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Abstract

:

This paper presents an overview of the principal structural and dynamics characteristics of reverse micelles (RMs) in order to highlight their structural flexibility and versatility, along with the possibility to modulate their parameters in a controlled manner. The multifunctionality in a large range of different scientific fields is exemplified in two distinct directions: a theoretical model for mimicry of the biological microenvironment and practical application in the field of nanotechnology and nano-based sensors. RMs represent a convenient experimental approach that limits the drawbacks of the conventionally biological studies in vitro, while the particular structure confers them the status of simplified mimics of cells by reproducing a complex supramolecular organization in an artificial system. The biological relevance of RMs is discussed in some particular cases referring to confinement and a crowded environment, as well as the molecular dynamics of water and a cell membrane structure. The use of RMs in a range of applications seems to be more promising due to their structural and compositional flexibility, high efficiency, and selectivity. Advances in nanotechnology are based on developing new methods of nanomaterial synthesis and deposition. This review highlights the advantages of using RMs in the synthesis of nanoparticles with specific properties and in nano (bio)sensor design.
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1. Introduction


A wide variety of biochemical events, from macromolecular recognition to biocatalysis associated [1] with biological systems, e.g., lipid layers, membranous organelles, and the interior of macromolecular chaperons [2], take place in nano-restricted environments delimited by membranes such as cells and/or cellular compartments [3]. In conjunction with the confinement effect, interactions with the structure of the membrane interface have an essential influence on in vivo molecules of water [4], conferring them special properties in terms of structural organization and dynamics.



Reverse micelles (RMs) consist of nanoscopic droplets of water delimited by a dynamic, but well-defined surfactant layer, and they are uniformly dispersed within a nonpolar organic solvent. With regard to an experimental approach, reverse micelles (RMs) represent an adequate and convenient molecular assembly at nanoscale, with controllable experimental parameters [5,6].



They provide an artificial system that fulfills many of the requirements for a life-mimicking system, such as nanoscopic structures, volume-restricted environments, and interactions with a membrane-like interface. RMs are optically clear solutions, characterized by macroscopic homogeneity but with a microscopically heterogeneous structure. Compared to bulk water, water inside the cell represents an entirely different medium largely reflected by its properties; therefore, in vitro cell models have been proposed to understand the properties of water in confined conditions.



On the other hand, RMs were proposed as experimental media for the synthesis of a large variety of nanoparticles and for the development of nanomaterials. A large variety of nanostructures have been synthesized using reverse micelles, taking into consideration a number of factors for selecting an appropriate surfactant for a specific synthesis reaction in reverse micelles. Since reverse micelles are globular aggregates which are formed by self-assembled surfactants in nonpolar solvents, many different self-assembled structures can be achieved by changing their composition. Thus, spheres, cylinders or interconnected cylinders, and lamellar phase micelle structures can be obtained. Many of these possible nanostructures have been reported in the literature as being grown inside of these shaped templates.



The synthesis of nanoparticles in reverse micelle microemulsions proved to be a useful route in principle due to the possibility to control particle size, thereby ensuring a narrow particle size distribution, as well as a high degree of homogeneity in terms of concentration and morphology.



In the last few decades, reverse micelles have represented a scientific challenge for many domains, especially physical chemistry, as more and more information regarding the structural and dynamics characteristics is being accumulated. Using more innovative techniques and sophisticated equipment, the reverse micellar research domain has been extended, substantial amounts of diversified data and in-depth knowledge have been obtained, and theoretical hypotheses, mathematical models, molecular simulations, etc. have been proposed. Many well-documented reviews and comprehensive books have been published during the years of study, including the latest ones approaching the assessment of current knowledge and dealing with several aspects of reverse micelles [7,8,9,10,11,12,13].



The target of the present review is to demonstrate the unusual versatility of reverse micelles; the same structure has a multifunctional contribution to distinct and totally different scientific fields and diametrically opposed applications, from cell theoretical models to the new and modern nano (bio)technology. Each one of these directions is basically supported by the specific characteristics of reverse micelles, such as the interfacial parameters of the surfactant film, microheterogeneity of the intramicellar structure, multilayered composition of water, redefinition of the pH concept for size-limited systems in the case of biological relevance, mechanisms of reverse micelle formation, composition of the interfacial layer, and experimental significance of intramicellar structure or size for nanomaterial synthesis. Even if some theoretical data mainly sustain one of these applications, they have been treated in a holistic and integrated manner because reverse micelles are a unique, indivisible, and functional whole structure.



In addition to the basic view on the essential physicochemical fundamental characteristics of RMs, special attention is paid to the analysis of the internal cavity characteristics of the RM, such as intramicellar pH, because it is the compartment involved in the development of most applications. Awareness of the particularities of this environment, ignored in most cases, can help to overcome some limitations in the case of existing applications and can extend the potential of RMs to other fields.




2. Fundamental Characteristics of Reverse Micelles


2.1. Microemulsion Origin of Reverse Micelles (RMs)


Generally, different isotropic or non-isotropic ternary systems result from mixing together amphiphilic molecules of surfactants (surface-active agents) with two immiscible solvents, commonly referred to as oil, a term used liberally to refer to any nonpolar water-insoluble solvent, and water, a term describing any polar water-soluble solvent [14]. According to Danielsson and Lindman [15], the thermodynamically stable isotropic liquids obtained from this mixture are usually defined as “microemulsions” and are composed of one or more phases which coexist separately, but are in balance with each other [10], e.g., water-continuous (oil-in-water), oil-continuous (water-in-oil), and bicontinuous (middle phase) [16]. The scientific recognition of microemulsions dates from 1943 (Hoar and Schulman) [17], but the term was first used by the latter author only in 1959 to describe the transparent solution of the multiphase system formed by a water/oil/surfactant (w/o/s) mixture [18,19,20].



RMs are formed in various ternary mixtures and result from spontaneous self-assembly of the surfactant molecules in nonpolar organic solvents, without requesting any high inputs of energy or shear conditions (“dry micelles”). In the presence of water or other polar solvent, RM aggregates are taken up inside the hydrophilic internal region of the two-component cluster, thereby forming isolated droplets uniformly dispersed in the bulk solvent (“swollen micelles”) [21].



Sometimes, RM systems are referred to as water-in-oil microemulsions, with the demarcation line being quite fluid due to some similarities between them: (i) both consist of two immiscible liquids and surfactant molecules forming an interfacial film, (ii) both are thermodynamically stable isotropic systems unlike the usual emulsions, (iii) both contain aggregates in the 5–100 nm size range, and (iv) both have the capacity to solubilize microdroplets dispersed in the solvent continuous phase.



The main difference between microemulsions and reverse micelles principally constitutes the water content inside the core, as well as the physical characteristics of the water molecules. While, in microemulsions, they have the properties of “bulk” water, in reverse micelles water, they either do not exist, i.e., dry micelles, or the volume is very small, i.e., swollen micelles; thus, most or all molecules are more or less tightly related, spatially and/or chemically, to the polar groups of the surfactant. This surfactant–water connection results in special properties of the water inside the core, substantially different from the properties of typical “volume” water from the core of the microemulsion. The progressive swelling of reverse micelles with a small core result in the enlargement of the core and, thus, RM size. Consequently, the water content inside develops characteristics closer to “bulk” water. However, many researches considered that, even at moderate to high degrees of hydration, the different characteristics of water molecules inside RMs remain significant [22].



A distinguishable measurable shift between the two states of water molecules is not available; thus, the terminology is not well defined. A generally accepted differentiation between the two terms may be specified if the term “RM” refers to the nano-aggregates themselves, while the term “RM microemulsion” refers to the whole system which contains the solvents in addition to the surfactant aggregates. The used term “RM system” includes the water content from the water pool of the RMs.



From an experimental point of view, RMs present an extremely important difference compared to other types of microemulsion; they are optically transparent solutions and have a recognized homogeneity, monodispersion, and stability. Therefore, reverse micelles represent a special and distinctive case in the microemulsion domain or colloidal science, and they have the important experimental advantage of allowing advanced study of their structure using any known investigative methods, such as spectrometric methods.




2.2. Formation of Reverse Micelle Microemulsions


The molecular basis of an RM microemulsion formation relies on the particular capacity of a surfactant to be adsorbed spontaneously at the free interface between oil and water. The pellicular property is associated with the amphiphilic structure of surfactants, which confers them a dual affinity: for the hydrophilic groups from the polar phase and re for the hydrophobic groups from the nonpolar phase [23]. It is assumed that repulsive forces characterize the interactions between oil and water, and the absence of cohesiveness at a molecular level generates tension at the w/o/s interface, known as surface tension (γ, expressed in mN/m) [24]. The presence of surfactant molecules modifies the nature of the forces from repulsive toward attractive and minimizes the contact area due to their pellicular ability, reflected in the decrease in γ value below 10−2 mN/m [16,25]. The resulting interfacial energy is exceeded by dispersion entropy and, thus, the dispersion process is facilitated.



The stepwise association of the surfactant is considered to be a model for reverse micelle formation, taking into account the progressive transition from individual dissolved surfactant molecules to the growing micellar aggregate. Experimentally, it the existence of multiple equilibria has been demonstrated, assuming that a stepwise equilibrium characterizes every successive addition of surfactant, which is defined by a corresponding constant. Different association models (closed, open, and Eicke’s) have been considered in the interpretation of the RM formation. In the case of cetyltrimethylammonium bromide (CTAB) in chloroform, the latter model was experimentally validated, according to which a structural reorganization of linear associates results in the formation of cyclic inverse micelles. The process is performed within a narrow range of surfactant concentration, i.e., the so-called critical micellar concentration (CMC) [26,27].



Different basic considerations have been proposed in order to explain the formation and the stability of microemulsions, being concretized in three theories [28]: (i) interfacial/mixed film theory, suggested by Schulman, assumes that the spontaneous formation is the result of a complex dual film constituted at the o/w interface, thus decreasing the tension cumulated in this region to zero at equilibrium [17]; (ii) solubilization theory, proposed by Gillberg, states the relationship between RMs and w/o microemulsions with the help of phase diagrams, treating the microemulsion as a thermodynamically stable monophasic solution of water-swollen micelles (RMs solubilizing water) or oil-swollen micelles (normal micelles solubilizing oil) [29]; (iii) thermodynamic theory, proposed by Paul and Moulik, correlates the process of microemulsion formation with the value of the free energy of the system formed by mixing one phase into another. According to this theory, the resulting negative value governs the microemulsification process in a spontaneous and thermodynamically stable way [30,31].



At low concentrations, surfactant molecules exist independently in solution or are discretely arranged on the o/w surface, while the surface tension is insignificantly modified. The increase in surfactant concentration is accomplished by the addition of more molecules at the o/w surface with a considerable decrease in the surface tension of the solution. This tendency is kept until the surface becomes saturated, whereby the formation of the micelles is initiated, at which point the surface tension no longer changes (Figure 1).



Experimental studies of the relationship between aggregation and surfactant concentration revealed an evident transition from monomer to aggregate, suggesting the existence of a critical micelle concentration for a surfactant solubilized in nonpolar solvents. However, the nature of the transition may be different as a function of the surfactant characteristics. For example, by decreasing the surfactant concentration, the aggregates formed by an anionic surfactant, such as sodium dioctylsulfosuccinate, do not modify their size and shape until a sharp value of CMC is reached, with no aggregates being detected at a lower value of concentration. In the case of a nonionic surfactant, such as pentaethylene glycol monododecyl ether, a decrease in surfactant concentration reduces the size of the aggregates. The differences in surfactant aggregation are assumed to correlate with the strength of the solvophobic effect in nonaqueous solvents [32].



