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Abstract

:

The second most significant cause of cancer-related mortality and morbidity in the United States is colorectal cancer (CRC), the third most diagnosed malignancy. People over 50 have an increased risk of CRC everywhere in the world. Genetic and environmental risk factors significantly influence CRC development. Early detection is critical in the treatment and prevention of CRC. The population’s incidence rate of CRC is currently reduced by screening techniques and medicines, although recurrence of the disease may result from the cancer’s ability to spread locally. Consequently, the difficulty is in finding a different treatment for CRC. Nanotechnology is crucial for cancer treatment because it allows for the delivery of targeted chemotherapies to cancer cells directly and with greater therapeutic potency. Nanoemulsions have broad application in pharmaceutics, cosmetics, and food; their outstanding properties include enhanced dispersion of active hydrophobic components, small size, high surface area per unit volume, and improved absorption in cancer treatment. The present review highlights formulation aspects, preparation methods, and characterization techniques. We also provide a critical analysis of recent developments in nanoemulsions in colorectal cancer treatment that hold promise in delivering nanoemulsions in colorectal treatment.
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1. Introduction


The dispersion phase and the continuous phase are two immiscible phases that make up an emulsion. In the beginning, Schulman coined the phrase “microemulsion”. After more investigation into microemulsion, researchers discovered a kinetically stable emulsion known as nanoemulsion [1]. The definition of a nanoemulsion by the International Union of Pure and Applied Chemistry (IUPAC) is a dispersion made up of water, oil, and surfactant with a dispersed domain diameter and is isotropic and thermodynamically stable. In practice, the nanoscale emulsion is created using mechanical force. Nanoemulsions are emulsions that are smaller than tens to hundreds of nanometers in size. As the system strives to reach a state of minimal Gibbs free energy, surfactants work at the interface between the two immiscible phases to reduce surface tension and stabilize the emulsion [2]. Because they can quickly solubilize hydrophobic pharmaceuticals and lessen severe side effects, nanoemulsions have much potential [3]. In this article, numerous emulsion systems are introduced, their technique and stability are discussed, and their characterization is covered, along with various surfactants and factors to consider when choosing a surfactant before application.



1.1. Advantages of Nanoemulsion


Nanoemulsions are safe and will not cause irritation; they can be applied to the skin [4]. The nanosized droplets would influence the drug’s transport properties, a critical factor in targeted and sustained drug delivery [5]. Because of the small droplet size, there is some sedimentation and no creaming during storage. The small droplet size reduces gravity force, and Brownian motion induction may be sufficient to overcome gravity. Peptide drugs are hydrolyzed enzymatically in the G.I. tract. However, nanoemulsions have the potential to deliver peptides [6]. They are tiny droplets with a larger surface area for enhanced absorption with lower energy requirements [7]. Cell culture technology makes it feasible to study the toxicity of oil-soluble medicines and enhances cell proliferation in certain diseases. Vesicles can be used in place of liposomes to boost medication bioavailability. They come in several forms, such as lotions, liquids, sprays, and foams. Oral administration is possible if the formulation includes biocompatible surfactants, which is therapeutically beneficial for humans and animals because it has no toxic effects on healthy tissue [8].




1.2. Disadvantages


Nanoemulsifier stability could be affected by environmental conditions, including temperature and pH. This is problematic for compounds with high melting points because of their poor solubility. Nanodroplet stabilization requires a more excellent surfactant and cosurfactant concentration in nanoemulsifiers [8].





2. Types, Composition, and Characterization of the Nanoemulsion System


Emulsions are a mixture of two or more phases, one of which is hydrophilic and the other hydrophobic, scattered throughout each other. When tiny oil droplets are scattered throughout water, the emulsion is called an oil-in-water (O/W) emulsion [9]. The homogenization method employed during the creation of nanoemulsions and traditional O/W emulsions determines the droplet sizes of the final products [9,10]. When water droplets are mixed with oil, water-in-oil (W/O) emulsions are created. In microreactors, W/O nanoemulsions regulate nanoparticle formation, including Cd [cadmium] nanoparticles and titania–silica nanoparticles [11,12]. As reaction media, different W/O emulsions are employed to produce ceramic nanoparticles. W/O emulsions are used in the pharmaceutical business as adjuvants for vaccines containing uncommon antigens, such as synthetic peptides, DNA, or recombinant proteins. However, by enclosing an emulsion within an emulsion, resulting in oil-in-water-in-oil (O/W/O) or water-in-oil-in-water (W/O/W) emulsions, these straightforward systems can be made more complex.



