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Abstract

:

Self-emulsifying drug delivery systems (SEDDSs) are a vital strategy to enhance the bioavailability (BA) of formulations of poorly water-soluble compounds. However, these formulations have certain limitations, including in vivo drug precipitation, poor in vitro in vivo correlation due to a lack of predictive in vitro tests, issues in handling of liquid formulation, and physico-chemical instability of drug and/or vehicle components. To overcome these limitations, which restrict the potential usage of such systems, the supersaturable SEDDSs (su-SEDDSs) have gained attention based on the fact that the inclusion of precipitation inhibitors (PIs) within SEDDSs helps maintain drug supersaturation after dispersion and digestion in the gastrointestinal tract. This improves the BA of drugs and reduces the variability of exposure. In addition, the formulation of solid su-SEDDSs has helped to overcome disadvantages of liquid or capsule dosage form. This review article discusses, in detail, the current status of su-SEDDSs that overcome the limitations of conventional SEDDSs. It discusses the definition and range of su-SEDDSs, the principle mechanisms underlying precipitation inhibition and enhanced in vivo absorption, drug application cases, biorelevance in vitro digestion models, and the development of liquid su-SEDDSs to solid dosage forms. This review also describes the effects of various physiological factors and the potential interactions between PIs and lipid, lipase or lipid digested products on the in vivo performance of su-SEDDSs. In particular, several considerations relating to the properties of PIs are discussed from various perspectives.
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1. Introduction


1.1. Aim of This Study


Supersaturable formulations induce a supersaturated drug concentration and maintain drugs in a supersaturated state when exposed to the aqueous environment of the gastrointestinal tract (GIT). This synergic effect can be achieved through co-formulation with precipitation inhibitors (PIs). Inducing supersaturation in the GIT is an increasingly popular means of promoting the oral absorption of poorly water-soluble drugs. Accordingly, this concept has been applied to self-emulsifying drug delivery systems (SEDDSs), resulting in great advancement. This review focuses on the current status of supersaturable SEDDSs (su-SEDDSs) as a promising strategy to induce supersaturation and maintain it in the GIT, thereby enhancing the intestinal absorption of poorly water-soluble drugs.



We will discuss various drug application cases and several methods for the preparation and evaluation of su-SEDDSs in their current state. The principles behind precipitation delay by excipients will be discussed in particular detail. In addition, various issues regarding the in vivo relevance of intraluminal supersaturation and the biorelevance of supersaturation assays will be addressed. Finally, we will make suggestions for the successful development of su-SEDDs.



There are many review articles that give useful information about the nature and application of supersaturable drug delivery systems or conventional SEDDSs. However, these reviews cover only a limited range of su-SEDDSs. Therefore, this review, which includes the current status of technology focused only on su-SEDDSs, is a valuable addition to the previous review literature because no review article currently covers such a wide range of su-SEDDSs.




1.2. Conventional Solubilized SEDDSs


There has been a steady increase in the number of new drug candidates (almost 40%) that are highly hydrophobic and poorly water-soluble. The oral bioavailability of poorly water-soluble drugs is hindered by low solubility and slow dissolution in the aqueous environment of the GIT. Thus, it is a great challenge for pharmaceutical scientists to overcome the inherent slow dissolution and poor oral absorption of hydrophobic drugs [1,2,3,4]. SEDDSs have emerged as a promising approach to improving the biopharmaceutical performance of hydrophobic drugs by enhancing their bioavailability [5,6].



An SEDDS is a pre-concentrate composed of a drug, oils, surfactants, and sometimes co-solvents and/or co-surfactants. SEDDSs include both self-microemulsifying drug delivery systems (SMEDDSs) and self-nanoemulsifying drug delivery systems (SNEDDS) [5,7,8,9,10,11,12]. They can be orally administered in various dosage forms. SEDDSs enhance drug absorption by delivering the drug in a solution state, hence, bypassing traditional drug dissolution. In addition, drugs can be maintained in a solubilized state during formulation dispersion and digestion [13]. SEDDSs easily form stable submicron-sized emulsions in the aqueous environments of the GIT with mild agitation provided by gastric mobility [14,15]. The particle size of the dispersion formed in the GIT has been regarded as a very important factor for the development of formulations that spontaneously emulsify to form oil in water emulsions with nanometer particle sizes and narrow distribution to provide improved in vivo performance. However, it has been reported that initial emulsion droplet size did not affect the drug absorption [16,17]. Recently, the properties of the dispersion formed by digestion and interaction of digestion products with bile salt micelles have been getting more attention as a more critical parameter that ultimately determines in vivo performance of SEDDS than the nature of the initial dispersion [7,18]. In short, the fate of drugs in the GIT could be more important than initial droplet size [19]. In this way, it was also suggested that bioavailability may have been increased via mechanisms other than decreases in particle size. This aspect of SEDDS has been discussed in more detail by other authors, thus, several excellent review references are cited here to aid the reader’s in-depth understanding [7,18,19].



Self-emulsification depends on the nature of the oil/surfactant pair, surfactant concentration, and oil/surfactant ratio, and on the various physiological conditions, such as temperature and pH, under which self-emulsification occurs. SEDDSs differ from other oral drug delivery systems in that the excipients in the formulation are markedly altered by enzymatic digestion [20]. The lipids in the oil phase of SEDDSs are hydrolyzed by gastric and pancreatic lipases in the GIT to release more amphiphilic lipid digestion products. These released digested lipids are more readily solubilized by the biliary lipids secreted in the bile. During the digestion of lipids, as described above, the gastrointestinal (GI) lipolysis process is dependent on various parameters, including the levels of gastric and pancreatic lipase secretions, the pH of the lipase action site and pH variations in the stomach and small intestine, and the biliary secretions that allow the micellar solubilization of lipolysis products. The bile acids present in biliary secretions have a dual function. Their first function is to act as surfactants as they trigger lipolysis by removing lipolysis products from the oil-water interface. Their second function is ensuring the formation of mixed micelles that drive digested lipids toward the intestinal epithelium where they are absorbed by enterocytes. This micellar association subsequently promotes lipid solubilization and supports lipid absorption. Thus, the hydrophobic and poorly water-soluble drugs that are incorporated in SEDDSs with lipids can also be solubilized by the formation of mixed micellar bile salt-lipid complexes, such as colloidal vesicles, after lipid digestion [21]. This mechanism enhances the apparent solubility of the drug in GI fluid, and commonly leads to increases in drug absorption and bioavailability, a process that has been exploited commercially (Table 1). This type of solubilization is also accompanied by a reduction in thermodynamic activity. Simplistically, this can be regarded as a drop in the free drug concentration in the GI fluid since most of the drug is solubilized in colloidal particles. Despite the reduction in free concentration owing to these drug-containing colloidal particles, drug absorption could potentially be maintained since the transfer from the solubilized reservoir to the free drug is rapidly equilibrated depending on drug absorption.



Furthermore, owing to their miniscule globule size, micro-emulsified drugs are easily absorbed through lymphatic pathways, bypassing the hepatic first pass effect. Overall, this lipid-mediated absorption mechanism may further retain drug molecules in a solubilized state prior to absorption. Therefore, drug absorption across the intestinal epithelium increases significantly for highly permeable biopharmaceutics classification system (BCS) class II drug molecules when formulated as SEDDSs [22,23,24].



Although conventional solubilized SEDDSs have several advantages in absorption, there are certain limitations. The drug precipitation in vivo, which is an undesirable outcome after administration, could occur in the GIT (Figure 1) [25].



As mentioned above, SEDDSs emulsify spontaneously when they come into contact with GI fluids after the formulation reaches the stomach [26]. However, the aqueous dispersion of SEDDSs containing high concentrations of water miscible excipients result in the supersaturation of the drug exceeding the equilibrium solubility of the GI fluid, as solubilizing power of SEDDS vehicle is lost through dilution. In addition, the lipid digestion of SEDDSs also induces supersaturation by stimulating a reduction in solubilizing power as the polarity of the lipid digestion products increases. This decreases their ability to swell the mixed colloidal vesicles formed in the GIT. Theoretically, supersaturation at high drug concentrations can increase the driving force for the flux of the drug across the GI membrane, and enhanced absorption could be achieved over a sufficient time period. However, supersaturated drugs with higher chemical potentials tend to precipitate rapidly into energetically favorable crystalline forms prior to absorption, resulting in compromised bioavailability. Consequently, the dispersion and digestion of SEDDS in the GIT typically lead to varying degrees of drug precipitation, and causing reductions in drug absorption in many cases. Therefore, ideal formulations should be able to maintain a supersaturated state for an appropriate time period to allow enhanced absorption.



Another limitation of a conventional solubilized SEDDS is toxicity. It is desirable to create micro/nano-sized emulsion droplets and micelles to increase the surface area to volume ratio, thereby increasing lipolysis by lipase [27,28]. For this, a high surfactant concentration is usually required to sufficiently stabilize the high surface area of the lipid–water interface. In addition, it can ensure that the drug remains in a dissolved state during storage and upon oral administration. Subsequently, conventional solubilized SEDDSs essentially contain high concentrations of surfactants (typically 30% w/w) [7,29]. These high doses of surfactants can lead to GI side effects that can be poorly tolerated during chronic use [5,30].





2. Su-SEDDSs


2.1. Definition of su-SEDDSs


To overcome the abovementioned limitations of conventional solubilized SEDDSs by minimizing drug precipitation from SEDDSs in the GIT and reducing the amount of surfactant, a new class of supersaturable formulation, namely su-SEDDS, has been designed and developed as a thermodynamically stable SEDDS that contains a PI and less surfactant [31]. In some papers, the word “supersaturatable” has been used to describe these SEDDSs, but it means the same as “supersaturable”.



The major difference between solubilized SEDDSs and su-SEDDSs lies in the avoidance of precipitation using PIs [18]. As stated above, there is a risk of drug precipitation and reduced absorption after the oral administration of SEDDSs as soon as the intraluminal concentration in the GI fluid exceeds drug solubility. In addition, this method of supersaturation has some advantages over solubilizing methods. Although the solubilization approach using SEDDS solubilizes hydrophobic drugs through incorporation into colloids, the free drug fraction, in equilibrium with the solubilized fraction, is still limited by its poor aqueous solubility. However, supersaturation is intended to increase the thermodynamic activity of the drug beyond its solubility limit and, hence, to create enhanced free drug concentrations with a stronger driving force for transit into and across biological barriers, thus resulting in a more pronounced effect on the uptake flux. Therefore, an su-SEDDS with PIs can prevent drug precipitation by generating and maintaining a supersaturated state in vivo after the formulation is released from an appropriate dosage form into the aqueous medium of the GIT, following dilution with GI fluid and the digestion of lipids by lipase [32].



After the emulsification of SEDDS in the GIT, drug precipitation is predicted to be the primary factor that contributes to variance in the in vivo pharmacokinetics associated with conventional solubilized SEDDSs. Subsequently, low drug loading is recommended for stable liquid SEDDSs, as loading is controlled by drug saturation solubility in the liquid lipid phase; moreover, drug precipitation during and after emulsification should be considered. The low drug-loading capacity of conventional solubilized SEDDSs is considered a main disadvantage for high-dose BCS class II and IV drugs. However, using su-SEDDS formulation strategies can contribute to increased drug loading through the stabilization of supersaturation in the formulation and/or in the GIT [30,33].



According to the lipid formulation classification system proposed by Pouton, SEDDS belongs to type II or III [19]. Type II consists of oils and water-insoluble surfactants and type III consists of oils, water-soluble surfactants, and cosolvents. In particular, SMEDDS and SNEDDS are regarded as Type III. However, the author suggested that surfactant may be poorly tolerated in chronic use. Most of the reported su-SEDDS are type III and this supersaturatable formulations do not need large amounts of solubilizing excipients, such as surfactants and/or co-solvents, in SEDDSs, which may result in lower toxicity [34]. From the industrial point of view, the aspect of regulatory status in relation to the toxicity of excipients is very important for the successful development of commercial final dosage form of su-SEDDS. There are several well-demonstrated review papers about regulatory status. We suggest referring to those review papers to get closer to successful commercialization [22,28,29].



Confusion between Supersaturated SEDDSs and su-SEDDSs


In su-SEDDSs, drug molecules are either (i) encapsulated within the lipid phase at a concentration above their equilibrium solubility or (ii) formulated with excipients that generate supersaturated drug solutions when dispersed and lipolyzed in the GIT. In either case, they can only be classified as su-SEDDSs if a PI is included in the formulation [30]. The su-SEDDS differ from supersaturated SEDDS, as the latter is not thermodynamically stable and drugs in supersaturated formulations can crystallize during storage or after oral administration. Supersaturated SEDDSs maximize supersaturation by increasing drug loading above the equilibrium solubility of the drug in a lipid composition to enhance absorption. However, precipitation is not considered [5]. In contrast, the crystallization of drugs from su-SEDDSs can be prevented by the action of a PI. Therefore, the physical stability of supersaturated SEDDSs is fundamentally challenging, and this limits their practical utility. Nevertheless, a significant increase in oral bioavailability with supersaturated SEDDS has been reported for several poorly water-soluble drugs including halofantrine [35], albendazol [36], lovastatin [37], scutellarin [38], simvastatin [39], CEPT inhibitor CP-532 [13], and fenofibrate [40]. The drug dissolution rate of supersaturated SEDDSs was studied and correlated with in vivo bioavailability; supersaturated SEDDSs showed better drug dissolution and absorption than conventionally solubilized SEDDSs (non-supersaturated). However, it is obvious that drug precipitation induced by the dispersion of supersaturated SEDDSs in an aqueous medium should be prevented considering the positive effect on absorption, which can be proportional to the supersaturation period without precipitation [41]. The solubilization and permeation enhancement effects of su-SEDDS have been studied with regard to the interplay between formulation digestion, supersaturation, and permeation. These studies revealed complexity of BA improvement mechanism of su-SEDDS; the formulations with the highest drug loading may not always produce optimal absorptive concentration gradients. The examples illustrate that fast in vitro dissolution behavior does not always translate to optimal in vivo performance. A lower degree of intraluminal supersaturation may be maintained over a longer period, generating less precipitation and enhancing absorption. If supersaturated SEDDS could be developed as a formulation that maintained supersaturation for a sufficient time period, even during storage and in the GIT, using PIs, this SEDDS could be included in the category of su-SEDDS and would be an ideal su-SEDDS for the enhancement of drug absorption.





2.2. Understanding the Principles of Drug Precipitation for Successful Development su-SEDDSs


The in vivo precipitation of drugs after administration of SEDDSs is an undesirable outcome. Drugs can precipitate in vivo when the formulation solubilization capacity of the drug is decreased by various factors, such as sharp pH changes, dilution of the formulation with body fluids, or the digestion of the solubilizing excipients in the formulations. The correct drug concentration required for immediate action in the GI aqueous phase can be reduced by precipitation, resulting in a delayed or reduced biological efficacy. The drug must be partitioned within the emulsion droplets following dispersion and dilution of the SEDDS in the GI aqueous media. The drug precipitation process is complex, and is based intrinsically on three steps: supersaturation, nucleation, and crystal growth. These steps are affected by the following factors: solubility, degree of supersaturation, impurities, temperature, solution viscosity, and solid–liquid interfacial tension. To prevent drug precipitation in vivo, it is important to understand the fundamentals of these steps, and it is necessary to design a formulation that can avoid precipitation based on these mechanisms. The theories described below are based on the paper reported by Brouwer et al. [34].



Supersaturation is a state in which drugs present above their saturation solubility in solution and thermodynamically unstable. [42]. The degree of supersaturation can be expressed with the relative ratio of the actual concentration of drug in solution to the saturated solubility of the drug as the supersaturation ratio S:


S = C/Ceq



(1)




where Ceq represents the saturation solubility and C is the experimentally measured actual drug concentration. The relative supersaturation index σ also can be used to express supersaturation and defined as:


σ = S − 1 = (C − Ceq)/Ceq



(2)







Based on the obtained S or a, the state of the drug solution is classified as follows:




	
S < 1 (σ < 0): unsaturated or subsaturated;



	
S = 1 (σ = 0): saturated;



	
S > 1 (σ > 0): supersaturated.








Compared with a stable, saturated solution (µeq), a supersaturated solution is characterized by an increased chemical potential (µ) or activity (a) of the drug in solution. The thermodynamic driving force for drug precipitation can be formed by the difference in chemical potential (∆µ):


∆µ = µ − µeq



(3)







From the definition of chemical potential, it follows that:


∆µ = RT·ln(a/aeq)



(4)




where a and aeq refer to the activity of drug in a supersaturated and saturated state, respectively, R is the universal gas constant, and T is the temperature of the solution system. Equation (4) can be transformed into Equation (5) assuming no difference between the activity coefficient of the drug in the supersaturated and saturated state:


∆µ = RT·ln(C/Ceq) = RT·ln(S)



(5)




where C is the drug concentration in the supersaturated solution, Ceq is the equilibrium solubility of the drug in the saturated solution, and S is the supersaturation ratio, as defined in the Equation (1). The drug solution is thermodynamically unstable in a supersaturated system; hence, it tends to return to the stable state through drug precipitation. This drug precipitation essentially consists of two processes: nucleation and crystal growth. Nucleation is the initial process that occurs in the formation of a crystal from a solution and refers to the formation of very small nuclei of the new solid phase within the supersaturated liquid phase. The drug precipitation from a supersaturated solution is a thermodynamically favorable stabilization process involving a decrease in Gibbs free energy, but activation energy is required for the nucleation step (Figure 2). The nucleation of drug cannot be initiated when this activation energy is too high, and a metastable supersaturated state is created in solution instead. This supersaturated concentration range is also called a metastable zone, and the main role of PI for the stabilization of the supersaturated state is increasing the area of the metastable zone.