The micellization process is also characterized by quantitative parameters for self-assembled surfactant molecules. The concentration-dependent parameter is expressed as the critical micellar concentration (CMC), defining the minimum concentration of the surfactant necessary for micelle formation (Figure 1) [16]. It represents the concentration of free or aggregated surfactant molecules in equilibrium with those forming micelles, and it is characteristic for each surfactant and ternary system [33,34].





3. Surfactant Characterization


3.1. Interfacial Film of Surfactant


The properties of water droplets shielded by the surfactant monolayer in RMs, such as their size, shape, polydispersity, and interactions, are governed by the elastic particularities of the interfacial surface, in terms of the preferred spontaneous curvature, e.g., radius of curvature, and the film stiffness, e.g., constants of rigidity for mean and total (Gaussian) curvature that characterize the bending of the surface [16].



The preferred curvature, Co, defined as the difference between the areas occupied by hydrophilic heads and lipophilic tails, is classified by convention as positive curvature (toward oil, corresponding to a prevalent hydrophilic part) (for o/w systems) and negative curvature (toward water, corresponding to a prevalent lipophilic part) (for w/o systems) [4]. The ratio between the radius of the droplets and the radius of spontaneous curvature is correlated with the minimum or “critical” radius of curvature (Rc), which anticipates the shape of aggregates (Figure 2). The direction and the extent of the curvature of the adsorbed interfacial film depend on the composition of the phases it separates, as well as on the surfactant type.



The amphiphilic structure of a surfactant, which is the critical property for micellization capacity, is described by the hydrophilic–lipophilic balance (HLB), which suggests the type of microemulsion to be formed, e.g., w/o microemulsions for HLB values <10 (predominantly hydrophobic surfactants) and o/w microemulsions for HLB values >10 (predominantly hydrophilic surfactants) [19]. This concept relates the molecular structure to its elastic properties, such as interfacial packing and film curvature, and it empirically expresses the relative proportions of hydrophilic and hydrophobic groups within the molecule of the surfactant [35].



Israelachvili, in the 1970s, stated the concept of molecular packing parameters, which afforded a simple, intuitive, and predictive approach of the self-assembly process according to the contribution of surfactant headgroups [36], while Nagarajan completed this concept by emphasizing the controlling role of tails in predicting the shape and size of equilibrium aggregates [37].



The overall packing shape of surfactant molecules is conveniently described by a geometric parameter, namely, the critical packing parameter (CPP), a dimensionless number, and it can be calculated according to the following formula: CPP = V/(a0∙lc), where a0 is the surface area of the headgroups per molecule and is the result of repulsive hydrophilic forces between them and attractive hydrophobic forces from the hydrocarbon–water interface, V is the effective hydrocarbon volume resulting from chain–chain repulsive steric forces and oil-penetration interactions, and lc is the length of the fully extended chain, which limits the thickness of hydrocarbon layer.



Table 1 summarizes the correlation among the structure of surfactants (e.g., headgroups, tails, and geometry of the surfactant molecule), the interfacial film characteristics (e.g., curvature and CPP values), and the critical packing shape of the surfactant [29,35,36,37,38,39,40].




3.2. Surfactant Types


The quantitative weight of surfactants in the ternary mixtures does not represent the most important contribution to the overall properties of the RMs (Figure 3) (e.g., size and shape of water droplets, polydispersity, and droplet interactions), with their major role being conferred by the elastic properties of the interfacial layer [41]. Most RM systems can be prepared using surfactants with different chemical structures, whether ionic or nonionic, depending on the nature of the hydrophilic and hydrophobic groups.



3.2.1. Conventional Surfactants


Ionic surfactants. The most used surfactants to prepare RMs are anionic surfactants [10,41], which include sodium bis(diethyl hexyl) phosphate(NaDEHP), calcium dodecyl sulfate (CDS), and sodium dodecyl sulphate (SDS); however, in most studies, the first choice for surfactants of any nature is AOT (sodium bis(2-ethyl hexyl) sulfosuccinate), also known as docusate sodium (dioctyl sodium sulfosuccinate).



AOT (Aerosol Orange T or Aerosol OT) is an anionic surfactant with branched twin alkyl chains and a single headgroup (the anionic sulfonate), with Na+ being the usual counterion [2,41]. From a chemical point of view, it is an ester of sulfosuccinate acid (C20H37NaO7S), having three possible rotamers, but only one with appropriate stereochemistry for the most stable conformation of surfactant in nonpolar solvents [42]. The geometry of the AOT molecule is a wedge-like shape, with the polar group sitting at the small cross-section; therefore, it favors aggregates in which the surfactant molecules can keep their concave curvature.



AOT RMs are significantly monodispersed and spherical, retaining their shape over a wide range of water content (w0 from 0 to 60), while the size ranges from radii of less than 1 nm to radii of up to 14 nm.



The special attention received by AOT is related to the particular characteristics of the RM formed, e.g., it enhances the capacity to solubilize large quantities (up to 400,000 molecules) of water inside the cluster and does not need the presence of a cosurfactant [43] (Figure 4a). Its unusual efficiency is attributed to the relationship between structure and property, particularly its inverted truncated cone shape and well-balanced molecular structure [44].



The cationic group of surfactants with relevance for RM formation typically consists of quaternary ammonium alkyl salts, e.g., alkyl ammonium halides and tetraalkyl-ammonium halides. The most used in different studies and applications is cetyltrimethylammonium bromide (CTAB); however, other cationic surfactants can also be used, e.g., cetylbenzyldimethylammonium chloride (CBAC), benzyl dodecyl bis(hydroxyethyl) ammonium chloride (BDBAC), didodecyl-dimethylammonium bromide (DDAB), tetradecyl trimethyl ammonium bromide (TTAB), tri-octyl methyl ammonium chloride (TOMAC), cetylpyridinum bromide (CPB), and sodium dodecyl-benzenesulfonate (NaDBS) [10,45,46].



Nonionic surfactants. RMs formed with nonionic surfactants have extreme sensitivity to the process conditions and, therefore, are less characterized [10,41]. However, different surfactants from the Tween, Triton (e.g., Triton X-100, polyoxyethylene(10)isooctylphenyl ether), Brij (e.g., Brij30, polyoxyethylene(4) lauryl ether), and Span series, as well as Igepal CO520 or various mixtures of polyoxyethylene(5) nonylphenol ether (NP-5), polyoxyethylene(9) nonylphenol ether (NP-9), and polyoxyethylene(12) nonylphenol ether (NP-12), have been used in various studies [41,47,48].



Mixed surfactants. The simultaneous presence of an ionic and nonionic surfactant results in the formation of mixed RMs; these were specifically proposed in order to reduce some drawbacks encountered in the case of ionic or nonionic surfactants, for instance, to modify the polarity of the surfactant film and, thus, of its surrounding microenvironment [41]. Exemplary mixed RMs typically consist of the well-known anionic surfactant AOT together with Span 60 [45], Tween 85 [49], or Brij 30 [50,51] and the cationic surfactant CTAB with Tween 80 or Triton X-100 [51].



In addition to synthetic surfactants, some bile salts such as sodium taurocholate (NaTC), 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate (CHAPS), and sodium cholate (SC) can participate in the formation of mixed RM systems together with ionic surfactants, mostly AOT [52].




3.2.2. Natural Surfactants


Molecules with surface-active properties are naturally found in biological systems, mainly as secondary metabolites, and they have a diverse range of chemical structures. These natural surfactants or biosurfactants, usually of microbial origin, can replace conventional surfactants in the RM composition, with a reduction in negative effects on the environment and a potential contribution to green applications due to their nontoxic nature and biodegradability [53]. Glycolipids, such as long-chain aliphatic acids or hydroxyaliphatic acids, are known nonionic biosurfactant compounds, with the most important members being rhamnolipids [54] produced by Pseudomonas aeruginosa, trehalolipids produced by Rhodococcuserythopolis, and sophorolipids produced by Candida bombicola [55].




3.2.3. Targeted Surfactants


Affinity surfactants. The selective capacity of RMs in extraction and separation applications can be increased, especially through affinity interactions resulting from the presence of affinity ligands in the interfacial film typically formed by ionic or nonionic surfactants. An affinity ligand, such as di(2-ethylhexyl) phosphoric acid, has been used to formulate RMs together with two nonionic surfactants (Triton X-45 and Span 80) [56], while a sugar-binding affinity ligand such as lectin concanavalin A (conA) can be introduced in addition to the anionic AOT surfactant [41,57].



Another approach to improving the selective characteristics of RMs is represented by direct modification of the surfactant structure. In this way, the nonionic Span 85 was modified with Cibacron Blue (CB) F3GA, widely used in dye-ligand affinity chromatography, having structural similarity to natural ligands. The affinity of the CB–Span 85 conjugate was directed toward proteins with cofactor-binding domains, and the corresponding RMs were considered to have promising potential in the biotechnological field [58].



New surfactants. Despite the large range of available commercial surfactants, the broadening of applications and increasing expectations with respect to RM performance have led to the design and synthesis of surfactants according to the new research requests [41]. Accordingly, two new surfactants with relevance for the development of innovative applications were proposed by Goto et al., namely, di(tridecyl) phosphoric acid (DTDPA) and dioleyl phosphoric acid (DOLPA), with their hydrophobic structure adjusted in order to improve the characteristics of RM systems for protein extraction [59].




3.2.4. Cosurfactants


In many cases, the use of a single-chain surfactant is not sufficient to reduce the o/w interfacial tension below 10−2 mN/m in order to compensate for the dispersion entropy, which may lead to inefficient formation and/or stability of RMs. To overcome these inconveniences, addition of a second surfactant with low molecular weight is needed in order to decrease the bending factor of the surfactant layer and enhance the thermodynamic stability. The amphiphilic nature of a cosurfactant allows its accumulation mostly at the interfacial layer, followed by the incorporation of cosurfactant molecules into the layer formed by the main surfactant. Their proposed mechanism of action suggests a buffer action of cosurfactant molecules, resulting in a decrease in both electrostatic repulsive interactions between the charged headgroups and hydrophobic interactions between the hydrophobic tails of the first surfactant molecules [34,60] (Figure 4b). This effect results in a denser packing of surfactant molecules and the formation of a stable RM inner core, as well as increased flexibility of the interfacial film around the droplets of RM and an enhanced interdroplet interaction [47]. On the other hand, the use of a cosurfactant results in modification of the overall HLB of the system, i.e., a cosurfactant with very low HLB is typically added to a surfactant with high HLB.



An advantage of cosurfactant use is the possibility for them to operate as tunable tools for the shape and diameter of RMs (e.g., enlargement of micelle size using a cationic surfactant); however, their presence leads to a system with a higher degree of complexity, with the phase diagram for four components being more difficult to obtain [60].



The efficiency of cosurfactants is correlated with their ability to penetrate the surfactant layer to a greater depth. Generally, the most effective cosurfactants are short- to medium-chain alcohols, for example, n-butanol, n-pentanol, n-hexanol, n-heptanol, n-octanol, n-decanol, isopropanol, and benzyl alcohol, as well as cholesterol, and, in some cases, propylene glycol [60].






