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Abstract

:

Self-emulsifying drug delivery systems (SEDDSs) originated as an oral lipid-based drug delivery system with the sole purpose of improving delivery of highly lipophilic drugs. However, the revolutionary drug delivery possibilities presented by these uniquely simplified systems in terms of muco-adhesiveness and zeta-potential changing capacity lead the way forward to ground-breaking research. Contrarily, SEDDSs destined for topical/transdermal drug delivery have received limited attention. Therefore, this review is focused at utilising principles, established during development of oral SEDDSs, and tailoring them to fit evaluation strategies for an optimised topical/transdermal drug delivery vehicle. This includes a detailed discussion of how the authentic pseudo-ternary phase diagram is employed to predict phase behaviour to find the self-emulsification region most suitable for formulating topical/transdermal SEDDSs. Additionally, special attention is given to the manner of characterising oral SEDDSs compared to topical/transdermal SEDDSs, since absorption within the gastrointestinal tract and the multi-layered nature of the skin are two completely diverse drug delivery territories. Despite the advantages of the topical/transdermal drug administration route, certain challenges such as the relatively undiscovered field of skin metabolomics as well as the obstacles of choosing excipients wisely to establish skin penetration enhancement might prevail. Therefore, development of topical/transdermal SEDDSs might be more complicated than expected.
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1. Introduction


The concept of spontaneous emulsification was initially employed in the commercial sector to ensure efficacious transport of hydrophobic herbicides and/or pesticides that could easily be prepared by means of water addition as performed by consumers themselves [1]. The same principle was later utilised in the pharmaceutical industry to improve solubility and oral delivery of Biopharmaceutical Classification System (BCS) class II drugs, as well as similarly enhancing the effective potential delivery of BCS class III, BCS class IV, and drugs susceptible to hydrolysis [1,2].



Self-emulsifying drug delivery systems (SEDDSs) are isotropic blends of an active compound with a mixture of lipids, surfactants, and co-surfactants that produce spontaneous oil-in-water emulsions (dispersions) during moderate agitation in an aqueous phase, such as the upper gastrointestinal tract. A highly solubilised, thermodynamically stable phase of drug for improved drug absorption is subsequently formed [3,4,5,6,7,8]. SEDDS, however, is a comprehensive term for selected lipid-based drug delivery systems and can rather be differentiated into three categories in terms of droplet size. The first being the typical SEDDSs that produce milky emulsions with a droplet size >300 nm. Then, there is also self-micro-emulsifying drug delivery systems (SMEDDSs) and self-nanoemulsifying drug delivery systems (SNEDDSs), which are considered transparent and fall within a droplet size range of 100–250 nm and <100 nm, respectively [6,9,10]. These drug delivery systems differ in composition as well. SEDDSs normally comprise an oil concentration of 40–80% and are prepared utilising hydrophobic surfactants with hydrophilic-lipophilic balance (HLB) values <12, whereas SMEDDSs and SNEDDSs usually contain an oil phase of less than 20%, and these systems are formulated incorporating hydrophilic surfactants with HLB values >12. A distinction can furthermore be made regarding the mixing process; i.e., SNEDDSs will only form when the surfactant and oil phases are mixed first—after which, water is added. With SMEDDS, the order in which the ingredients are mixed is not a crucial factor [6,11]. The input of energy required to form an emulsion is furthermore a differentiating factor between SNEDDS and SMEDDS. Typically, SNEDDSs require an input of energy, either by mechanical interference or the chemical potential found within the components. SMEDDSs and SNEDDSs, however, have some disadvantages compared to SEDDS that include higher production costs, lower drug loading, and often, irreversible drug/excipient precipitation that may also be challenging. More significantly, the high amounts of surfactants included in these formulations may induce gastrointestinal irritation, which may also be problematic if topical/transdermal drug delivery is to be deliberated [3,6,11]. On the other hand, the smaller average oil droplet size enhances drug bioavailability, which is due to an increased surface area [12,13]. SNEDDS have also been found to naturally circumvent first-pass metabolism due to lymphatic absorption [6].



Pouton [9,10,14] introduced the Lipid Formulation Classification System (LFCS) to better explain and divide different types of self-emulsifying formulations in a very simple way. This system divides them into four groups (I–IV) based on composition as well as the potential influence of dilution and digestion on their ability to avert drug precipitation. Class I systems consist of simple oil solutions (100% pure oil) that are surfactant free, containing only mono-, di-, and/or tri-glycerides. Class II systems comprise an oil phase (60–80%) where lipophilic surfactant(s) are added to enhance the solubilisation capacity for the incorporated drugs and to aid the stability of the emulsion formed upon dilution. These formulations are typically recognised as SEDDSs. The next class represents both SMEDDS and SNEDDS, as these terms are still used interchangeably here. More hydrophilic surfactants and/or co-solvents are included in class III systems, and these systems are further divided into two types: namely, class IIIA and class IIIB. This grouping is used to distinguish between the hydrophilic and lipophilic character of the formulations. Class IIIA systems contain approximately 40–60% oil and are more hydrophobic in nature, whereas class IIIB comprises only 20–50% oil and utilises more hydrophilic surfactants and/or co-surfactants [10,15,16]. Comparatively, class IIIB displays higher dispersion rates; however, the risk of premature drug precipitation upon dispersion is higher due to its low lipid content [17]. Finally, class IV systems form the most hydrophilic group, representing systems that only comprise hydrophilic surfactants as well as co-solvents, which form colloidal micellar dispersions upon dilution with aqueous media [14,15]. The LFCS is thus considered an easy easy way to distinguish between SEDDS, SMEDDS, and SNEDDS.



Traditionally, liquid state SEDDSs are utilised to fill either soft or hard capsules. However, numerous solidification techniques have been explored, such as transforming liquid SEDDSs into pellets, dispersible powders, and granules, in order to improve stability of these uniquely simplified systems [2,15,18]. Moreover, apart from rendering enhanced oral drug delivery, SEDDSs have demonstrated the potential for improving drug delivery via diverse pathways, including the ocular-, vaginal-, rectal-, and nasal routes of administration [19,20,21,22,23,24,25]. For example, a recent study was published as the first proof of concept for employing SEDDSs as an oral vaccination vehicle. This is considered a ground-breaking approach due to the simplified methods of upscaling as well as commercial benefits that accompany the ease of SEDDSs production [26]. Contrarily, a limited investigation of SEDDSs destined for topical/transdermal drug delivery has been reported.



The skin presents a highly accessible route for drug administration, especially due to hepatic metabolism being circumvented, enhanced drug bioavailability, reduced adverse effects of drugs, allowing immediate drug withdrawal, and improved patient compliance [27]. However, despite the ease of administration in addition to accessibility of this multidimensional organ, the multi-layered nature of the skin presents drug delivery challenges due to the lipophilicity of the outermost skin layer, followed by the hydrophilic underlying skin layers [28]. Hence, exploiting the mechanism of spontaneous emulsification as a potential topical/transdermal drug delivery system might not be as simple as expected.