The nucleation rate (Jn) is estimated by:


Jn = N0·ν·exp(−∆G*/kb·T)



(6)




where kb is the Boltzmann constant, N0 is the number of molecules in unit volume, ν is the frequency factor for transport at the nucleus–liquid interface, and ∆G* is the degree of change in the Gibbs free energy required for the critical clusters, which are defined as a cluster with the critical radius (r*) for the maximum interfacial energy. The following Equations (7) and (8) can be derived when it is assumed that nucleation is homogeneous and clusters are spherical.


∆G* = 16·π·ν2·γ3ns/3(kb·T·ln(S))2



(7)






Jn = N0·ν·exp(−16·π·ν2·γ3ns/3(kb·T)3·ln(S))2



(8)




where ν is the molecular volume of the crystallizing solute and γns is the interfacial energy per unit area between the cluster and the surrounding solvent. These equations illustrate that the nucleation rate is dependent on the degree of supersaturation (S) and the interfacial energy (γns). When the nucleation energy barrier is overcome, the clusters grow into crystals. The solute molecules are diffused to the crystal surface from the supersaturated solution and/or the drug molecule can be uptake into the crystal lattice, resulting in crystal growth. The increase of the crystal radius (r) through each crystal growth event is defined by:


dr/dt = [D·ν·NA/(r + D/k+)](C − Ceq)



(9)




where C − Ceq is defined as the difference between the bulk concentration and the concentration in the in the liquid layer surrounding the crystal, D is the surface diffusion coefficient of the drug molecule, k+ is the surface integration factor, and NA is the Avogadro’s constant. The crystal growth process is predominated by diffusion-controlled mechanism when r > D/k+, while it can controlled by surface integration when r < D/k+.



Recently, su-SEDDS technology as an absorption-enhancing strategy has advanced and several approaches to reducing drug precipitation from supersaturated state of SEDDS in GIT have been attempted; thus, several questions have been raised regarding supersaturation in the GIT. These include: are su-SEDDSs truly effective in significantly enhancing in vivo drug absorption? If so, what processes are involved? How does GI physiology, such as the composition of GI fluid and hydrodynamics, affect intraluminal supersaturation, and how is this influenced by various internal and external factors, such as food, age, and disease? What is more important in the significant enhancement of in vivo drug absorption, the degree of supersaturation or the stability of supersaturation? How can we improve the biorelevance of in vitro digestion and supersaturation testing to achieve better in vitro–in vivo correlations (IVIVCs)? Many research approaches have attempted to meet these intellectual needs, and this review focuses on and discusses these major issues.




2.3. In Vivo Drug Absorption from su-SEDDSs


2.3.1. Increase in Absorption by Supersaturation in the GIT


To develop su-SEDDSs, it is essential to understand the basic concepts of solubility, supersaturation, and absorption. The advantages of absorption by supersaturation can be explained by the following theories [34,43,44]. Drug absorption can be assessed by Fick’s First law; thus, the drug absorption via passive drug diffusion is driven by the maximum concentration in GIT:


J = dM/dt = S·P·C



(10)




where the flux (J) of a drug through the GI barrier wall, which is defined as dM, the cumulative transport mass during dt, depends on the diffusion area (S), permeability coefficient (P) of the drug, and the drug concentration (C) in the GI lumen (assuming sink conditions) [45]. From this equation, it can be estimated that increasing the drug solubility can improve absorption of a poorly water-soluble drug. It is well known that the achievement of maximum drug concentration gradients across the intestinal wall can be achieved by supersaturation and it is an important mechanism to promote the absorptive flux of drugs [34]. Higuchi recognized first the potential impact of supersaturation on the transport of drugs across biological membranes. Since then, this theory has been widely used from transdermal to oral DDS [46]. This concentration-dependent absorption is a necessary but insufficient step in the estimation of total drug bioavailability of su-SEDDS. It should be noted that the intraluminal concentration of a drug is not limited only by its intrinsic solubility in GI fluids. Nevertheless, it is a very important factor in understanding the basic absorption benefits of su-SEDDSs. Thus, for poorly water-soluble drugs (BCS classes II and IV), the initial formulation strategy is, primarily, to reach high luminal supersaturation of the drug. In this respect, su-SEDDS could be a good option.




2.3.2. Consideration of GIT Physiological Factors


The physiological environment of GIT including pH and hydrodynamics can be changed drastically due to various endo- and exogenous components. In addition, as these components can directly affect the solubility of drugs, they alter the degree of supersaturation, and hence, affect drug precipitation. If there are various factors that can affect interfaces with the cluster for nucleation in the GI lumen, they may facilitate nucleation by acting as catalysts via decreasing the required activation energy. In particular, heterogeneous nucleation (nucleation on the surfaces of impurities) can also occur in the GIT, presumably more extensively than observed during in vitro tests [5,34]. A specific interaction between GI components and drugs may also cause undesirable drug precipitation. Thus, to prevent rapid drug precipitation and reductions in absorption owing to unwanted changes in supersaturation, it is necessary to understand the physiological variables of the GIT. Recently, the influences of various components, such as bile salts, phospholipids, and food digestion products on drug supersaturation in the GI fluid have been studied well. The contents related to the above explanation are very important for su-SEDDS; thus, we would like to briefly introduce the GIT physiological factors to be considered.



Effects of GI Physiological pH Changes and Hydrodynamics on Supersaturation


It is well known that a supersaturation state can be induced in almost maximally solubilized formulations at a high-energy drug state. However, drug supersaturation is generally not only the result of formulation technology but is further influenced by various physiological factors in the GIT. Physiologically induced, pH-driven supersaturation could play an important role in the absorption of drugs from su-SEDDS [47,48,49]. Owing to the pH gradient in the GI lumen under fasting conditions, the gastric solubility of weak basic drugs at pH 1.5–2 in the stomach typically exceeds their intestinal solubility at pH 5–8 in the intestine. This is because, under acidic conditions, the ionized form contributes to solubility, while it is mostly restricted to the unionized form under basic conditions. The transfer of poorly water-soluble weak basic drugs in the stomach to the intestine after dissolution may result in supersaturated concentrations; hence, causing an increased flux across the intestinal wall. Interestingly, even the intake of a crystalline powder may result in the supersaturation of weak basic drugs in the small intestine. This pH-dependent supersaturation behavior can be monitored in vitro during dissolution experiments by simulating the GI pH-shift. It has been reported that the process of dissolution and the creation of a supersaturated state are complicated by the impacts of both ionization and solubilization on the solubility of ionizable drugs across the physiological pH range. It also appears that the hydrodynamics of the GIT affect drug precipitation in vivo, although it is difficult to simulate in vitro. For instance, it was shown that the presence of convection currents may enhance diffusion-controlled nucleation and crystal growth [25].




Effect of Food on Supersaturation


The effects of food administration on drug absorption have been studied widely [20]. The presence of food and/or its digested products in the GIT causes slower gastric emptying, changes of GI pH, changes of GI fluid viscosity, and increased secretion of bile from the intestine that facilitates the emulsification and digestion of su-SEDDSs. In particular, the administration of foods containing ingredients that can increase viscosity or change surface activity, such as starch, may influence drug precipitation kinetics in supersaturated solutions. Bile salts and phospholipids may decelerate drug precipitation in a similar way to surface-active excipients. Furthermore, the pH-driven supersaturation mentioned above can occur after co-medication or acidic beverage consumption [50,51]. In addition, it was reported that in contrast to ionizable drugs, such as the weak basis drug, for non-ionizable drugs, good IVIVC was found between fed and fasting conditions. All these physiological processes probably enhance drug solubilization, promoting absorption, for BCS II drugs. The presence of exogenous lipids and other excipients may significantly alter intestinal permeation and the cellular uptake of drugs. In addition, it may alter intestinal and hepatic metabolism, as well as stimulating drug uptake via the lymphatic route. Unfortunately, there are very few research reports that demonstrate drug absorption from SEDDS with simultaneous or time-interval administration of food. A few reported studies reveal higher absorption of poorly water-soluble drugs from SEDDSs than from commercial products in a fasting state and less variation of absorption between fasting and fed states [22]. Nevertheless, more studies are required to establish, in-depth, the effects of food on drug absorption from SEDDSs, in particular su-SEDDS. In a more fundamental aspect, both conventional SEDDSs and su-SEDDSs could be prone to interactions with food due to their composition and/or structure. For the conventional SEDDSs without PI, the various probabilities of the interaction between food and lipid components are well documented in detail in several papers [18,19,20]. Based on these literatures, useful information for food effect on the performance of su-SEDDS can be obtained. Thus, we will not discuss this in detail here.




Effects of Various Factors on Lipid Digestion and Drug Absorption from su-SEDDSs


Not limited to the GIT, various physiological parameters and their effects in healthy subjects are well documented. In contrast, in vivo data on specific populations, such as patients of age groups, patients with various diseases, and patients undergoing treatments affecting GIT physiological parameters, are lacking, as it is difficult to obtain data from clinical studies owing to ethical limitations. However, food, age, diseases, such as exocrine pancreatic insufficiency (a pathological condition that can alter physiological and hydrodynamic GIT parameters including gastric and intestinal pH), digestive lipases, bile salts, emptying rate, gut transit time, and gut motility have been studied. These change in GI physiological conditions influence the supersaturation and absorption of drugs from SEDDSs [20].





2.3.3. Maintenance of a Supersaturated State for the Improvement of Absorption


The importance of supersaturation maintenance in vivo has already been addressed in many earlier studies in the literature [18,34,52,53,54]. The theoretical concept behind the generation and maintenance of a supersaturated state is commonly described by the “spring and parachute” theory [5,18,34,43,52,55,56,57]. This theory is explained in a slightly modified manner for su-SEDDS as shown in Figure 3 below, considering the induction of supersaturation caused by some different factors (e.g., dispersion and digestion in GIT) in lipid-based formulations [58].



A supersaturated drug solution is usually created from a higher energy form of the drug (a “spring”) and is thus thermodynamically unstable. Formulations that can facilitate in vivo supersaturation in the GIT are typically classified into two categories: (i) highly concentrated solutions and (ii) high-energy and/or rapidly dissolving solid forms. Amorphous forms, crystalline salt forms, co-crystals, nanoparticles, and solid solution/dispersion formulations, are all included in category (ii). In contrast, co-solvent systems and lipid-based formulations are included first category [4,55,59]. Particularly, as a kind of lipid-based formulation, SEDDSs can achieve “spring” status. In the case of SEDDS, dispersion and digestion events that promote supersaturation drive absorption and form the ‘spring.’ Here, the concentration reaching the highest apparent solubility is C before the occurrence of precipitation. However, as stated above, the degree of supersaturation is the driving force in precipitation; the higher the supersaturation, the more rapid precipitation there will be. Hence, the drug concentration in the medium may decrease to A level, reducing drug absorption although it could be higher than conventional dosage form including crystalline drugs. Regarding absorptive flux, to maximize absorption from a supersaturated solution, the drug must be maintained stably at a high concentration for an extended period (B level). This can be achieved using PIs (“parachutes”) to temporarily inhibit drug precipitation [55,60]. Therefore, the well-designed controlling of the interplay of supersaturation, precipitation inhibition, and absorption makes an SEDDS formulation viable for successful commercialization.



Su-SEDDSs are of interest regarding the first strategy mentioned above for achieving relatively stable in vivo supersaturation [61]. For the successful development of su-SEDDSs, there are two main approaches to avoiding and retarding drug precipitation from SEDDSs in the GIT: (i) decrease the degree of supersaturation or (ii) stabilize the supersaturated solution using PIs. The first approach can be achieved by adding more solubilizers, such as surfactants and/or co-solvents [54]. However, this method uses an excessive amount of surfactant and may pose a risk of increased toxicity. Another method for (i) is to slow drug release by applying controlled-release formulations to the su-SEDDSs, creating a moderate degree of supersaturation with a low drive to precipitate [62]. Such controlled-release formulations may further increase oral bioavailability relative to immediate-release formulations [63]. However, their application may be limited to drugs for which fast onset is important.



The key to designing and developing supersaturable formulations is to identify the optimal combination of “spring” and “parachute” [55,64]. Hence, the most common strategy to maintain supersaturation is to use PIs, such as polymers, surfactants, and/or cyclodextrins (CDs), which can act as both solubilization enhancers and PIs and can produce a combination of “spring” and “parachute” functions [34,65]. In general, drugs are completely dissolved in a pre-concentrate for SEDDSs. Once su-SEDDSs containing PIs are exposed to the aqueous environment in the GIT after oral administration, a supersaturated drug concentration is created and the drugs can remain in solution for an extended period of time. Many representative “spring and parachute”-based approaches have been illustrated using su-SEDDSs with PIs, in an attempt to improve drug oral absorption [60]. Some stabilization mechanisms have been proposed to explain the action of PIs, all of which are related to the alteration of the nucleation and/or crystal growth stages by adsorption or complexation [62]. These are discussed in further detail in the section below.




2.3.4. New Insight into Precipitation: Considering Increased Absorption by Amorphous Precipitation


Drug precipitate from SEDDSs can be in a crystalline or amorphous state, or, usually, a combination of the two [66]. Compared to crystalline precipitation, amorphous precipitation of poorly water-soluble drugs might be expected to facilitate drug re-dissolution. Re-dissolution would reduce the impact of precipitation on in vivo drug absorption from SEDDSs because the amorphous form dissolves faster than the crystalline form [7,18,67]. Amorphous precipitation can occur in all SEDDSs, including conventional solubilized SEDDSs, supersaturated SEDDSs [35,39], and su-SEDDSs [67,68,69]. That is, the physical state of precipitation may not be dependent on the addition of a PI, but any formulation component, such as lipid composition, could affect it. The solid state of the precipitate in the application of su-SEDDS is shown in Table 2.



Thomas et al. reported a comparison between a supersaturated SEDDS and conventional solubilized SEDDS. Pre-concentrates comprising either medium- or long-chain lipids, Cremophor RH40, and ethanol were formulated with the drug halofantrine [35]. During in vitro lipolysis, drug precipitation occurred rapidly from the supersaturated SEDDS. The enhanced dissolution of the supersaturated SEDDS was also reflected in its in vivo bioavailability, which showed a higher area under the curve (AUC) and maximum concentration (Cmax) per unit dose than the conventional solubilized SEDDS. This study demonstrated the interesting finding that the absorption of halofantrine was not disturbed by drug precipitation. Solid-state characterization of the precipitated drug revealed that an amorphous drug precipitate resulted in enhanced dissolution properties, and hence, an improved BA.



To date, amorphous precipitate formation from dispersed or digested lipid-based formulations, such as SEDDSs, has been reported most frequently for weak basic drugs, possibly owing to their potential to form amorphous complexes with fatty acid digestion products or PIs [70,71,72]. The solid-state characterization of the precipitates formed during lipid digestion can improve the quality of data interpretation in in vitro digestion and supersaturation models. In addition, it may also help to develop an effective IVIVC method [73]. In the su-SEDDS, precipitation was observed after a certain period of residence time in GI fluid, and there were reports of a case where the generated precipitate was amorphous. In these cases, it was shown that whether the drug is amorphous and crystalline depends on the type of PI. This shows that the complex formation of PI and the drug is the main factor for the precipitation of su-SEDDS (e.g., AMG 517 with or without hydroxypropyl methylcellulose or polyvinylpyrrolidone) [67]. There are several paper including the solid-state characterization techniques used to evaluate drug precipitates during in vitro digestion. Differential scanning calorimetry, powder X-ray diffraction, polarized light microscopy, scanning electron microscopy, and Fourier-transform infrared spectroscopy can be used for solid-state characterization in conjunction with in vitro digestion tests [18,74,75]. From a different perspective, potential polymorphic transitions during precipitation may further complicate supersaturation behavior and warrant solid-state analysis [76,77].





2.4. PIs


Optimization of su-SEDDSs to promote drug supersaturation in the colloids dispersed in the GI fluid can increase thermodynamic activity, thereby increasing the free drug concentration. Thus, this formulation approach can promote drug supersaturation and prolong the supersaturation period in the GI fluid, providing an opportunity to enhance drug absorption [34,78,79,80,81,82]. One way to prepare these formulations uses pharmaceutical excipients that delay drug precipitation, so-called PIs [52,60]. PIs have been demonstrated to sustain periods of metastable supersaturation long enough to improve the absorption of poorly water-soluble drugs [32].



There are two mechanisms that can explain the inhibition of drug precipitation: thermodynamic and kinetic inhibitions [55]. Typically, PIs act through kinetic inhibition mechanism. The kinetic inhibition of drug precipitation can be achieved by retarding drug precipitation from a supersaturated solution. PIs can inhibit crystal nucleation and/or growth through their interactions with the drug molecules. In addition, the influence of PIs on the properties of the medium, such as the viscosity and pH, could lead to inhibit the drug precipitation [83,84]. In contrast, the drug precipitation can also be inhibited thermodynamically by increasing drug solubility. An increased drug solubility by various solubilizing agents such as surfactants, co-solvents, and CDs can reduce the degree of supersaturation, decreasing the nucleation rate. Solubilizing effects may also be included in the actions of PIs [60].