4. Characterization of Reverse Micelles


4.1. Structural Characterization of RMs


Reverse micelles are composed of aggregates of surfactant molecules structured in a polar core of hydrophilic headgroups, with their hydrophobic tails directed outside into the organic bulk. The concept of surfactant aggregate formation was initially proposed for an aqueous medium by James William McBain in the early 1910s, while, two decades later, G.S. Hartley named this concept “micelle” (from the Latin “mica” which means small particle), a term borrowed from biology [61]. The term “reverse micelles” originated much later, in the 1970s, specifically defining the reversed/inverted situation of a normal micelle, consisting of an amphiphilic aggregate formed in a nonpolar hydrophobic medium.



Reverse micelles represent dynamic formations [62] that can exchange surfactant molecules with solvent at a high rate, with the residence time of the surfactant molecule being about 10−7 s [63]. Despite the high mobility of surfactant molecules and their continuous vibration, the micellar interface is well defined and not permeable to organic solvents surrounding the micelle aggregates [64].



Most of the structural properties of RMs are induced and controlled by the ratio between the polar phase and surfactant concentration. As water is generally the polar phase used to obtain RMs, this parameter is referred to as the degree of hydration and is considered even more relevant to describe the system features than the water content [65,66,67]. Thus, it is commonly defined as the molar ratio of water to surfactant, i.e., w0 = [H2O]/[surfactant].



Geometrical considerations can be applied in most cases, with droplets typically described as spherical-like structures, and a linear relationship between the average droplet radius Rm and the externally controlled parameter w0 can be set as follows: Rw = 0.175w0, while the hydrodynamic radius, R, is described by the length of the surfactant molecule in addition to Rw: R = Rw + 0.15 [66].



For a particular RM containing the AOT surfactant, this relationship is defined as Rm (nm) = 0.15w0 + 0.44, where 0.44 nm represents the diameter of the dry micellar core delimited by a surfactant film with the optimal interfacial curvature [67].



Generally, the degree of hydration of RM ranges from 1 to 50, a value which can be exceeded in particular systems, corresponding to a diameter size varying from 1 to a few tens of nanometers [68]. RMs are characterized by a surprisingly narrow range of size distribution, with the polydispersion index varying from 10% to 20% depending on the ternary system [69].



The size of RMs is a tunable system parameter, which can be controlled by varying the values of w0, e.g., an increased/decreased diameter of the inner RM cavity is obtained by increasing/decreasing the water content at the same surfactant concentration or by decreasing/increasing the surfactant concentration at a constant water concentration [70]. Furthermore, the concentration of RM aggregates present in bulk solvent can be changed by simultaneous modifying the water and surfactant concentrations, while keeping the w0 value constant.



RMs are characterized by a low interfacial tension (generally less than 10−2 mN∙m−1), but a large surface area (102–103 m2∙cm−3), while their nanometer size (usually no more than 100 nm) confers optical transparency to the colloidal solution (Figure 5). The RM surfactant aggregates generally have a smaller size compared to their hydrophilic micellar counterparts, with an aggregation number less than 50.



As a consequence of the micro-aqueous phase structure in the internal cavity of RMs, the effective polarity and viscosity of the intramicellar water vary radially and differ substantially from those of the solvent water. For example, from fluorescence data, it was concluded that the polarity of the intramicellar medium at low degrees of hydration is closer to the value for methanol, only reaching values equivalent to those of bulk water at high values (w0 = 30). Regarding the viscosity of intramicellar water at low wo values, it was found to be 200 times higher than that of chloroform [71].



The nucleophilic activity of solubilized water in AOT RMs is 103 times higher than that of solvent water [72]. The greatest reaction capacity is presented by water molecules that hydrate the polar groups of the surfactant, as well as those in the immediately adjacent hydration layer. The subsequent addition of water decreases its reaction capacity due to the formation of intermolecular hydrogen bonds.



In contrast to normal micelles from aqueous solutions, reverse micelles are characterized by an electrically neutral outer layer such that Coulomb rejection forces do not occur, thus enabling frequent collisions [63]. It is considered that the exchange of content between RMs is a collision–fusion–fission process [73]; the collision of two RMs results in a dimer containing a single aqueous nucleus obtained via the fusion of two component nuclei, and dimer fission results in the formation of two new RMs with redistributed content [74].




4.2. Water Pool Structure


In RM, the properties of water molecules are generally influenced by the interface, particularly the surfactant heads, modeled as a pair of atomic ions. Their structure inside the water pool is described as a multilayered composition, where the water pool is the term proposed by Menger in 1973 [75,76] and generally accepted to define the water entrapped inside the RMs.



While the typical model takes into consideration two states of water molecules [77], i.e., a layer located nearby the surfactant interface corresponding to the “bound” layer and the bulk-like water in the interior of the water pool considered to be the “free” form, a more complete model identified a structural heterogeneity described by three species of water molecules, with the third specie of water being the molecules “trapped” at the surfactant interface (Figure 6) [78,79,80,81].



The region consisting of trapped water is the nearest layer to the surfactant cavity and is composed of molecules which interact directly with the large immobilized headgroups of surfactants, forming a cluster around them, while the H-bonds between water molecules do not exist. In the case of AOT RMs, trapped water is coordinated with the AOT headgroup and/or carbonyl group, with about 13 trapped water molecules corresponding to one surfactant molecule [82].



The ensuing layer is located in the neighboring interface, where its influence is very strong, and it consists of rigidly fixed molecules (“bound” state of water) between the charge groups of surfactant molecule (e.g., 2–3 water molecules rigidly bound by one AOT molecule). In this layer, H-bonds settle either with the headgroup or other water molecules, and ion–dipole interactions between counterions and water molecules also occur. This results in an organization and orientation of the water molecules in this region, corresponding to the intermediate layer in the three-state model or the interfacial layer in the two-state model.



Being protected by the previous water layer, as well as by the counterions, the water molecules inside the water pool of the RM have a similar but not identical structure to bulk water, with each molecule forming approximately four H-bonds [83]. They compose the “free” state of water in the RM, sometimes considered a separate phase, and this behavior is characteristic of large RMs (w0 ≥ 16.5) where the influence of the interface is no longer as powerful in the center of the RM [43].



Generally, the number of water layers in the RM is directly correlated with the interface interaction strength and indirectly related to the RM size and hydration degree [84]. Thus, different percentages of interface-interacting water have been reported, ranging from 100% in very small RMs (w0 = 2) to 36% [43] and 25% [85] in intermediate RMs (w0 = 10 and w0 = 16.5, respectively), and only 8% in very large RMs with w0 = 46 [85].




4.3. pH across the Water Pool


The principal parameter usually used to characterize any aqueous system is the pH, one of the older concepts, defined more than a century ago. The actual standard definition for pH, recommended by the International Union of Pure and Applied Chemistry (IUPAC), is based on hydronium ion concentrations and is applied only for a range of pH between 2 and 12, at an ionic strength of no more than 0.1 mol·L−1 [86]. According to these conditions, the minimum volume necessary to apply the conventional definition of pH in an aqueous solvent is determined by the dissociation of water molecules [87,88]. For instance, at neutral pH, only one in 107 molecules of water is dissociated; however, the number of water molecules in very large RMs is only about 300,000 (w0 = 40), with this number being even lower in smaller RMs (e.g., about 30.8 molecules for w0 = 1.5 or 20,500 molecules for w0 = 10.5) [89]. Therefore, the number of water molecules inside an RM water pool is insufficient to have at least one hydronium ion [90,91]. This argument describes the traditional concept of pH as a bulk macroscopic parameter which cannot be directly applied in the case of size-limited systems with a very small number of water molecules (on average, approximately 103), where the effective proton concentration cannot be calculated. In addition to the abovementioned considerations, a gradient of proton concentrations inside the water pool is expected, related to its structural heterogeneity [86].



The conceptual problems regarding pH in RMs, as well as the experimental difficulties related to the unenforceable use of traditional pH-meters [13,92], were identified as early as 1980 by Luisi and coworkers [83], who emphasized the impossibility of determining the absolute value of pH in RM and recommended two working pH values, the pH inside the water pool, defined as pHwp, and the pH of the starting buffer in bulk water, defined as pHst. Arguing the major differences between the two approaches, the author suggested treating the water inside the RM as a new solvent and proposed the use of an empirical acidity scale based on measurements of 31P-chemical shifts of phosphate buffers [93]. In AOT–isooctane RMs, the experiments reported by Luisi revealed a pHwp/pHst difference of less than 0.4 pH units, a difference which may be variable in other cases or experimental conditions [94].



As the accuracy of the classical definition of pH based on proton activity is at the very least uncertain in RM, researchers have reoriented toward concepts such as “acidity” and “basicity”, which are considered to be more adequate in such systems. These concepts are associated with indirect measurements based on acidity scales using a molecular probe in a pH-sensitive reaction, and they are generally evaluated through a spectroscopic method [95], i.e., either ultraviolet/visible light (UV/Vis) absorption based on the shifts of spectral peaks or (steady-state and time-resolved) fluorescence techniques using a pH-sensitive excitation spectrum [89]. In the latter case, probe molecules presenting excited-state proton transfer may reside in different regions of the water pool [91], e.g., 2-naphthol-6,8-disulfonate sodium salt located in free water [96] or 7-azaindole mostly present in the interfacial zone of AOT RMs [97], and their fluorescence responses suggest/confirm the heterogeneity of the water structure in RMs.



The presence of the probe molecule, even at a very low concentration, can interfere with the formation and nature of the RM, change the overall charge during proton transfer, and/or influence the inside environment [98,99]. For example, in CTAB RMs, the chromophore probe molecule Ru(bpy)32+ affected both the water content and the distribution of droplet size [100]. All of these drawbacks confer a degree of ambiguity to the assay results which can be avoided by using an alternative method such as NMR to evaluate the acidity of the aqueous core [101]. While 31P-chemical shifts, initially proposed, restrict the measurement area to the use of phosphate buffers inside the water pool, other magnetic resonance relaxation measurements have been proposed to measure the local proton activity in RMs. Halliday and coworkers [84] used the effect of pH changes on the relaxation times (T1 and T2) of the aqueous droplets inside RMs (e.g., CTAB–hexanol–water, CTAB–hexane–pentanol–water, and Triton X-100–cyclohexane–hexanol–water). Baruah and coworkers [98,99] used another NMR probe, namely, a highly charged decavanadate (V10) oligomer, for 51V-NMR spectroscopy in AOT–isooctane RMs [99]. The information obtained showed the consistent deprotonation of the probe and indicated the existence of a proton gradient inside the RM (neutral core, but acidic interface) caused by the migration of protons toward the interface and the concentration of counterions in the core of the RM [102].



In addition to the methods using optical pH sensors or molecular probes, Mukherjee and coauthors [92] proposed the acid-catalyzed hydrolysis of sucrose [103], i.e., the inversion of sucrose, and they monitored the reaction via the rotation of polarized light. Their study was based on two working hypotheses: (i) a neutral molecule of sucrose would be located inside the water pool; (ii) the availability of protons inside the water pool would affect the rate of sucrose hydrolysis in the micellar medium compared with the reaction rate in bulk water. In AOT RMs, the slowdown of the inversion rate is correlated, in agreement with the 51V-NMR conclusions, with a deficiency of catalyst, i.e., H+, in the core, while the increased reaction rate in CTAB RMs suggests a higher concentration of protons in this area (Figure 7).