2. Mechanism of Spontaneous Emulsification


Generating a system prone towards spontaneous emulsification is a challenging process [29]. It is suggested by literature that spontaneous emulsification is facilitated by a system that favours dispersion formation instead of increasing the surface area of the dispersion upon exposure to a change in entropy. Thus, the free energy present between SEDDS components is directly related to the energy required by the system to generate a new surface between the two immiscible phases [5,30]. This relationship between the free energy required to establish a self-emulsifying system and the energy at work at the interface is described by the following equation:


  Δ G =  ∑  N π  r 2  σ  



(1)




where G indicates the free energy of the self-emulsification process (excluding the free energy facilitated by mixing), N represents the quantity of droplets within the radius (r), and σ is the energy at the interface [30].



Theoretically, the process of spontaneous emulsification should only include slight stirring of the system so as to mimic peristaltic movements of the gastrointestinal tract, since the chemical potential energy gradient between the two immiscible phases is of a non-equilibrated nature and is increased enough to suffice in establishing self-emulsification [31]. Contrarily, in practice, temperature-sensitive systems with the potential of spontaneous emulsification are occasionally heated while subjected to mild agitation to ensure phase inversion. Likewise, some systems have portrayed self-emulsification during cooling after exposure to increased temperatures [32]. Additionally, emulsions established by spontaneous emulsification can be considered time-sensitive, as these systems have a time-dependant tendency to fall back to phase separation [30]. Therefore, surface-active agents are added to these emulsions, especially in the pharmaceutical industry, in order to ensure stability of spontaneous emulsions [29]. However, systems established by spontaneous emulsification are still not fully understood, despite considerable research efforts and excipient combinations [30,32]. Some studies investigated the mechanism of spontaneous emulsification by removing surfactants from potential self-emulsifying systems in order to obtain insight into this mysterious mechanism. These studies discovered that interfacial turbulence might not be individually responsible for establishing self-emulsification, since surfactants can completely suppress the flow of turbulence and spontaneous emulsions form within the presence, as well as absence of surfactants. The concept of having a continuously low (negative) interfacial energy within a system is not necessary compulsory for the purpose of achieving self-emulsification, since surfactant-free systems exclusively displayed self-emulsification when nearing a critical point and, sometimes, even beyond the critical point. Lastly, the ability of self-emulsifying systems to render both micro- and nanosized droplets indicates that spontaneous emulsification might even be a diffusion-driven process [32]. Nonetheless, manufacturing as well as the up-scaled production of SEDDSs are simple, yet cost-effective, processes [33,34]. Therefore, the multifaceted potential of SEDDSs can possibly provide excellent topical/transdermal drug delivery vehicles by considering the multi-layered nature of skin.




3. Skin, a Multi-Layered Organ


Skin represents the first barrier between the body and exogenous substances [35,36,37]. Furthermore, the multi-layered structure of skin allows this organ to be a regulator of topical signals by means of active metabolic pathways in order to influence physiological activities as well as regulate internal homeostasis [35,36]. Hence, skin should be considered a metabolically active part of the human body, as the enzymatic profile of the skin is quite similar to the scientifically generated enzyme profile of the liver. Enzymatic activity of skin intensifies within the deeper skin layers, such as the epidermis and dermis, compared to the outermost stratum corneum (SC). Metabolomic studies have displayed that the enzymatic activity of the skin can add up to approximately 10% of total liver metabolism [36]. The process of skin metabolism is defined as a two-phase reaction, where phase I consists of reactions for instance oxidation, hydrolysis, and reduction, and phase II refers to conjugated reactions [36,38]. Enzymes responsible for establishing skin metabolism include cytochrome P450, nonspecific esterases, the enzyme family of flavin monooxygenase, as well as transferases [36,37,39]. Hence, drugs that are able to cross the highly lipophilic SC must still withstand metabolic degradation after entry into the underlying skin layers, as illustrated in Figure 1.



As indicated in Figure 1, there are three different skin penetration pathways by which drugs can cross the SC, namely, the transcellular-, transappengeal-, and intercellular pathways [36]. The highly hydrated keratins serve as building blocks of corneocytes, which are known as the main components of the epidermis skin layer [40,41]. Hence, hydrophilic drugs tend to pass through the transcellular pathway provided by highly hydrated keratins [40]. Likewise, intercellular permeation creates a favourable route for lipophilic drugs, as diffusion of these compounds is guided by the lipid matrix. Modest dermal transport of drugs occurs via the transappengeal pathway, where a mere 0.1% of the total skin surface is covered by hair follicles and sebaceous glands [41]. However, the lipid rich sebum that fills sebaceous glands could provide a potential route favoured by the lipophilic nature of SEDDSs as well as the fine-oil droplets generated by these simplified drug delivery systems [42]. Contrarily, sweat could provide a minute obstacle in terms of lipophilic drug diffusion due to its hydrophilic character. However, if topically applied SEDDSs can portray robustness to dilution, this additional barrier provided by sweat might be overruled as an agent slowing dermal permeation instead of a mediator-blocking dermal permeation [41]. In addition, it is a well-known fact that drugs suitable for topical/transdermal drug delivery should own lipophilic as well as hydrophilic properties to enable crossing of the lipophilic outermost skin layer into the hydrophilic epidermis and dermis [43]. Interestingly, another potential topical/transdermal drug delivery angle can be to utilise the lipophilic nature of SEDDSs to reach lymph nodes located within the epidermis and dermis in order to further refine targeting of dermal drug delivery systems [44,45]. Lymphatic uptake of oral SEDDSs demonstrated successful avoidance of hepatic metabolism as well as increased drug bioavailability [33,46,47]. Therefore, similar advantages can potentially be created by dermal lymphatic uptake to further protect drugs from dermal metabolism, as research confirms intensified dermal metabolism within deeper skin layers such as the dermis [36]. Consequently, special consideration must be taken when choosing excipients included in topical/transdermal SEDDSs, as these compounds will be the decisive factor in terms of optimised topical/transdermal drug delivery across the multiple layers of the skin.