2.4.1. Mechanisms to Inhibit Drug Precipitation


The mechanisms of action of PIs are not fully understood since the ability of PIs to delay the precipitation of poorly water-soluble drugs in supersaturated solutions that are formed in situ after the dispersion or dissolution of formulations is very complex [5,60]. It is also not obvious to date whether fully solubilized polymers or those in a colloidal state work most effectively. Nevertheless, it is very clear that PIs act as crystallization inhibitors at both the nucleation and crystal growth stages. Several potential mechanisms for the stabilization of supersaturated solutions have been proposed, and include the following factors [85].



Hydrogen Bonding


Various hydrophilic polymers, including hydroxypropyl methylcellulose (HPMC), can form intra- and/or intermolecular interactions with many drugs via hydrogen bonds. These interactions are likely to delay drug precipitation. HPMC, with approximately 60% unsubstituted hydroxyl groups, can act as a hydrogen-bond donor [5,86]. Hydrocortisone acetate has both three carbonyl groups and two hydroxyl groups as hydrogen-bond acceptors and donors, respectively [55]. Raghavan et al. reported that HPMC is expected to have a larger precipitation inhibition effect for hydrocortisone acetate than that of polyvinylpyrrolidone (PVP) [87]. They proposed that this result is because the hydrogen bonding between three carbonyl groups of hydrocortisone acetate and HPMC, which is rich in hydroxyl groups, is stronger than that between two hydroxyl groups of hydrocortisone acetate and only one carbonyl group per monomer unit of PVP. Similar results have also been reported for other drugs rich in hydrogen-bond acceptors where HPMC is more effective than PVP in inhibiting the precipitation of hydrophobic drugs [56,67,88]. Nevertheless, it has been revealed that PVP is also an effective PI. Indirubin-PVP hydrogen bonds were formed between the carbonyl group in the pyrrolidone ring of PVP and the amino group in the pyrrole ring of indirubin [89]. The authors suggested that polymers rich in hydrogen donors, such as cellulose derivatives, can more effectively inhibit the precipitation of drugs with hydrogen acceptors including carbonyl, amide, and nitro acceptor groups. On the other hand, the drug precipitation with hydrogen donors including hydroxyl or amide groups can be inhibited by polymers with hydrogen acceptors, such as PVP. In other studies, it was shown that CD can also kinetically inhibit crystallization via hydrogen bonding [5].




Adsorption Via Hydrophobic Interactions


Several reports describe hydrophobic interactions to explain precipitation inhibition mechanisms and the differences in effect between PIs. Gao et al. observed that HPMC showed a greater precipitation inhibition effect than PVP for a poorly water-soluble drug candidate (AMG 517) in a su-SEDDS [67]. The authors suggested that this was attributed to the greater hydrophobicity of HPMC than that of PVP. In addition, they studied the effect of different HPMC types and showed that the HPMC-E series have better precipitation inhibition effect than the HPMC-K series at the same viscosity. From this result, it was proposed that stronger hydrophobic properties of the HPMC-E series by a higher degree of methyl substitution than that of the HPMC-K series is the main factor in their outstanding performance as PIs. Based on the evaluation results of precipitation inhibition, HPMC E5 was selected as PI and applied to the su-SEDDS formulation to finally show the increase in drug absorption.



Gosangari et al. also reported that HPMC performs better in the inhibition of curcumin precipitation from su-SEDDSs, as it is a relatively more hydrophobic polymer than PVP-K30 or PVP-K90 [90]. In addition, it was revealed that the inhibitory effects of cellulosic type PIs on the nucleation of three model drugs, celecoxib, efavirenz, and ritonavir, from supersaturated aqueous solutions, are well-correlated with the degree of hydrophobicity of the PIs relative to that of the model drugs [91,92,93]. Interestingly, several studies have shown that the hydrophilic polymer, PEG, has no precipitation inhibition effect, as it does not adsorb to the surface of the crystals; however, an increase in polymer hydrophobicity enhances the adsorption of the polymer onto drug crystal surfaces, leading to an improved inhibition of drug precipitation.



For non-ionic surfactants containing poly(propylene oxide) (PPO), it was suggested that the critical factor for strong hydrophobic interactions with a drug is the length of the PPO group. In contrast, other amphiphilic surfactants such as Tween 40, Tween 60, Tween 80, Solutol HS15, Cremophor EL, and Gelucire 44/14 had no precipitation inhibition effects at concentrations below their critical micelle concentration (CMC). Vetter et al. also demonstrated that Pluronic F127 has the capability to reduce the crystal growth rate of ibuprofen through isotropic adsorption of the polymer molecules onto the crystal surfaces via hydrophobic interactions [94].




Reticulate Network Formation and Steric Hindrance


Generally, the widely spaced cellulosic polymer network of HPMC included in su-SEDDSs can stabilize supersaturation in an aqueous medium, thus inhibiting drug precipitation. In an aqueous medium, HPMC chains consist of cellulosic bundles, which results in a flimsy network of swollen clusters with the hydrophobic substituents surrounded by water sheaths. Using this process, cellulosic polymer networks can be created. Moreover, the chain entanglements provide a steric hindrance that can retard nucleation and crystal growth.




Molecular Rigidity, Molecular Weight, and Viscosity


The rigidity of PI molecules may affect the adsorption of these polymers onto drug crystal surfaces. It has been reported that polymers with relatively rigid structures adsorb to crystal surfaces more easily, while polymers with flexible structures are more likely to form loops, leading to limited contact with the crystallizing surface. The functional group mobility of PI structures is involved in the interactions with the surface molecules and can influence the adsorption process. Thus, the precipitation inhibitory effects of PIs can be affected by their rigidity [95]. The stronger crystallization inhibition effect of PVP for acetaminophen was attributed to the lower flexibility of PVP chains than of polyvinyl alcohol (PVA) and PEG chains, which are relatively more flexible.



It was shown that polymers with a higher molecular weight (MW) have stronger interactions with drug molecules, which can inhibit drug precipitation [96]. PVP polymers with higher MW can be more favorably complexed with salicylic acid and its derivatives. Furthermore, it was demonstrated that high-MW PVP and HPMC more effectively maintain the supersaturation of poorly water-soluble drugs without drug precipitation [88]. It was also suggested that high-MW grades of polymers such as HPMC increase the viscosity of the solution owing to increased chain entanglements, thus causing more steric hindrance to nucleation and crystal growth of the drug [60]. In addition, the effect of HPMC MW was prominent in the stabilization of supersaturated formulations. An increase in the interaction between the drug and the HPMC proportional to the MW was also observed, as well as an effect on drug precipitation inhibition. From these studies relating to viscosity, it can be proposed that increasing the viscosity of the aqueous medium decreases the rate of drug diffusion from the bulk solution to the crystal nuclei or surface. Thus, more of the drug will remain in intimate contact with the stabilizing polymer, inhibiting crystallization, during both the nucleation and growth phases. Consequently, the stabilization of a supersaturated state by a high-MW PI can be attributed to an increase in viscosity and/or an increase in the number of interactive functional groups.





2.4.2. Classification of PIs


It has been reported that various pharmaceutical excipients can be used as PIs in supersaturable formulations such as su-SEDDSs. In general, polymers, surfactants, and CDs are included in PIs. Some typical classifications of PIs in supersaturable formulations are explained briefly below.



Polymeric PIs


Most PIs are essentially polymeric materials. They could therefore be defined as polymeric PIs (PPIs) [55]. PPIs can be further classified as surface-active PPIs and non-surface-active PPIs. Typical surface-active PPIs include D-α-Tocopherol polyethylene glycol 1000 succinate (TPGS), Poloxamers and Cremophor EL. As mentioned above, the precipitation inhibition effect of surface-active PPIs may depend on their concentration above the CMC, and they could also enhance the equilibrium solubility of the drugs. Both the supersaturation maintenance and the high equilibrium solubility provided by surface-active PPIs could enhance the bioavailability of poorly water-soluble drugs. However, if the adsorption of the surfactants to the surface of a nucleus reduces the interfacial tension (γns) between this surface and the solvent, an undesirable increase in the nucleation rate (Jn) could occur [34].



Non-surface-active PPIs can be further divided into two groups: (i) cellulosic PPIs and (ii) non-cellulosic PPIs [33,95,97,98]. Cellulosic PPIs include HPMC, HPMC-AS, HPC, CMC, MC, cellulose, acetate phthalate, alginic acid, HEC, Na-CMC, and arabic gum, whereas non-cellulosic PPIs include PVP, PVP-VA, PVA, PAA, and Eudragit. PVP and its derivatives have been successfully used to inhibit the precipitation of drugs formulated as supersaturated solids and su-SEDDSs.



PVP is commonly used as a dispersant for many drugs owing to its amphiphilic properties. This property of PVP could be attributed to its structural features including its highly polar amide group and apolar methylene and methine groups. Due to its amphiphilic nature, PVP is soluble in water and several other non-aqueous solvents. In particular, Soluplus®, which is a new polyvinyl caprolactam–polyvinyl acetate–polyethylene glycol graft copolymer with amphiphilic properties, has received much attention and is widely used in su-SEDDSs. Eudragits are anionic copolymers containing methacrylic acid and acrylic acid derivatives and are also a representative type of non-cellulosic PPI widely used in supersaturable formulations. The selection of PPIs during su-SEDDS development depends not only on the properties of the drug but also on the properties of the PPIs. In addition, the formulation composition and dosage form of the su-SEDDS could be an important factor for the selection of applicable PPIs.




Non-Polymeric PIs


The most widely used non-polymeric PIs are CDs. It has been reported that CDs can lead to decreased in nucleation rate and crystal growth [55]. In addition, several recent reports have shown the stabilizing effects of CDs on supersaturated drug solutions, thereby inhibiting drug precipitation [99,100,101]. The formation of inclusion complexes of CDs with various hydrophobic drugs can increase drug solubility and reduce the supersaturation ratio. It was found that the supersaturated state of a drug solution was maintained for at least 2 h in the presence of CDs. This result demonstrates the positive drug precipitation inhibition actions of CDs as both the “spring” and the “parachute” (Figure 3). The authors suggested that CDs can inhibit drug precipitation thermodynamically and kinetically by enhancement of the apparent saturation solubility and interaction with drugs via hydrogen bonding, respectively. In addition, it was also proposed that both increases in viscosity and diffusion resistance and enhanced the cohesive nature of water by CD can result in stabilization of supersaturated solutions without drug precipitation [102]. Similar solubility enhancement and precipitation inhibition effects via CD supersaturation stabilization have also been observed for various supersaturable formulations [65,103].







3. Selection and Application of PIs for the Successful Development of su-SEDDSs


SEDDS components are an oil, a surfactant, and/or a co-surfactant or co-solvent. The drug incorporation efficiency into an SEDDS is mainly dependent on the physicochemical compatibility of the drug and system [104,105]. Thus, a phase diagram study is preferentially required to obtain an optimal formulation design. Optimized formulations should be selected (i) to achieve maximal drug loading; (ii) to achieve a minimal self-emulsification time and small uniform droplets in the GI fluid for maximal absorption; and (iii) to prevent/minimize drug degradation/metabolism under in vivo physiological conditions. Then, for su-SEDDSs, a PI is added to the pre-concentrate formulation. Finally, the liquid state su-SEDDS should be converted to a suitable dosage form [30,34].



3.1. PI Screening in the Preformulation Stage, Early Stages of Drug Development


Although several publications have reported the use of excipients as PIs in supersaturated solutions, it is important to realize that excipients may affect drug precipitation via a multitude of mechanisms [34]. The relative contributions of these different mechanisms will govern the effect of these PIs on the precipitation of the drug, and this effect may vary unexpectedly from the inhibition to the stimulation of precipitation. The available data on the physicochemical properties related to the interactions between drugs and PIs are insufficient to enable a more rational or even predictive selection of PI. The capacity of the PI will depend on the highly complex properties of the drug compound, the formulation composition, and the environment, such as solvent properties and hydrodynamics. More basic research is therefore required for a better understanding. In addition, the selection of the best PI candidate, via the interpretation of screening results and the predictions of in vivo PI effects, is often difficult, especially when applied to an SEDDS, as the models lack bile components and do not allow for the simultaneous process of lipid digestion by lipase. For this reason, the current selection of successful drug-excipient combinations for an SEDDS is mainly trial-and-error based. Thus, it is necessary to select PI candidates through the fast and efficient screening of as many substances as possible during the preformulation stage, then apply the selected PI candidates to the SEDDS and evaluate them under more biorelevant conditions using an in vitro digestion model that mimics conditions in the GIT, finally finding the optimum PI.



Many reports have described the application of various screening methods, from conventional to recent high-throughput methods, to identify excipients that can inhibit and delay precipitation upon induction of supersaturation. To screen potential PIs, it is necessary to create a supersaturated state in an aqueous phase in which precipitation can occur. In addition, an off-line or in-line analytical method is used to determine the appearance of precipitation and the amount of precipitated material over time [60]. In vitro evaluations of PI performances have been conducted using traditional pH-shift or solvent-shift methods to high-throughput screening methods, with drug precipitation measured by visual or microscopic inspection, UV spectrophotometry, HPLC, nephelometric turbidity measurements, X-ray scattering techniques, or in-line Raman spectroscopy [32].



The solvent-shift method is the most common PI screening method. It is also called the co-solvent quench method [60]. In this method, a drug is dissolved into a solvent, containing ethanol, dimethylformamide, dimethylacetamide, propylene glycol, sodium hydroxide solution, and 1,3-dioxolane, which has a significantly higher solvent capacity than the aqueous phase. Then, a small aliquot of the drug solution at a high concentration is dispersed in the aqueous phase to create a supersaturated solution. In the case of weak basic drugs, the pH-shift method can be used to create a supersaturated state in an aqueous medium. The solubility of a weak basic drug is usually significantly higher in an ionized form than in a unionized form. Therefore, changing the solution pH from a value lower than the pKa to one higher than the pKa can generate a supersaturation of the drug. The pH change method has been experimentally applied, using a transferred method, via the continuous addition of SGF to simulated intestinal fluid or by the addition of basic salt to an acid medium.



However, applying conventional pH-shift or solvent-shift methods to large numbers of PIs is typically time and material consuming and labor intensive [94]. Thus, the available number and type of formulations is limited, particularly for compounds during discovery and early development.



In recent years, in vitro high-throughput precipitation screening assays using 96- or 384-well plates equipped with liquid-handling systems have been developed according to the basic principles of the conventional pH-shift and solvent-shift. They are rapid, inexpensive, minimally labor intensive, and require only small quantities of each compound. Even so, the solvent- or pH-shift methods are still commonly applied as PI screening tests to estimate their supersaturation potential for non-formulated drugs in the preformulation stage and in the early stages of drug development.




3.2. Effect of Polymer Solubility in su-SEDDSs on Supersaturation


It has been demonstrated that HPMC is one of the most effective PIs with respect to the kinetic stabilization of supersaturation for various supersaturable drug delivery systems, such as solid dispersions and su-SEDDSs. However, HPMC is not soluble in lipid compositions, and a question arises as to whether PIs are more effective when they are more soluble in the lipid component of the SEDDS or in the aqueous phase in the GIT. Although PIs ability to prevent drug precipitation from lipid formulations has been well established, it is less obvious whether the site of action of the PIs is in the aqueous phase, the lipid phase, or at the interface. As it is generally accepted that isotropic systems, with all the components dissolved in the formulation, have better physical stability than two-phase formulations, this question may be a key aspect of su-SEDDS design.



Suys et al. attempted to answer this question (Figure 4) [32]. A wide range of PIs were selected for fenofibrate and they investigated whether the PIs performed more effectively when soluble in the lipid or in the micellar solution (aqueous). The supersaturation stabilization effect of the PIs was PI material-specific and became more noticeable as drug loading increased. The lipid-soluble PIs, Eudragit RL100 and PPGAE (poly(propylene glycol) bis(2-aminopropyl ether)), and the water-soluble PI, HPMC E4M, were identified as the most effective PIs in the inhibition of fenofibrate precipitation in vitro. Although the PIs that were soluble in the su-SEDDS showed higher supersaturation ratios (over 3), there were no significant differences between them and two other groups (the PIs pre-dissolved in the micellar solution and the PIs suspended in the su-SEDDS). Nevertheless, it is obvious that PIs that are soluble in the lipid composition of su-SEDDSs allow for simple processing as a stable, isotropic single phase, while an inconvenient process is required for stable suspension of more hydrophilic PI powder in the lipid formulation.




3.3. Cases of PI Application in su-SEDDSs


The effective inhibition of drug precipitation by these PIs in su-SEDDSs has been reported for many drugs with a several-fold increase in bioavailability (Table 2). In this review, cases of su-SEDDS application were classified by the method of PI addition, depending upon the solubility of the PI in the su-SEDDS, as mentioned above.