A concept proposed by some researchers [104], but not generally accepted [105], is the buffer-like action of water from RMs due to the effect of titratable surfactant headgroups, i.e., the component with a higher concentration in the RM aggregates. This behavior was reported especially for AOT surfactant, which maintains the inside pH values at 5.0–5.5 for any value of bulk buffer used, while the surfactant mixture CTAB/hexanol has a very low buffering capacity in the experimental range of pH from 4 to 10 [92].



All measurements of local pH in RMs are subject to the influence of a diversity of factors, such as ionic strength, viscosity, polarity, and conductivity; therefore, considerable attention must be paid to the accurate description of RM components and experimental conditions, especially for comparative studies. Since 1992, Walde has warned about the pH artefacts caused by high concentrations, acidic/basic substrates, impurities, or products in enzymology experiments [106].





5. Biomimetic Relevance of RMs


A large range of biological systems, e.g., lipid layers and protein pumps, and biochemical functions, e.g., macromolecular recognition and biocatalysis, take place in nano-restricted environments delimited by cellular membranes inside cells and/or cellular organelles. Furthermore, the intracellular environment is characterized by a compact, but highly compartmented structure and a heterogeneous matrix containing various macromolecules with different shapes and sizes.



Conventionally, biological/biochemical studies in vitro confer only a basic view regarding intrinsic information of the biomolecular structure and function resulting from their isolation through extraction procedures and the removal of macromolecules from their natural matrix, accomplished due to the loss of a structured microenvironment and partial alteration of the native structure and functions in vivo [107]. In addition, to avoid aggregation problems and to minimize the nonspecific interactions that occur at high concentrations, studies are generally performed in a diluted buffered solution, which is too simple an environment with respect to the compositional complexity of the intracellular medium.



Addressing these major limitations regarding the relatively idealized thermodynamic conditions of “physiological conditions” used in vitro, so-called “synthetic cells” were proposed, representing simplified mimics of the biological cell environment, including biomembranes, the cytoplasmatic structure, and inside interactions [108]. A successful approach to achieving the correlation of in vitro with in vivo conditions implies the selection of an appropriate model that can simulate, to a high degree of accuracy, the structure and function of the biomolecules, particularly proteins, in biological membrane structures. Currently, inverse micelles are recognized as biomimicking models with biological relevance for in vivo cells, as well as structures such as bilayers, liposomes, and biomembranes [109,110,111].



An additional experimental advantage of RMs is represented by the optical transparency of the system, even at millimolar concentrations of peptides, allowing the spectroscopic analysis of water dynamics and active protein conformation in cell mimics.



The basic principles which make RMs of great interest as a biomimetic model are (i) confinement and the crowded cytoplasmatic environment, (ii) the molecular dynamics of water, and (iii) the biomembrane structure.



5.1. Confinement and Crowding


The confinement concept refers to the accessible volume within a “cage”, in contrast with dispersion throughout space. Starting from the definition of RMs as nano-pockets of water capped by a monolayer of surfactant, it is obvious that they are good candidates for a confinement model of macromolecules included in a restricted volume [112,113]. Even though there are some common features such as the closed geometry and limited size of macromolecules dimensions, many other aspects differentiate RMs from the biological environment, even when referring to the simple interface composed of one or two constituents, which is radically different from the complex multicomponent structure of biological walls/membranes [114].



In addition to the restricted volume, the intracellular environment is characterized by a high concentration of macromolecules which occupy the cellular volume in a range of 5–40% [115]. All macromolecules within this environment have different degrees of contribution to this high value; however, no individual species have a high concentration. Therefore, cytoplasmatic space is generally considered a crowded environment, but not a concentrated one [116,117]. The crowding phenomenon is a closely related concept to confinement, promoting nonspecific interactions between neighboring molecules [118,119].



The effects of macromolecular crowding on enzymes were experimentally determined using concentrated solutions of model “crowding agents” (e.g., poly(ethylene glycol), dextran, Ficoll, bovine serum albumin (BSA), or cellulose derivate) [120]. Having in mind that not all crowders are equal with respect to protein activity due to their specific interactions, the replacement of synthetic agents with a native-like medium composed of natural crowders (e.g., intracellular content) will lead in the future to a more realistic model of crowding and confinement inside cells (Figure 8).



According to the excluded volume principle, defined as the volume occupied by some macromolecules but unavailable to others, it is considered that confinement has a main effect on the protein stability [121], whereas the crowding contribution is reduced. Instead, the crowded space is involved in the exclusion of volumes (e.g., water) from the proximity of one molecule by the presence of the other macromolecules (e.g., proteins, polysaccharides, or nucleic acids). It is assumed that the basic mechanisms involve (i) a reduction in entropic energy for protein folding cause by the limitation of possible protein conformations and entropy of the unfolded state, and (ii) a modification of water properties due to the vicinity and implication of the interface composed of surfactant and macromolecules, as well of ions [122]. Anticipating interconnected effects, these two phenomena are considered to affect to different extents the essential reactions and events in a living cell, as well as most of the protein features in cellular environments, such as protein folding and stability, conformational behavior, protein dynamics, and biological activity. It is worth mentioning their role in promoting protein conformation in a compact unfolded state and in favoring the dynamic process of transition from the unfolded to folded state of a protein, i.e., the folding rate [123].




5.2. Models for Molecular Dynamics of Water in Restricted Volume


The properties of pure water are generally related to its extended network of hydrogen bonds, while water from natural/biological systems is significantly different, mainly as a consequence of the truncated H-bond network caused by confinement, resulting in a reduction in the cooperative effects. The presence of an interface, which is in the most cases highly charged, and the nanoscale confinement imply the rearrangement of the H-bond network, resulting in the structural dynamics of water molecules in a bioenvironment being significant different from that in bulk water.



Reverse micelles are considered as convenient models for studying the structural organization and dynamics of water molecules in a restricted volume. In addition to their appropriate structure in a natural model, they provide a tunable system for monitoring water dynamics and the interfacial effects in such media [77]. Over the past few decades, the dynamics of water molecules inside RMs have been intensively explored, with a wide range of experimental techniques being applied to measure either the responses of individual molecules of water in RMs or the evolution of the hydrogen-bond network from inside the water pool [111,124,125,126,127]. The progress of physicochemical methods of investigation, especially in recent years, has also had an important impact on research in this area, with some of them contributing to the elucidation of the dynamics of water molecules in restricted media such as RMs. A wide range of experimental techniques have been applied to measure either the responses of individual molecules of water from RMs or the evolution of the hydrogen-bond network from inside the water pool; these include conventional and well-known infrared (IR) and Raman spectroscopy, femtosecond pump-probe, photon-echo, optical Kerr effect, and small-angle X-ray scattering (SAXS) experiments, sum-frequency generation (SFG) spectroscopy, and two-dimensional infrared spectroscopic studies [128,129,130].



The development of new methods based on known principles is aimed at improving the accuracy of the information offered. For instance, by coupling a mid-infrared pulse shaper to an SFG spectrometer, researchers achieved a two-dimensional sum-frequency generation spectrometer combining the advantages of two-dimensional (2D) IR spectra with the monolayer sensitivity of SFG [131,132,133]. Time-resolved sum-frequency generation spectroscopy, a fourth-order extension of conventional SFG spectroscopy, can be used to evidence the structural heterogeneity of water at various interfaces and to define the structural anomalies of interfacial water [134]. While far-infrared (far-IR), Raman, and two-dimensional IR (2D-IR) spectroscopy provide data related to the density of states in the low-frequency range but little related to the hydrogen-bond dynamics, three-dimensional IR (3D-IR) spectroscopy is a nonlinear method with low-frequency degrees of freedom, providing much more data related to intermolecular dynamics, i.e., homogeneously or non-homogeneously broadened, as well as to the hydrogen-bond dynamics in terms of non-Gaussian stochastic processes [135,136]. As a solution to the controversial discussion regarding the structure of water, 2D Raman terahertz spectroscopy has been proposed, which extends the multidimensional vibrational spectroscopy into the far-IR region. Two-dimensional Raman THz spectroscopy is useful for exploring the dynamics of the collective intermolecular modes of liquid water at ambient temperatures, as a consequence of the formation of hydrogen-bond networks. These modes allow elucidating the couplings and inhomogeneities with various degrees of freedom. The echo identified using the technique indicates whether a heterogeneous distribution of hydrogen-bond networks exists, with only a 100 fs timescale.



Molecular dynamics (MD) simulations [137] or MD correlations with vibrational spectroscopy [138], providing fundamental data regarding the physical characteristics of reverse micelles, as well as a newly created web site (http://frequencymap.org (accessed on 2 February 2021)), proposing to define vibrational spectroscopic maps [139], are other examples of approaches directed toward obtaining a clear, coherent, and sustainable image of the water dynamics in restrictive environments.



The experimental observables obtained using different methods do not always lead to the same model of structural organization and dynamics of water, whereby the authors generally explain the discrepancy as a function of the characteristics and particular approaches of the measuring techniques. For instance, absorption spectra and vibrational time decays discriminate various H-bonding environments in RMs, whereas orientational and spectral diffusion functions suggest a size-dependent dynamic which is not strongly influenced by the spatial location inside RMs.



Special steady-state spectra and population relaxation experiments are correlated with the energy level of the system, while spectral diffusion and orientational relaxation are generally governed by the structural evolution of global H-bond networks [139]. Numerous studies concerning water from the interior of RMs revealed an inhomogeneity of water characteristics defined by a multilayered structure, leading to the question whether water from RMs can be evaluated as a single species or as two or more separate populations [140,141,142].



On the basis of these different considerations, many research groups have suggested several models to formulate water inside nanodroplets, which have become landmarks in the complex approach to elucidating water behavior in RMs. The core–shell model [115,143] considers that water properties are influenced only locally, dividing the nanoscopic water pool into two sub-ensembles: the core, located in the center of droplet at some distance from the headgroups and characterized by properties similar to those of bulk water, and the shell, bound to the surfactant layer, modeled using the particular properties of water associated with the surfactants headgroups.



Applying this well-known model in their studies, Fayer [33,103,144] and Levinger [82] reported the results of experiments regarding water in RMs of different size (large, small, and intermediate), concluding that large AOT-based RMs consist of two ensembles of water, whereas only a single water structure was detected in small RMs. They defined the properties of water in the shell layer as corresponding to the characteristics of w0 = 2 RMs, where all water molecules interact with the surfactant interface. According to their conclusions, water in RMs of a medium size (approximately w0 = 10) presents an intermediate state between the collective dynamics (small RMs) represented by a coupled situation and the two-ensemble dynamics related to separation into components (large RMs). In this case, the interface water influenced the dynamics of water molecules situated at a distance from the interface, while the dynamics of all molecules did not correspond to one group, as seen in small RMs. Even if the water dynamics in medium RMs are separable into two components, the small size of the water pool does not allow the interface’s influence to entirely disappear, and a water core similar to bulk water is formed, as seen in large RMs.



Bakker and coworkers calculated the relative fraction of shell and core water in anionic AOT or cationic CTAB RMs and observed a size dependence of orientational dynamics on the distance from the interface [145,146,147]. On the basis of these results, the authors considered that all water molecules encapsulated in RMs, regardless of their spatial location inside the micellar pool, suffer modification of their vibrational relaxation rate according to the alteration of the H-bond network. These nanoconfinement effects are the basis for the so-called “homogeneous droplet” model [126], which considers all water molecules as being identical throughout the micellar droplet due to the rapid transfer of intermolecular energy. According to Piletic, the water inside a small RM shows a more homogeneous dynamic through the water pool due to a collective nature of the H-bond network [143].