4. Excipients Fulfilling Different Roles Depending on the Route of Delivery


4.1. Active Compounds Incorporated in SEDDSs


SEDDSs were created as an alternative vehicle for the purpose of improving lipophilic drug delivery [1,2,33]. Lipid-based drug delivery systems have received substantial attention during the last decade, since 30% of marketed drugs are poorly water soluble and where approximately 50% of all new drug entities are considered highly lipophilic [17,48,49,50]. The ideal lipophilicity for drugs included in oral SEDDSs have been established as depicting a log p value ≥ 2. Interestingly, it was found that, due to increased solubility of highly lipophilic drugs in SEDDS formulations, less of the said drug is essential in order to obtain equivalent therapeutic effects [33]. Moreover, hepatic metabolism, which normally portrays a high affinity for lipophilic drug entities, is circumvented, since SEDDSs disperse into fine droplets within the aqueous environment of the gastrointestinal tract and are also lymphatically absorbed prior to hepatic exposure [33,46,47]. Thus, decreased drug concentrations in these delivery systems still render an appropriate therapeutic response due to the solubilisation as well as protection provided by the SEDDS vehicle [33].



In terms of topical or transdermal drug delivery, the ideal log p value ranges between a value of 1 and 3 [51]. Moreover, a potential aim of topical and transdermal drug delivery, such as decreasing dosing intervals (the frequency of administered doses) by delivering decreased concentrations of drugs with longer elimination half-lives, can be met [52]. Additionally, topical/transdermal drug delivery enables transport of sufficient concentrations of drugs prone towards hepatic metabolism, since liver metabolism is bypassed during dermal drug delivery [28]. Therefore, lower drug concentrations incorporated into topical/transdermal SEDDSs might not be problematic [28,33]. On the other hand, supersaturated vehicles destined for topical/transdermal drug delivery have high success rates due to enhanced flux values as the high drug concentration of the vehicle establishes a driving force for drug partitioning into the skin due to maintained saturated drug concentrations at the skin surface [33,53]. Remarkably, supersaturated SEDDSs evidently rendered the inhibition of drug precipitation in a kinetic and thermodynamic fashion by slowing crystal growth together with nucleation [33]. Therefore, it might be more advantageous to present supersaturated SEDDSs at the skin surface compared to decreased drug concentrations [53].




4.2. The Oil Phase


Synthetic or natural oils are included as the lipophilic component of SEDDSs for the purpose of enhanced solubilisation of lipophilic drugs [33]. Improved solubilisation of orally administered drugs establishes increased bioavailability, which in turn improves drug absorption in the gastrointestinal tract due to involvement of the intestinal lymphatic system. Certain characteristics of the oil phase are indicated by the melting point, physical characteristics, as well as HLB profiles of glycerides contained by the oil itself. These characterisation profiles are also influenced by the extent of etherification together with the type of fatty acid(s) present within the oil phase. Some studies noted that medium-chain in addition to long-chain triglycerides, owning different levels of saturation, can be successfully utilised during formulation of oral SEDDSs [33,54,55]. This is confirmed by research indicating that medium-chain triglycerides with carbon backbones of 6–12 carbons are easily transported into the systemic circulation via portal blood supply; where, sequentially, long-chain triglycerides, exceeding 12 carbon chains, can be lymphatically transported [33]. However, the enhanced fluidity of medium-chain triglycerides, followed by improved solubility properties and anti-oxidative effects, deem medium-chain triglycerides the most favourable components of the oil phase for oral SEDDSs [33,54,55].



Regarding topical/transdermal drug delivery, the extent of glyceride saturation is considered a more determining drug delivery factor, as numerous studies have indicated that unsaturated fatty acids (UFAs) portray more powerful skin penetration-enhancing effects compared to saturated fatty acids (SFAs) [56,57,58,59]. This finding can be explained by the decreased capability of SFAs to dissolve within the natural lipids of the SC, which leads to reduced SC lipid disruption and, subsequently, less effective skin penetration enhancement [60,61,62]. Therefore, considering topical/transdermal drug delivery, the oil phase is not only vital for solubilising lipophilic drug(s), but it is also crucial in facilitating skin penetration enhancement, as established by fatty acids that form part of the oil phase [33,58]. Skin penetration enhancement can be established through different mechanisms, including fluidisation or disruption of lipids present within the outermost skin layer [56]. However, the fatty acid concentration, as well as the specific types of fatty acids included in the oil phase, also have a significant influence on skin penetration-enhancing effects [58,63]. Hence, an oil phase must be chosen with optimum drug solubility together with a favourable fatty acid composition for the purpose of creating an optimised topical/transdermal drug delivery vehicle.



Oleic acid is the most-recognised skin penetration enhancer of all time [56,58,64,65]. It is a trademark component in skin penetration-enhancing natural oils, such as olive-, avocado-, and pequi oil [66]. The mechanism of skin penetration enhancement, as achieved by oleic acid, is partially established by the disordering effects on SC lipids [56,58]. Moreover, oleic acid has portrayed an increased capacity to facilitate fluidisation of SC lipids, which leads to enhanced drug permeation in addition to increased flux values [56]. The fluidisation theory is confirmed by studies that observed oleic acid in separate pools of SC lipid domains [65]. However, it is mentioned in literature that only the cis form of oleic acid can establish an enhanced flux of topically applied drugs due to the unsaturated structure of this form of oleic acid [56]. Although both the cis and trans forms of oleic acid are deemed unsaturated, it is vital to understand that the inclusion of a trans double bond in a fatty acyl chain inaugurates an abridged bonding angle relative to a cis double bond, leading to a fatty acid acyl chain conformation that bears a significant similarity to a saturated fatty acid structure rather than an unsaturated fatty acid structure, regardless of the overall unsaturation [67]. Additionally, this knowledge can assist in explaining fluidised skin lipid domains, as the cis formation predominantly condenses with itself instead of facilitating even distribution throughout SC lipids [65]. This non-homogenous distribution of oleic acid may suggest that reversible, together with permeable, skin defects are created to further improve dermal drug delivery [56,58,65]. However, not all natural oils are rich sources of oleic acid; for example, grapeseed- and argan oil [66,68]. Interestingly, linoleic acid rich oils have portrayed intensified skin repair effects, which are achieved by preventing SC water loss [69]. These increased hydration properties, facilitated by linoleic acid, can similarly be enabled by other fatty acids, especially those of a saturated nature [63,70]. For instance, stearic acid is known for its high melting point and subsequent film formation on the skin surface. The concentration of undissolved stearic acid applied onto skin cannot partition into the SC to achieve a lipid-disordering effect. Even so, film formation can contribute towards improved dermal permeation due to occlusive effects that provide increased hydration followed by loosening of the strict SC structure that allows a permeation of drugs into the underlying skin layers [70,71]. Therefore, indicating the crucial contribution of different fatty acids on the skin and, particularly, the potential influence of different fatty acids utilised in combination in order to achieve optimised topical/transdermal drug delivery. Furthermore, it has been found that polyunsaturated fatty acids (PUFAs) tend to participate in oxidative reactions to a higher degree than monounsaturated fatty acids (MUFAs) [69]. Hence, fatty acid composition can correspondingly influence shelf life of topical/transdermal SEDDSs.




