and entropic changes refer to energy needs and molecular randomness (increase or decrease in molecular disorder), respectively, resulting in the net transfer of enzyme from the water to the organic phase (Lozano and Martinez, 2006). The sign of the ΔS w→o values defined for chitinase immobilization and laminarinase microencapsulation in soybean lecithin liposomes is different: positive for chitinase immobilization and negative for laminarinase microencapsulation (Table 2). Chitinase transfer enthalpy (ΔH w→o) is negative, while laminarinase transfer enthalpy is positive. As a result, the process is both exothermic and endothermic. The presence of a strong interaction between chitinase molecules and soybean lecithin phospholipids is indicated by a negative enthalpy. Phospholipids can form hydrogen bonds as a hydrogen donor or acceptor (Ávila et al., 2003). The initial cavities filled by the protein in the aqueous phase are now occupied by water molecules once a specific number of enzyme molecules have migrated from the aqueous to the liposome organic phase.
Due to water-water interactions, this occurrence is accompanied by the release of energy. However, depending on the molecular structure of the enzyme, it’s also important to remember that water molecules can form a ring around the enzyme’s hydrophobic aminoacids (hydrophobic hydration). This occurrence is followed by an energy intake as well as an increase in local entropy due to the separation of certain water molecules (Lozano and Martinez, 2006).
Table 2 reveals that transfer mechanisms from water to lecithin liposomes were endothermic for the laminarinase, implying large increases in the system net entropy. Only the laminarinase-containing system has positive transfer entropies (S w→o). The disorder created in the hydrophobic core of the lipid layers during the separation of the phospholipids hydrophobic tails to accommodate the protein molecules in liposomes may account for the rise in entropy during the transfer of laminarinase to lecithin liposomes. The obtained findings show that laminarinase transmission is entropy driven owing to a positive entropy value, whereas chitinase transfer is enthalpy driven due to a negative entropy value (Ávila et al., 2003).
Thus, laminarinase and chitinase microencapsulation occur via thermodynamically distinct mechanisms that should be considered when optimizing and designing encapsulation processes. Ávila et al. (2003) used optical light microscopy (40X) to count the liposomes immediately after production and every 10th day throughout storage at 4, 25, and 40°C.
The presence of enzymes and rising temperatures during liposome synthesis resulted in a reduction in their quantity and storage stability over time (Figure 5). Significant decreases were detected in the 20th day in the presence of chitinase at both storage temperatures, with disappearance at 40 and 30 days for 4°C and 25°C, respectively. The number of chitinase-containing liposomes formed at 25°C (Figure 5) was substantially smaller than the number of liposomes obtained without enzymes or in the presence of laminarinase, which appears to be related to distinct interaction processes (Cano-Salazar et al., 2011).
[image: Figure 5]FIGURE 5 | Concentration of enzyme (Chitinase at 0.01 mg/ml and Laminarinase at 0.01 mg/ml) loaded liposomes during long-term (10, 20 and 30 d) storage at diferents temperature: (A), T−4°C and (B), T−25°C. Quantification was performed by optical light microscopy (40X) (Cano-Salazar et al., 2011; Pérez Molina et al., 2011).
At 4°C, the concentration of laminarinase was equal to that measured in the system without enzymes, and it was higher than found at 25°C. For 4 and 25°C, significant decreases were seen in the 10th and 20th days, with disappearance after 50 and 30 days, respectively. Liposome numbers did not fall as much at 25°C in this case as they did in liposomes without enzymes. The interaction of proteins and lipids, which in the instance of chitinase destabilized the liposomes, whereas laminarinase stabilized them for short periods of contact before destabilizing them, might explain the effects of enzymes on liposome stability.
Liposome systems’ stability is influenced by two factors: 1) the liposome component may degrade due to hydrolysis and oxidation; chemical changes in the layer-forming molecules may affect physical stability; for example, if phospholipids lose one of their acyl chains (turn into their lysoforms), the liposome structure is affected; and 2) changes within the lipid-layer, aggregation, or fusion may affect the physical structure of the liposomes. The use of pure phospholipids can improve storage stability (Bangham 1993; Ávila et al., 2003). As a result, soybean lecithin liposomes are sensitive to the presence of enzymes and should be kept at a low temperature.
The stability of the free and encapsulated enzymes was also tested during storage at 4°C. (Figure 5). The nitrophenyl group of p-nitrophenyl-D-N-acetyl-glucosamide served as substrate was colorimetrically measured to evaluate chitinase activity, as stated earlier by Dzakiyya et al. (2020).