3.3.1. Dissolving PIs in the Lipid Phase


As reported by Suys et al., some types of PVP, Eudragit, and Poloxamer can be dissolved in the lipid phase [32]. Jang et al. prepared su-SEDDS formulations of carbamazepine [106]. They showed that the supersaturated state was effectively maintained and precipitation kinetics was retarded by the addition of 2% PVP as PI in su-SEDDS formulation. The mean particle size of formed emulsion after dispersion of su-SEDDS was about 33.7 nm and the in vitro release rate of the su-SEDDS was significantly higher than that of commercial tablet. In terms of the pharmacokinetic parameters of the su-SEDDS, the Cmax was 6.7 times higher and the AUC 5.9 times higher than those of the marketed tablet.



In the case of silymarin, Poloxamer 407 was selected as the optimal PI for the development of a stable su-SEDDS using the solvent-shift screening method [125]. The interaction of the major active constituent of silymarin and the PI was then determined by various solid-state characterization methods. The su-SEDDS, with the addition of 10% Poloxamer 407, resulted in enhanced dissolution efficiency for 4 h (88.28%) compared with the reference product (6.41%). The relative bioavailability of the su-SEDDS was approximately 760% when compared with a commercial product, Legalon®. It was also observed that the hepato-protective activity of this su-SEDDS in CCl4-induced mice was outstanding compared with the commercial product, reducing serum transaminase levels and lipid peroxidation, as well as glutathione and superoxide dismutase activities for the same oral doses.




3.3.2. Suspending PIs in the Lipid Phase


As most PIs are water-soluble, most su-SEDDSs have been studied by suspending the PI in the oil phase. Gao et al. used HPMC as the PI in su-SEDDSs containing paclitaxel [53]. This study was one of the first in the literature to report a case of su-SEDDS application. It was shown that the addition of 5% (w/w) HPMC to the formulation prolonged the supersaturated state for 2 h in vitro compared with the rapid precipitation of the drug in the conventional SEDDS without HPMC. This paclitaxel su-SEDDS produced a 10-fold increase in oral BA (9.5%) in a PK study using rats compared with the formulation without HPMC. In a subsequent study, Gao et al. confirmed that HPMC is an effective PI for AMG 517 su-SEDDSs. In contrast, PVP K30 had no precipitation inhibition effects. In addition to these early research cases, significant increases in oral BA for su-SEDDSs containing HPMC as a PI has been reported for PNU-91325, silybin, and curcumin.



For raloxifene hydrochloride, a pH-modified su-SEDDS, incorporating L-HPC as the PI, increased the solubility and dissolution rate of the drug [122]. The formulation at pH 2.5 led to the formation of a fine oil-in-water microemulsion, hence considerably enhancing drug release compared with the conventional tablet.



Song et al. used Soluplus® as a PI in a celecoxib su-SEDDS (with Capryol 90 as the oil, Tween 20 as the surfactant, and tetraglycol as the co-surfactant) [109]. It was observed that the celecoxib solubility of a conventional SEDDS without Soluplus® increased for the initial 5 min of drug dissolution in gastric fluid, but then decreased. In contrast, the celecoxib solubility of the su-SEDDS with the PI was Soluplus® concentration-dependent. The greatest dissolution (of approximately 90%) and delayed drug crystallization were also shown. In addition, the relative BA of the conventional SEDDS and su-SEDDS were 263% and 355%, respectively, when compared with that of the celecoxib suspension. Specifically, the su-SEDDS showed the highest Cmax and the smallest Tmax, indicating rapid and enhanced absorption with this su-SEDDS.



Jaisamut et al. reported that their optimized curcumin su-SEDDS consisted of 40% oils, 55% surfactants, and 5% Eudragit® E PO as the PI [111]. The precipitation behaviors determined using a supersaturation assay showed that in simulated gastric fluid, curcumin precipitation from the su-SEDDS was more retarded over 4 h than that from either a conventional SEDDS or an aqueous curcumin suspension. In addition, the mean emulsion droplet size of the curcumin su-SEDDS with 5% Eudragit® E PO was significantly smaller (21.6 ± 0.1 nm) than that of the conventional SEDDS without a PI (28.1 ± 0.3 nm). Furthermore, curcumin permeability across a Caco-2 monolayer was significantly higher (over five times higher) for the su-SEDDS than for the unformulated curcumin suspension. PK studies in rats showed 1.22- and 53.14-fold increases in the absorption of curcumin for the su-SEDDS-administered group compared with the conventional SEDDS- and aqueous suspension-administered groups, respectively.



Chen et al. found that a su-SEDDS containing 0.5% PVP K17 was able to retard precipitation and maintain a high indirubin concentration for over 2 h in an aqueous medium upon dilution [89]. The bioavailability of the su-SEDDS in male rat pharmacokinetic (PK) studies was 1.3 times higher than that of the conventional SEDDS without a PI. PVP K17 was found to be a more effective PI than HPMC or PEG 4000 for indirubin.



A cyclosporine-containing su-SEDDS was developed by Lee et al. [112]. A pre-concentrate of SEDDS consisting of corn oil-mono-di-triglycerides, polyoxyl 40 hydrogenated castor oil, ethanol, and propylene glycol was prepared and then several hydrophilic polymers were added as PIs to the SEDDS formulation. The size of emulsion formed by dispersion of su-SEDDS containing PVP (CyA:vehicle:PVP = 1:4.5:0.3 w/v/w) in water was less than 120 nm. In in vitro dialysis tests, it was shown that the su-SEDDS with PVP exhibited a higher apparent drug solubility when compared to su-SEDDS with cellulose derivative.




3.3.3. Mixing with Lipids after Dissolving PIs in Soluble Solvent


Baek et al. developed a gelatin microparticle-containing SEDDS using a spray-drying method to enhance the oral delivery of poorly water-soluble dutasteride [114]. They investigated the effects of the amount of gelatin and the type and amount of various hydrophilic additives, on the droplet size, dissolution, and oral absorption of dutasteride. A pre-concentrate of SEDDS was added to a gelatin solution with or without the hydrophilic additive. The mean droplet size after the aqueous dispersion of the gelatin microparticle-containing dutasteride SEDDS was in the range of 110–137 nm. In vitro dissolution and precipitation tests showed that gelatin could be used as both a solidification excipient and a PI for the development of dutasteride su-SEDDSs. Furthermore, a combination of gelatin microparticle-containing SEDDS and Soluplus® promisingly enhanced the dissolution and oral absorption of dutasteride.



In a subsequent study, a dutasteride-loaded solid su-SEDDS was prepared through the adsorption of the liquid su-SEDDS onto Aerosil 200 colloidal silica using spray-drying [115]. The solidification excipient, Aerosil 200, was suspended in ethanol or a mixture of water and ethanol, with or without hydrophilic additives such as PIs. The prepared liquid SEDDS containing dutasteride was mixed using constant stirring until a stable suspension was obtained, and then spray-dried. The dissolution and oral absorption of dutasteride from the solid su-SEDDS was significantly increased by the addition of HPMC or Soluplus® as a PI. This solid su-SEDDS showed higher oral BA (6.8- and 5.0-fold Cmax and AUC, respectively) than the physical mixture. Furthermore, a linear correlation between in vitro dissolution efficiency and in vivo PK parameters was observed for both AUC and Cmax.




3.3.4. Blending with Solid SEDDSs


Quan et al. successfully prepared an optimized solid SEDDS containing fenofibrate using solvent evaporation with the mesoporous silica Santa Barbara Amorphous-15 as the solid carrier [26]. Powdered Soluplus® was homogeneously mixed with the solid fenofibrate SEDDS. Supersaturation test results showed that Soluplus® delayed the precipitation of fenofibrate effectively and it sustained a higher apparent drug concentration for over 2 h. It was observed that Soluplus® enhanced the dissolution profile of fenofibrate from the solid su-SEDDS under supersaturated conditions. In a PK study in beagle dogs, the AUC of the solid su-SEDDS was 1.4-fold greater than that of the SEDDS without Soluplus®. The authors suggest that the fenofibrate precipitation inhibition effect of Soluplus® might be achieved both thermodynamically and kinetically.




3.3.5. Using Gelatin or HPMC Capsules as PIs


Gao and Morozowich produced interesting results, reporting that an SEDDS of a drug in HPMC capsules had the same drug concentration time profile as a su-SEDDS containing suspended HPMC powder in gelatin capsules [31]. It was found that, in both cases, the drug concentration was maintained at a level about five-fold higher than that of a conventional SEDDS without a PI in a hard gelatin capsule, regardless of whether the HPMC was added as a suspended powder in the SEDDS liquid or was provided by the HPMC capsule shell. They suggested that the results can be explained suitably using the “spring and parachute” mechanism.



Although it is not an su-SEDDS case, it is worth mentioning that Ouellet et al. performed a subsequent in vitro dissolution test for a dabrafenib capsule formulation in simulated fasting-state gastric fluid over a 24 h period [128]. It was observed that the dissolved dabrafenib from the HPMC capsules was detected at a higher percentage than that from the gelatin capsules. They proposed that the presence of HPMC inhibits the precipitation of dabrafenib as a free base, thereby maintaining a supersaturated solution over an extended period of time.





3.4. Potential Effect of PI on Stability, In Vivo Emulsification, and Absorption


It has been shown that many pharmaceutical excipients do not have biological activity; instead, they can have effects on in vivo physiological environment, enzymes, and/or drug transporters. Hence, the absorption, distribution, metabolism, and elimination of drugs may be influenced by excipients. In addition, there are cases in which interactions between drugs and excipients have unwelcome effects, and the excipients themselves can affect physiological conditions, hence, modulating the fate of the drug in vivo [129]. There was a report about specific interactions between solidification excipient and lipid molecules in both SEDDS formulation and in vivo [30,130,131]. Similar to that, the interactions between a PI and a drug or lipid could influence the performance of SEDDS, including dispersion, lipid digestion, and drug supersaturation, dissolution, and absorption in the GIT. Therefore, during the development of su-SEDDSs, the possibility of these undesirable effects of PIs must be considered. If the mechanisms behind these interactions are well understood, various properties of PIs can be adjusted, increased, or decreased to meet their desired purpose in the su-SEDDS. Therefore, this section will be placed on providing a probability of the influences of PI properties on their interactions with lipid and/or related molecules, with reference to how this impacts lipid digestion and drug solubilization, dissolution, and absorption.



However, although research into su-SEDDSs has progressed over the last decade, many studies have focused only on supersaturation after dispersion and lipolysis in the GIT, neglecting to investigate the influences of PIs on lipolysis of formulation, drug dissolution, and absorption via the manipulation of these interactions with lipids and/or drugs. Because of this, there are very few research cases about these potential issues. Therefore, in this paper, based on the results of studies on various supersaturated and supersaturable formulations other than SEDDSs, we would like to discuss the unexpected effects of PIs that could potentially be occurred during lipolysis of formulation, drug dissolution, and absorption of su-SEDDSs.



3.4.1. Effects of Lipid–PI Interactions on Lipid Digestion


It can be supposed that the lipase activity can be altered by formulation of lipids using PIs with varying physicochemical properties because PIs can influence on the lipid–water interface, hence, affecting interfacial activation mechanism of lipase [132,133,134]. For this reason, PIs can manipulate GI lipolysis via interactions between PIs and lipids, lipases, and lipid digested products.



Interactions between PIs and Lipid Components


Theoretically, un-dissolved or dissolved PI can modulate the lipid-in-water interfacial surface. It was reported that polymeric particles and carbohydrate crystals can restrict the lipase activity when they are used as stabilizers [135,136,137,138,139,140,141]. If colloidal PI particles or dissolved PI molecules are positioned at the lipid–water interface to stabilize emulsified lipids, an interference effect can be induced because it can physically or molecularly shield the emulsion from digestive enzymes. Furthermore, it is supposed that the PI may act as a competitive lipase inhibitor when formulated with SEDDS excipients, since PI particles or molecules can sterically hinder the accessibility of the lipases to the lipid substrate.




Interactions between PIs and Lipases


It was found that lipase can be adsorbed onto solid particles in their active conformation. Generally, lipase adsorbs more to the hydrophobic surface, causing reduction of activity [142,143,144]. This phenomenon can also be applied to dissolved PIs. Therefore, an enhancement in lipase activity can be supposed when lipase is adsorbed onto hydrophilic PIs, rather than hydrophobic PIs. From this, it can be proposed that modification of physicochemical properties of PI molecule can control the lipase activity via alteration of the orientation and confirmation of the enzyme molecule.




Interactions between PIs and Digested Products


Lipid digestion products included fatty acids and monoglycerides. These lipid digestion products can be adsorbed onto the interface of lipid–water via their surface-active by amphiphilic nature, leading to a reduction in lipid bioaccessibility and digestion kinetics [145,146,147]. Recently, it was reported that variation of molecular or surface charge of some excipients can control the rate and extent of lipolysis product partitioning toward the aqueous phase through electrostatic and agglomeration interactions [133]. These interactions can facilitate expulsion of fatty acids into the aqueous phase and thus reduced the interference of digestion products at the lipid–water interface [148]. Therefore, it can be proposed that PIs also can be used to trigger the release/retention of lipid digestion species for the prevention of low accessibility of the lipase to lipid component in su-SEDDS or control of the digestion rate.






3.5. Pharmaceutical Characterization and Evaluation of su-SEDDSs


The widely used analytical techniques in the physicochemical characterization of SEDDSs should be performed first, followed by tests to evaluate supersaturable properties.



3.5.1. Self-Emulsification Properties


It has been suggested that self-emulsification occurs when the change in entropy favorable for dispersion exceeds the energy required to increase the surface area of the dispersion. The free energy of emulsion formation is a direct function of the energy required to create a new surface between the two phases [149,150]. This self-emulsification process is defined by the equation below [151]:


∆G = ∑N·π·r2·σ



(11)




where ∆G represents the free energy associated with the process, N is the number of droplets of radius r, and σ is the interfacial energy. In this Equation (11), free energy of mixing is ignored. Over time, to reduce the interfacial area and the free energy of the system, it tends to separate into the two phases in the emulsion. To stabilize this system, conventional emulsifiers can be used to prevent coalescence via the reduction of interfacial energy by forming a monolayer around the droplets in the emulsion.



For the monitoring of emulsification, turbidimetric evaluation is performed generally [152]. This method determines the reproducible equilibrium time for the dispersion, and efficiency of self-emulsification can be obtained. The rate of turbidity change represents the rate of emulsification. Usually, the point when there is no increase in turbidity is defined as the time of emulsification [104,153].




3.5.2. Conductivity and Viscosity Measurements


Conductivity measurements determine the point of aqueous phase addition at which the system changes from having an oil-continuous to a water-continuous phase. They can be applied to monitor the percolation and phase-inversion of emulsion [151,154]. There are various types of viscometers which can evaluate the rheological properties of a microemulsion. On the other hand, viscosity determination helps to characterize whether the system is a water/oil or oil/water type.




3.5.3. Droplet Size Analysis and Zeta Potential


As state above, since the emulsion droplet size is a crucial factor which can influence on the stability, dissolution, and absorption, an accurate size measurement and interpretation in relation with other results is one of the most important for the basic evaluation of SEDDS [104,155,156].



Dynamic light-scattering (DLS) is the most widely used for routine evaluation of emulsion particle size. DMS method is based on the time variations in scattered light under Brownian motion. In addition, the Zeta potential can be obtained and correlated with flow behavior. Furthermore, the correlation between pH and zeta potential is important because it can influence the behavior of the emulsion in vivo. The photon correlation spectroscopy, laser diffraction, small angle X-ray or neutron scattering, and coulter counter can be used for the emulsion droplet size analysis [151,153].




3.5.4. Phase Separation Test


The simplest method of determining the stability of SEDDSs is the phase separation method. Samples diluted with distilled water are centrifuged at a specified rpm for a specified amount of time and their phase separation investigated. The determination of the cloud point is a vital tool in the case of SEDDSs containing non-ionic surfactants. At the cloud point, an irreversible phase separation occurs owing to an increase in temperature. The cloudiness of the preparation negatively influences the absorption of the incorporated drug because it indicates the dehydration of the SEDDS ingredients. Hence, the cloud point of self-emulsifying systems must be above 37 °C to avoid phase separation in the GIT.




3.5.5. Spectroscopic Evaluation


For the qualitative and quantitative analysis of lipid-based formulations, including SEDDS, spectroscopic techniques can be used as non-destructive methods [157,158]. In particular, the low frequency dielectric spectroscopy (LFDS) is based on the measurement of conductivity caused by the polarization of a material that occurs after the application of an electrical field. LFDS provides important information about the SEDDS formulation and their dispersion behavior in the early stage of investigations [149]. For better evaluation particle size analysis can be utilized simultaneously with spectroscopic methods. To analyze the intermolecular interactions and drug-excipient compatibilities, considering the structure and dynamics of microemulsions, Fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy, and nuclear magnetic resonance (NMR) are the most widely-used characterization methods in both solution and solid state [104,159,160,161].




3.5.6. Microscopic Evaluation


The images of emulsion itself and any coexistent structures and microstructure transitions can be observed directly by freeze fracture transmission electron microscopy (FFTEM) and transmission electron microscopy (TEM) at a high resolution [104]. Thus, it is regarded as the most important techniques for the study of microstructures [162]. Nevertheless, there is a disadvantage that extremely rapid cooling of the sample to very low temperature below −100 °C is required to maintain the structure in FFTEM studies. This extreme condition may give some physical and/or chemical damages to the sample. TEM is a complementary technique since it is the direct imaging method, in which thin portions of the specimen are directly investigated in a frozen hydrated state using a cryostage. A method for direct investigation of emulsion structures was introduced by the development of glass-forming microemulsions [163]. It has no risk to break down during cooling and neither dispersal nor matrix phase crystallization occurs during the cooling process.