4.3. Surfactants


The interfacial tension between the lipophilic and hydrophobic components of SEDDSs are reduced by surfactants. They create an interfacial film between the two immiscible phases for the purpose of generating a dispersion [3,4,5,6,7,8,72]. During formulation of SEDDSs, higher emulsification properties are achieved by including surfactants with HLB values exceeding a value of 12. This allows fine-oil droplet formation within the water that establishes rapid spreading of the formulation in the gastrointestinal environment. Overall, non-ionic surfactants are mostly employed during the formulation of oral SEDDSs, as these surfactants have decreased toxic profiles compared to anionic- and cationic surfactants. However, even non-ionic surfactants can establish irreversible, moderate alteration to the permeability of the gastrointestinal wall. Nonetheless, it has been found that a surfactant concentration of approximately 30–60% w/w of an oral SEDDS formulation renders enhanced spontaneous emulsification within the gastrointestinal environment [33].



Additionally, similar challenges, concerning surfactant concentrations, exist while developing SEDDSs destined for topical/transdermal drug delivery, as skin is also sensitive towards high surfactant concentrations [73,74]. Skin irritation reactions associated with surfactant exposure is linked to the capacity of surfactants to solubilise lipid membranes [75]. However, this property of surfactants can contribute towards enhanced dermal drug delivery, as the SC is comprised of lipids that form a formidable barrier to drug delivery systems [58]. Hence, when deciding on surfactant concentrations of dermal SEDDSs, the choice must be based on the principle of finding an area of compromise so as to not only include low enough surfactant concentrations to avoid skin irritation, but these concentrations must be high enough to achieve skin penetration enhancement.



Co-surfactants are included in SEDDS formulations to attain an even smaller transient negative value by further decreasing interfacial tension between the two immiscible phases. This enables increased flexibility of the interfacial film. By imparting enhanced flexibility to the interfacial film, different curvatures can lead to the formation of different concentrations of microemulsions. Furthermore, inclusion of co-surfactants can assist in incorporating decreased surfactant concentrations due to enhanced interfacial flexibility [33,76]. At this stage, an expanded interface enables fine droplet formations that are capable of adsorbing more surfactants together with co-surfactants until the film is diminished to shift back towards a positive interfacial tension that renders spontaneous emulsification [33]. As a result, by including co-surfactants, the ease of producing self-emulsification is enhanced while surfactant concentrations associated with skin irritation, as well as irreversible gastrointestinal alterations, are reduced. Substances most widely incorporated as co-surfactants are medium-chain-length alcohols (C3–C8) [33,76]. Examples of potential surfactant phases are displayed in Figure 2.




4.4. Water


As the hydrophilic component of both oral and topical/transdermal SEDDSs, water is the last- but not least-important component of these uniquely formulated drug delivery systems. With orally administered SEDDSs, water may be included as part of the formulation itself, for example, contained in filled capsules or dispersible granules, or SEDDSs may be exposed to water within the gastrointestinal tract to further emulsify into finely dispersed droplets prior to chylomicron uptake [33]. Contrarily, topical/transdermal SEDDSs are not exposed to similar amounts of external water [77]. Hence, water must be included beforehand in sufficient concentrations in topical/transdermal SEDDSs to maintain spontaneous emulsification [78]. Moreover, water is the most ancient skin penetration enhancer, as it maintains SC hydration followed by loosening of the stiff SC structure in order to improve drug movement through the shield provided by the SC [79]. The question nonetheless remains: How can topical/transdermal SEDDSs be optimised in terms of excipient concentrations utilised in addition to achieving spontaneous emulsions?





5. Compatibility of Topical/Transdermal SEDDS Excipients


Optimised drug delivery follows an optimised drug delivery system design approach. Hence, during the formulation of topical/transdermal SEDDSs, the physical, chemical, as well as biological properties of all drug(s) and excipients incorporated in formulations must be subjected to compatibility studies. Infrared (IR) is often employed during compatibility experiments, as it is related to the study of covalent bond formation, and detailed information is obtained about the molecular structure, either between drug(s) and excipients or excipients and excipients [80]. Contrarily, isothermal micro-calorimetry experiments can also be conducted for the purpose of confirming the compatibility of drug(s) utilised in combination with different excipients [81]. This compatibility-testing technique is based on the understanding that instability reactions produce heat exchanges between surrounding components that can signify potential incompatibility between excipients or drug(s) and excipients [81,82]. However, this highly sensitive compatibility test is nonspecific and a follow-up analysis must be conducted to confirm if detected incompatibilities are of a chemical or physical origin. Interactions of a chemical nature are almost without exclusion considered unfavourable due to the degradation of components within formulations that reduces efficacious functionality together with the safety of the final SEDDS. Physical interactions can potentially be accommodated in topical/transdermal SEDDSs unless proven deleterious, as these types of interactions can occasionally enhance drug delivery. An example of a potential physical interaction together with improved drug delivery includes: complexation between lipophilic drugs and cyclodextrin to enhance oral drug delivery [83]. However, the challenge of finding components suitable for topical/transdermal drug delivery, as well as these components being compatible when utilised in combination to successfully render optimised topical/transdermal drug delivery from SEDDSs, must not be underestimated. Subsequently, a method must be utilised to establish the optimum concentrations of compatible excipients utilised in combination to successfully achieve, as well as maintain, self-emulsification.




6. Biocompatibility of Excipients Utilised to Establish Spontaneous Self-Emulsification


Biocompatibility has been a field of interest since the 1940s and is becoming more important in the field of pharmaceutical sciences, as excipients are not only included in formulations in order to establish desired formulation characteristics such as stability or cost-effective production, but they also contribute towards the acceptability of the formulation when it comes into contact with viable tissue. Once a foreign material is introduced to the human body, the body retorts to one or more positive and/or negative reactions. Three main adverse responses observed with especially dermal/transdermal drug delivery systems are: restricted wound healing, inflammation, and an acquired or innate immune response. As a result, a compound is deemed biocompatible when it does not display any toxicity, does not initiate any type of tissue injury with which it is in contact with, or trigger any immunological reaction [84,85]. The definition of biocompatibility has been modified over the years from: “the ability of a biomaterial to perform with an appropriate host response in the specific application” to “an expression of the benignity of the relation between a material and its biological environment”, as the focus has shifted towards not only biocompatibility of excipients but also biodegradability of the materials utilised to aid disease control [85,86,87]. The biocompatibility of a component is dependent on (i) material-related factors, such as shape, size, surface chemistry, composition, sterility, duration of contact, degradation, etc.; on (ii) host-related factors; and on (iii) the site of application, such as tissue characteristics and the microenvironment [84].