The activity of laminarinase was determined using laminarine from Laminaria digitata as a substrate, according to Singh et al. (1999). The activity of laminarinase was measured spectrophotometrically using the Somogyi-Nelson technique, which involved monitoring the release of reducing sugar (Nelson, 1944).
The results in Figure 6 depicts the activity of free and encapsulated chitinase and laminarinase following storage at 4°C. Due to the encapsulation effect, microencapsulated enzymes were less active than unbound enzymes. Chitinase activity was twice as low in the presence of liposomes as it was in the absence of liposomes, whereas laminarinase activity was considerably reduced after encapsulation. Enzyme encapsulation is partially to blame for the decreased activity. In microencapsulated form, the enzyme concentration is lower than in free form (Cano-Salazar et al., 2011; Pérez-Molina et al., 2011).
[image: Figure 6]FIGURE 6 | Microencapsulated and free chitinase and laminarinase activity (both at 0.01 mg/ml) during storage at 4°C (Cano-Salazar et al., 2011; Pérez-Molina et al., 2011).
The enzymes have run into a new issue after being encapsulated, according to Chaize et al. (2009). The lipid membrane’s permeability barrier significantly reduces the activity of the enzyme trapped in the liposome by lowering the rate at which substrate molecules enter the liposome and therefore lowering the substrate concentration inside the liposome. It is possible that this is why chitinase and laminarinase activity drops following microencapsulation.
Frank et al. (2018) found similar results when they tested the enzymatic activity of glucuronidase-loaded liposomes before and after 30 days of storage at 4°C and -80 °C. They found a reduction in activity. Free enzymes lost activity faster than microencapsulated enzymes (Figure 6). Immobilization of laminarinase and chitinase increased the stability of the enzymes (Cano-Salazar et al., 2011; Pérez-Molina et al., 2011).
Finally, it was demonstrated that mycolytic enzymes trapped in liposomes may be used to suppress certain plant infections (Pérez-Molina et al., 2011; Ilyina et al., 2013). This discovery might give an alternative to synthetic chemical fungicides in the future. In the presence of a combination of encapsulated enzymes and enzymes with thiabendazole, a synergistic impact on F. oxysporum vitality was shown.
Cano-Salazar et al. (2011) and Pérez-Molina et al. (2011) developed techniques for encapsulating both mycolytic enzymes in soybean liposomes. In the absence and presence of thiabendazole, the enzymatic and antifungal activity of microencapsulated and free enzymes (chitinase and laminarinase from Trichoderma sp.) in soil against F. oxysporum was assessed. A test against the pathogen F. oxysporum was conducted on tomato plants (L. esculentum Mill) (Ilyina et al., 2013). Chitinase and laminarinase encapsulated in soybean lecithin liposomes retained an enzymatic activity that allowed F. oxysporum to be controlled.
Both enzymes, when used alone and in combination, inhibited fungal growth. In the presence of thiabendazole, microencapsulation improved the enzyme’s stability. The use of these enzymes suppressed fungal growth largely (90–98%) or completely (100%) and reduced the amount of chemical fungicide used chemical fungicide (Ilyina et al., 2013).
The presence of encapsulated enzymes increased the development of tomato plants. As a result, the initial notion of using a mycolytic enzyme immobilized in soybean lecithin liposomes to control infections was verified. This discovery might pave the way for less reliance on synthetic chemical fungicides.
Liposomes have a high value in science because they may be used as a research model to replicate more complicated natural systems since they are regarded a cell membrane-like system for studying protein functioning, including tolerance (Mikhaylov et al., 2011).
Liposomes have been used as a model in studies of pollen, poisons, and pesticide tolerance, as well as transmembrane metabolism in plant organelles. Liposomes are employed as carriers for slow or delayed release pesticide formulations, which help the active ingredient absorb into the plant’s vascular system and are safer for the environment. In veterinary medicine, liposomes are utilized to extend the bioactivity of vaccinations and medicines. Liposomes are the most widely used and well-studied drug carriers, offering considerable therapeutic benefits for the transport of enzymes, antimicrobials, anticancer, and anti-inflammatory medicines (Chaize et al., 2009; Mikhaylov et al., 2011).
FUTURE TRENDS ON LIPOSOME-ENTRAPPED ENZYMES
Enzymes encapsulation in liposomes is a typical method for protecting enzymes from environmental impacts and delivering them to specific locations in the pharmaceutical and food industries. Encapsulated enzymes have grown increasingly popular in recent years. Entrapment technique depends on the influence of enzyme type on the enzyme’s kinetic parameters and modifies its optimal pH and temperature. As a result, the enzyme may be employed in a wider temperature and pH range. Liposomes are an appealing option for enzyme immobilization because of these features.