3.5.7. Small-Angle X-ray Scattering


Small-angle X-ray scattering (SAXS) has been used for the determination of the microscale or nanoscale structure of particle systems, including the shape and size of macromolecules, characteristic distances of partially ordered materials, pore sizes, and other related data [153,164]. This feature is due to the elastic scattering of X-rays by a sample is recorded at very low angles, typically 0.1°–10° 2ϴ. Especially, SAXS has a special advantage that can get useful structural information of macromolecules between 5 and 25 nm of repeat distances in partially ordered systems of up to 150 nm [104].





3.6. Biorelevant Supersaturation Testing


In the field of oral drug delivery, in vitro models are commonly used in the pharmaceutical development phase to estimate in vivo drug performance and optimize formulation design prior to preclinical and clinical studies [5,7,13,18,42,43,56]. To improve the accuracy of in vivo dissolution predictions using in vitro dissolution, defined dissolution media that more accurately reflect the solubilization processes in vivo need to be developed [25,52,61]. For this purpose, numerous in vitro models have been designed for SEDDSs to simulate key processes related to drug absorption, e.g., dissolution, digestion, and permeation across an absorption barrier. In particular, the importance of in vitro models has increased with advances in su-SEDDSs [165,166,167,168,169,170]. Early in vitro studies emphasized solubilization. However, recent research has shifted its interest to drug supersaturation, as this is triggered by the dispersion and/or lipolysis of lipids. Thus, an in vitro digestion system should be established to reflect the three most important mechanisms: the increase in solubilization, the generation of supersaturation, and the inhibition of recrystallization. However, it is very difficult to consider all complex effects of various GI physiological factors in in vitro evaluations [20]. Recently, following the emphasis placed on the importance of in vitro digestion models by many research scientists, promising progress has been made in the development of a biorelevant in vitro digestion model with good IVIVC for predicting the effects of various GI factors on the performance of supersaturable drug delivery systems, including in vivo supersaturation, drug precipitation, and absorption [42,171]. More recently, improved computational models of the gastrointestinal environment using molecular dynamics (MD) showed a great potential to assist the complex process of drug formulation [172,173,174]. This MD is a powerful method for investigating phase behavior at a molecular level. The computational phase diagrams of undigested and digested bile are compared. From this, the typical intermolecular interactions that occur between phospholipids and bile salts can be described.



3.6.1. Critical Variables in In Vitro Supersaturation Evaluation


Various experimental conditions, including the mode of supersaturation induction, sink versus non-sink conditions, the test medium, and hydrodynamics should be considered when developing an in vitro digestion model for the evaluation of su-SEDDS supersaturation. It is certain that the results of a supersaturation test can be significantly influenced by these variables in experimental conditions; thus, careful consideration is required [56].



Sink or Non-Sink Conditions


The conventional in vitro dissolution method for poorly water-soluble drugs using a simple aqueous media is limited by the low intrinsic aqueous solubility of the drugs, and the consequent difficulty in maintaining sink conditions. In addition, as these tests are usually run under sink conditions, they are only suitable for testing release kinetics, e.g., in a quality control context. In the case of supersaturable formulations, such as su-SEDDSs especially, in vitro dissolution behavior should be evaluated using non-sink conditions, representing the precipitation behavior of the drug after dispersion and the digestion of the lipid composition [62]. Currently, SEDDSs are often evaluated using slightly adapted one-compartment dissolution methods. However, the application of more biorelevant non-sink conditions in the dissolution medium is required for use as an in vivo predictive tool for the evaluation of SEDDSs. The need for non-sink conditions for the in vitro evaluation of SEDDSs has recently been comprehensively discussed in several review papers. Several research scientists have reported meaningful IVIVCs, which were achieved using non-sink in vitro dissolution approaches for supersaturable solid dispersions. However, a slightly different approach is required for su-SEDDSs. In practice, the removal of the drug and digestion byproducts from the GI fluid occurs simultaneously with the release of the drug in vivo. This absorption sink can maintain the drug solubilization capacity of GI fluid and the degree of drug supersaturation, thereby reducing the driving force of the drug precipitation [32]. However, most in vitro models for the evaluation of su-SEDDS have limitations that do not reflect these in vivo conditions. Typically, increases in supersaturation can be induced by a lack of an absorption sink in most in vitro models, triggering more drug precipitation than in vivo. As such, in vivo solubilization and absorption of drug from GIT is likely underestimated in vitro model.




Hydrodynamics


It is well known that hydrodynamics can influence the drug precipitation in relation with nucleation and crystal growth processes of drug molecules [175,176]. Depending on the applied hydrodynamics, a higher drug molecule diffusivity in a solution has been shown to cause an increase in the nucleation rate. Generally, the increased kinetic energy induced by extensive mixing may assist in overcoming the activation energy for nucleation [34]. However, only very few studies have investigated the effects of hydrodynamics in relation to the intraluminal supersaturation and precipitation potential of drugs, especially for SEDDSs. It has been reported that the precipitation rate of poorly water-soluble drugs may be remarkably altered by agitation, which shows the importance of applied hydrodynamics in supersaturation and precipitation evaluation. It is considered that in vivo GI motility in fasting state is relatively low compared with the mixing observed in an in vitro dissolution/precipitation test [177]. Thus, it is supposed that these in vitro methods could overestimate precipitation [73]. Therefore, it is easily observed that promising improvements to the biorelevance of in vitro precipitation assessments can be achieved by more in-depth and detailed research on the effects of in vivo hydrodynamics and their implementation in dissolution-precipitation models.




Dissolution Medium


Conventional dissolution tests using simple aqueous buffer solutions, designed for quality control purposes according pharmacopeia, are obviously not sufficient for the accurate prediction of the in vivo performance of complex drug formulations such as su-SEDDSs. Therefore, more biorelevant dissolution media that simulate fasting and fed GIT conditions have been investigated by several research scientists [178,179]. In addition, the precipitation kinetics of drugs from su-SEDDSs may be influenced by some components of GI fluids, including bile salts and phospholipids. Considering these various factors, the use of biorelevant media has significantly improved the accuracy of IVIVCs, although they have not yet been optimized [56].





3.6.2. In Vitro Digestion Model


There has been a development of a range of in vitro models simulating the digestion processes occurring in the GIT to evaluate SEDDSs. Many reviews have been reported, including detailed explanations [25,43]. This section will explain very briefly the most commonly used in vitro digestion models, i.e., the pH-stat lipolysis model, the dynamic gastric model (DGM), and the high-throughput (HTP) lipolysis model, and latest research trends including real-time analysis and digestion-permeation models, in which physiological effects taken into account.



pH-Stat Lipolysis Models


Many in vitro evaluations of SEDDSs have been performed using pH-stat lipolysis models and they are the most widely used in vitro digestion model for the characterization of SEDDSs because of simplicity [25]. The in vitro digestion is typically performed in a thermostatic reaction with a digestion medium resembling fasted or fed state intestinal fluid, prepared with an appropriate pH and buffer capacity, as well simulating the effects of bile secretion [180,181]. After dispersion of su-SEDDS formulation, digestion is initiated by the addition of digestive enzymes (Figure 5). However, a series of recent studies have shown a lack of IVIVCs; thus, the results obtained from these models should be interpreted and used carefully. It is difficult to simulate and closely mimic all environment occurring simultaneously due to the complexity and dynamic behavior in GIT, As mentioned above, the un-removed lipid digestion product from the digestion medium can inhibit further digestion at the emulsion interface [182]. In addition, a simple intestinal digestion model with one-compartment is not sufficient to evaluate the impact of low pH and gastric digestion, as well as gastric emptying and sudden pH-changes [183]. Considering the drawbacks of this pH-stat lipolysis models, further research into the development of a predictive in vitro digestion model is required. In order to compensate for the problem of one-compartment model, two-step two-compartment GI digestion model simulating gastro-intestinal environment were proposed [184,185,186].




DGM


The DGM is suitable for studies that consider the effects of both enzymatic digestion and GI hydrodynamics, such as the gastric emptying rate on the performance of su-SEDDSs [187,188]. However, the DGM is relatively complex compared with other methods and is, therefore, unsuitable for large-scale formulation screening. Theoretically, the DGM is a gastric digestion model developed to simulate both the mechanical and biochemical aspects of gastric digestion in a realistic time-dependent manner. Thus, the realistic test conditions that replicate the mechanical stresses faced by ingested food and pharmaceuticals exposed to the human stomach is the main advantage of the DGM. Nevertheless, IVIVCs using the DGM have not yet been established for SEDDSs [25]. This may be because the factors that reflect the shift to intestine from stomach are excluded in DGM.




HTP Lipolysis Model


To evaluate drug precipitation of a large pool of su-SEDDS formulations and select optimum PI, in vitro HTP lipolysis model has been required and developed. Recently, it was reported that the HTP lipolysis model become a useful tool to predicts drug dissolution and precipitation during the digestion of lipid-based formulations containing poorly water-soluble drugs in the same manner as pH-stat lipolysis models [189,190]. Thus, it can be supposed that the HTP model is applicable to the fast evaluation of many su-SEDDSs using 96-well plates and/or small-scale dissolution equipment. Nevertheless, to date, it has generally not been widely used.




Real-Time Analysis


Real-time analysis, combined with the abovementioned approaches, could be an excellent alternative method with a high level of sophistication to truly capture the dynamics of su-SEDDSs [43]. Specifically, evaluation using real-time techniques can measure in vitro kinetic changes. To avoid artifacts of sample preparation, real-time analysis is favored. In addition, it can provide a means of mechanistically modeling lipid-based formulation processing.




Digestion–Permeation Models


To overcome the limitations of current in vitro digestion models, including the absence of an absorption sink to remove drug and digestion byproducts from the GI fluids, a coupled in vitro digestion–permeation model has recently been developed for the assessment of poorly water-soluble drug absorption from lipid-based formulations [32]. In fact, various abovementioned in vitro digestion models can only simulate solubilization and precipitation processes before absorption. In addition, they are limited in detecting any mechanisms other than drug solubilization that influence the fed/fasting responses of su-SEDDSs. The establishment of a more powerful in vitro model, such as a simultaneously combined digestion–permeation experimental set-up, may provide a better indication of various mechanisms critical to the negation of food effects and the enhancement of overall systemic drug exposure [191,192]. Moreover, a recent research reported in vitro digestion-in vivo permeation model which called in situ perfusion [193].





3.6.3. IVIVC Case Studies for su-SEDDSs and Supersaturated SEDDSs


Another issue in the development of su-SEDDSs is related to IVIVCs. The type of in vitro experiment and the medium should be carefully selected to obtain a good IVIVC. Feeney et al. reported IVIVCs of drug absorption and drug solubilization after su-SEDDS dispersion by replotting the results reported by other authors [18].



As stated in the section above, the PNU-91325 su-SEDDS formulation with HPMC as PPI inhibited in vitro drug precipitation [121]. The selected formulations through in vitro test showed that in vivo absorption from the su-SEDDS was greater than SEDDS formulation without PPI. Feeney et al. plotted the AUC of in vitro dispersion data against the in vivo AUC data reported by Gao et al. (Figure 6A) [18,121]. In addition, the supersaturation ratios (S) are plotted against the in vivo AUC in Figure 6B. Figure 6A,B shows an obvious IVIVC between dispersion AUC and in vivo absorption.



As shown in Figure 7A, Feeney et al. [18] employed the reported data by Anby et al. [52] to investigate the potential relationship between supersaturation by digestion and drug absorption for danazol contained in su-SEDDS with or without PPI. Unexpectedly, there were no large differences of in vivo AUC in beagle dogs; moreover, the results showed bad IVIVC, although in vitro drug precipitation was efficiently retarded and supersaturation ratio was increased by the addition of PPI in the SEDDS formulation. Furthermore, Thomas et al. demonstrated that there was no correlation between the solubilization effect obtained by in vitro gastric lipolysis test and in vivo absorption (Göttingen minipigs) for the fenofibrate supersaturated SEDDS formulation (Figure 7B) [194]. From the results shown in Figure 7A,B, Feeney et al. suggested that the lack of correlation may be due to that fenofibrate is absorbed well from most SEDDS formulations with or without PI addition or supersaturation in the formulation, possibly owing to its very high permeability rather than the usefulness of the in vitro model [18].






4. Development of su-SEDDSs to Solid Dosage Forms


The difficulty of the commercial success of conventional SEDDSs has been mainly attributed to a number of factors, including a propensity for drug precipitation in vivo and low drug loading, as state above [26]. To overcome these problems, su-SEDDS was introduced, but the limitations of liquid formulations and liquid filling capsules, such as the limited physico-chemical stability of formulation, difficult handling of liquid su-SEDDSs, poor patient compliance, and costly manufacturing, still remain. In particular, in terms of physical storage stability, it is important to note that long-term stability studies are required to fully validate the ability of solid SEDDSs with high drug loading such as supersaturated SEDDSs to stabilize their solubilized state without precipitation during storage. These issues need to be addressed in detail [30,195].



There is a possibility of loss of volatile substances and precipitation and degradation of the highly loaded drug during storage due to relative instability in solution state of su-SEDDS [26]. In addition, the release of hydroperoxides and volatile byproducts resulted from the degradation of lipids and oils may harmfully influence on physico-chemical stability of su-SEDDSs and in vivo toxicity. Thus, it is necessary to preserve and protect all lipid excipients within SEDDSs to prevent the harmful and undesirable side effects associated with lipid peroxidation. The incorporation of the lipids in solid carrier can physically and chemically preserve and protect all lipid excipients from water and air interfaces, minimizing the lipid peroxidation [30].



It is common for viscous liquid SEDDSs to be administered via hard or soft gelatin capsules. Many detrimental phenomena, including gelatin cross-linking, the crystallization of solubilized components, the deterioration of the mechanical strength of the shell, and the migration of solutes, can arise from the interaction of the lipid component with the capsule shells. These phenomena frequently cause brittleness and softness of the capsule shell, resulting in leakage of the content. Transmissible spongiform encephalopathy and consumer preference in relation with religion could also be a hurdle to use gelatin capsule [5].



When patient compliance is considered, the oral administration of liquid lipid can be associated with an unpleasant taste, which may be relevant for pediatric patients [196,197,198]. Additionally, liquid formulation makes it difficult to combine various pharmaceutical technologies such as controlled release technology. In contrast, solid dosage forms, such as powder, granule, and pellet, can be produced using standard pharmaceutical processing equipment with a lower manufacturing cost than soft gelatin capsule, and easily applicable to controlled release DDS [199].



To address the abovementioned problems of liquid su-SEDDSs, several attempts have been made to transform liquid su-SEDDSs into solid su-SEDDSs. Examples of applying the solidification method in su-SEDDS are shown in Table 2. These approaches combine the advantages of su-SEDDSs with those of solid dosage forms, while overcoming the disadvantages of conventional liquid SEDDSs. The solidification of su-SEDDSs affords a multitude of benefits over the liquid su-SEDDSs. These benefits can be summarized under the following categorical advantages: (i) improved drug solubilization, dissolution and BA, (ii) improved safety and stability, (iii) controlled drug release, and (iv) industrial and commercial benefits.



4.1. Pharmaceutical Excipient for Solidification


The appropriate solid excipients for the solidification of su-SEDDSs should be selected carefully because of their critical implications for not only the physicochemical properties of the su-SEDDS formulation but also in vivo drug absorption from the formulation [14]. The water-insoluble mesoporous silica and Microcrystalline cellulose (MCC), water-soluble polysaccharide, or polymer- or protein-based solid carriers are generally used as solidification excipients [131]. These types of solidification excipients can load the liquid state lipid excipients by direct adsorption or by encapsulating dispersed lipid colloids from the continuous phase prior to drying.



A multitude of solidification excipients have demonstrated potential for successful combination with SEDDS to improve the pharmacokinetic performance of lipophilic drugs. Especially, recently, some of application cases in su-SEDDS have been reported (Table 2). Several reviews have extensively discussed the properties of these excipients [55,60]. Therefore, we will briefly discuss solidification excipients mainly within the range applied to su-SEDDS.



4.1.1. Solidification Excipient and Application Cases


Mesoporous Silica


Different grades of mesoporous silica, colloidal silicon dioxide (CSD), and magnesium aluminosilicate, which are pharmaceutically acceptable excipients with high lipid loading capacities, have been used commonly as adsorbents in the preparation of SEDDS solid dosage forms [14,200]. Several cases of solidification of su-SEDDS were reported for celecoxib using silicon dioxide (Sylysia 350 fcp) [108], fenofibrate using mesoporous silica [26], glipizide using calcium carbonate and talc, and valsartan using calcium silicate (Florite®) [127]. As presented in Table 2, all cases showed comparably improved performance of su-SEDDS.