Natural oils are considered highly attractive when included as the oil phase of topical/transdermal SEDDSs, since biodegradability as well as compatibility with skin are taken for granted due to its natural origin [88]. However, natural oils known to cause allergic reactions, such as nut-based oils (e.g., almond-, macadamia-, and peanut oil), should rather be avoided, as numerous patients might be allergic to these oils [89]. Moreover, the choice of surfactant and co-surfactant are even more substantial, as they can drastically influence biocompatibility. These excipients are known to cause skin reactions due to the powerful disruption of lipids naturally harboured within the skin because of their amphiphilic properties [75,90]. Likewise, they are capable of modifying the transport of active pharmaceutical ingredients, though, as a result, biocompatibility is restricted [91]. For example, it is known that new surfactants, such as Labrasol®, were developed specifically for their optimal solubilisation capacity, but Labrasol® causes cell death receptor activation [92]. The reason for this severe cell damage is the irreversibly damaged membrane integrity due to the highly increased solubilisation capability of this surfactant [93]. Consequently, surfactants may have different cytotoxic effects, but the interference of their toxicity has not yet intensively been researched. This statement is validated by Nemes et al. [93], who found that the non-ionic polysorbate 20, which is an official surfactant described in different Pharmacopoeias (Ph. Eur. 9 and Ph. Hg. VIII.), possesses severe cytotoxic properties, and it lowered the biocompatibility of methyl paraben because it is able to solubilise membrane proteins. Therefore, special attention must be devoted to choosing surface active agents with the capacity to establish spontaneous emulsification while being included in reduced concentrations. Biocompatibility of excipients included in SEDDS, as well as the combinations and concentrations in which they are added, should additionally be researched intensively.



However, due to ethical and financial constraints, the employment of different animal trials is inadequate for biocompatibility establishment [94]. Furthermore, in the European Union, these tests are controlled by the 440/2008 EC regulation, where cell lines are favoured over animal experiments. This led to the establishment of numerous human cell culture models in biocompatibility assessments. These cells culture models are able to display similar expression patterns, membrane proteins, enzymes, etc. Nonetheless, they are incapable of representing actual human tissue due to the lack of extracellular elements and structure. Thus, reliable biocompatibility of pharmaceutical products can only be based on the evaluation of concomitant cytotoxicity profiles of different excipients and their combinations [93]. Various studies that have investigated biocompatibility of excipients, mostly employed in vitro histological experiments, where exposed skin was stained with hematoxylin to be assessed for possible structural damage, MTT (3-(4,5-dimethylthiazol-2-yl))-2,5-diphenyltetrazolium bromide) cytotoxicity analysis, cell proliferation assays, as well as apoptosis experiments [84,90,92,93,95,96]. Some successful biocompatibility studies have also been performed on SEDDSs. For example, a recent study aimed at developing a SEDDS comprising chlorhexidine and monododecylamide-ethylenediaminetetraacetic acid, formulated to battle antimicrobial resistance, found that >85% of cells remained viable after a period of 4 h. This study used the Resazurin assay on a Caco-2 cell line under regulated conditions [97]. Hence, biocompatibility experiments are essential tests to conduct during the developmental phase of topical/transdermal SEDDSs, especially for the purpose of identifying potential cytotoxic reactions [85,97]. However, this remains an undiscovered territory that should specifically be refined for topical/transdermal SEDDSs in terms of special skin cell models, skin sensitivity, inflammation, and wound-healing assessments, to name a few.




7. Pseudo-Ternary Phase Diagrams, Formerly Utilised Diagrams with Novel Potential


Pseudo-ternary phase diagrams are mostly constructed during the development of orally delivered SEDDSs, as is the case with most lipid-based drug delivery systems, since these diagrams provide a schematic representation of the region of self-emulsification when specific excipients are employed in combination [33,77]. This simplified process consists of preparing an optimised surfactant phase (fixed ratio of surfactant to co-surfactant) dissolved within a chosen oil phase in ratios of 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9 [83,98]. Hereafter, the water phase is added in a dropwise fashion while the mixtures are slightly stirred between water additions [99]. The point at which a mixture becomes turbid after moderate, continuous stirring marks the endpoint and, also, the concentration where spontaneous emulsification occurred. Next, the endpoint is plotted on the pseudo-ternary-phase diagram to illustrate the concentration range of excipient utilised in combination where self-emulsification is most likely to occur. Once the coordinates of the endpoint concentrations are plotted within the triangle, the area of spontaneous emulsification is termed heterogeneous due to the biphasic nature of this enclosed region, whereas the unenclosed area indicates the monophasic system known as the homogenous area of the tri-plot [33]. Additionally, pseudo-ternary-phase diagrams are functional instruments utilised to predict the phase behaviour of a potential SEDDS, as different segments of the diagram are indicative of certain behavioural characteristics of emulsions [100]. For instance, considering oral drug delivery, pseudo-ternary-phase diagrams can illustrate the robustness of a SEDDSs to dilution within the gastrointestinal environment [33,100]. However, during topical/transdermal drug delivery, different factors must be considered in order to optimise excipient concentrations and, subsequently, the phase behaviour of topically applied vehicles. The different phase behavioural regions can be seen in Figure 3.



As demonstrated in Figure 3, areas of a pseudo-ternary-phase diagram comprising either extensively high concentrations of the water-, oil-, or surfactant phase (combination of surfactant and co-surfactant) must be avoided, as these regions tend to generate unique structures such as lamellar phase formation in the presence of increased surfactant phase concentrations [100]. In addition, regions comprising increased surfactant concentrations must also be avoided to prevent skin irritation upon application of the drug delivery vehicle [73,74]. Moreover, reversed micelles are observed in oil rich regions of pseudo-ternary-phase diagrams [100]. Reversed micelles provide vast possibilities, since polar and nonpolar substances can be solubilised by these structures [101,102,103]. Additionally, promising applications for reversed micelles are known in the chemical industry in terms of enzymatic reactions for the purpose of certain drug delivery systems, as well as during the synthesis of nanomaterial [101,102,104]. However, reversed micelles do not necessarily contribute toward enhanced dermal drug delivery and are thus unwanted structures during the development of topical/transdermal SEDDSs. Micelles formed within water-rich areas of the tri-plot are considered highly unfavourable structures for dermal drug delivery due to their rigidity together with a decreased potential of deformability [105,106]. Therefore, all corners of pseudo-ternary-phase diagrams must be avoided during the development of topical/transdermal SEDDSs. Furthermore, the centre of the pseudo-ternary-phase diagram predicts the formation of unpredictable bi-continuous emulsions, as these emulsions refer to particle-solubilised systems comprising two continuous phases followed by a sustained inter-phase penetration [107].