Liposomes, which are nano-sized phospholipid bubbles, have gotten a lot of interest as drug carriers. Liposomes are simple to make, biocompatible, and can hold a wide range of medicines, DNA, and diagnostic agents. Their in vivo qualities are straightforward to manipulate. Many liposomal medications are actively being developed, and some have already received clinical approval. By adding particular ligands to the surface of liposomes, they may be directed to certain tissues. Antibodies and their fragments, folate, transferrin, and specific peptides are being employed as liposome ligands. Liposomes are also effective immunological adjuvants for protein and peptide antigens and are widely used in experimental immunology and for vaccine preparation.
Liposomes’ capacity to solubilize chemicals with difficult solubility qualities, sequester compounds from potentially dangerous environments, and release integrated molecules in a consistent and predictable manner can also be employed in the food processing business. Lecithin and other polar lipids, for example, are commonly isolated from foods like egg yolks.
CONCLUSION
Encapsulation in colloidal and vesicular carriers allows the use of enzymes for different purposes, such as mycolytic enzymes used to control phytopathogenic fungi. These different solid carrier free systems represent the new methods to deliver treatments such as enzymes, drugs, toxins and antimicrobials, which have strong links with their applications in medicine, agriculture and livestock. They are becoming hot topics in the development of new treatments. Chitinase and laminarinase have affinity to soybean lecithin liposomes. The findings on the thermodynamic properties of enzymes microencapsulation on liposomes can be considered for process optimization in future studies and applications. Stability of enzyme preparations was increased, as well as their antifungal properties.
AUTHOR CONTRIBUTIONS
NV—Review of liposomes, miscelas and emulsions. SP-M—Characterization of the enzymes (chitinase and laminase) microencapsulated in liposomes. RR-G—Review of Niosome and Layeroma. AC—Study of the partition coefficient of (chitinase and laminase) at different temperatures. LÁ—Stability study of encapsulated enzymes for 30 days. JM-H—Study of enthalpy, entropy and free energy in liposomes. AV—Review of bilosomes and ethosomes. AI—Analysis of results
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdellatif, A. A. H., and Abou-Taleb, H. A. (2016). Transfersomal Nanoparticles of Keratolytic and Antibacterial Agents for Enhanced Transdermal Delivery. J. Nanotechnology Adv. Mater. 1 (3), 83–97. doi:10.12785/jnam
 Abdulaziz, M. A., Aly, A. A., and Mona, H. A. (2015). Investigating the Potential of Employing Bilosomes as a Novel Vesicular Carrier for Transdermal Delivery of Tenoxicam. Int. J. pharmaceutics 485 (2), 329–340. doi:10.1016/j.ijpharm.2015.03.033
 Abdulbaqi, M. I., Darwis, Y., Abdul Karim Khan, N., Abou Assi, R., and Ali Khan, A. (2016). Ethosomal Nanocarriers: the Impact of Constituents and Formulation Techniques on Ethosomal Properties, In Vivo Studies, and Clinical Trials. Int. J. Nanomedicine 11, 2279–2304. doi:10.2147/ijn.s105016
 Aditya, N. P., Espinosa, Y. G., and Norton, I. T. (2017). Encapsulation Systems for the Delivery of Hydrophilic Nutraceuticals: Food Application. Biotechnol. Adv. 35 (4), 450–457. doi:10.1016/j.biotechadv.2017.03.012
 Akbarzadeh, A., Rezaei-Sadabady, R., Davaran, S., Joo, S. W., Zarghami, N., Hanifehpour, Y., et al. (2013). Liposome: Classification, Preparation, and Applications. Nanoscale Res. Lett. 8 (1), 102–109. doi:10.1186/1556-276X-8-102
 Amarachinta, P. R., Sharma, G., Samed, N., Chettupalli, A. K., Alle, M., and Kim, J-C. (2021). Central Composite Design for the Development of Carvedilol-Loaded Transdermal Ethosomal Hydrogel for Extended and Enhanced Anti-hypertensive Effect. J. Nanobiotechnology 19 (1), 1–15. doi:10.1186/s12951-021-00833-4
 Ascenso, A., Batista, C., Cardoso, P., Mendes, T., Praça, F., Bentley, V., et al. (2015). Development, Characterization, and Skin Delivery Studies of Related Ultradeformable Vesicles: Transfersomes, Ethosomes, and Transethosomes. Int. J. Nanomedicine 10, 5837. doi:10.2147/ijn.s86186
 Avila, C. M., Gómez, A., and Martínez-Rodríguez, F. (2003). Estudio termodinámico del reparto de algunas sulfonamidas entre liposomas de lecitina de huevo y sistemas acuosos. Acta Farmacéutica Bonaerense 22 (2), 119. 
 Babaki, M., Yousefi, M., Habibi, Z., Mohammadi, M., Yousefi, P., Mohammadi, J., et al. (2016). Enzymatic Production of Biodiesel Using Lipases Immobilized on Silica Nanoparticles as Highly Reusable Biocatalysts: Effect of Water, T-Butanol and Blue Silica Gel Contents. Renew. Energ. 91, 196–206. doi:10.1016/j.renene.2016.01.053
 Bahrami, A., Delshadi, R., Assadpour, E., Jafari, S. M., and Williams, L. (2020). Antimicrobial-loaded Nanocarriers for Food Packaging Applications. Adv. Colloid Interf. Sci. 278, 102140. doi:10.1016/j.cis.2020.102140