Rao et al. investigated the role of combining porous silica particles with supersaturated SEDDS in enhancing the drug-loading capacity and oral bioavailability of lovastatin [37]. Interestingly, lovastatin was loaded mesoporous silica using an organic solvent, prior to dissolving into the self-emulsifying lipids, resulted in a three-fold improvement in drug encapsulation, compared with the normal liquid SEDDS. It was shown that this supersaturated SEDDS retained lovastatin in a solubilized state during the in vitro intestinal lipolysis; hence, this could induce a 2.8-fold enhancement of the oral BA of su-SEDDS formulation as compared to the crystalline drug. In addition, a correlation between an increase in the silica-specific surface area and an increase in lovastatin absorption was also confirmed. The authors suggested that the supersaturated SEDDSs loaded into the porous silica can be spontaneously re-dispersed into submicron emulsion droplets from silica particles when solidified formulation is diluted in a GI fluid. From this report, it was shown that the su-SEDDS formulation could also be stably encapsulated in a supersaturated concentration in a lipid component.




MCC


Many granulations and pellet formulations that are produced industrially by extrusion/spheronization contain some amount of MCC as an excipient, to ensure successful processing [14]. This is owing to the ability of this material to restrain water in its own structure, restricting the separation of water from the solid material during the granulation and extrusion processes, yielding a wet mass. Dash et al. reported that su-SEDDS liquid formulation was prepared by adsorption onto microcrystalline cellulose and talc using physical mixing and sieving to form a solid su-SEDDS with HPMC [119]. In vitro supersaturation test of amorphous solid su-SEDDS showed a higher ezetimibe concentration that delayed drug precipitation at least up to 60 min in comparison with conventional solid SEDDS. Additionally, the in vitro release of ezetimibe from solid su-SEDDS improved by 1.17-, 1.69-, and 13.21-fold as compared to solid SEDDS, commercial product, and the raw drug powder, respectively.




Polysaccharide-Based Carriers


Polysaccharide (or carbohydrate)-based excipients include the lower MW mannitol, sorbitol, sucrose, lactose, and trehalose and the higher MW maltodextrins, CDs, dextrins, gum acacia, and starch sodium octenyl succinate [98,131,201,202]. These types of solidification excipients is particularly popular for use in the pharmaceutical area due to low price and easy handling. However, the hygroscopic natures of such solidification excipients should be taken into consideration during formulation design because they may result in particle agglomeration. Chen et al. reported that the solid su-SEDDS prepared by spray drying with lactose provides an effective approach for improving the dissolution and BA of docetaxel with a low level of emulsifying excipients and provides a reference for good stabilization and the safety of SEDDSs [113].




Polymeric Carriers


The use of solidifying agents, such as HPMC, as a PPI confers the advantage of not only increasing absorption but also reducing toxicity by reducing the amount of surfactant in the formulation. In the case of a solid dosage form, it is easy to apply controlled-release technology, and thus, it is possible to induce a further increase in absorption via sustained release of the drug. Amphiphilic polymers have found many applications as emulsifiers and solidification excipients in lipid-based formulation designs, in particular SEDDS. Poloxamers, HPMC, sodium CMC, and PVP are examples of this class of carrier [131]. These polymers have some advantages of their solubility in aqueous medium and their excellent solubilization effect for hydrophobic drugs. The advantageous application of these polymers as PIs or supersaturation promoters for supersaturated and/or supersaturable formulation has also been successfully demonstrated in many earlier reports [32,55].




Protein-Based Carriers


Water-soluble, protein-based carriers can be used as both emulsifiers and solid carriers for lipid-based formulations due to their amphiphilic characteristics. Protein-based carriers, such as gelatin, are less frequently used as a solidification excipient of lipid formulation, presumably because of their poor compressibility.



A more recent study showed that gelatin, as a single carrying agent, produced flurbiprofen loaded solid SEDDSs in the form of microcapsules at a lipid:carrier mass ratio of 1:1 [203]. As mentioned above, gelatin was also used as a solid carrier for the solidification of a dutasteride su-SEDDS formulation [114].





4.1.2. Influence of Solidification Excipients on the Performance of SEDDSs


Solidification excipients can also affect the quality of su-SEDDSs through various mechanisms similar to those of the pharmaceutical excipients, such as PIs, mentioned above. Thus, it is very important to understand the influences of solid carrier properties on lipid digestion and drug solubilization and absorption, via their interactions with lipids or drug molecules, for the successful development of solid su-SEDDSs [30,204].



There have been several reports that investigated the manipulation of lipolysis in the GIT by solid carrier excipients. Lipolysis kinetics was increased 4.5-fold when medium chain triglycerides were encapsulated in hydrophilic porous silica particles compared with a submicron emulsion. This was owing to a 5.1-fold increase in interfacial surface area [205]. In contrast, Tan et al. described the ability of porous silica nanoparticles to inhibit the lipase activity when partially stabilizing the lipid phase at various concentrations [206].



In addition, the emulsification by desorption, drug dissolution, and absorption of su-SEDDS can be influenced by interactions between solidification excipients and lipids or drug molecules, and these interactions can vary with solid carrier properties, including aqueous solubility, hydrophobicity, electrostatic interactions, surface chemistry, porosity, nanostructure, and propensity to aggregate [30]. It has been reported that hydrophobic drug dissolution correlates with an increase in carrier particle surface area for various silica carriers and that dissolution is dependent on pore length and drug nucleation at the lipid–adsorbent interface [108]. In a worst-case scenario, excessively strong interactions between the solid carrier and the lipids and/or drugs could cause slow, incomplete desorption of the lipid and/or drug, a slow dissolution rate, and incomplete emulsification and drug dissolution, reducing the onset of action and the absorption of the drug [207,208,209].



Previous reviews have extensively described not only the properties of these excipients, but also the in-depth analysis of their effects on the in vitro and in vivo performances of SEDDSs via interactions with lipids and/or drugs [30]. Therefore, this will not be discussed in more detail here.





4.2. Solidification Process


The primary objective of this solidification for su-SEDDS is to manufacture a solid dosage form that keep the GI self-emulsification ability of the drug loaded lipid formulation [210,211]. Different solidification processes can influence on the physicochemical properties and in vivo performance of solid su-SEDDSs [108,212]. Physical adsorption onto solidification excipient, granulation/palletization (with or without solvent evaporation), spray-drying, freeze drying or spray freeze drying, spray congealing, melt granulation or melt extrusion and spheronization, and supercritical fluid processing are currently used methods for preparing solid su-SEDDSs (Table 3) [30,213,214,215]. These methods can basically manufacture su-SEDDS in the form of powder, granule, or pellet. Examples of several solidification methods applied in su-SEDDS are listed in Table 2. Recently, studies on the application of various supercritical fluid (SCF) processes to lipid-based formulations, such as solid lipid nanoparticles (SLN) or nanostructured lipid carriers (NLC), have been reported [204,216]. It takes various advantages in properties of SCF, especially supercritical carbon dioxide. Generally, the SCF method for the preparation of lipid-based formulation has used complex mechanisms including melting, adsorption, coating, and solid dispersion. This process is facilitated by an alteration in pressure and temperature in order to control the solubility, melting point, and complexation of lipid and/or drug in the SCF, and hence, this can precipitate solid SEDDS. However, the application of SCF process to SEDDS is difficult to find from literatures. This may be due to the complexity of the change in the solubility and activity of the various component constituents in the lipid vehicle due to the variable interactions in the supercritical fluid, and the variability of the behavior of these constituents in the SCF phase and the resulting difficulties in predicting and interpreting the result. Despite this difficulty, the SCF process is a very powerful potential preparation method for solid SEDDS because of special advantages of supercritical fluids such as high diffusivity and solvation power [217].



Many studies have demonstrated a reduced in vitro dissolution and oral bioavailability of drugs when formulated as solid SEDDSs compared to when they are formulated as precursor liquid SEDDS [207,218]. The main reason for this issue is that strong interaction of lipids and drugs with solid carriers can inhibit in vivo dispersion and dissolution initiated by desorption from the solid carrier [219]. This suggests that more extensive design considerations are required when solidifying liquid SEDDSs to maintain or enhance in vivo drug absorption.



Detailed descriptions of each process and related various problems are provided in other reviews [30]. Therefore, in this review, only the summarized information about various solidification processes for su-SEDDS is presented briefly in Table 3. Additionally, this section focuses on the critical considerations required for selecting the most appropriate solidification approach with respect to thermal stability of the formulation/drug.




Influence of the Solidifying Process on the Thermal Stability of Drugs and Excipients


The solidification processes, which involve the heating or cooling of the formulation, may cause the thermal decomposition of drug and excipients in su-SEDDS. It has been reported that such destabilization is observed during the spray drying, hot melt extrusion, and freeze drying of SEDDSs [30]. High temperatures for drying or melting can result in both the degradation of drug and the oxidation of lipid excipients. Furthermore, the thermal stress induced by freezing also can physically destabilize su-SEDDSs formulations, resulting in particle aggregation and poor re-dispersibility.



Volatile excipients, such as menthol, and volatile co-solvents, such as ethanol, in liquid SEDDS may be difficult to retain within the solid SEDDS during solidification, owing to evaporation and elimination under elevated temperatures and reduced pressure conditions [230,231,232,233]. It was demonstrated that spray-drying led to the loss of transcutol HP from liquid SEDDS [234]. A quantitative analysis of the retained amount of transcutol HP in solid SEDDS showed that was higher in water-soluble carriers (HPMC and lactose) than in a water-insoluble carrier (MCC). The authors explain that transcutol may be lost when the formulation is spray-dried at a high temperature, because the flash point is approximately 96 °C, although the boiling point of transcutol is relatively high at 196 °C. With regard to the design of solid SEDDSs, it should be noted that selecting an appropriate solid carrier and controlling the operating temperature during spray-drying are critical to prevent the loss of some components from the SEDDS during heating-assisted drying procedures, because these components (e.g., transcutol HP) may play a significant role in the solid SEDDS. In addition, the loss of components that can increase the apparent drug solubility can lead to precipitation of the drug following exposure to GI fluid after oral administration of su-SEDDS, which in turn can reduce drug absorption. Furthermore, lipid peroxidation could be induced by drying processes at high temperatures. As mentioned above, the release of hydroperoxides and other volatile byproducts could have a negative effect on the physico-chemical properties and in vivo performance of su-SEDDS.




4.3. Applicable Solid Dosage Forms for su-SEDDSs


The dosage forms of various cases of su-SEDDS application are shown in Table 2. The solid dosage forms applied to su-SEDDSs are limited, but for SEDDSs there are a number of cases using various solid dosage forms.



4.3.1. Powder and Granules


In general, self-emulsifying granules and pellets can be prepared by the similar conventional granulation and extrusion/spheronization processes. The main difference is in the use of the liquid SEDDSs with or without aqueous or organic solvent as a liquid binder, instead of an aqueous or organic solution of a conventional polymeric binder [14].



For the improving sphericity and size uniformity of granules and pellets containing su-SEDDS, the liquid su-SEDDS should be uniformly distributed in the solidified formulation and proper mechanical strength and flowability should be ensured [235,236]. Agarwal et al. showed that the important factors that can determine the physical properties of self-emulsifying powder such as flowability are particle size, specific surface area, and the type and amount of solidification excipient [237]. In addition, the mechanisms of granule formation and comparison of the binding performance between pure water with or without SEDDS was studied by Cavinato et al. [238]. This report presented that liquid SEDDS was a better binder solution for more spherical granules with a narrower size distribution than water when impeller speed was low.




4.3.2. Hard Capsules


Generally, solid su-SEDDSs can be filled into hard capsule [5]. The solid su-SEDDSs has the advantage of preventing physical incompatibility between the liquid su-SEDDS and the capsule shell [239,240]. Nevertheless, the release out of liquid su-SEDDS due to heat or physical stress during storage can be degrade the quality of final product; thus, the physico-chemical stability of hard capsule dosage form should be monitored during storage. Considering probability of this stability issue, the stability study of solid SEDDSs with meloxicam in gelatin and HPMC capsules were conducted [241]. It was shown that the extent of capsule deformation was dependent on the filled material and the low water and propylene glycol content affected shell deformation less. In addition, HPMC capsules showed greater resistance to water migration.




4.3.3. Tablets


Solid su-SEDDSs can be mixed with other suitable excipients for the tableting; then, the mixture is compressed to a tablet using a compression machine [5,242]. It is important to select a suitable combination of mixing excipient for tableting to prevent liquid SEDDS escape from the solid carrier by tableting pressure. Eutectic-based self-emulsifying tablets inhibit the irreversible precipitation of the drug within the formulation [243]. Tableting pressure is high-energy, thus, it could induce the recrystallization of the drug or an excipient after decompression [244,245]. Thus, the recrystallization of the drug owing to the tableting pressure should be checked.




4.3.4. Suppositories


A few papers demonstrated that solid SEDDS could enhance not only GI adsorption but also rectal/vaginal adsorption. For example, Glycyrrhizin, which barely achieves therapeutic plasma concentrations when administered via an oral route, can obtain satisfactory therapeutic levels for chronic hepatic diseases through either vaginal or rectal self-emulsifying suppositories [246].




4.3.5. Implants


Research into self-emulsifying implants has greatly enhanced the utility and application of solid SEDDS. It was reported that 1,3-bis(2-chloroethyl)-1-nitrosourea, a chemotherapeutic agent used to treat malignant brain tumors, was formulated in SEDDS wafer implant to improve its effectiveness overcoming its short half-life and enhance its stability. The SEDDS wafer implants showed high in vitro antitumor activity and were less susceptible to hydrolysis as compared to that of PLGA [247].





4.4. Application of Controlled-Release Technology in su-SEDDSs


Although the application of su-SEDDSs is primarily intended to improve the absorption of poorly water-soluble drugs, it would also be desirable to provide sustained-release action in the case of low-dose drugs with short biological half-lives that require frequent dosing [14,248,249,250]. As the prolongation of supersaturation is important for increasing absorption, the application of controlled release DDS in SEDDS has recently attracted much attention [5,131]. Besides the improvements in drug solubility offered by solid su-SEDDSs, it would be desirable to combine this solubility improvement with prolonged release by adding suitable release controlling agents. Most excipients used as release controlling agents can be used also as PIs. Therefore, prolongation of supersaturation can also be achieved simultaneously by controlled release formulation of solid su-SEDDS. To develop a matrix-type controlled-release solid su-SEDDS, the combination of su-SEDDS with solid controlled-release agents should be studied. Some matrix-type solid su-SEDDSs as spherical granules and pellets have been developed, offering the benefits of both absorption improvement and sustained release of drug, but the application to su-SEDDS is very rare. Thus, SEDDS application cases will be mainly described below.



4.4.1. Sustained Release


In the case of CSD, sustained release is achieved by gel formation being after being in contact with water. A three-dimensional network lead to delayed release of drug via diffusion through CSD gel. The rate of diffusion depends on gel viscosity, the type of CSD, and its proportion in the formulation [14]. Patil et al. showed that CSD significantly increased the viscosity of the liquid crystal in the self-emulsification process, which in turn increased the average droplet size of the resultant emulsion and slowed drug diffusion and release [154]. Setthacheewakul et al. successfully formulated self-emulsifying floating pellets with tetrahydrocurcumin by blending SEDDS with CSD, glyceryl behenate (sustained-release and floating agent) and sodium starch glycolate (disintegrants). The optimized formulation showed with a floating efficiency of 93% at 6 h and a controlled release of tetrahydrocurcumin over an 8-h period, with an excellent stability for up to 6 months under intermediate and accelerated storage conditions [251]. Agarwal et al. found that the griseofulvin containing SEDDS adsorbed onto magnesium aluminometasilicate (Neusilin® UFL2, 5 m) at a 1:1 ratio, providing sustained drug release for a longer period [237].



A pH gradient release pellet with SEDDS containing vinpocetine was reported by Liu et al. [252]. Liquid SEDDS formulation with drug was prepared first; then, the pellets were prepared with liquid SEDDS, CSD, sodium chloride, MCC, and ethyl alcohol. Finally, self-emulsifying pH gradient release pellets were prepared by fluid bed coating using three coating materials (HPMC, Eudragit L30D55, Eudragit FS30D) at a ratio of 1:1:1. The oral BA in beagle dogs of self-emulsifying pH gradient release pellets was about 149.8% of commercial tablets.



Non-ionic cellulose ethers such as HPMC can be used for modifying drug release from solid SEDDSs via property that can form swellable hydrophilic gel structures in water, thereby, the drug should diffuse through the gel structured layer. Zhang et al. developed sustained-release puerarin SEDDS pellets for improvement of oral bioavailability [253]. They used MCC and HPMC as both the solidification excipients for pelletization and sustained-release agents, at various ratios. Osmotic tablets for the controlled-release of cyclosporine was prepared by blending of SEDDSs with adsorbents. The osmotic tablet consisted of various excipients including sucrose, lactose monohydrate, polyethylene oxide, and partly pregelatinized starch. Interestingly, it was shown that a nearly zero-order release was achieved by this SEDDS osmotic tablet. Tran et al. developed solid SEDDS of isradipine in poloxamer 407 as a carrier. Then, controlled release HPMC matrix tablets containing solid SEDDS were prepared via direct compression. This tablet formulation showed good stability during storage over 3 months at 40 °C/75% RH and significantly increased oral BA and extended plasma concentration compared with the marketed Dynacirc® capsule [254]. Tao et al. prepared sirolimus self-emulsifying powder by mixing SEDDSs with MCC and a low viscosity HPMC grade as the tableting and sustained-release excipient [255]. Serratoni et al. developed a controlled release pellets of methyl and propyl paraben by first incorporating them into SEDDS formulation to enhance the release rate. Then, they prepared pellets using extrusion/spheronization with MCC and lactose, and finally, pellets were coated by HPMC/ethylcellulose polymer [256].