The lipophilic or hydrophilic nature of incorporated drug(s) can also influence the choice of where the optimised formulation area is located, since the nature of the drug can contribute towards the time required to establish drug release from the formulation [108,109]. Hence, theoretically, a lipophilic drug will portray swift release if incorporated into a formulation containing an increased water concentration, as the lipophilic drug tends to desire escape from the hydrophilic vehicle into the lipophilic SC [108,110]. Therefore, pseudo-ternary-phase diagrams might be seen as an old authentication technique, but in terms of SEDDS development, it remains an irreplaceable prediction that enables the selection of desirable formulation properties [33]. After deciding which area of the obtained self-emulsification region is most suitable to enable topical/transdermal drug delivery, checkpoint formulations can be formulated and, subsequently, subjected to recognised characterisation experiments specifically created for oral SEDDSs, where a considerable twist is added to determine suitability for the topical/transdermal route.




8. Metamorphic Characterisation of Topical/Transdermal SEDDSs Versus Orally Delivered SEDDSs


8.1. Evaluation of Droplet Sizes, Zeta Potential, and Polydispersity Index


The characterisation of orally administered SEDDSs involves the evaluation of droplet size, zeta potential, studies relating to the surface morphology by means of electron microscopy, and an analysis of phase separation. The evaluation of droplet sizes, as well as zeta potential, provides insight into the chemical and physical profiles of the investigated SEDDSs. What is more, droplet sizes, together with the polydispersity index (PDI), influence the melting properties of oral lipid-based formulations, together with the rate of droplet penetration and dissolution. Therefore, these evaluations indicate a potential release of the encapsulated drugs from oral SEDDSs [33]. For the purpose of topical/transdermal drug delivery, droplet size determines an important aspect of diffusion, as smaller particles tend to portray faster, together with increasingly significant permeation across the SC [111,112,113]. Decreased droplet sizes can be supported by including surfactants that reduce interfacial tension in order to establish the formation of fine droplets [114]. Thus, the lipid-altering potential, along with droplet refinement potential, of surfactants can assist in the successful delivery of topical/transdermal SEDDSs [58,111,112,114]. Likewise, finer droplets comprising lipophilic drugs have demonstrated an increased affinity for subcutaneous lymphatic uptake and could assist in avoiding metabolic processes within the dermis [6,12]. The ideal range for subcutaneously injected substances considered suitable for lymphatic absorption is between 80–100 nm [6].



Dynamic light scattering is generally employed to analyse droplet size, zeta potential, and the PDI of SEDDSs, as these three characterisation assessments play an interchangeable part in predicting the SEDDSs performance in terms of dermal diffusion as well as formulation stability [33]. Zeta-potential measurements indicate the charge present on individual droplet surfaces within the chosen medium of dispersion [112]. This measurement identifies the degree of electrostatic repulsion present between droplets within the same dispersion, so as to contemplate the tendency of droplets to be repulsed by each other or to coagulate in order to establish larger droplets [115]. Hence, increased zeta-potential values predict increased droplet-droplet repulsion followed by increased emulsion stability [116]. Generally, the ideal zeta-potential value is defined as either >30 mV or <−30 mV for stable emulsions [117]. Interestingly, it has been reported in literature that the pH of a formulation can have a definite impact on zeta potential [118]. Therefore, if desired, pH adjustment can potentially provide more stable SEDDS formulations. Furthermore, the charge of droplets is not only indicative of formulation stability but also predicts the potential extent of dermal drug permeation [118,119]. Increased diffusivity can be driven by the affinity of the applied SEDDS for skin [118]. Theoretically, a positively charged formulation should portray increased skin surface affinity, since the net charge of the skin surface is of a negative nature [119]. Contrarily, the inclusion of natural oils in topical/transdermal SEDDSs renders negatively charged repulsion between droplets due to the presence of free fatty acids [120]. Ironically, free fatty acids are wanted components of topical/transdermal SEDDSs due to their inert skin penetration enhancement properties [58,63,70]. Besides, natural oils tend to carry a decreased risk of skin irritation reactions, as the fatty acids present in these oils are more compatible with the lipid matrix itself [63,70]. Therefore, negatively charged formulations will be able to cross the negatively charged skin surface through the inclusion of components such as free fatty acids [56,57,58]. Though, the permeation of negatively charged formulations can occur at a decreased rate compared to positively charged formulations [119].



A uniform droplet size distribution is likewise a predictive factor in terms of formulation stability [112]. The PDI indicates a droplet size distribution where a value of 0.0 specifies perfect sample homogeneity and a 1.0 grading is deliberated as a sample of high polydispersity in addition to portraying an unpredictable drug release. The pharmaceutical industry generally considers PDI values ranging from 0.05–0.7 acceptable depending on the type of formulation, as well as the application of said formulation. For example, in the field of topical/transdermal drug delivery, lipid-based carrier systems (PDI ≤ 0.3) and polymer-based nanoparticles (PDI≤0.2) should comply with predetermined PDI values in order to be considered suitable for topical/transdermal drug delivery [121].




8.2. Robustness to Dilution


Robustness to dilution refers to a simple evaluation test that consists of diluting SEDDSs 100-fold where, after, dilutions are left at an ambient temperature of approximately 25 °C for a period of 24 h prior to visual inspection to determine if phase separation has occurred [122]. The ability of a SEDDS to withstand drug precipitation as well as phase separation upon exposure to dilution indicates the stability of these simplified systems once introduced to gastrointestinal fluids [6]. Contrarily, the characterisation of SEDDSs destined for topical/transdermal drug delivery should rather be investigated for robustness towards dilution in fluids comprising different pH values. The purpose of this test in terms of dermal drug delivery would be to demonstrate the stability of a SEDDS as it diffuses through different skin layers while potentially exposed to sweat on the skin surface [77,123]. Remarkably, pH of the skin surface varies from 4.5–5.0, whereas the pH changes to approximately neutral within the final segments of the SC prior to reaching the underlying epidermis of the skin [123]. Therefore, it is recommended by the authors that SEDDSs destined for topical/transdermal drug delivery must be subjected to characterisation experiments, including dilution with fluids that vary in pH between a range of 5–7.4, to ensure the stability of these formulations upon dilution within different pH environments. Accordingly, this investigation will mimic the versatile conditions that SEDDSs can encounter while subjected to dermal diffusion [123].




8.3. Dispersibility Assessment


Evaluating the self-emulsification capacity of a spontaneous emulsion can contribute in predicting its in vitro performance after oral administration [33,124]. In order to achieve enhanced oral drug delivery, a rapid emulsification of the SEDDSs is desired, since spontaneous emulsification marks the rate-limiting step before drug absorption can occur [124]. Contrarily, the rate-limiting step for the majority of drugs intended for topical/transdermal delivery is identified as diffusion through the lipophilic shield established by the SC [53,56]. The differences between the diffusion of SEDDSs destined for topical/transdermal drug delivery and the absorption of orally administered SEDDSs are displayed in Figure 4 and Figure 5, respectively.