 Bangham, A. D. (1993). Liposomes: the Babraham Connection. Chem. Phys. Lipids 64 (1–3), 275–285. doi:10.1016/0009-3084(93)90071-a
 Bento, R., Pagán, E., Berdejo, D., de Carvalho, R. J., García-Embid, S., Maggi, F., et al. (2020). Chitosan Nanoemulsions of Cold-Pressed orange Essential Oil to Preserve Fruit Juices. Int. J. Food Microbiol. 331, 108786. doi:10.1016/j.ijfoodmicro.2020.108786
 Bhardwaj, P., Tripathi, P., Gupta, R., and Pandey, S. (2020). Niosomes: A Review on Niosomal Research in the Last Decade. J. Drug Deliv. Sci. Technol. 56, 101581. doi:10.1016/j.jddst.2020.101581
 Buschmann, D., Mussack, V., and Byrd, J. B. (2021). Separation, Characterization, and Standardization of Extracellular Vesicles for Drug Delivery Applications. Adv. Drug Deliv. Rev. 174, 348–368. doi:10.1016/j.addr.2021.04.027
 Cano-Salazar, L., Gregorio-Jáuregui, K. M., Juárez-Ordaz, A. J., Leon-Joublanc, E., Perez-Molina, A., Martínez-Hernández, J. L., et al. (2011). Thermodynamics of Partitioning of Chitinase and Laminarinase in a Soya Lecithin Liposome System and Their Antifungal Effect against. Fusarium oxysporum 29 (3), 60–70. doi:10.3109/10242422.2011.563445
 Cevc, G., and Blume, G. (1992). Lipid Vesicles Penetrate into Intact Skin Owing to the Transdermal Osmotic Gradients and Hydration Force. Biochim. Biophys. Acta (Bba) - Biomembranes 1104 (1), 226–232. doi:10.1016/0005-2736(92)90154-e
 Chaize, B., Colletier, J.-P., Winterhalter, M., and Fournier, D. (2009). Encapsulation of Enzymes in Liposomes: High Encapsulation Efficiency and Control of Substrate Permeability. Artif. Cell Blood Substitutes, Biotechnol. 32 (1), 67–75. doi:10.1081/bio-120028669
 Chen, J., Wei, N., Lopez-Garcia, M., Ambrose, D., Lee, J., Annelin, C., et al. (2017). Development and Evaluation of Resveratrol, Vitamin E, and Epigallocatechin Gallate Loaded Lipid Nanoparticles for Skin Care Applications. Eur. J. Pharmaceutics Biopharmaceutics 117, 286–291. doi:10.1016/j.ejpb.2017.04.008
 Colletier, J. P., Chaize, B., Winterhalter, M., and Fournier, D. (2002). Protein Encapsulation in Liposomes: Efficiency Depends on Interactions between Protein and Phospholipid Bilayer. BMC Biotechnol. 2, 9. doi:10.1186/1472-6750-2-9
 Conacher, M., Alexander, J., and Brewer, J. M. (2001). Oral Immunisation with Peptide and Protein Antigens by Formulation in Lipid Vesicles Incorporating Bile Salts (Bilosomes). Vaccine 19, 2965–2974. doi:10.1016/s0264-410x(00)00537-5
 Cui, H., Yuan, L., Li, W., and Lin, L. (2017). Antioxidant Property of SiO2-Eugenol Liposome Loaded Nanofibrous Membranes on Beef. Food Packaging and Shelf Life 11, 49–57. doi:10.1016/j.fpsl.2017.01.001
 Dobreva, M., Stefanov, S., and Andonova, V. (2020). Natural Lipids as Structural Components of Solid Lipid Nanoparticles and Nanostructured Lipid Carriers for Topical Delivery. Curr. Pharm. Des. 26 (36), 4524–4535. doi:10.2174/1381612826666200514221649
 Dos Santos, P. P., Andrade, L. d. A., Flôres, S. H., and Rios, A. d. O. (2018). Nanoencapsulation of Carotenoids: a Focus on Different Delivery Systems and Evaluation Parameters. J. Food Sci. Technol. 55 (10), 3851–3860. doi:10.1007/s13197-018-3316-6
 Dos Santos, V. L., and Dias-Souza, M. V. (2016). Strategies Based on Microbial Enzymes and Surface-Active Compounds Entrapped in Liposomes for Bacterial Biofilm Control. Nanobiomaterials Antimicrob. Ther. Appl. Nanobiomaterials 2016, 385–418. doi:10.1016/b978-0-323-42864-4.00011-7
 Doskocz, J., Dałek, P., Foryś, A., Trzebicka, B., Przybyło, M., Mesarec, L., et al. (2020). The Effect of Lipid Phase on Liposome Stability upon Exposure to the Mechanical Stress. Biochim. Biophys. Acta (Bba) - Biomembranes 1862 (9), 183361. doi:10.1016/j.bbamem.2020.183361
 Dzakiyya, N. U., Puspita, I. D., and Pudjiraharti, S. (2020). Chitinase Activity ofSerratia marcescensPT-6 Cultured in Bioreactor with Various Aeration Rate. E3s Web Conf. 147, 03010. doi:10.1051/e3sconf/202014703010
 Faridi Esfanjani, A., Assadpour, E., and Jafari, S. M. (2018). Improving the Bioavailability of Phenolic Compounds by Loading Them within Lipid-Based Nanocarriers. Trends Food Sci. Technol. 76, 56–66. doi:10.1016/j.tifs.2018.04.002
 Frank, J., Richter, M., de Rossi, C., Lehr, C. M., Fuhrmann, K., and Fuhrmann, G. (2018). Extracellular Vesicles Protect Glucuronidase Model Enzymes during Freeze-Drying. Sci. Rep. 8 (1), 12377–12378. doi:10.1038/s41598-018-30786-y
 Gerente, C., Lee, V. K. C., Cloirec, P. L. Le., and McKay, G. (2007). Application of Chitosan for the Removal of Metals from Wastewaters by. Adsorption—Mechanisms Models Rev. 37 (1), 41–127. doi:10.1080/10643380600729089
 Ghorbanzade, T., Jafari, S. M., Akhavan, S., and Hadavi, R. (2017). Nano-encapsulation of Fish Oil in Nano-Liposomes and its Application in Fortification of Yogurt. Food Chem. 216, 146–152. doi:10.1016/j.foodchem.2016.08.022
 Gomez, A. G., and Hosseinidoust, Z. (2020). Liposomes for Antibiotic Encapsulation and Delivery. ACS Infect. Dis. 6 (5), 896–908. doi:10.1021/acsinfecdis.9b00357
 Habib, S., and Singh, M. (2021). Recent Advances in Lipid-Based Nanosystems for Gemcitabine and Gemcitabine-Combination Therapy. Nanomaterials (Basel, Switzerland) 11 (3), 1–12. doi:10.3390/nano11030597