Double emulsions are often created in two steps: An initial internal emulsion is created, and then a second emulsion is created to cover the initial emulsion. Double emulsions present difficulties in their formation and stabilization, including the need to preserve the integrity of the first emulsion when creating the second one, the need for both a hydrophilic surfactant and a lipophilic surfactant to stabilize each oil–water interface, and a higher propensity for coalescence and degradation because of diffusion between each phase [13]. Microfluidic devices have sparked interest in studying uniform double emulsions for use in food science and as templates for particle synthesis or microreactors [14,15]. In contrast to most emulsions, in which the internal phase only accounts for a negligible fraction (10%) of the overall emulsion volume, high internal phase emulsions contain an internal phase higher than 74% of the total emulsion volume [16].



Pickering emulsions are oil-in-water or water-in-oil emulsions in which minute particles operate as a steric barrier to coalescence at the oil–water interface as opposed to small molecules that alter the interfacial tension [17]. Stabilizing particles by moistening pickering emulsions with both emulsion phases is possible. This property makes them more effective than conventional surfactants at increasing emulsion stability by allowing them to sit at the oil–water interface [18]. Pickering emulsions have been investigated as an alternative to small molecule surfactants for drug delivery applications because of their increased stability and biocompatibility.



2.1. Composition of Nanoemulsion


Nanoemulsion formulation consists of the following components.



2.1.1. Oils


The oil phase influences the choice of other nanoemulsion ingredients. The appropriate oil phase must be chosen to achieve the desired properties of a nanoemulsion [19]. The ability of the oil to solubilize the chosen drug candidate and permit the creation of a nanoemulsion with appropriate qualities will determine which oil is used. Combining fixed oil and medium-chain triglycerides can balance drug loading and emulsification. It is possible to select oil components resilient to oxidative deterioration [20]. Medium-chain triglycerides (MCT) have better liquid ability and oxidation resistance than lengthy triglycerides (LCT) because of their high hydrophilic nature and solvent capacity for medicines (LCT) [21]. More recently, semi-synthetic medium-chain triglycerides have developed as a viable alternative to traditional MCTs. Olive oil, corn oil, soybean oil, palm oil, oleic acid, sesame oil, peanut oil, hydrogenated soybean oil, and beeswax are all examples of oils and fats used in the oil phase along with other substances, such as modified vegetable oils [21].




2.1.2. Surfactants


Surfactants with a high hydrophilic–lipophilic balance (HLB) value (more than 10) are hydrophilic and are used to prepare O/W nanoemulsions, and hydrophobic surfactants (HLB value 10) are utilized to make W/O nanoemulsions. To create nanoemulsions, it is sometimes necessary to use both low and high HLB surfactants [22].



Types of surfactants are as follows:




	
Small molecule surfactants;



	
Particle as surfactants;



	
Phospholipids surfactants;



	
Bioinspired peptide surfactants;



	
Bioinspired protein surfactants.








Small Molecule Surfactants


The hydrophobic tail and hydrophilic head structure characteristic of small molecule surfactants are referred to as “head-tail morphology”. Their hydrophilic–lipophilic balance describes the hydrophobicity and hydrophilicity of these surfactants. According to the primary group’s electric charge, small molecule surfactants are classified as anionic, cation, or nonionic [23].



	
Anionic surfactants






Sodium salts of carboxylate and sulfate ester derivatives, such as sodium oleate and sodium dodecyl sulfate, have a negatively charged polar terminal functional group. Compared to nonionic and cationic surfactants, anionic surfactants have superior foaming capacity and foam stability. To fabricate them, saponification and sulfonation with inexpensive resources, such as cooking oil, are required [24].



	
Cationic surfactants






They belong to the functional group with a positive charge at the polar head composed of charged quaternary amine salts, such as cetrimonium bromide, which is used to purify DNA extracts, and cetylpyridinium chloride (CPC), a quaternary ammonium compound, which was primarily used in oral products, such as mouthwashes and dentifrices. Mouthwash is a solution, often containing antiseptic, astringent, and breath-sweetening agents, used for cleansing the mouth and teeth and gargling [25].



	
Nonionic surfactants






Nonionic surfactants consist of a hydrophilic head functional group (usually PEG-based) and a fatty acid tail; their heads are uncharged. Nonionic surfactants, such as polysorbates, sorbitan esters, and Brij polyoxyethylene alkyl ethers, can be identified if the group is broken down further. Compared to cationic and anionic small molecule surfactants, nonionic surfactants are preferred for use in biological applications because of their lower toxicity potential: Tween 80 [26].