The validity of the core–shell model was only experimentally confirmed for cases when the properties of micellar water molecules do not imply an H-bond network. Instead, the measurements of orientational relaxation were in good agreement with investigations of the complex rotational motion of molecules in supramolecular systems performed with the nanosecond fluorescence polarization technique. According to the “wobble-in-a-cone” model [148], the free rotation is restricted to an angular scale range within a cone caused by the orientational constraints imposed by the structural rearrangement of the H-bonds from the surrounding framework. Furthermore, the internal friction decreases the rate of reorientational motion inside organized structures compared to the expected value in an aqueous medium [149]. The model defines a correlation between the timescales required for the orientation of water molecules in a restricted structure and for complete orientational relaxation during the randomization of the whole network of H-bonds. The randomization process assumes the splitting of existing H-bonds and the formation of new ones in a similar way to the Ivanov jump reorientation model [150] and extended jump model proposed by Laage [140]. Thus, in small RMs, a separation of time scales has been detected because the limit of the cone angular scale is achieved before the finalization of total randomization, which is associated with an observed biexponential decay of reorientation. In contrast, no separation in timescales (single-exponential decay) was noticed in large RMs where a reverse situation is encountered (i.e., complete randomization first, followed by the limited cone angular scale being reached).



Moilanen identified two main factors that contribute to the transition from the bimodal nature of dynamics to a collective one: the mechanism of water reorientation and the nature of interface related to RM size [75]. The first is based on the model proposed by Laage and Hynes [140], which considers the reorientation of water molecules as an unlocated process, in which the reorientation of one molecule causes the rearrangement of approximately 16 other molecules from the first and second shells of solvation, thus affecting their dynamics. The most significant effect was observed in small RMs where the dynamics of most water molecules slowed down even when they were at a distance from the interface, while this effect quickly disappeared in the presence of a greater number of water molecules, as seen in large RMs. The second factor refers to the changing structure of the RM interface with the reduction in RM size, particularly with respect to the characteristics of the curvature and surface area per headgroup. Thus, large RMs (w0 ≥ 16.5) had a gentle curvature of the interface, showing an almost planar surface, while a decrease in RM size from w0 16.5 to 6 was associated with a significant surface curvature and an increased rigidity of interface structure caused by the simultaneous interactions of water molecules with multiple headgroups.



Two components of solvation dynamics have been identified in RMs: a fast one (sub-picoseconds) and a slow one (ranging from hundreds to 1000 picoseconds), which are not encountered in bulk water. To understand this special behavior of water in confined geometries, theoretical models have been used for molecular dynamics (MD) simulations such as simplified single-site or simple potential interaction models [67]. Even if not all interactions are taken into account, MD simulations are considered to be a qualitative model for solvation dynamics in a restricted environment. Among the many suggestions, there has been special interest in the MD simulation proposed by Senapathy and Chandra [151], which delimited the interaction contributions of water from the interfacial layer from other effects (e.g., interactions between water and surfactant molecules). In their MD simulations, Faeder and Ladanyi examined the effects of RM size, treating the water and surfactant headgroups at a molecular level only, while the interior was modeled as a rigid spherical cavity, with the surfactant tails and the nonpolar medium as a continuum. The simulations identified distinct water molecular layers independent of the RM size.




5.3. Biomembrane Structure


For a long time, only the protective role of biomembranes was taken into account, and their participation in other life processes was minimized. More recently, the dynamic role of biomembranes was reported, changing the concept of a passive matrix in the case of biomolecular reactions [152,153]. In addition to proteins, a large contribution of lipid bilayers has been identified in cellular activities to the mediation of cellular metabolism or transmission of information [154]. In some cases, the influence of biomembranes on the evolution of cellular life has also been shown, including in the malignancy process where significant differences between normal and malignant cells were detected at this level [10,152].



In living cells, the transmembranal flow of various compounds (e.g., metabolites and nutrients) assumes the rearrangement of the amphiphilic phospholipid bilayer. Different intermediate membranous structures with a carrier role have been identified, including reverse micellar structures. Their similarity with natural structures from the membranes of living cells unequivocally confers them with the status of a membrane-mimetic system.



For example, Hamada et al., constructed a biomimetic water-in-oil microdroplet membrane based on ternary lipids of dioleoyl l-α phosphatidylcholine/saturated dipalmitoyl l-α phosphatidylcholine/cholesterol, to study the lateral localization of the amyloid β peptide at this heterogeneous membrane interface in the presence and absence of a ganglioside lipid raft [155]. Amyloid β peptide was used for selective association on the constructed membrane surface, due to the important role of this peptide in Alzheimer’s disease pathology, where it was considered that the interaction between this peptide and a lipid raft consisting of ganglioside leads to an acceleration of amyloid β peptide aggregation. Thus, the authors proved that the biomimetic lipid raft was achieved using ternary lipid membranes covering microdroplets of olive oil or dodecane, thereby obtaining ordered lipid structures [155].



The molecular diffusion behavior was studied by Harusawa et al. using a highly concentrated solution of polysaccharide dextran and its monomer unit, glucose, inside cell-sized droplets covered with a lipid layer of phosphatidylcholine [156]. The authors modeled an intracellular environment by crowding micrometer-sized polymer droplets covered with a lipid layer in order to investigate the effect of membrane properties on molecular diffusion. Through the addition of poly(ethylene glycol)-conjugated lipids to the phosphatidylcholine membrane, the degree of slow diffusion was altered inside of the small droplets of concentrated dextran. Harusawa et al. demonstrated that droplet size-dependent slow diffusion is unique in polymer solutions; thus, by controlling the surface properties and sizes of membranous and non-membranous organelles, the molecular diffusion can be regulated, also in addition to the polymer concentration and numerous phase behaviors such as liquid–liquid phase separation, with important applications in the fabrication of biopolymer gels/droplets, artificial cells, and other small polymer materials [156].



The effects of droplet size and temperature on the dynamic behaviors of an aqueous solution of hydroxypropyl cellulose (HPC) coated with phospholipids in oil (water-in-oil droplets) were studied by Yoshida et al. [157]. The beginning of phase separation of the HPC solution, one of the most representative biocompatible polymers, with its main component (multi-sugar chain) being found in living cells, was observed by the authors, who demonstrated that the start time of phase separation is decreased with the increase in droplet size [157]. This study of cell-size confinement effects on the dynamic behaviors of biocompatible polymers highlighted the importance of droplet size and of the lower critical solution temperature for the dynamic phase behavior, not only for artificial cell construction, but also for understanding the physicochemical properties of living cells [157].



The well-known RMs consisting of AOT–isooctane–water were also used for studying the insertion of myelinic protein into cell biomembranes [158,159].



With the reconsideration of the role of biomembranes, including their mimics, RMs are no longer treated as simply passive aggregates with interesting structures. A substantial argument in this regard is supported by the discovery of the possible initiation of self-replication of RMs according to the reaction that occurs within micellar structures [160,161].



The recognized status of RMs as a membrane mimetic was valorized in the investigation of different membranal processes such as electron transfer [162], as well as in the evolution of micellar structure or intermicellar interactions. In the latter case, the structure of RMs, in particular AOT RMs, is represented by a hard sphere of repulsive forces (charged surfactant headgroups) [163], operating with a tight attractive outer shell (surfactant tails). Interactions between RMs mainly involve the mechanism of collision–fusion–fission for the exchange of internal content [164]. The first step implies Brownian motion, the second step is characterized by attractive energy and adhesive interactions at the micellar surface level in the absence of Coulomb rejection, and the third step is a result of the short-life of the instable dimer formed [165,166].



Useful information regarding various processes in RM systems, as well as forces and interactions between RMs, has been obtained from examinations performed using simple and rapid electrochemical techniques such as steady-state microelectrode voltametric investigations. Furthermore, a significant scientific contribution allows providing the electroactive probes located at different redox active sites (e.g., aqueous core and internal or external micellar surface) in membrane mimetic structures [167].



Therefore, the importance of RMs as a cell membrane-mimetic system is increasing, being a convenient experimental approach to reproduce, even in part, such a complex supramolecular organization in an artificial system [168]. Some researchers even proposed RMs as a model for the very first membranous structures, i.e., the primitive membranes that supported the self-replication cycles at the beginning of planet [10,169]. Due to their involvement in reactions that precede the process of life, in the opinion of many researchers, RM structures may be placed at the interface between “nonliving” and “living” [160,161].





6. Potential of Reverse Micelles in Innovative Applications


Reverse micelles represent self-organized aggregates with nanometer-sized confined water pools, having great potential for designing and creating subsystems, such as artificial cells, containers, and vehicles from nonliving materials with a wide range of applications (nanotechnology, food, medical science, cosmetics, etc.), due to their characteristics, such as thermodynamic stability, spontaneous formation, large surface area (102–103 m2∙cm−3), low interfacial tension (<10−2 mN∙m−1), transparency, nanometer size (<100 nm), and a highly dynamic nature.



In the past three decades, RMs have been used in different scientific fields for enzymatic catalysis [170], as models of membrane systems for the separation of proteins [171], for enzyme immobilization and storage of their activity [172,173], for studying changes in the protein structure and modeling intracellular crowding [174,175,176,177,178], for encapsulation of drugs and essential oils into hydrophilic water cores [179,180,181], for enhancing and tailoring the luminescent properties of fluorescent compounds [182,183,184,185], for protein refolding [186,187], and as nanoreactors [188,189,190] (Figure 9).



Below, the potential of reverse micelles is highlighted for the developments of nanotechnology applied in fields of great interest, in addition to their contribution to opportunities in other domains.



6.1. Development of Nano-Synthesis Using RMs


The large fields of nanotechnology and nano-based sensors have attracted increasing interest in the last few decades. The use of nanotechnology for (bio)sensor production led to an extensive range of applications, allowing miniaturization and enabling their integration in many other devices.



The development of nano (bio)sensors is based on the use of nanomaterials either as directly sensing elements or as associated materials to detect specific molecular interactions occurring at the nanoscale.



Chemical and physical methods have been the most used techniques for the fabrication of well-defined inorganic nanomaterials. Chemical vapor deposition, electrodeposition, and metal–organic vapor deposition based on ionic, atomic, or molecular precursor decomposition also represent viable routes for obtaining ordered nanoparticle networks [191]. Since the special properties of nanomaterials (mechanical, chemical, physical, optical, electrical, magnetic, thermal, and biomedical) are strongly dependent on the size, composition, and shape of the nanostructures, different approaches have been taken into consideration for controlling the nanomaterial fabrication.



The high surface-to-volume ratio and the novel physicochemical properties of the nanomaterials have led to the achievement of high performance in terms of sensitivity, selectivity, and detection limits; therefore, nano (bio)sensors have found application in various fields, including clinical diagnosis, environmental monitoring, food quality control and processing, pharmaceuticals, and agriculture, through onsite, in situ, and online determinations [192].



Thus, in the last few years, considerable attention has been paid to the design and synthesis of nanomaterials (nanoparticles, nanodots, and nanotubes) with specific properties for advance applications by using organized self-assembled microemulsions [37]. Reverse micelles represent nanoscale hydrophilic cavities of microemulsions and an environmentally friendly alternative used for the first time as nano-templates for nanomaterial synthesis, thus resulting in nanostructures of palladium, platinum, and rhodium being obtained for the first time [37].