 Harmita, H., Iskandarsyah, I., and Afifah, S. F. (2020). Effect of Transfersome Formulation on the Stability and Antioxidant Activity of N-Acetylcysteine in Anti-aging Cream. Int. J. App Pharm. 12, 156–162. doi:10.22159/ijap.2020.v12s1.ff034
 Hosseini, S. F., Ramezanzade, L., and McClements, D. J. (2021). Recent Advances in Nanoencapsulation of Hydrophobic marine Bioactives: Bioavailability, Safety, and Sensory Attributes of Nano-Fortified Functional Foods. Trends Food Sci. Technol. 109, 322–339. doi:10.1016/j.tifs.2021.01.045
 Hsu, C-Y., Wang, P-W., Alalaiwe, A., Lin, Z-C., and Fang, J-Y. (2019). Use of Lipid Nanocarriers to Improve Oral Delivery of Vitamins. Nutrients 11 (1), 68. doi:10.3390/nu11010068
 Ilyina, A., León-Joublanc, E., Balvantín-García, C., Montañez-Sáenz, J. C., Rodríguez-Garza, M. M., Segura-Ceniceros, E. P., et al. (2013). Free and Encapsulated Chitinase and Laminarinase as Biological Agents against Fusarium Oxysporum. Afr. J. Microbiol. Res. 7 (36), 4501–4511. doi:10.5897/AJMR12.2056
 Jafari, S. M. (2017). “An Overview of Nanoencapsulation Techniques and Their Classification,” in Nanoencapsulation Technologies for the Food and Nutraceutical Industries ed . Editor S. M. Jafari, 1–34. doi:10.1016/b978-0-12-809436-5.00001-x
 Jahadi, M., Khosravi-Darani, K., Ehsani, M. R., Mozafari, M. R., Saboury, A. A., and Pourhosseini, P. S. (2015). The Encapsulation of Flavourzyme in Nanoliposome by Heating Method. J. Food Sci. Technol. 52 (4), 2063–2072. doi:10.1007/s13197-013-1243-0
 Jain, S., Anura, I., Harshad, H., and Ashish, A. K. (2014). Oral Mucosal Immunization Using Glucomannosylated Bilosomes. J. Biomed. Nanotechnology 10 (616), 932–947. doi:10.1166/jbn.2014.1800
 Jiménez-Colmenero, F. (2013). Potential Applications of Multiple Emulsions in the Development of Healthy and Functional Foods. Food Res. Int. 52 (1), 64–74. doi:10.1016/j.foodres.2013.02.040
 Jørgensen, F., Hansen, O. C., and Stougaard, P. (2004). Enzymatic Conversion of D-Galactose to D-Tagatose: Heterologous Expression and Characterisation of a Thermostable L-Arabinose Isomerase from Thermoanaerobacter Mathranii. Appl. Microbiol. Biotechnol. 64 (6), 816–822. doi:10.1007/s00253-004-1578-6
 Khoee, S., and Yaghoobian, M. (2017). Niosomes: a Novel Approach in Modern Drug Delivery Systems. Nanostructures Drug Deliv. , 207–237. doi:10.1016/b978-0-323-46143-6.00006-3
 Kim, J. C., Chungt, Y. I., Kim, Y. H., and Tae, G. (2014). The Modulation of the Permeability and the Cellular Uptake of Liposome by Stable Anchoring of Lipid-Conjugated Pluronic on Liposome. J. Biomed. Nanotechnology 10 (1), 100–108. doi:10.1166/jbn.2014.1788
 Koshani, R., and Jafari, S. M. (2019). Ultrasound-assisted Preparation of Different Nanocarriers Loaded with Food Bioactive Ingredients. Adv. Colloid Interf. Sci. 270, 123–146. doi:10.1016/j.cis.2019.06.005
 Koteshwara, A., Philip, N. V., Aranjani, J. M., Hariharapura, R. C., and Volety Mallikarjuna, S. (2021). A Set of Simple Methods for Detection and Extraction of Laminarinase. Scientific Rep. 11 (1), 2489. doi:10.1038/s41598-021-81807-2
 Kumar, N., Dubey, A., Mishya, A., and Tiwari, P. (2020). Ethosomes: A Novel Approach in Transdermal Drug Delivery System. Int. J. Pharm. Life Sci. 11 (5), 6598–6608. 
 Lammari, N., Louaer, O., Meniai, A. H., Fessi, H., and Elaissari, A. (2021). Plant Oils: From Chemical Composition to Encapsulated Form Use. Int. J. Pharmaceutics 601, 120538. doi:10.1016/j.ijpharm.2021.120538
 Li, J., Wang, X., Zhang, T., Wang, C., Huang, Z., Luo, X., et al. (2015). A Review on Phospholipids and Their Main Applications in Drug Delivery Systems. Asian J. Pharm. Sci. 10 (2), 81–98. doi:10.1016/j.ajps.2014.09.004
 Liu, G., Hou, S., Tong, P., and Li, J. (2020). Liposomes: Preparation, Characteristics, and Application Strategies in Analytical Chemistry. Crit. Rev. Anal. Chem. 2020, 1. doi:10.1080/10408347.2020.1805293
 Logie, J., Owen, S. C., McLaughlin, C. K., and Shoichet, M. S. (2014). PEG-graft Density Controls Polymeric Nanoparticle Micelle Stability. Chem. Mater. 26 (9), 2847–2855. doi:10.1021/cm500448x
 Lozano, H. R., and Martínez, F. (2006). Thermodynamics of Partitioning and Solvation of Ketoprofen in Some Organic Solvent: Buffer and Liposome Systems. Revista Brasileira de Ciências Farmacêuticas 42 (4), 601–613. doi:10.1590/s1516-93322006000400016
 Maja, L., Zeljko, K., and Mateja, P. (2020). Sustainable Technologies for Liposome Preparation. J. Supercrit. Fluids 165, 104984. doi:10.1016/j.supflu.2020.104984
 Makhmalzade, B. S., and Chavoshy, F. (2018). Polymeric Micelles as Cutaneous Drug Delivery System in normal Skin and Dermatological Disorders. J. Adv. Pharm. Technol. Res. 9 (1), 2. doi:10.4103/japtr.JAPTR_314_17
 Manconi, M., Caddeo, C., Nacher, A., Diez-Sales, O., Peris, J. E., Ferrer, E. E., et al. (2019). Eco-scalable Baicalin Loaded Vesicles Developed by Combining Phospholipid with Ethanol, Glycerol, and Propylene Glycol to Enhance Skin Permeation and protection. Colloids Surf. B: Biointerfaces 184, 110504. doi:10.1016/j.colsurfb.2019.110504