Particles as Surfactants


Silica, clay, iron oxide, hydroxyapatite, and graphene oxide are all examples of particles with surface-active characteristics. Particle forms, such as spheres, sheets, and rods, significantly impact the thermodynamic barrier to coalescence by affecting the self-assembly of particles at the interface [27].




Phospholipids


They are the main structural component of cell membranes and have a head–tail structure similar to novel molecular surfactants with a positive charge phosphate head and two triglyceride tails. Phospholipids serve as a steric barrier, increase the thermodynamic energy needed for droplets to coalesce, and provide repulsive forces between droplets, which helps stabilize emulsions. These are derived from agricultural sources, such as soy lecithin and egg yolks, and can provide good long-term stability to the emulsion [28].





2.1.3. Bioinspired Peptide Surfactants


Peptide surfactants share structural similarities with other surfactants, including the presence of both hydrophilic and hydrophobic domains. They are divided into three categories based on their distinct structural patterns: end-by-end peptide surfactants, side-by-side peptide surfactants, and end-by-side peptide surfactants. Similar to natural phospholipids, lipid-like or surfactant-like peptides (SLPs) consist of a hydrophilic head and a hydrophobic tail. Proteins, chemicals, and medicines can benefit from the stabilization provided by many SLPs’ ability to self-assemble into micelles, vesicles, or nanotube structures [29]. The side-by-side peptide surfactant is another example. The peptide has specific hydrophilic and hydrophobic amino acid sequences that allow the formation of α-helices or β-sheets.




2.1.4. Bioinspired Protein Surfactants


Proteins can be used as surfactants to stabilize emulsions due to their amphiphilic nature, which allows them to contain both hydrophilic and hydrophobic amino acid sequences that function at the oil–water interface. Proteins cause an early onset of droplet coalescence during the emulsion formation because they adsorb to oil–water surfaces at a slower rate than small molecule surfactants. However, after the proteins adsorb onto the droplet surface, the protein surfactant provides a significantly more significant stabilizing impact due to the formation of vast protein networks that exhibit solid electrostatic repulsion and steric stability. When transporting drugs that are not water-soluble, protein-based surfactants are often utilized [30].




2.1.5. Cosurfactants


The addition of a cosurfactant is expected to work when a surfactant alone cannot sufficiently reduce the oil–water interfacial tension to create a nanoemulsion—liquid crystalline phases form when a surfactant coating becomes too rigid. By penetrating the surfactant monolayer and agitating the liquid crystalline phases, cosurfactants increase the fluidity of the interfacial film. The oil/water interface can be lowered, and nanoemulsions can be formed spontaneously with the help of hydrophilic cosurfactants, particularly those with an intermediate chain length [31].





2.2. Physicochemical Characterization of Nanoemulsion


2.2.1. Phase Behavior


To ascertain the nanoemulsion phase, dispersibility, and ingredient optimization, research on phase behavior is essential for nanoemulsions created by the phase inversion temperature and self-emulsification method (surfactant, oil phase, and aqueous phase). The various nanoemulsion components are analyzed by changing their concentration in glass ampoules. After reaching equilibrium at a set temperature, the ingredients are mixed vigorously until completely uniform. To identify an isotropic phase, polarized light is used [32,33].




2.2.2. Droplet Size and Polydispersity Index


The polydispersity index (PDI), mean particle diameter (Z-averages), and particle size distribution are important markers of nanoemulsion quality, stability, homogeneity, and dispersibility over time [34]. Since the release rate and the amount of active ingredient absorbed are affected by droplet size, it is crucial to the performance of a nanoemulsion. Droplet size in a nanoemulsion is often measured using light scattering and photon correlation spectroscopy (PCS) techniques, including static light scattering (SLS) and dynamic light scattering (DLS) [35]. Generally, to measure the droplet sizes of nanoemulsions, the polydispersity index calculated using DLS is defined as the square of the standard deviation divided by the mean droplet diameter (Figure 1). The PDI quantifies differences in size from the norm. The droplets in a nanoemulsion are considered well-dispersed and free of adhesion and aggregation if their PDI is less than 0.22. A PDI above 0.25 implies strong emulsion stability, while a PDI above 0.5 suggests an unfavorable attribute of less uniform droplet size. Most notably, a PDI near one (one) suggests a wide variety of droplet sizes, while a PDI around zero indicates a monodisperse droplet population [36].