6.1.1. Reverse Micellar Routes for Nano-Synthesis


While nanostructures with well-defined composition, size, and morphology represent a general aim in synthesis, the formation of a biomimetic structure still represents a challenge in this domain. The re-creation of the relationship between structure and function which characterizes living entities, defined as ”biomimetics” (term proposed by Schmitt in the 1960s) [192], can be achieved via different synthesis approaches. Zan and Wu proposed a classification into functional biomimetic synthesis (FBS), related to mimicking properties, and process biomimetic synthesis (PBS), related to mimicking methods [193].



A large spectrum of biomimetic models is available, but special attention is currently directed toward reverse micelles (RMs), which are generally recognized as a template for cellular structure, including the intracellular medium. On the other hand, RMs are also regarded as ideal templates for nanoparticle synthesis, because each RM can isolate a particle inside its water core, thus preventing particle aggregation. As such, the homogeneity and monodispersion of RMs can be used to control the size of nanostructures, while also maintaining their size distribution, whereas various structures can be used as templates for different morphologies of the same nanomaterial.



The special characteristics of RMs, with respect to their aggregates and the dynamics of the system, have been valorized in the so-called reverse micellar route for the synthesis of nanomaterials [194,195,196], which is considered a bottom-up approach for manufacturing nanomaterials. This approach implies the self-assembly of small components into larger organized systems involving either natural principles or external forces. Synthesis via RMs, sometimes called the microemulsion technique, represents a successful approach allowing the restriction of particle size distribution, as well as prevention of their agglomeration. Generally, it is considered a versatile technique as it is able not only to control the properties of the nanoparticles, but also to vary them across a broad range of sizes and morphologies due to the variety of surfactant aggregate structures that can be used as templates. The RM approach can be considered as a version of biomineralization whereby the biomacromolecules, organized in aggregates, modulate the nucleation, growth, and type of minerals of inorganic origin [197]. Additionally, it is worth mentioning that this route does not imply the use of special equipment, which is an advantage from an economical point of view [198,199].



Two methods have been identified for the application of the technique, according to the number of microemulsions involved in the nanoparticle synthesis and the process governing the particle formation [200].



The first microemulsion method is an additive method where it is assumed that a reactant (precursor for particle formation) is contained inside the water droplets of the microemulsion. The initiation of the reaction leading to particle formation is achieved by using an energy-triggering agent (e.g., pulse radiolysis, laser photolysis, ultrasonication, or temperature elevation [15]) or by subsequently adding, directly into the pre-existing microemulsion, another reactant, usually a precipitating agent in liquid (e.g., a metal-containing solution) or gaseous (e.g., NH3) phase. Both approaches within this first method, i.e., using an energy-triggering agent or subsequently adding a reactant, are based on diffusion processes inside the reactant-containing microemulsion.



The second method involves the mixing of two separate microemulsions, each one containing a different reactant, usually a metal/metal complex and a reducing agent, followed by their reaction and particle formation. This method is based on the dynamic characteristics of RM systems supported by Brownian motion, which enable intermicellar collisions and ensure the energetic level necessary for the fusion–fission events, thus resulting in the mixing of the intramicellar content of two separate microemulsions [6].



A third alternative, less commonly used, involves three microemulsions: two microemulsions with two different metal salts and one microemulsion with the reducing agent. Regardless of the method type, the reaction is finalized with the formation of solid nanoparticles inside the water pool of RMs, and this suspension simultaneously exists with any of the microemulsion that did not take part in the reaction.



It is generally accepted that the overall kinetics of nanoparticle formation is ruled by the rate of intermicellar exchange, implying the transport of reactants through the nonpolar phase and the fusion–fission process. While this overall process is the rate-limiting step of the reaction, the initial size of water droplets has a significant influence on the final size of the formed nanoparticles [201].



In addition to its well-recognized advantages of homogeneity and monodispersion, the RM route for NP synthesis enables the variation of morphology, as well as its control, through the size and shape of RM aggregates. The nature of the RM components (mainly the surfactant structure), the surfactant interfacial properties, and the hydration degree, which are specific parameters of RMs, are generally accepted to be responsible for the fine-tuning of RM structure and, thus, are of great interest for NP synthesis.




6.1.2. Nanomaterial Synthesis and Development of Nano (Bio)Sensors Using RMs


Understanding the molecular basis of these reverse micelle systems is an absolutely necessary condition for the subsequent development of highly pure nanostructured systems, with a well-defined control of their morphology and special properties, leading to advanced applications in various fields of interest.



The design and the synthesis of nanomaterials with specific properties using reverse micelles have been research topics of great since the 1980s, when platinum, palladium, and rhodium metal nanoparticles were first prepared. Reverse micelles represent useful multimolecular structures which offer significant opportunities in designing nanostructured materials with well-defined and uniform properties. However, the desire to use these nanomaterials for advanced applications is limited by the control of their morphology.



For example, the most encountered problems in applications of nanoparticles and nanotubes synthesized using RMs are represented by the impurities (stabilizing ligands and reductants) which must be introduced into the system in large excess. It is well known that these impurities negatively influence the properties of the prepared nanomaterials, especially in relation to their reactivity and stability.



Therefore, the application of nanomaterials synthesized using RMs to the design of nano (bio)sensors is still a new area, with most reported devices being gas sensors and batteries with a limited range of applications in catalysis, pigmentation, detergency, and printing. Nevertheless, over the past 20 years, even if remarkable progress was reported in laboratories, the industrial application of nanomaterials synthesized using RMs remains restricted by the lack of technological advancement in the control of their properties, compatible with large-scale production.



This review highlights the potential of micelles in innovative applications for the development of new nano (bio)sensors, in fields of great interest, such as nanomedicine, food, and life security.



Different approaches to nanoparticle synthesis using RMs have been reported in the literature, using different materials, such as metals [202,203,204], metal oxides [205,206,207], nanocomposites [208], and supported catalysts [209,210].



Microemulsions represent thermodynamically stable dispersions of amphiphilic surfactants, with the reverse micelles microemulsions being formed when water is dispersed in hydrocarbon-based continuous phases. Thus, a hydrophilic headgroup region is formed, surrounding a nanometer-sized water core, with hydrophobic tails extending in the continuous phase [100]. These systems are dynamic, described as nanoreactors, whereby micelles collide due to Brownian motion and coalesce to form dimers, which exchange contents and then break apart again, a process which usually occurs on a very short timescale (less than 1 ms) [211,212]. This process is very important for nanoparticle synthesis, with micelles in these systems providing the appropriate environment for nucleation and growth control, where the last stage is stabilization of the system via the addition of a surfactant, thus preventing the aggregation of nanoparticles [211]. Moreover, the modification and control of RM structures can be achieved via the addition of a cosurfactant [213].



Among the different surfactants used in formulating microemulsions for nanoparticle synthesis, the anionic double-chained sodium bis(2-ethylhexyl) sulfosuccinate (AOT) and nonionic polyoxylethyl-5-nonylphenyl ether are the most used surfactants, due to their ability to form thermodynamically stable reverse micelles and microemulsions, through solubilization of high amounts of water in different hydrophobic organic solvents and without the need for other cosurfactants [214].



The recovery of nanoparticles from reverse micelles represents a key step, with the most commonly used methods being flocculation [215], evaporation to dryness [216], and addition of certain chemical reagents [217], which undergo phase separation and simultaneous precipitation of the surfactant.



Different nano (bio)sensors have been developed using nanoparticles, nanotubes, or quantum dots obtained via the reverse micelle method, for sensitive detection of sugar, amino acids, hydrogen peroxide, hydrogen, nitric oxide, phenolic compounds, or biotin–streptavidin. Their advantages include lowering the overpotentials of many electrochemical reactions, becoming reversible redox reactions that are typically irreversible in conventional unmodified electrodes, thus enhancing the electron transfer between biomolecules. A schematic representation of nano (bio)sensor design using reverse micelles entrapping nanomaterials and bioreceptors is given in Figure 10.



Thus, Ferreira et al., reported an electrochemical sensor based on rhodium nanoparticles for the determination of some phenolic compounds in a cellulose matrix [218]. Rhodium nanoparticles obtained via the reduction of rhodium ions entrapped in reverse micelles, and stabilized in 3-(1-tetradecyl-3-imidazolium) propane-sulfonate surfactant were used for coating the surface of a glassy carbon electrode [218]. These metallic nanoparticles, stabilized with the zwitterionic surfactant, were found to lower the electron transfer resistance at the electrode surfaces by enhancing the electrical conductivity at the electrode surface. By using this sensor, the authors reported the determination of p-coumaric acid in a cellulose matrix, with good reproducibility and reproducibility, at a detection limit of 0.6 µmol·L−1 [218].



Palladium and gold nanoparticles prepared using RMs and stabilized using the same surfactant were applied in the development of electrochemical sensors for hydroquinone and catechol determination [219,220]. Zapp et al. reported the modification of a glassy carbon electrode with a bio-complex based on palladium nanoparticles stabilized with zwitterionic surfactant for simultaneous electrochemical determination of catechol and hydroquinone in cigarette residue samples [219].



A biosensor for the determination of hydroquinone was developed by Fernandes et al., via the immobilization of peroxidase onto gold electrodes, using a solution of well-dispersed gold nanoparticles stabilized with zwitterionic surfactant [220]. The developed biosensor was used for electrochemical determination of hydroquinone in skin-brightening creams, at a low applied potential of 0.09 V vs. Ag/AgCl, with a detection limit of 0.188 µmol·L−1 [220].



A nanocomposite based on PdO-loaded SnO2 nanoparticles was prepared by Yuasa and coauthors, by precipitating Pd(OH)2 and Sn(OH)4 inside an RM, followed by calcination [221]. The obtained nanocomposite was further used to design a thick film sensor device via the screen-printing method for CO gas sensing. Tin oxide (SnO2) represents an attractive material for designing semiconductor gas sensors because of its physicochemical properties, high sensitivity, and chemical stability. The authors showed that the electrical resistance and the response of the designed sensor was highly dependent on the dispersion state of PdO onto SnO2 [221]. By loading PdO onto SnO2, the electric resistance increased, because PdO acted as a stronger acceptor of electrons and removed electrons from the oxide; however, when PdO was reduced to Pd via contact with reducing gases, the electric resistance decreased due to back electron transfer from Pd to SnO2. Usually, a large difference in the electrical resistance of SnO2, due to the oxidized/reduced states of Pd, leads to a high increase in response to reducing gases [222,223].



An oxygen reduction-based electrode was designed via modification with carbon-supported LaMnO3 nanoparticles by Yuasa et al. [224]. The nanoparticles of LaMnO3 were easily prepared via a reduction–oxidation reaction between Mn(NO3)2 and KMnO4 precursors in RMs [224,225]. The black carbon dispersed in cyclohexane was added into reverse micelle solutions containing the precursors, while ethanol was used to break the micelles and to directly precipitate the carbon-supported LaMnO3 precursors. The gas-diffusion-type electrode prepared via modification with LaMnO3 nanoparticles showed high oxygen reduction activity [225].