 Mandal, A., Bisht, R., Rupenthal, I. D., and Mitra, A. K. (2017). Polymeric Micelles for Ocular Drug Delivery: From Structural Frameworks to Recent Preclinical Studies. J. Controlled Release 248, 96–116. doi:10.1016/j.jconrel.2017.01.012
 Manosroi, A., Chankhampan, C., Ofoghi, H., Manosroi, W., and Manosroi, J. (2016). Low Cytotoxic Elastic Niosomes Loaded with salmon Calcitonin on Human Skin Fibroblasts. Hum. Exp. Toxicol. 32 (1), 31–44. doi:10.1177/0960327112454892
 Mendes, A. A., de Castro, H. F., Rodrigues, D. de. S., Adriano, W. S., Tardioli, P. W., Mammarella, E. J., et al. (2011). Multipoint Covalent Immobilization of Lipase on Chitosan Hybrid Hydrogels: Influence of the Polyelectrolyte Complex Type and Chemical Modification on the Catalytic Properties of the Biocatalysts. J. Ind. Microbiol. Biotechnol. 38 (8), 1055–1066. doi:10.1007/s10295-010-0880-9
 Mikhaylov, G., Mikac, U., Magaeva, A. A., Itin, V. I., Naiden, E. P., Psakhye, I., et al. (2011). Ferri-liposomes as an MRI-Visible Drug-Delivery System for Targeting Tumours and Their Microenvironment. Nat. Nanotechnology 6 (9), 594–602. doi:10.1038/nnano.2011.112
 Mohammadi, A., Jafari, S. M., Mahoonak, A. S., and Ghorbani, M. (2021). Liposomal/Nanoliposomal Encapsulation of Food-Relevant Enzymes and Their Application in the Food Industry. Food Bioproc. Technol. 14 (1), 23–38. doi:10.1007/s11947-020-02513-x
 Mohan, A., McClements, D. J., and Udenigwe, C. C. (2016). Encapsulation of Bioactive Whey Peptides in Soy Lecithin-Derived Nanoliposomes: Influence of Peptide Molecular Weight. Food Chem. 213, 143–148. doi:10.1016/j.foodchem.2016.06.075
 Nasri, S., Ebrahimi-Hosseinzadeh, B., Rahaie, M., Hatamian-Zarmi, Z., and Sahraeian, R. (2020). Thymoquinone-loaded Ethosome with Breast Cancer Potential: Optimization, In Vitro and Biological Assessment. J. Nanostructure Chem. 10 (1), 19–31. doi:10.1007/s40097-019-00325-w
 Nelson, N. (1944). A Photometric Adaptation of the Somogyi Method for the Determination of Glucose. J. Biol. Chem. 153 (2), 375–380. doi:10.1016/s0021-9258(18)71980-7
 Ngo, K. X., Umakoshi, H., Shimanouchi, T., Sugaya, H., and Kuboi, R. (2010). Chitosanase Displayed on Liposome Can Increase its Activity and Stability. J. Biotechnol. 146 (3), 105–113. doi:10.1016/j.jbiotec.2010.01.014
 Nguyen, T. X., Huang, L., Gauthier, M., Yang, G., and Wang, Q. (2016). Recent Advances in Liposome Surface Modification for Oral Drug Delivery. Nanomedicine (London, England) 11 (9), 1169–1185. doi:10.2217/nnm.16.9
 Niu, F., Zhang, Y., Chang, C., Pan, W., Sun, W., Su, Y., et al. (2017). Influence of the Preparation Method on the Structure Formed by Ovalbumin/gum Arabic to Observe the Stability of Oil-In-Water Emulsion. Food Hydrocolloids (63), 602–610. doi:10.1016/j.foodhyd.2016.10.007
 Nobe, R., Sakakibara, Y., Ogawa, K., and Suiko, M. (2004). Cloning and Expression of a Novel Trichoderma Viride Laminarinase AI Gene (lamAI). Biosci. Biotechnol. Biochem. 68 (10), 2111–2119. doi:10.1271/bbb.68.2111
 Opatha, S. A. T., Titapiwatanakun, V., and Chutoprapat, R. (2020). Transfersomes: A Promising Nanoencapsulation Technique for Transdermal Drug Delivery. Pharmaceutics 12 (9), 855. doi:10.3390/pharmaceutics12090855
 Patra, J. K., Das, G., Fernandes, F. L., Ramos, C. E. V., Rodriguez-T, M. P., Acosta, L. S., et al. (2018). Nano Based Drug Delivery Systems: Recent Developments and Future Prospects. J. Nanobiotechnology 16 (1), 1–33. doi:10.1186/s12951-018-0392-8
 Pattni, B. S., Chupin, V. V., and Torchilin, V. P. (2015). New Developments in Liposomal Drug Delivery. Chem. Rev. 115 (19), 10938–10966. doi:10.1021/acs.chemrev.5b00046
 Pérez-Molina, A. I., Juárez-Ordaz, A. J., Gregorio-Jáuregui, K. M., Segura-Ceniceros, E. P., Martínez-Hernández, J. L., Rodríguez-Martínez, J., et al. (2011). Thermodynamics of Laminarinase Partitioning in Soya Lecithin Liposomes and Their Storage Stability. J. Mol. Catal. B: Enzymatic 72 (2), 65–72. doi:10.1016/j.molcatb.2011.05.004
 Perry, S. L., and McClements, D. J. (2020). Recent Advances in Encapsulation, Protection, and Oral Delivery of Bioactive Proteins and Peptides Using Colloidal Systems. Molecules 25 (5), 1161. doi:10.3390/molecules25051161
 Plaza, O. M., Santander, O. M. J., and Victoria, L. M. (2021). Current Approaches in Lipid-Based Nanocarriers for Oral Drug Delivery. Drug Deliv. Translational Res. 11, 471–497. doi:10.1007/s13346-021-00908-7
 Quiñones, J. P., Brüggemann, O., Kjems, J., Shahavi, M. H., and Covas, C. P. (2018). Novel Brassinosteroid-Modified Polyethylene Glycol Micelles for Controlled Release of Agrochemicals. J. Agric. Food Chem. 66 (7), 1612–1619. doi:10.1021/acs.jafc.7b05019
 Raffie, Z., and Jafari, M. S. (2019). “Application of Lipid Nanocarriers for the Food Industry,” in Bioactive Molecules in Food . Phytochemistry Switzerland: Springer Nature. 
 Rehman, A., Tong, Q., Jafari, S. M., Assadpour, E., Shehzad, Q., Aadil, R. M., et al. (2020). Carotenoid-loaded Nanocarriers: A Comprehensive Review. Adv. Colloid Interf. Sci. 275, 102048. doi:10.1016/j.cis.2019.102048
 Rostamabadi, H., Falsafi, S. R., and Jafari, S. M. (2019). Nanoencapsulation of Carotenoids within Lipid-Based Nanocarriers. J. Controlled Release 298, 38–67. doi:10.1016/j.jconrel.2019.02.005