It is a priority during topical/transdermal drug delivery to increase the contact time between the skin surface and applied formulation in order to improve dermal drug diffusion [21,125]. Hence, orally administered SEDDSs should exhibit rapid self-emulsification, whereas topical/transdermal SEDDSs should not display prompt emulsification, as this portrays a superior capacity to withstand the exposure to exogenous water exposure [21,33,125]. If a SEDDS is able to restrict rapid emulsification once exposed to exogenous water sources or sweat secretion, it implies an enhanced occlusivity of the formulation, followed by an increased opportunity for dermal drug diffusion [21,125]. A grading system is utilised to categorise SEDDSs according to their exhibited dispersability potential, as depicted in Table 1 [126].



Rapid emulsification (Table 1) is either categorised as a Grade A or B emulsion, whereas decreased spontaneous emulsification properties are exhibited by Grade C, D, and E emulsions. Therefore, Grade A and B emulsions are deliberated as suitable for the development of oral SEDDSs [126], whereas the decreased tendency to self-emulsify of Grade C and D emulsions signifies an increased suitability for topical/transdermal drug delivery [21,125]. However, Grade E emulsions are not considered suitable for oral or topical/transdermal drug delivery, since their complete inability to form spontaneous emulsions predict unfavourable drug-release profiles.




8.4. Self-Emulsification Time


The time required by a system to achieve complete self-emulsification is related to the grading received by SEDDSs during the dispersability test [126]. Interestingly, spontaneous emulsification can ensue despite the presence of kinetic barriers between components, as the inclusion of surface-active agents allow miscibility of the lipophilic and hydrophilic phases of emulsified systems [32]. Therefore, instantaneous self-emulsification portrays the absence of kinetic barriers within the formulation, whereas increased self-emulsification times confirm the presence of kinetic barriers within the drug delivery system [32,33]. The grading thus received by emulsions destined for both oral and topical/transdermal drug delivery includes not only emulsion appearance but also the time required to render the complete dispersability of emulsions [33,126].




8.5. Viscosity


Internal friction that exists within a fluid itself—namely, viscosity—can facilitate resistance against flow, as well spontaneous emulsification [127,128]. For these reasons, determining viscosity profiles for SEDDSs, destined for topical/transdermal drug delivery, is considered highly important, as these results can contribute in identifying the influence of divergent oil phases as well as different surfactant concentrations on viscosity and self-emulsification potential [128,129]. The attraction forces within fluids that establish the degree of viscosity are sensitive toward changes in temperature [130]. Additionally, some systems can portray reversible or irreversible structural changes induced by the flow of fluids [131]. Flow behaviour is classified as either Newtonian or non-Newtonian [132]. Unchanged viscosity values are exhibited by Newtonian fluids upon exposure to different shear rates during viscosity experiments. On the other hand, the flow behaviours of non-Newtonian fluids are influenced by the applied shear rate [133]. Fluids that portray time-dependant flow behaviour changes are thixotropic- and rheopexy fluids, whereas time-independent flow-induced changes are observed in fluids of pseudo-plastic, dilatant-, and visco-elastic natures [133,134]. Pseudo-plastic flow behaviour is also termed shear-thinning and is considered the most favourable flow behaviour of non-Newtonian fluids destined for topical application since these fluids are known to show decreased viscosity once subjected to increased shear rates, as is the case with rubbing during topical application. Rubbing may enhance topical drug delivery due to the lipid disruption that is achieved by the rubbing action on the skin surface. Additionally, spreadability will most probably improve during rubbing, as attraction forces within the fluid are reduced due to the increased shear rate, which allows the formulation to cover and treat a larger affected area [135].



Viscosity profiles of SEDDSs assist in predicting stability, since certain flow behaviour causes irreversible structural changes to these formulations [136]. For instance, behaviour such as dilatancy is considered similar to the flocculation of SEDDSs during storage periods [137,138]. Dilatancy can be described as a shear-thickening behaviour, as these fluids tend to thicken to the point where a clay-like appearance is observed upon subjection to increased shear rates [139]. Therefore, dilatancy signifies risks such as injury to the skin, when applied with a rubbing action, as well as a tendency towards emulsion instability [135,137,138]. This can be attributed to an increased droplet size or the tendency of small droplets to form larger droplets [140]. Remarkably, the attraction forces present within SEDDSs that are evaluated during viscosity characterisation experiments can indicate the ease with which a SEDDS will spontaneously emulsify, since SEDDSs of increased viscosity are inclined to resist spontaneous emulsification due to powerful attraction forces within the emulsified system [127,128]. Therefore, SEDDSs of decreased viscosity can be expected to exhibit rapid, spontaneous emulsification, whereas SEDDSs of enhanced viscosity will more slowly self-emulsify and will thus be more suitable for oral drug administration [33,127,128].




8.6. Cloud Point Assessment


SEDDSs are sensitive towards changes in temperature [33,141]. However, excipients can remain functional while subjected to different temperatures that do not exceed the temperature at which the dehydration of components is observed [141]. Dehydration of excipients incorporated in emulsified systems may be visually identified as a sudden change of formulation appearance, from clear to turbid, once exposed to heightened temperatures [142]. This specific temperature is denoted the cloud point of SEDDSs [141,142]. Dehydration of excipients causes irreversible phase separation, which in turn risks erratic drug release, since spontaneous emulsification is destroyed by irreversible phase separation [141]. For the purpose of oral SEDDS development, formulations should own a cloud point temperature higher than 37 °C, similar to the systemic circulation temperature. This is to avoid the dehydration of excipients within the gastrointestinal tract [141]. Contrary, SEDDSs projected for topical drug delivery should portray cloud points exceeding 32 °C as to avoid formulation instability at the skin surface, which is known for an approximate temperature of 32 °C. However, SEDDSs intended for transdermal drug delivery should follow the same criteria as oral SEDDSs by exhibiting the dehydration of excipients at a temperature exceeding 37 °C, as these droplets should eventually reach the blood circulation in order to establish therapeutic effects [143]. Cloud points can be influenced by drugs, as well as the oil phase [144]. Hence, it is of significant importance to assess individual SEDDSs prior to dermal diffusion experiments. First, SEDDSs are diluted (1:100) through the addition of distilled water. Next, samples are placed in a water bath with a baseline temperature of 25 °C where the temperature will be slightly raised at 2 °C/min in order to determine cloud point temperatures of individual formulations [141].