Nanoparticles of palladium and platinum represent the two most preferred catalytic metals with a high capacity for absorbing hydrogen, thereby considerably improving the sensitivity of hydrogen detection [226,227]. Thus, Grym et al. reported the development of a hydrogen sensor based on semiconductor Schottky barriers and electrophoretic deposition of palladium nanoparticles obtained via the RM method onto InP substrates [228]. Colloidal solutions of spherical palladium nanoparticles with diameters of 7 to 10 nm, dispersed in isooctane, were prepared by mixing two reverse micelle solutions, with the same molar ratio of H2O to AOT, one containing Pd(NH3)4Cl2 and the other containing hydrazine as a reducing agent. Electrophoretic deposition of the obtained palladium nanoparticles was achieved in a cell with two electrodes, by applying an electric field of 2000 V/cm, for about 50 ms [228]. One of the electrodes was fabricated from pure graphite, while the other electrode was prepared using an epi-ready InP substrate, with the distance between electrodes being maintained at 1.5 mm. The detection limits obtained using these diodes for hydrogen was about 1 ppm H2/N2 [228,229].



Copper sulfate was used by Davarpanah et al., as a precursor for obtaining CuO nanoparticles in RMs, using Tween-80 as a surfactant [230]. The gas-sensing properties of the as-obtained CuO nanoparticles were further investigated by the authors, by designing sensors for the detection of NO2 and alcohols. The NO2 detection was performed with a low energy consumption and operation temperature [230].



Optical sensing devices have been developed based on thin films of CdS nanoparticles obtained using the RM technique [231]. The authors succeeded in immobilizing the CdS nanoparticles synthetized in RM solution into films using AOT as a stabilizer, onto solid surfaces (Si wafers), avoiding the modification of the nanoparticle properties as a sensing medium. The obtained nanoparticles were cast into films and immobilized onto solid surfaces using porous polymeric and sol–gel matrices, before being exposed to several organic compounds (hydrocarbon compounds). Since these nanoparticles showed a relatively bright photoemission, the designed sensor was used to identify the target compounds and their specific concentrations on the basis of photoluminescence detection [231].



The development of uniform magnetic nanoparticles represents an important issue in designing ultrahigh-density magnetic sensors. The most used magnetic oxide materials in the development of magnetic nanoparticle-based sensors are magnetite (Fe3O4), cobalt ferrite, nickel ferrite, and zinc ferrite (MFe2O4—where M is a metal such as Co, Ni, or Zn), as it is well known that the magnetic hardness of these materials is defined by the anisotropy of nanoparticles within an exchange length [232]. There are different approaches reported in the literature for the synthesis of magnetic nanoparticles for sensor development, including thermal [233] and sonochemical [234] decomposition of organometallic precursors, high-temperature reduction of metal salts [235], and reduction inside of RMs [236].



Wiedwald et al., reported the preparation of monoatomic (Fe, Co) and bimetallic (Fe–Pt and Co–Pt) nanoparticles with diameters of 2–12 nm, by loading precursors into RMs [237]. The authors used polystyrene-block-poly(2-vinylpyridine) and polystyrene-block-poly(4-vinylpyridine) in anhydrous toluene to form spherical reverse micelles. The pyridine groups of the micelle core allowed selective loading of the precursors, FeCl3 and CoCl2 [237]. In the case of bimetallic nanoparticles, platinum precursors (H2PtCl6, PtCl4, and K[PtCl3C2H4]·H2O) were added first to the micelle solution, which was stirred until loading was complete, followed by the addition of FeCl3 or CoCl2. The deposition of the loaded reverse micelles onto different supports was accomplished by immersing the substrates into the micelle solution and extracting them under ambient conditions with a constant controlled rate [237].



Conducting polymer nanostructures (nanofibers, nanowires, and nanotubes) have also been widely studied for versatile sensor development, due to their properties, such as a reversible signal transduction mechanism, tunable sensitivity, and design flexibility in sensor applications [238,239,240]. Polypyrrole and polyaniline nanotubes have been fabricated inside the cylindrical pores of templates [241,242,243].



Ellipsoidal nanoparticles, nanorods, and nanotubes of poly(3,4-ethylenedioxythiophene) (PEDOT) were fabricated by Yoon et al. on the basis of chemical oxidation polymerization in RMs [244]. The AOT surfactant and an aqueous solution of FeCl3 in hexane were used for the preparation of cylindrical reverse micelles. The obtained PEDOT nanostructures were immobilized onto a microelectrode substrate through a casting solution, with the nanotubes forming networks which provided excellent performance for the developed sensor. The chemical sensors based on PEDOT nanotubes were applied for the detection of alcohol vapors, with their responses being reproducible and reversible [244].



Quantum dots (QD), known as semiconductor nanoparticles, with dimensions ranging from 2 to 20 nm, represent crystalline clusters having great potential for application as fluorescent labels for molecular, cellular, and in vivo imaging determinations. QDs are more stable and cheaper compared to existing labels (fluorescent dyes) [245]; furthermore, due to their special optical and electrochemical properties (such as narrow and size-tunable emission spectra, high stability, excellent resistance to chemical degradation, and broad absorption spectra) [246,247], QDs allow greater flexibility, faster binding kinetics, higher sensitivity, and higher reaction rates for many types of analysis, from immunoassays to DNA assays [248]. QDs can be prepared from different materials, such as metals (gold, silver, or cobalt) [249,250], semiconductors (CdS, CdSe, or InP) [251,252], and insulators (Fe3O4 or SnO2) [253,254], through organometallic thermolysis [251], electrochemical deposition [255], or colloidal self-assembled pattern formation using surfactant micellation [256]. Using different QDs and electrochemical detection methods, multiple analyses can be performed, with applications in gene expression, high-speed screening and medical diagnostics, and environmental and food analysis [248].



Merkoci et al., used QDs based on cadmium, lead, and zinc sulfide nanoparticles for electroanalytical applications. The quantum dots were obtained using the RM method, adding cadmium, lead, or zinc nitrate and sodium sulfide to an AOT/n-heptane water-in-oil microemulsion [257]. Conjugates of CdS, PbS, and ZnS with DNA were prepared by using aqueous solutions of each nanoparticle and thiolated oligonucleotide samples. Subsequently, the detection of DNA was achieved by the authors using streptavidin-coated magnetic beads and CdS QDs [257].



In order to increase the colloidal stability of QDs and to decrease nonspecific adsorption, different strategies have been reported related to the encapsulation of QDs into micelles or other particles. Thus, Dubertret et al. encapsulated fluorescent semiconductor nanocrystals into lipid micelles, comprising n-poly(ethyleneglycol), phosphatidylethanolamine, and posphatidylcholine, with the advantage of these micelles being their very regular size, shape, and structure [258]. Electrochemical applications were developed as a function of the encapsulation of QDs, such as CdS, ZnS, and PbS nanoparticles, within polystyrene beads, in order to create an electrochemical code library [259]. Wang et al. developed encoded redox beads for electrochemical identification, as a function of the encapsulation of different QDs into polystyrene microspheres [204]. The obtained redox-encoded nanoparticles were further used as label sensors, for a large number of recognizable voltametric signatures in the cover-tagging of commercial products [259].



The use of metallic nanoparticles manufactured via the reverse micelle technique in biosensing and biomedical applications has increased in the last few years. Reverse micelles have been used as nanoreactors not only for the synthesis of metal nanoparticles, but also for the preparation of enzyme-immobilized metal nanoparticles in order to increase enzymatic activity and improve their durability [11,260].



Jung et al., reported the synthesis of uniform spherical magnetite nanoparticles, with good size uniformity and a highly crystalline nature (<3 nm), in reverse micelles composed of oleylamine, F127, xylene, and water, in a reaction of iron(III) stearate with hydrazine at 90 °C [260]. The authors evaluated the cytotoxicity of the synthesized magnetite nanoparticles using human adipose-derived stem cells (hADSCs), with the apoptotic activity and cell proliferation behavior of hADSCs being determined at the gene and protein levels after exposure of the cell to magnetite nanoparticles. In this synthesis, oleylamine acted as a major surfactant to produce monodispersed nanoparticles, while F127 ensured the stability of reverse micelles in the xylene solution. By controlling the experimental conditions, the authors succeeded in controlling the size of magnetite nanoparticles.



Preparation of enzyme-immobilized magnetic nanoparticles using the reverse micelle system was reported by Yi and coauthors [261]. Lipase was covalently immobilized on functionalized Fe3O4 magnetic nanoparticles in RMs, with the authors reporting an enhancement of lipase activity in RMs, due to changes in its secondary structure [261].





6.2. Contributions of RMs to Modern Extraction and Purification Techniques


The extraction of proteins from food using RM techniques consists of two steps: a forward extraction that solubilizes proteins in the aqueous core of RMs, and a backward extraction that recovers the solubilized proteins from RMs [262]. Some reports demonstrated the importance of surfactant structures in RMs for forward and backward extraction processes [263,264]. It was reported that gemini surfactant-based RMs showed higher efficiency in extracting proteins, such as egg white ovalbumin and pineapple peel bromelain, considering that the spacer group of gemini surfactant could facilitate its interaction with proteins by increasing the charge densities of headgroups [263,264].



Zhu and coauthors demonstrated that defatted wheat germ proteins extracted using AOT-based RMs possessed better functional properties and a more compact and ordered conformation compared with proteins obtained via alkaline extraction and isoelectric precipitation (AEIP) [265]. Another study performed by Zhao et al. compared the secondary structures of walnut protein fractions (albumin, globulin, prolamin, and glutelin) prepared using two extraction methods, i.e., AOT-based RMs and AEIP [266]. The authors demonstrated the potential of the RM technique to modify the surface properties of all tested protein fractions.



The same author reported in another publication that AOT-based RMs could improve the functional, nutritional, and flavor properties of soyabean proteins compared to the AEIP method [267]. Zhao et al. indicated that improved functional properties included the nitrogen solubility index, oil absorption capacity, foaming and emulsifying capacity, and stability, while better nutritional characteristics included the total and essential amino acid contents, amino acid score, and biological value [267].



The extraction and the recovery of erythromycin and amoxicillin using reverse micelles were carried out by Chuo et al. using an eco-friendly sophorolipid biosurfactant [268]. The use of biosurfactants, such as rhamnolipids and sophorolipids produced by nonpathogenic yeast Candida bombicola, instead of chemical surfactants makes the reverse micelle extraction environmentally friendly [268,269]. The authors demonstrated that the extraction and the recovery of erythromycin and amoxicillin with the sophorolipid reverse micellar system were affected by solution pH, ionic strength, and sophorolipid concentration, with the extraction process being controlled through electrostatic interactions between antibiotics and sophorolipid headgroups [268].




6.3. Natural Approach Using RMs as Microreactors/Delivery Vesicles


The development of accessible synthetic systems requires a natural approach represented by the self-assembly of small molecular components, such as phospholipids, into discrete, capsule-containing architectures and vesicles. Microdroplets of water in oil have been studied for their potential to be used as cell models or microreactors [270,271,272,273], due to their advantages such as easy manipulation or fusion, good resistance to osmotic and physical stresses, possibility of encapsulation without denaturation of the molecules of interest, and potential to conduct experiments under physiological ionic conditions [274]. A schematic representation of delivery systems which can be developed using reverse micelle molecular components is given in Figure 11.



Hase et al., developed a microstructure using cell-sized phospholipid-coated microdroplets (CPMDs), consisting of a water-in-oil droplet with a phospholipid layer present at the oil/water interface, as a model for living cells [274]. The phospholipid-coated microdroplets were obtained by ultrasonication at 50 °C of a mixture consisting of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine and mineral oil. The authors described in their report the manipulation of phospholipid-coated microdroplets by using laser tweezers, and monitoring the time of biochemical reactions in a single phospholipid-coated microdroplet obtained via controlled fusion of two CPMDs containing a substrate and a specific enzyme, such as calcein production in the presence of esterase and green fluorescence protein expression [274].