 Ruslan, R., and Roslan, N. (2016). Assessment on the Skin Color Changes of Carica Papaya L. Cv. Sekaki Based on CIE L*a*b* and CIE L*C*h Color Space. Int. Food Res. J. 23, S173–S178. 
 Sedaghat Doost, A., Devlieghere, F., Stevens, C. V., Claeys, M., and Van der Meeren, P. (2020). Self-assembly of Tween 80 Micelles as Nanocargos for Oregano and Trans-cinnamaldehyde Plant-Derived Compounds. Food Chem. 327, 126970. doi:10.1016/j.foodchem.2020.126970
 Seleci, D. A., Maurer, V., Stahl, F., Scheper, T., and Garnweitner, G. (2019). Rapid Microfluidic Preparation of Niosomes for Targeted Drug Delivery. Int. J. Mol. Sci. 20 (19), 4696. doi:10.3390/ijms20194696
 Sercombe, L., Veerati, T., Moheimani, F., Wu, S. Y., Sood, A. K., and Hua, S. (2015). Advances and Challenges of Liposome Assisted Drug Delivery. Front. Pharmacol. , 286. doi:10.3389/fphar.2015.00286
 Singh, P., Shin, Y. C., Park, C. S., Chung, Y. R., and Singh, P. (1999). Biological Control of Fusarium Wilt of Cucumber by Chitinolytic Bacteria. Phytopathology 89, 92. doi:10.1094/phyto.1999.89.1.92
 Sobczak, G., Wojciechowski, T., and Sashuk, V. (2017). Submicron Colloidosomes of Tunable Size and Wall Thickness. Langmuir 33 (7), 1725–1731. doi:10.1021/acs.langmuir.6b04159
 Sun, M., Yin, W., Chen, J., Wang, W., Guo, T., and Meng, T. (2021a). Hollow Colloidosomes with an Enzyme Confined in a Porous Shell as Pickering Interfacial Biocatalysts for Efficient Bioconversions. Green. Chem. 23 (2), 740–744. doi:10.1039/d0gc02999h
 Sun, S., Du, X., Fu, M., Khan, A. R., Ji, J., Liu, W., et al. (2021b). Galactosamine-modified PEG-PLA/TPGS Micelles for the Oral Delivery of Curcumin. Int. J. Pharmaceutics 595, 120227. doi:10.1016/j.ijpharm.2021.120227
 Taheri, A., and Jafari, S. M. (2019). Gum-based Nanocarriers for the protection and Delivery of Food Bioactive Compounds. Adv. Colloid Interf. Sci. 269, 277–295. doi:10.1016/j.cis.2019.04.009
 Tan, T. B., Yussof, N. S., Abas, F., Mirhosseini, H., Nehdi, I. A., and Tan, C. P. (2016). Forming a Lutein Nanodispersion via Solvent Displacement Method: The Effects of Processing Parameters and Emulsifiers with Different Stabilizing Mechanisms. Food Chem. 194, 416–423. doi:10.1016/j.foodchem.2015.08.045
 Tavakoli, H., Hosseini, O., Jafari, S. M., and Katouzian, I. (2018). Evaluation of Physicochemical and Antioxidant Properties of Yogurt Enriched by Olive Leaf Phenolics within Nanoliposomes. J. Agric. Food Chem. 66 (35), 9231. doi:10.1021/acs.jafc.8b02759
 Thanki, K., Gangwal, R. P., Sangamwar, A. T., and Jain, S. (2013). Oral Delivery of Anticancer Drugs: Challenges and Opportunities. J. Controlled Release : Official J. Controlled Release Soc. 170 (1), 15–40. doi:10.1016/j.jconrel.2013.04.020
 Thipparaboina, R., Chavan, R. B., Kumar, D., Modugula, S., and Shastri, N. R. (2015). Micellar Carriers for the Delivery of Multiple Therapeutic Agents. Colloids Surf. B: Biointerfaces 135, 291–308. doi:10.1016/j.colsurfb.2015.07.046
 Tomadoni, B., Ponce, A., Pereda, M., and Ansorena, M. R. (2019). Vanillin as a Natural Cross-Linking Agent in Chitosan-Based Films: Optimizing Formulation by Response Surface Methodology. Polym. Test. 78, 105935. doi:10.1016/j.polymertesting.2019.105935
 Waglewska, E., Pucek-Kaczmarek, A., and Bazylińska, U. (2020). Novel Surface-Modified Bilosomes as Functional and Biocompatible Nanocarriers of Hybrid Compounds. Nanomaterials (Basel, Switzerland) 10 (12), 1–14. doi:10.3390/nano10122472
 Xiao-Qian, N., Dan-Ping, Z., Qiong, B., Xing, Fu. F., Hao, Li., Yue-Feng, R., et al. (2019). Mechanism Investigation of Ethosomes Transdermal Permeation. Int. J. Pharm. 1, 100027. doi:10.1016/j.ijpx.2019.100027
 Yadav, H. K. S., Almokdad, A. A., Shaluf, S. I. M., and Debe, M. S. (2019). Polymer-Based Nanomaterials for Drug-Delivery Carriers. Nanocarriers Drug Deliv. , 531–556. doi:10.1016/b978-0-12-814033-8.00017-5
 Yücel, Ç., Şeker, K. G., and Değim, İ. T. (2019). Anti-aging Formulation of Rosmarinic Acid Loaded Ethosomes and Liposomes. J. Microencapsulation 36 (2), 180–191. doi:10.1080/02652048.2019.1617363
 Zarrabi, A., Alipoor Amro Abadi, M., Khorasani, S., Mohammadabadi, M. R., Jamshidi, A., Torkaman, S., et al. (2020). Nanoliposomes and Tocosomes as Multifunctional Nanocarriers for the Encapsulation of Nutraceutical and Dietary Molecules. Molecules (Basel, Switzerland) 25 (3), 638. doi:10.3390/molecules25030638
 Zhou, X., Hao, Y., Yuan, L., Pradhan, S., Shrestha, K., Pradhan, O., et al. (2018). Nano-formulations for Transdermal Drug Delivery: A Review. Chin. Chem. Lett. 29 (12), 1713–1724. doi:10.1016/j.cclet.2018.10.037
 Zhu, Y., Meng, T., Tan, Y., Yang, X., Liu, Y., Liu, X., et al. (2018). Negative Surface Shielded Polymeric Micelles with Colloidal Stability for Intracellular Endosomal/Lysosomal Escape. Mol. Pharmaceutics 15 (11), 5374–5386. doi:10.1021/acs.molpharmaceut.8b00842
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Alonso-Estrada, Ochoa-Viñals, Pacios-Michelena, Ramos-González, Núñez-Caraballo, Michelena Álvarez, Martínez-Hernández, Neira-Vielma and Ilyina. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-09-793340-g005.gif