Wang et al. developed a novel gastroretentive drug delivery system based on a self-emulsifying lipid mixture for improving the oral absorption of the immunosuppressant tacrolimus. The liquid SEDDS formulation was blended with polyethylene oxide, chitosan, PVP, and mannitol to give swelling and bioadhesive properties, and then compressed into tablets after granulation using with ethanol as the binding solvent. Compared with the commercially available capsules of tacrolimus, the relative BA of the gastroretentive sustained-release solid SEDDS tablets was 553.4 ± 353.8% [257].




4.4.2. Site-Specific Release


The solidification of SEDDSs introduces the possibility of the controlled and targeted release of the incorporated drug using suitable solid carriers that are responsive to changes in the local environment in vivo. The most commonly employed approach is to encapsulate SEDDSs within pH-responsive excipients, such as polymers or functionalized porous silica particles [30,258].



Huang et al. developed a colon-specific pulsatile capsule with tablet of curcumin-loaded SEDDS. This system consists of an impermeable capsule with a rapid-disintegrating curcumin-loaded SEDDS tablet inside capsule, and a highly methoxylated pectin/lactose tablet plugged in the capsule mouth. It was revealed that the SEDDS tablet enhanced the solubility of curcumin. An in vitro release result confirmed a typical pulsatile release profile with a specific lag time, which means that the colon-specific delivery was efficiently achieved and it could be regulated by varying the highly methoxylated pectin/lactose ratio [259]. For colon targeted oral SEDDS, typically, in vitro release was evaluated in simulated gastric and intestinal media separately. However, it is suggested to preferentially consider a two-phase or two-compartment in vitro model that reflects changes in the actual physiological environment as a result of movement of emulsion or colloid in the GIT. This method can lead to getting a better IVIVC.





4.5. In Vitro Evaluation of Solid su-SEDDSs


In this section, we will not discuss the characterization methods of general solid dosage forms. Whether the emulsion is formed as originally designed and has the desired properties after solidification should be evaluated [26]. After the re-emulsification evaluation mentioned below, evaluation using the emulsion characterization methods for the SEDDSs mentioned above is generally necessary.



Re-Emulsification and Drug Release from Solid su-SEDDSs


Solid su-SEDDSs should maintain their self-emulsifying ability and should be able to forming fine oil-in-water emulsions under the gentle agitation provided by GI motion [14]. The drug is introduced in a dissolved state and has a huge interfacial area for absorption provided by the emulsion droplets, resulting in enhanced bioavailability. As the drug is transferred from solid su-SEDDSs into the dissolution medium and solubilized in the oil/surfactant emulsion droplets, the rate of release is expected to be controlled by the rate of re-emulsification and the completeness of reconstitution. Although it has already been emphasized in other reviews in the literature, it is very important; thus, we will briefly explain this theory below.



Drug release was expressed by a biexponential first order equation, which considers two different release mechanisms [260]:


100 − Mt = A exp(−ka t) + B exp(−kb t)



(12)




where A and B are parameters representing the percentage of the release achieved by each of the two mechanisms and ka and kb are the corresponding release rate constants, with dimensions of inverse time.






5. Conclusions and Perspectives


Su-SEDDSs are a promising approach for the formulation of poorly water-soluble drugs to enhance their bioavailability through the induction and stabilization by PIs of a supersaturated drug state in the GI fluid. This approach overcomes the main limitations associated with conventional solubilized SEDDSs. Despite progressive advances in su-SEDDSs, there are still unexplored areas that require further study to develop this approach as a complete technology that can be applied for the successful development of a final product.



To use su-SEDDS for a target drug, it is important to understand the in-depth mechanism of precipitation through the supersaturation of the drug. From this, it may be possible to inhibit this precipitation and prolong supersaturation by considering the various factors that influence precipitation, based on this mechanism. Thus, this review includes those factors.



The potential effects of changes in the physiological conditions of the GIT, owing to various factors, on the performance of various supersaturable formulations is well understood. However, the potentially undesirable effects of PI interactions with lipids, lipases, and lipid digested products on the supersaturation and absorption of the drug in the GIT were not the specific focus in previous studies, and were therefore discussed in this review. These additional factors must also be considered for the development of desirable su-SEDDSs.



In addition, the discussion on PIs was complemented with a review of the different mechanisms of action used for the stabilization of a supersaturated state and the typical classification of these mechanisms. Specifically, new insights were introduced from recent reports showing an increase in BA owing to amorphous precipitation, but not crystalline precipitation.



Among the various key points for the preparation of formulations of su-SEDDS, one should take the solubility of the PI in the lipid composition into account, which is a recent critical issue in su-SEDDS as it can affect in vivo performance, including supersaturation and the absorption of drug from the su-SEDDSs. The polymers may promote or delay precipitation from the supersaturated solutions. The effect of polymers on supersaturation occurs in situ through very complex processes including dispersion and emulsification of su-SEDDSs in GI fluid, dissolution of drugs, and digestion of lipid component. In-depth scientific research on the behavior of polymers during this process is still lacking and incompletely understood. In addition, it is also unclear whether PIs must be fully solubilized or retained in a colloidal state to work most effectively. To address this issue, several strategies for the addition of PIs and examples of drug application cases for each strategy are also presented in this review. Nevertheless, the method of dispersing PI in lipids (high or low energy) and the effect of the resulting particle size on outcome including in vivo performance is still unknown.



To suggest one more risk factor, it should be considered whether suspended PI powder stimulates the nucleation process by acting as a seed. In addition, its immiscibility in liquid SEDDS might raise concerns about phase separation during the storage of su-SEDDS. This phenomenon might have occurred in previous studies relating to su-SEDDSs using hydrophilic polymers such as HPMC or PVP. These immiscible polymers in liquid SEDDSs could be considered strange particles or nuclei for the attachment of the drug in an oil solution (leading to precipitation in the su-SEDDSs during storage).



In particular, studies on the application of PIs (which can be used as capsule shells such as HPMC and gelatin capsules mentioned in the text) in su-SEDDSs would be very interesting because this method is extremely simple and can be applied to existing conventional formulations of SEDDSs very easily without using special equipment. Therefore, such an application is worth trying. There is a need to evaluate the effects of different capsule compositions and characteristics, which can be manipulated through manufacturing methods and capsule formulation.



For several drugs, various attempts have been made using su-SEDDSs to overcome the problems associated with conventional SEDDSs, such as precipitation and low BA. It is obvious that the performance of su-SEDDSs is typically significantly higher than that of conventional solubilized SEDDSs. In addition, various mechanisms of action of PIs that have been suggested to play an important role in drug absorption in many supersaturated formulations have been identified in su-SEDDSs. Nevertheless, it is not well established whether PIs influence on the oral absorption of drug via various physiological conditions such as gastric emptying, the secretion of enzyme, and enterocyte-based drug transportation. Thus, these potential physiological influences of PIs should also be considered.



To estimate the feasibility of developing a su-SEDDS candidate as a final drug product, it is very important to evaluate the formulation using an in vitro digestion model with a good IVIVC. Early in vitro studies emphasized solubilization; however, recent research has shifted this interest to drug supersaturation, as it is triggered by the dispersion and/or lipolysis of lipids. The increasing awareness of the potential of supersaturation as an enabling formulation approach for drugs suffering from solubility-limited absorption has stimulated the need for in vivo predictive supersaturation/precipitation assays. However, intragastric lipolysis is still overlooked, as it is in conventional in vitro lipolysis models. With regard to gastric lipolysis accounting for 5%–30% of in vivo lipolysis and the pH shift due to movement in the GIT, a two-phase or two-compartment in vitro lipolysis model should be considered a priority method to get a better IVIVC.



The importance of the selection of solidification excipients and methods for converting liquid su-SEDDSs to solid dosage forms is also mentioned in this review. Since most solidification studies have been conducted on conventional SEDDSs, further studies about the effect of PIs addition should be performed through the application of more drugs in various aspects.



The abovementioned information is essential for the successful development of su-SEDDSs and can be obtained by studying the fate of su-SEDDSs in the GIT, in connection with the dissolution and absorption of the chosen drug. More insightful understanding of the mechanisms that control the supersaturation and absorption of poorly water-soluble drugs will be achieved by continuing to explore and develop innovatively improved su-SEDDS technology, as well as advancing the current characterization and assessment methodologies. This will enhance the therapeutic potential of a wide range of challenging poorly water-soluble drugs that are yet to be discovered. We hope this review will help develop a desired su-SEDDS for a model drug. It should also be beneficial for efficient research based on fundamental and experimental understanding, facilitating the insightful perspective of the reader.
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Figure 1. Schematic presentation of lipid digestion, drug solubilization, and absorption processes occurring in the stomach and small intestine. The stomach, the duodenum, and the initial part of the small intestine are illustrated in the top left corner with a zoom into the lower part of the stomach and the intestinal lumen, to the right and below, respectively. Transport pathways across the epithelial layer: paracellular passive diffusion (A), transcellular passive diffusion (B), influx/efflux facilitated transport by membrane proteins (C–F), transcytosis (G), and endocytosis (H). Abbreviations: bile salt (BS), phospholipids (PL), monoglycerides (MG), diglycerides (DG), triglycerides (TG), fatty acids (FA), and unstirred water layer (UWL). Components are not drawn to scale. Reprinted from [25] with permission (Elsevier 2019). 
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Figure 2. Schematic representation of the Gibbs free energy of molecules presented in a supersaturated solution. Adapted from Brouwers et al. [34] with permission (Elsevier 2009). 
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Figure 3. Schematic representation of potential changes to solubilized drug concentration in gastrointestinal (GI) fluids after oral administration of a conventional immediate release (IR) solid oral dose and an SEDDS formulation. Dissolution of a typical solid dose form results in increasing concentrations of drug in the GI fluids that are ultimately limited by drug solubility. In contrast, SEDDS formulations do not undergo traditional dissolution and instead initially disperse to provide high solubilized drug concentrations where the drug is present in a molecularly dispersed state in the formulation [C]. However, digestion of formulation components typically leads to a reduction in solubilization capacity and drug precipitation (ppt) [A]. In some cases, precipitation to [A] is not immediate, resulting in transient supersaturation [B] (the supersaturation effect). Even in the absence of supersaturation, the presence of lipid and surfactant digestion products results in increases in solubilized drug concentrations [A] when compared to drug solubility in the GI fluids alone (the solubilization effect). Reprinted from [52] with permission (ACS publications 2012). 
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Figure 4. In vitro evaluation of the impact of the presence of PPIs predispersed in different media on fenofibrate solubilization and supersaturation after dispersion (15 min) and digestion (60 min) in a Type IV formulation at 85% saturated solubility [mean ± SD (n ≥ 3)]. Panel A: Shows the % drug solubilized over the period of formulation dispersion and digestion, calculated by dividing the AUC of the concentration versus time profile obtained in the in vitro test by the AUC of the maximum apparent equilibrium solubility over the same time period (representing 100% solubilized). The horizontal black dotted line represents the extent of drug solubilization obtained from the formulation in the absence of polymer (also shown as the black (control) bar). Data above the line represent formulations where polymer addition leads to lower drug precipitation during formulation dispersion and digestion (and therefore greater drug solubilization). The green panel highlights the area where the % solubilized fenofibrate exceeds that of the formulation without polymer (control). Panel B: Mean supersaturation ratio (S) obtained over the period of dispersion and digestion of the formulations; data grouped for polymers with different solubility profiles in the LBF. Reprinted from [32] with permission (ACS publications 2018). 
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Figure 5. pH-stat lipolysis model for in vitro assessment of lipid-based drug delivery systems. Abbreviations: sodium hydroxide (NaOH), bile salt (BS), phospholipid (PL), monoglyceride (MG), diglyceride (DG), triglyceride (TG), fatty acid (FA). Reprinted from [25] with permission (Elsevier 2019). 
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Figure 6. IVIVC of in vivo exposure (y axis) of PNU-91325 with (A) AUC of in vitro drug concentration.min (R2 = 0.90) and (B) in vitro supersaturation ratio (S) during in vitro precipitation tests (R2 = 0.90). Supersaturation ratio (S) calculated using the method proposed by Anby [52]. Data recalculated and plotted from [121]. Reprinted from [18] with permission (Elsevier 2016). 
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Figure 7. IVIVC of drug absorption and in vitro supersaturation (S) during digestion calculated using the method proposed by Anby et al. [52]; (A) Supersaturation ratio (S) in digestion AP plotted against the AUC of the plasma vs. time profiles after administration of four danazol containing MCT LBF formulations to male beagle dogs. PPI = polymeric precipitation inhibitor. Data replotted from [52]. (B) In vitro in vivo correlation of drug absorption and in vitro digestion data. (B) AUC of the percentage of fenofibrate in digestion apparent solubility plotted against the AUC of the plasma vs. time profiles after administration of three LBF formulations and one encapsulated crystalline formulation (Lipanthyl® Micronized) to Göttingen Minipigs, (R2 = 0.12). Data were digitized and AUCs calculated as previously described and data replotted from [194]. Reprinted from [18] with permission (Elsevier 2016). 
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Table 1. Commercially marketed medicinal products of self-emulsifying drug delivery systems (SEDDS) formulations.
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	API 1
	BCS Class 2
	Product Name/Company (Strength, mg)
	Dosage Form





	Cyclosporin
	IV
	Sandimmune®/Novartis
	Soft gelatin capsule



	-
	-
	Neoral®/Novartis
	Soft gelatin capsule



	-
	-
	Gengraf®/AbbVie
	Hard gelatin capsule



	Ritonavir
	II
	Norvir®/AbbVie
	Soft gelatin capsule



	Saquinavir
	IV
	Fortovase®/Roche
	Soft gelatin capsule



	Amprenavir
	II
	Agenerase®/GlaxoSmithKline
	Soft gelatin capsule



	Valproic acid
	II
	Depakene®/AbbVie
	Soft gelatin capsule



	Calcitriol
	II
	Rocaltrol®/Roche
	Soft gelatin capsule



	Bexarotene
	II
	Targretin®/Ligand
	Soft gelatin capsule



	Tretinoin
	II
	Vesanoid®/Roche
	Soft gelatin capsule



	Isotretinoin
	II
	Accutane®/Roche
	Soft gelatin capsule



	Tipranavir
	II
	Aptivus®/Boehringer Ingelheim
	Soft gelatin capsule







1 Active pharmaceutical ingredient, 2 Biopharmaceutics Classification System.
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Table 2. List of drugs that have been formulated into supersaturable self-emulsifying drug delivery system (su-SEDDS).
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Drug

(BCS Class)

	
Pre-Concentrate

	
PI

	
Dosage form

(Solidification Method)

	
Result/Outcome

	
Solid State of Precipitate 2

	
Ref.




	
Formulation

(Drug Conc.)

	
Substance

(Conc.)

	
PI Addition Method

(Appearance)






	
AMG 517

(ND, BCS II or IV)

	
Capmul MCM, Tween 80, PEG 400 (12.5 mg/450 mg)

	
HPMC-E5

(5%, w/w)

	
Suspending in pre-concentrate by vortexing (Suspension)

	
Liquid filled in hard gelatin capsule

	
-PI effect: HPMC > PVP

-Hydrophobicity dependent PI effect.

-In vivo in Cynomolgus monkeys at a dose of 12.5 mg: −30% higher Cmax and AUC, and short Tmax as compared to an aqueous suspension.

	
HPMC: amorphous

PVP or without PI: crystalline

	
[67]




	
Carbamazepine

(BCS II)

	
Miglyol 812 N, Tween 80, Cremphor EL-35, PEG 400 (25 mg/830 mg)

	
PVP-K90

(2%, w/w)

	
Dissolving in pre-concentrate by heating and stirring (Clear solution)

	
Liquid filled in soft capsule

	
-PI effect: PVP > HPMC

-In vivo in Beagle dog at a dose of 200 mg, 6.7 times higher Cmax, 5.9 times higher AUC as compared to commercial tablet.

	
ND 1

	
[106]




	
Celecoxib

(BCS II)

	
PEG 400, EtOH, Tween 80, Oleic acid, Tromethamine, Water (200 mg/g)

	
HPMC-E5 (3.8%, w/w) + PVP-12PF (4.7%, w/w)

	
Suspending in pre-concentrate by vortexing (Suspension)

	
Liquid filled in hard gelatin capsule

	
-Highly supersaturated state in the aqueous phase, resulting in high drug concentrations in octanol for biphasic in vitro test dissolution method.

-Good in vitro–in vivo correlations (IVIVC) with Human PK as compared to solution and marketed capsule formulation.

	
ND

	
[107]




	
Celecoxib

(BCS II)

	
Capryol 90, Tween 20, Transcutol HP (180 mg/mL)

	
Soluplus

(4%, w/v)

	
Adding in pre-concentrate (ND)

	
Solid su-SEDDS (Adsorption method, Sylysia 350 fcp)

	
-Physico-chemical properties (surface area, hydrophobicity) of solid carrier dependent drug dissolution.