The possibility to create giant phospholipid vesicles that encapsulate long DNA molecules was studied by Kato et al., in order to elucidate the characteristics of the conformational behavior of DNA molecules in a confined space [275]. The authors encapsulated a bacteriophage DNA labeled with fluorescent dye in a water-in-oil microdroplet, and they further investigated the DNA distribution and conformation within the droplet. In their studies, the authors showed that the presence of magnesium ions induced the adsorption of DNA onto the inner surface membrane of a droplet based on phosphatidylethanolamine, while no adsorption was observed onto a phosphatidylcholine membrane. Furthermore, the presence of spermine induced a folded conformation of DNA in bulk solution; however, when the molecules were encapsulated in a microdroplet, DNA was adsorbed onto the membrane surface with concomitant unfolding of its structure [275].



In the last few years, biodegradable amphiphilic polymers, such as polycaprolactone (PCL), polylactic acid (PLA), and polyethylene glycol (PEG), have been used to form micellar structures with internal hydrophobic and external hydrophilic surfaces in aqueous solutions, with the hearts of the micellar structures being able to entrap different compounds with very low solubility in water [276,277,278].



For different biomedical, food, security, and agri-food applications, the development of new techniques for delivering functional ingredients without compromising their functionalities is absolutely necessary. Figure 12 presents the principle of designing an RM system encapsulating an antimicrobial bioactive compound, enriched with photosynthesized metallic nanoparticles, which can be used in different scientific fields.



On the basis of this principle, Jalilzadeh et al. designed self-assembling micelles using biodegradable triblock (PCL–PEG–PCL) and pentablock (PLA–PCL–PEG–PCL–PLA) copolymers, providing an advanced vehicle for the delivery of auraptene, a coumarin therapeutic agent used in breast and colon cancer [279]. The authors investigated the impact of the encapsulated form of this natural compound on the inhibition of colon cancer cell proliferation, demonstrating an improvement in therapeutic activity for the auraptene-loaded pentablock micelles formulated.



Encapsulation of morin, a natural bioflavonoid compound, into water-in-oil reverse micelles was performed by Rahdar et al., investigating the photophysical properties of morin at different concentrations within AOT reverse micelles prepared in a water-in-decane microemulsion system [280]. Morin is a flavonoid found in almond, fig, Indian guava, and other Moraceae family plants, used as food and traditional herbal medicine, showing multiple biological activities such as anti-inflammatory, antifungal, anticancer (breast, lung, and colon) and antibiotic properties [281,282,283,284].



The authors also investigated the optical properties (linear and nonlinear) of morin within water nanodroplets by modifying its concentration at a constant molar ratio of water/AOT/decane [280]. The linear and nonlinear properties of morin were analyzed, indicating a lower stabilization of morin in the microenvironment and the formation of H-bonds in a nano confinement with different structures. The authors demonstrated that an increase in Morin nanodroplet concentration led to an increase in aggregation, as well as an increase in the temperature of the environment [280].



Chen et al., developed reverse micelle-based water-soluble nanoparticles with confined nanoscopic aqueous pools using a versatile arm-cleavable interfacial cross-linked reverse micelle precursor for bioimaging and drug delivery [174]. The authors reported the transfer of RMs from organic media to an aqueous phase via the hydrolysis of acrylamide-based cross-linked water-soluble nanoparticles. The fluorescent reagent 8-hydroxy-1,3,6-pyrenetrisulfonic acid trisodium salt (HPTS) was encapsulated in the core, and gemcitabine, an anticancer drug, was covalently conjugated onto the external surface. This nanoplatform developed by Chen et al. exhibited a high imaging effect and anticancer activity for non-small-cell lung cancer cells [174].




6.4. RMs—An Opportunity in Food Science


The research into and the application of reverse micelles in food science have been accelerated in the last decade [285,286,287], for use in food protein extraction, simultaneous extraction of oils and proteins, utilization and development of effective antioxidants, and enrichment of food-derived components for analysis and quantification [11]. Sun and Bandara in their review presented the important research progress regarding the use of RMs in food science, additionally evaluating the opportunity of RMs as nanocarriers for delivering functional ingredients or nutraceuticals [11].



Nevertheless, the research on applications of reverse micelles as nanocarriers in food science is still limited, but the expertise and knowledge from their applications in drug delivery can be adopted, so that reverse micelles can be developed as nanocarriers for delivering food-derived bioactive compounds, offering a powerful strategy for the food and natural health product industry [11].




6.5. RMs—A Possible New Paradigm for Modern Biocatalysis


Specific chemical and physical properties of the intracellular environment, derived from the real structure of living cells, have a great impact on the particularities of proteins involved in a wide variety of biochemical events inside cells, from macromolecular recognition to biocatalysis associated [1] with biological systems, e.g., lipid layers and membranous organelles [2].



Taking into account the compact and heterogeneous nature of the nano-restricted environment inside living cells, delimited by the cellular membrane, it is obvious that conventional biological/biochemical studies in vitro confer only a basic view [107] regarding the intrinsic information of biomolecular structure and function. The essential differences are caused by their isolation through extraction procedures and the removal of macromolecules from their natural matrix, accomplished due to the loss of a structured microenvironment and partial alteration of the native structure and functions in vivo. In addition, to avoid aggregation problems and to minimize the nonspecific interactions that occur at high concentrations, experiments are generally performed in a diluted buffer, which is much too simple an environment compared to the compositional complexity of the intracellular medium.



In line with the idea that typical experiments in vitro represent only a relative approximation of the real intracellular protein activity and functions, a challenge for modern research in the biocatalysis field is represented by performing enzymatic reactions in a biomimetic medium, using a supramolecular system to model the simple cell-like structure/biological membrane/microsurrounding medium inside the cells [288,289].



Therefore, reverse micelles (RMs) are considered simplified cell mimetics by reproducing a complex supramolecular organization in an artificial system that limits many of the drawbacks. The similitude between their intramicellar and intracellular structure and properties supports RMs as useful models for crowded cytoplasmatic space, which is involved in nonspecific interactions between neighboring molecules and which defines the fundamental reactions and events in a living cell.



Reverse micelles may represent the theoretical answer for a better understanding of the real cellular environment, as well as an appropriate and befitting experimental system for overcoming the major limitations in performing enzymatic reactions at an industrial scale.



According to the research into reverse micelles carried out so far and their applications, the development of value-added applications for bioreceptor (aptamers, nanobodies, cells, etc.) immobilization on nanoparticles using RMs is necessary for biosensing and biomedical applications, in order to overcome the multiple disadvantages regarding their poor activity and specificity after immobilization processes.





7. Conclusions


The aim of the present review was to demonstrate the unusual versatility of reverse micelles, whereby the same structure has a multifunctional contribution to distinct and totally different scientific fields and diametrically opposed applications, namely, cell theoretical models and newly developed methods for advanced and modern nano-biotechnology. Each exemplified direction was supported by the following specific characteristics: (i) the biological relevance as a function of the interfacial parameters of the surfactant film, the microheterogeneity of the intramicellar structure, the multilayered composition of water, and the redefinition of the pH concept for size-limited systems; (ii) nanomaterial synthesis as a function of reverse micelle formation, composition of the interfacial layer, and experimental significance of the intramicellar pH.



In our opinion, the successful development of the reverse micelle field is in strict correlation with the innovative but especially correct use of their unique structure, as well as an understanding of the features that distinguish them from other structures.



Special attention was paid to defining both the pH concept across the water pool of RMs and the experimental significance of water pool pH in order to underline the need for correct methodology describing the preparation/adjustment of the pH from the water pool to a specific pH value appropriate for a particular application (e.g., special requirements for the active conformation of biomolecules or nanoparticle synthesis). The structural and compositional flexibility of RMs supports their significance across a surprisingly large range of functional areas, as well as their versatile approaches from theoretical models to practical applications.



From the available information regarding the biomimetic relevance of RMs as an appropriate and accessible model of cellular structure, this review focused on three aspects identified, in our opinion, as the most interesting and captivating: confinement and the crowded cytoplasmatic environment, water dynamics in a restricted volume, and the dynamic role of membranous structures.



On the other hand, this review was directed toward the applied contribution of RMs to the development of nanotechnologies for the synthesis of nanomaterials for nanodevice design, with a special reference to nano (bio)sensors. A large range of nanomaterials with uniform size have been prepared using RMs as nanoreactors. The nanosized aqueous cores of reverse micelles provide an appropriate stable environment for nanomaterial synthesis. The aggregation of nanomaterials dispersed in RMs is inhibited by the surfactant layers, which act as stabilizers. The main advantages of using RMs in nanoparticle synthesis are that it is a simple technique, operating at room temperature and pressure, and that it does not require special equipment. Moreover, the RM method allows obtaining a large number of nanoparticles with good control of their size and morphology, even in a homogeneous solution.
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Figure 1. Concentration influence on typical surfactant structures at the water/oil (w/o) interface. 
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Figure 2. Correlation between the type of curvature and surfactant morphology. 
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Figure 3. Relative proportion of components in a reverse micellar (RM) system. 
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Figure 4. Schematic cross-section through (a) Aerosol Orange T (AOT)-based RM; (b) cetyltrimethylammonium bromide (CTAB)-based RM. 
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Figure 5. Schematic representation of RMs at different levels: (a) macroscopic; (b) microscopic; (c) molecular. 
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Figure 6. Correlation between the general structure of RMs and the multilayered structure of water inside RMs. 
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Figure 7. Proton gradient inside the water pool of the reverse micelle of (a) an anionic surfactant (e.g., AOT), and (b) a cationic surfactant (e.g., CTAB). 
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Figure 8. Reverse Micelles—models of native-like crowded environments. 
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Figure 9. Self-assembly and application fields of reverse micelles. 
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Figure 10. Nano (bio)sensor design using reverse micelles. 
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Figure 11. Development of delivery systems using reverse micelles. 
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Figure 12. Encapsulation of antimicrobial bioactive compounds in reverse micelles. 
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Table 1. Relationship between the molecular structure and characteristics of the surfactant and the corresponding phase type. CPP, critical packing parameter.
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CPP Range

	
Area of Surfactant Headgroup

	
Volume of Surfactant Tail

	
Geometric Shape of Surfactant

	
Curvature

	
Structures of Surfactant Aggregates

	
Phase Structure

	
Phase Type






	
≤0.33

	
Very large

	
Reduced

(single chain)

	
Cone

	
High positive

	
Spherical or ellipsoidal micelles

	
Normal micellar

	
L1




	
0.33–0.5

	
Small

	
Small

(single chain)

	
Truncated cone

	
Medium positive

	
Extended micelles (rod-like structures) or large cylindrical

	
Hexagonal

	
H1




	
0.5–1

	
Large

	
Large

(double chains)

	
Truncated cone

	
Low positive

	
Flexible bilayers and vesicles

	
Bicontinuous

	
V1




	
~1

	
Small

	
Small/medium

(double chains)

	
Cylinder

	
Zero or planar

	
Lamellae or planar bilayers

	
Lamellar

	
L0




	
>1

	
Small

	
Large

(double chains)

	
Inverted truncated cone or wedge

	
Negative or reverted

	
Inverted structures

	

	




	
Cubic

	
Inversed bicontinuous

	
V2




	
Hexagonal

	
Inverse hexagonal

	
H2




	
Micellar

	
Reverse (inverted) micelles

	
L2
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