OPS/images/fbioe-09-793340-g006.gif
Temprai pc

:
:
£
]






OPS/images/fbioe-09-793340-g003.gif





OPS/images/fbioe-09-793340-g004.gif
Temperature ¢ C)





OPS/images/fbioe-09-793340-t001.jpg
Encapsulation
system
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particles
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Polymeric micelles

Emulsions

Liosomes
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Transfersomes

Basic characteristics

Lipid natural material, emulsifiers, and co-
emuisifiers, as well as water and bioactive
chemicals, make up lipidic nanoparticles. They
have an incomplete crystalization that leaves
holes in their structure that fat-soluble enzymes
can fill

Polymeric micelles are nano-sized (iess than
100 nm) drug delivery devices with a core-shell
structure formed by amphiphilic block
copolymers self-assembling in aqueous solution.
Fundamental properties of micelles
concentration, size, surface charge, and
morphology of crucial micellar concentration,
size, and surface charge Due to their unique
architectures, they may be used as nanoreactors
and are good for enzyme trapping

Emuisions are made p of two phases: aqueous
and olly (water with o or oil with water), which are
stabilized by surfactants or emulsifiers. They
include emuisifiers, which aid in increasing
solubilty and faciitating component release. The
emulsions are kinetically stable, isotropic, clear,
and free of coalescence and flocculation. The size
of the emuision droplets is generaly between 50
and 200 nm. There are several techniques for
obtaining them

Liposomes are spherical vesicles that range in
size from 20 nm to micrometers. Lipid bilayers
form its structure, with polar groups organized in
the interior and exterior aqueous phases.
Depending on their nature, enzymes might be
confined in membranes or inside vesices
Etosomes are liposomes that contain a lot of
ethanol (Up to 45 percent)

They are soft, plable vesicular structures
composed of amphipathic phospholipids
organized in one or more concentric bilayers that
enclose several water compartments

Etosomes differ from other lipid nanocariers in
terms of bilayer fidity, penetration mechanism,
and ease of production

Biosomes are formed when bile salts are added
1o the vesicles of iposomes and niosomes

Bile salts aid in the stability of the bilosome
membrane

Can be uniamelar, oligolamelar, or multiamellar
They are nonionic surfactants with two-layer
structures that are thermodynamicaly stable.
These two-layered structures, have a hollow area
in the middle. Enzymes that are both hydrophilc
and hydrophobic can be enclose. Entrapment of
hydrophiic enzymes in niosomes might take
either in the core aqueous domain or on the
bilayer's surface when the enzymes enter the
structure

Layersomes are structures created by layering
oppositely charged polyelectrolytes upon regular
posomes, which may enhance storage stabity,
robustness, and the abilty to get high enzyme
encapsulation. A phospholipid bilayer plus an
edge activator make up transferomes

They are also extremely biocompatible and can
transport enzymes of various solubilities

Applications

Improves plant growth Food preservation
disease defense, and nutraceutical uses are all
possible

Nanocariers for the delivery of anticancer
drugs that are poorly soluble

Antibacterial washing agents for animal
carcasses and fresh vegetables, as well as
agrochemical encapsulation systems that
increase plant bioavailability

Food preservation
Antimicrobial control

Carriers the supplements the Vitamin D, E
ycopene

Carriers for compounds pharmaceutical and
cosmetic

They are used to safeguard the functioning of
antioxidants, antimicrobials, bioactive
components, and tastes in the agricultural and
food sectors

Encapsulate and improve medication transport
through the skin for both hydrophilic and
lipophiic medicines

As a carrier for the treatment of inflammatory
infections of the skin

Because of their capacity to withstand
enzymes and bile salts in the gastrointestinal
system, are utiized in the delivery of oral
vaccinations

Distribution carriers drug oral, topical,
transdermal, ophthalmic, intravenous,
pulmonary

Insuiin, bovine serum albumin, vaccinations,
and other proteins and peptides are carried by
them. Transferosome formulations are
employed for efficient deiivery of non-steroidal
anti-inflammatory drugs like ibuprofen and
diclofenac because to their strong penetration
power and flexibilty
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