-In vivo in SD rats, 2.34-fold increase in Cmax and 4.82 fold increase in AUC as compared to drug powder.

	
ND

	
[108]




	
Celecoxib

(BCS II)

	
Capryol 90, Tween 20, Tetraglycol (200 mg/mL)

	
Soluplus

(4%, w/v)

	
Adding in pre-concentrate (ND)

	
Liquid

	
-In vivo in SD rats at a dose of 100 mg/kg, 1.32-fold increase in Cmax and 1.35-fold increase in AUC and 0.49-fold decreased in Tmax as compared to conventional SEDDS without PI.

-Good correlation between in vitro dissolution, permeation and in vivo PK.

	
ND

	
[109]




	
Celecoxib

(BCS II)

	
Capryol 90, Tween 20, Tetraglycol (200 mg/mL)

	
Soluplus

(4%, w/v)

	
Adding in pre-concentrate (ND)

	
Liquid

	
-PI effect: Soluplus > PVP VA64, poloxamer 407, PEG 6000

	
ND

	
[110]




	
Curcumin

(BCS IV)

	
Capryol 90, Labrafac PG, Cremophor EL, Labrasol (40 mg/940 mg)

	
Eudragit E PO

(5%, w/w)

	
Suspending in pre-concentrate by blending (Suspension)

	
Liquid filled in hard gelatin capsule

	
-Concentration dependent PI effect.

-In vivo in rabbits at a dose of 50 mg/kg, 1.22- and 53.14-fold increased absorption as compared to the conventional SEDDS without PI and the aqueous suspension, respectively.

	
Amorphous

	
[111]




	
Curcumin

(BCS IV)

	
Capryol 90, Labrasol, PEG 400 (50 mg/g)

	
PVP

(10%, w/w)

	
Suspending in pre-concentrate by vortexing (Suspension)

	
Liquid filled in hard gelatin capsule

	
-PI effect: PVP-K30 < PVP-K90 < without PI < HPMC

-Concentration dependent PI effect.

	
ND

	
[90]




	
Cyclosporine A

(BCS II)

	
Maisine 35-1, Kolliphor RH40, ethanol, and propylene glycol (Drug:Vehicle = 1:4.5 (w/v))

	
PVP:Vehicle = 0.3:4.5

(w/v)

	
Suspending (HPC)or dissolving (Kollidon VA64 and PVP) in pre-concentrate by vortexing

(Suspension)

	
Liquid

	
-PI effect: without PI = HPC = PVP VA64 < PVP K17

-Concentration-dependent PI effect.

-In vitro dialysis test, equivalent concentration

profile with that of conventional SEDDS prepared with two times more amount of lipid vehicle.

	
ND

	
[112]




	
Danazol

(BCS II)

	
Captex 300, Capmul

MCM, Cremophor EL, EtOH (40% or 80% of saturated solubility in formulation)

	
HPMC E4M

(5%, w/w)

	
Suspending in pre-concentrate (Suspension)

	
Liquid filled in hard gelatin capsule

	
-PI effect: Cellulosic PPI > Mesoporous silica, Eudragits, Polyvinylpyrrolidones (PVPs).

-In vivo in beagle dogs, PPI to promote drug exposure at moderate drug loads (40% of saturated solubility in the formulation), but not at higher drug loads (80% saturation).

	
Crystalline

	
[52]




	
Docetaxel

(BCS II)

	
Labrafac, Cremophor RH40, Transcutol P (40 mg/640 mg)

	
HPMC K100 (2.5%, w/w)

	
Dispersing in pre-concentrate (ND)

	
Solid su-SEDDS (Spray drying, Lactose: pre-concentrate = 6 g:8 g in 100 mL water)

	
-In vivo in SD rats at a dose of 10 mg/kg, AUC increased by nearly 8.77-fold, 1.45-fold more than those of the powder drug and the conventional SEDDS without PI.

	
ND

	
[113]




	
Dutasteride

(BCS II)

	
Capryol 90, Cremophor EL, Transcutol HP (0.5 mg/170.5 mg)

	
Gelatin (44%, w/w) + Soluplus (14.7%, w/w)

	
Mixing with pre-concentrate and PI solution (Clear solution)

	
Solid su-SEDDS (Spray drying, Gelatin)

	
-PI effect on dissolution and prolonged supersaturated state: Combination of gelatin with Soluplus > Gelucire 44/14, poloxamer 407, sodium lauryl sulfate, Soluplus, Solutol HS15, or TPGS.

	
ND

	
[114]




	
Dutasteride

(BCS II)

	
Capryol 90, Cremophor EL, Transcutol HP (100 mg/20.1 g)

	
HPMC, Soluplus (1:1 w/w ratio compared to pre-concentrate)

	
Mixing with pre-concentrate (2.01 g) and PI solution (2 g in 400 mL EtOH) dispersed with solid carrier, Aerosil 200 (2 g)

	
Solid su-SEDDS (Spray drying)

	
-In vivo in SD rats at a dose of 2 mg/kg, higher oral BA with 6.8- and 5.0-fold for Cmax and AUC, respectively, compared to the physical mixture.

	
ND

	
[115]




	
Dutasteride

(BCS II)

	
Capryol 90, Cremophor EL, Transcutol HP (Drug:Vehicle = 1:67.6, w/v)

	
Soluplus:Vehicle = 10:67.6 (w/v)

	
Suspending in pre-concentrate by vortexing (Suspension)

	
Liquid

	
-In vivo in SD rats at a dose of 2 mg/kg, 3.9-fold greater AUC than that of the drug suspension and 1.3-fold greater than that of conventional SEDDS. The 5.6- and 2.0-fold higher Cmax as compared to drug suspension and SEDDS, respectively.

	
ND

	
[116]




	
Ellagic acid

(BCS IV)

	
Ethyl oleate, Tween 80, polyethylene glycol (4 mg/g)

	
PVP K30 (0.5%, w/w)

	
Adding in pre-concentrate by vortexing (ND)

	
Liquid

	
-Concentration dependent PI effect.

-Good correlation between in vitro nucleation inhibition effect of PI and in vivo antioxidant ability.

	
ND

	
[117]




	
Ezetimibe

(BCS II)

	
Captex 355, Cremophor

RH40, Imwitor 988 (90% saturation solubility level of 90.62 mg/ml)

	
HPMC-E5 (5%, w/w)

	
Suspending in pre-concentrate by Cyclo-mixer (Suspension)

	
Solid su-SEDDS (Adsorption and granulation, MCC and talc)

	
-In vitro release, improved by 1.17-, 1.69-, and 13.21-fold as compared to solid-SEDDS, commercial product, and the free drug, respectively.

	
Amorphous

	
[68]




	
Fenofibrate

(BCS II)

	
Ethyl oleate, Cremophor RH40, Transcutol HP (15%, w/w)

	
Soluplus:Drug = 1:1 (w/w)

	
Physical blending with solid su-SEDDS

	
Solid su-SEDDS (Solvent evaporation, mesoporous silica)

	
-In vivo in beagle dogs at a dose of 100 mg, 1.4-fold greater AUC than that without Soluplus.

	
ND

	
[26]




	
Fenofibrate

(BCS II)

	
Captex 300, Capmul MCM, Cremophor EL, Transcutol HP (40% or 85% of saturated solubility in formulation)

	
Lipid soluble: Eudragit RL100 (5%, w/w), PPGAE (1%, w/w)

Water soluble: HPMC E4M (5%, w/w)

	
Dissolving or suspending in pre-concentrate by vortexing (Lipid soluble: Clear solution, Water soluble: Suspension)

	
Liquid

	
-Polymer specific stabilizing effect

-In vitro−in situ model using SD rats, potential utility of PPIs in promoting drug absorption via stabilization of supersaturation.

	
ND

	
[32]




	
Ginger extract

(ND)

	
Medium chai triglyceride, Lysolecithin, glycerin (5%, w/w)

	
HPMC (5%, w/w)

	
Suspending in pre-concentrate by vortexing (Suspension)

	
Liquid

	
-In vivo in SD rats at a dose of 100 mg/kg, three-fold higher BA of 6-gingerol and 8-gingerol than those of unformulated extract treated group.

	
ND

	
[118]




	
Glipizide

(BCS II)

	
Captex 355: Solutol HS15: Imwitor 988 (4%, w/v)

	
HPMC-E5 (5%, w/w)

	
Suspending in pre-concentrate by Cyclo-mixer (Suspension)

	
Solid su-SEDDS (Adsorption, calcium carbonate and talc)

	
-In vivo in Himalayan rabbits at a dose of 1 mg/kg,

increase in Cmax (3.4-fold) and AUC (2.7-fold) from solid su-SEDDS as compared with the pure drug.

	
Amorphous

	
[119]




	
Griseofulvin

(BCS II)

	
Oleic acid, Labrafil, Tween 20, Labrafac PG (5 mg/16.545 g)

	
Poloxamer (0.48%, w/w)

	
Adding in pre-concentrate (ND)

	
Liquid

	
-PI effect: Poloxamer > HPMC

-In vivo permeability in Wister rats at a dose of 1 mL with a concentration of 0.05 mg/ml, three-fold more permeability through the rat intestine, compared with aqueous suspension.

	
ND

	
[120]




	
Indirubin

(ND, BCS II or IV)

	
Maisine 35-1, Cremophor EL, Transcutol P (ND)

	
PVP-K17 (0.5%, w/w)

	
Dispersing in pre-concentrate by vortexing (ND)

	
Liquid

	
-PI effect: PVP-K17 > PEG 4000 and HPMC

-In vivo in SD rats at a dose of 2.58 mg/kg, improved oral absorption and relative BA (129.5%) compared with conventional SEDDS.

	
ND

	
[89]




	
Paclitaxel

(BCS IV)

	
EtOH, PEG 400, Cremophor EL, Glyceryl dioleate (57 mg/g)

	
HPMC-E5LV (5%, w/w)

	
Suspending in pre-concentrate by hand mixing (Suspension)

	
Liquid

	
-In vivo in SD rats at a dose of 10 mg/kg, 10- and 20-fold higher Cmax and 5- and 10-fold higher AUC compared with those of Taxol® formulation and the conventional SEDDS, respectively

	
ND

	
[53]




	
PNU-91325

(ND, BCS II or IV)

	
Cremophor EL, PEG 400, Dimethyl acetamide, Pluronic L44, HPMC, Glycerol monooleate, Glycerol dioleate, Water (4%, w/w)

	
HPMC-E50LV (20%, w/w)

	
Suspending in pre-concentrate by vortexing (Suspension)

	
Liquid filled in hard gelatin capsule

	
-In vivo in beagle dogs at a dose of 10 mg/kg, Oral BA of −76% compared to that of a PEG 400 (−12%) or tween (−68%) formulations.

	
ND

	
[121]




	
Raloxifene HCl

(BCS II)

	
Tween 20, PEG 200, TEC

or Capryol 90, Labrasol, PEG 200 (6%, w/v)

	
HPC-L (3%, w/v)

	
ND

	
Liquid filled in hard gelatin capsule

	
-PI effect: HPC-L > HPMC-More than 50% release from the pH-modified su-SEDDS at pH 2.5 compared with only −5% release of a conventional tablet.

	
ND

	
[122]




	
Resveratrol

(BCS II)

	
Lauroglycol FCC, Transcutol P (100 mg/450 mg)

	
HPMC-E15LV (5%, w/w)

	
Suspending in pre-concentrate by vortexing (Suspension)

	
Liquid

	
-In vivo in Wistar rats at a dose of 20 mg/kg, 1.33-fold increased AUC of the su-SEDDS than conventional SEDDS without PI.

	
Amorphous

	
[123]




	
Silybin

(BCS II)

	
Labrafac CC, Cremophor RH40, Labrasol (40 mg/1090 mg)

	
HPMC-E50LV (5%, w/w)

	
Suspending in pre-concentrate by vortexing (Suspension)

	
Liquid

	
-In vivo in SD rats at a dose of 533 mg/kg, three-fold increased AUC than those of the conventional SEDDS without HPMC.

	
Amorphous

	
[124]




	
Silymarin

(BCS II)

	
Labrafil M 1944 CS, Kolliphor® RH 40, Transcutol HP (15.6% as milk thistle powder, w/w)

	
Poloxamer 407 (10% w/w)

	
Dissolving in pre-concentrate by heating and magnetic stirring (Poloxamer 407: Clear solution)Suspending in pre-concentrate by milling (Other PIs: Suspension)

	
Liquid

	
-PI effect: Poloxamer 407 > HPβCD, HPMCP, Eudragit L100.

-Concentration dependent PI effect.

-In vivo in Rabbits at a dose of 28 mg/kg as silybin, 760% BA of su-SEDDS versus Legalon®, commercial product.

	
Crystalline

	
[125]




	
Tacrolimus

(BCS II)

	
Capmul MCM, Cremophor EL, and Transcutol P (5.9%, w/w)

	
Soluplus (5.9%, w/w)

	
Suspending in pre-concentrate by vortexing using magnetic stirrer (Suspension)

	
Liquid

	
-PI effect: Soluplus > HPMC, PVP.

-Concentration dependent PI effect

-In vivo in SD rats at a dose of 5 mg/kg, Similar or higher AUC and Cmax of su-SEDDS containing one-quarter the amount of vehicle compared to conventional SEDDS.

	
ND

	
[126]




	
Valsartan

(BCS III)

	
Capmul MCM, Tween 80, Gelucire 44/14, Water (80 mg/190 mg)

	
Poloxamer 407 (5.3%, w/w)

	
Adding in pre-concentrate (ND)

	
Solid su-SEDDS (Kneading and granulation by sieving, HPC and Florite®

PS-10)

	
-Concentration dependent PI effect.

-In vivo in SD rats at a dose of 10 mg/kg. approximately 177%–198% AUC versus raw drug and Diovan®, commercial product.

	
ND

	
[127]








1 ND means no data in reference, 2 Drug precipitates were obtained from in vitro digestion or dissolution test.
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Table 3. Comparison between various solidification process of su-SEDDS.






Table 3. Comparison between various solidification process of su-SEDDS.





	
Process

	
Physical State of Pre-Concentrate [213]

	
Solvent Use 1

	
Description/Advantages (A) and Disadvantages (D) [30,131,212]

	
Max Loading Capacity (%, w/w) 2 [30,213]

	
Suitable Drug Dose/Potency [30]

	
Self-Emulsification Rate [30]

	
Ref.




	
O

	
X

	
Drug

	
Lipid Vehicle






	
Physical adsorption

	
L 3

	

	
√

	
Adsorption onto solid carrier using physical blending with a mixer

-A: Easy and Low cost, Easy scale-up

-D: Low adsorption efficiency (large amount of solid carrier) and exudation of liquid lipid by tablet compaction

	
10

	
80

	
Low dose, high potency

	
++

	
[68,108,119]




	
Granulation/pelletization followed by drying

	
L 3, SS 4, S 5

	
√

	

	
Similar with conventional wet granulation

-A: Easy and low cost, Excellent powder property, Flexible applicable to various solid dosage forms (including controlled release system), Easy scale-up

-D: Destabilization by high temperature for drying

	
-

	
-

	
Low dose, high potency

	
++

	
[5,127,211]




	
Spray drying

	
L 4, SS 4, S 5

	
√

	

	
Evaporation of solvent from atomized SEDDS with solid carrier

-A: Narrow particle size distribution, Relatively easy scale-up

-D: Destabilization or loss of drug and/or volatile component by high temperature for drying

	
50

	
60

	
Low dose, high potency

	
+++

	
[113,114,115,215,220]




	
Freeze drying or Spray freeze-drying

	
L 3, SS 4, S 5

	
√

	

	
Lyophilization of solvent (mainly aqueous) from frozen SEDDS with solid carrier

-A: Prevent destabilization or loss of drug and/or volatile by heat

-D: Destabilization of drug by freezing and lyophilization, Low process efficiency, particle aggregation and poor re-dispersibility

	
50

	
60

	
Low dose, high potency

	
+++

	
[221,222,223]




	
Spray congealing

	
SS 4, S 5

	

	
√

	
Spraying of molten formula with or without solid carrier into a cooling chamber

-A: Prevent destabilization or loss of drug and/or volatile by heat, Solvent free

-D: Destabilization of drug by freezing, Bad flow property, Limitations on the use of liquid lipids, particle aggregation and poor re-dispersibility

	
30

	
99

	
Low-medium dose

	
++

	
[224,225]




	
Melt granulation or Melt extrusion and spheronization

	
SS 4, S 5

	

	
√

	
High shear mixing at high temperature

-A: High process efficiency, Solvent free

-D: Destabilization or loss of drug and/or volatile component by high temperature for drying

	
60–80

	
50

	
Low-medium dose

	
++

	
[226,227]




	
Supercritical fluid (SCF)

	
L 3, SS 4, S 5

	
√

	
√

	
Adsorption and/or coating onto solid carrier using high diffusivity of SCF

-A: Mild condition, High loading efficiency

-D: High cost for development of commercial scale equipment

	
20

	
99

	
Low-medium dose

	
+++

	
[204,228,229]








1 Whether the solvent is used or not, 2 The percentage of the mass ratio of a drug or vehicle that can be maximally loaded in the formulation, 3 Liquid, 4 Semi-solid, 5 Solid.
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