8.7. Thermodynamic Stability Studies


Thermodynamic stability studies are performed to evaluate the capacity of spontaneous emulsions to remain stable under stressed conditions [97]. The results of these experiments predict the stability of a drug within the matrix created by excipients that can either enforce formulation stability together with reliable drug release or render instabilities such as aggregation, creaming, flocculation, Ostwald-ripening, and/or cracking during storage, as well as risk erratic drug release [97,144]. Experiments include exposure cycles of heating and cooling, subjection to centrifugation, and freeze-thaw stress cycles. Heating-cooling cycles refer to six cycles where SEDDSs are placed in environments of approximately 4 °C followed by heated conditions of approximately 45 °C. Exposure at each temperature should not exceed a period of 48 h. Next, SEDDSs that did not exhibit any form of instability during the heating-cooling cycles are subjected to centrifugation experiments comprising 3500 rpms for 30 min. Thereafter, formulations that did not depict phase separation post-centrifugation are further exposed to three freeze-thaw cycles. These experiments include alternate exposures to temperatures of approximately −20 °C, followed by temperatures approaching 25 °C [97]. If no phase separation, cracking, and/or creaming is observed after thermodynamic stability trials, the SEDDSs are considered suitable for further investigation for topical/transdermal drug delivery.




8.8. pH Measurement


Orally administered SEDDSs are drastically influenced by the pH of introduced fluids, since the pH of a fluid can either enhance or decrease ionisation of the included drug(s) and, thus, determine the solubility of incorporated components in the dissolution media [33]. Fortunately, the skin is able to accommodate formulations nearing neutrality up until formulations of high alkalinity, with a set range of 5.0–9.0 [51]. However, the ideal pH should only range between 4.5–5.0 in order to resemble the natural pH of the skin so as to ensure the optimum compatibility between the skin and formulation [123]. SEDDSs destined for dermal application must meet the pH requirements for the purpose of avoiding skin irritation [51].





9. Conclusions


In terms of oral drug delivery, lipid-based drug delivery systems, including SEDDSs, have received thorough investigation, as well as the refinement of specialised techniques such as muco-adhesive properties, zeta-potential changing capacities, and various solidification techniques [26,33,145]. However, SEDDSs destined for topical/transdermal drug delivery remain an undiscovered field of potential. The initial oral SEDDSs can transform the lipid-based drug delivery of hydrophobic drugs via the topical/transdermal route. This statement is supported by successful drug deliveries achieved by SEDDSs developed to improve drug delivery via alternative topical administration routes such as the ocular-, rectal-, vaginal-, and nasal routes of administration [19,20,21,22,23,24,25]. Moreover, SEDDSs remain noteworthy drug delivery vehicles, since approximately 30% of current drugs on the commercial market, together with up to 50% of newly discovered drugs, are of a noteworthy lipophilic nature [17,48,49,50,51]. Hence, the simplified formulation techniques of SEDDSs allow easy upscaling as well as more economically favourable manufacturing procedures [33,34]. Limitations of oral SEDDSs include decreased dissolution rates of lipophilic drugs within gut and mucosal fluids despite their ability to easily cross biological membranes. This leads to drug precipitation within mucosal- and gastrointestinal fluids that risk erratic drug releases [33]. However, topical/transdermal SEDDSs are not exposed to similar amounts of exogenous liquids and, therefore, might not present challenges similar to that of the oral route of administration [77,123]. Therefore, during the development of topical/transdermal SEDDSs, a detailed focus should be placed on an optimised formulation by including compatible excipients with multifunctional purposes, such as choosing natural oils for their natural skin penetration enhancement capabilities, while facilitating enhanced lipophilic drug solubilisation, together with a decreased tendency towards skin irritation [57,58,63,68].



Despite the fact that the literature cannot provide a clear explanation for the mechanism of spontaneous emulsification, the evident success of the self-emulsification drug delivery approach cannot be denied [19,20,21,22,23,24,25,32,33]. Additionally, pseudo-ternary-phase diagrams assist in predicting the behaviours of emulsions established by mysterious spontaneous emulsification [33,100]. Even though the limited understanding of spontaneous emulsification complicates formulation, it cannot necessarily be considered a factor for terminating the development of topical/transdermal SEDDSs and turning towards other topical/transdermal drug delivery systems such as nano-emulsions. SEDDSs have beneficial capacities compared to conventional topical/transdermal drug delivery systems; for example, nano-emulsions and liposomes, as SEDDSs, are prone toward an enhanced drug-loading capacity, decreased drug concentrations with similar therapeutic effects due to improved drug delivery, as well as an evident lymphatic uptake that renders hepatic metabolism evasion [146,147,148,149,150]. The topical/transdermal route is readily considered, as it naturally avoids hepatic metabolism, but the lymphatic uptake of lipophilic drugs from the dermis skin layer is another advantageous targeted treatment angle that can successfully render SEDDS the leading agents in topical/transdermal drug delivery [6,12]. The dermal lymphatic drug delivery principle can furthermore aid in diseases worsened by lymphatic dissemination, for example, human immunodeficiency virus (HIV), metastatic cancers, and endogenous extra-pulmonary TB [151].



The transfiguration of oral SEDDSs to topical/transdermal drug delivery vehicles is in early developmental stages with limited publications. Moreover, to the authors’ knowledge, this is the first clear review aimed at tailoring established characterisation techniques, utilised to obtain characterisation profiles of SEDDSs destined for oral drug delivery, to evaluate the characterisation profile of an ideal topical/transdermal SEDDS vehicle. The development of dermal drug delivery systems presents many obstacles due to the multi-layered nature of the largest organ of the human body [28,56,65]. Moreover, skin metabolism, as well as metabolomic evaluation techniques for dermal drug delivery vehicles, are relatively new and unestablished technologies [36]. Therefore, the challenges accompanied by the development of topical/transdermal SEDDSs might not be as simple as expected.
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Figure 1. Drug penetration pathways (1, 2 and 3); sites of drug metabolism (a, b and c); and skin anatomy. 
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Figure 2. Processes and excipients utilised during the formulation of self-emulsifying drug delivery systems (SEDDSs). SMEDDS = self-micro-emulsifying drug delivery systems and SNEDDS = self-nanoemulsifying drug delivery systems. 
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Figure 3. Hypothetical pseudo-ternary-phase diagram of phase behaviour exhibited by emulsions. 
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Figure 4. Dermal/transdermal uptake of SEDDSs. SC = stratum corneum. 
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Figure 5. Schematic representation of different uptake pathways exhibited by oral SEDDSs. 
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Table 1. Grading system of spontaneous emulsification.
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	Grading
	Description of Visual Observation





	Grade A
	Swift emulsification, presents a clear/bluish appearance (60 s).



	Grade B
	Rapid emulsion, with bluish appearance (60 s).



	Grade C
	Emulsion exhibits fine, milky appearance (120 s).



	Grade D
	Dull, greyish-white appearance with an additional oily layer at emulsion surface together with slow emulsification (>120 s).



	Grade E
	Poor or minimal emulsification noted with large oil droplets noticed on the surface.
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