2.2.3. Zeta Potential


This parameter, often measured using a zeta sizer, describes the role of surface charge on droplets. Once the nanoemulsion sample has been prepared, it is measured in a zeta cuvette by measuring the droplet potential in millivolts [38]. A dividing line between stable and unstable aqueous dispersions is generally taken at either +30 or −30 mV. Globules with zeta potentials greater than +30 mV and lower than −30 mV are usually considered stable [39]. Zeta potentials greater than either +60 mV or −60 mV characterize exceptionally stable nanoemulsions [40].




2.2.4. Viscosity


A preparation’s viscosity is crucial in maintaining its consistency as a liquid or semi-solid. The surfactant, water, and oil contents in an emulsion all significantly determine the emulsion’s viscosity. In most cases, the viscosity can be lowered by increasing the water content during formulation. However, the interfacial tension between the water and oil can be increased by reducing the amount of surfactant and cosurfactant, leading to a more viscous emulsion. A Brookfield-type rotational viscometer can be submerged in a 37 ± 0.2 °C thermo-bath, and the nanoemulsion’s viscosity can be evaluated at varying shear rates and temperatures [41].




2.2.5. Conductivity and Dielectric Measurement


Conductivity readings reveal details regarding oil-continuous or water-continuous phases and phase inversion occurrences. Greater ion mobility is possible because of the higher water content reflected in nanoemulsion conductivity. Whether or not a formulation undergoes phase inversion can be determined by measuring whether its conductivity changes after being stored at room temperature for one month. The structure and behavior of a nanoemulsion system can be demonstrated via dielectric measurements. A formulation is stable and free of phase inversion if its conductivity has not changed after being stored at room temperature for one month [42].




2.2.6. Entrapment Efficiency


The capacity of a nanocarrier to entrap the drug/active component and transport an effective dose to the treatment site is referred to as its entrapment efficiency (E.E.). Essential aspects that might significantly affect E.E. include the manner of formulation, ingredients, and the nature of the encapsulated bioactive molecule in the vesicles. We show that the microdialysis method may accurately estimate E.E. in nanocapsules, nanospheres, and nanoemulsions. Gel filtration, ultrafiltration, dialysis bag diffusion, and ultracentrifugation are different methods for calculating the E.E. of various nanocarriers [7,43].



The following is a general formula for calculating the E.E.


  E E =   W 1 − W 2   W 1   × 100  








where W1 represents the amount of active ingredient added to the formulation and W2 represents the amount of active ingredient in the supernatant.




2.2.7. Fourier-Transform Infrared Spectroscopy (FTIR) Spectral Analysis


Drug and excipient interactions, polymerization, crosslinking, and drug content can be evaluated by FTIR analysis. It is also helpful for determining the molecular fingerprint and the functional groups attached to a molecule [44].




2.2.8. Morphological Study Using SEM and TEM Techniques


Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are methods for analyzing the morphology of nanoemulsions. The globules may be seen in three dimensions thanks to SEM. The samples are examined at various magnifications and an appropriate accelerating voltage, typically 20 kV. SEM provides a good examination of the surface morphology of the formulation’s dispersed phase. Image analysis tools might be used to analyze shape and surface morphology automatically [25,35]. When creating samples for TEM, a holey film grid is coated with a few drops of nanoemulsion or a suspension of lyophilized nanoparticles in double-distilled water. Any residual solution must be rinsed away and colored after immobilizing the grid. The dyed nanoparticle sample is then subjected to a particular voltage. The SEM and TEM analysis images are shown in Figure 2 and Figure 3. Understanding the surface morphology of nanoemulsion formulations using an atomic force microscope (AFM) or cryo-electron microscopy is a cutting-edge technique [45,46].




2.2.9. In Vitro Drug Release Study


With the aid of in vitro drug release studies, the efficacy of therapeutic formulations in vivo can be predicted. A medicine’s in vitro release rate can be measured with USP dissolution equipment II. Dialysis membrane pouches containing a drug equivalent to 10 mg were introduced into a buffer flask after the medication had been distributed in nanoemulsion or dried nanoparticles at 37 ± 0.5 °C with a stirring speed of 75 rpm. At regular intervals, a sample was removed, and the same volume of new dissolving liquid was added. After the samples were adequately diluted, their absorbance was measured spectrophotometrically at a predetermined wavelength. By comparing the absorbance of the collected sample to a calibration curve, we may calculate the percentage of drugs released at various times [49].




2.2.10. In Vitro Skin Permeation Studies


The Keshary-Chien diffusion cell is used for both in vitro and ex vivo permeation experiments. Commonly utilized in permeation tests is the abdomen skin of adult male rats weighing between 250 and 300 gm. The rat’s skin was between the donor and receiver chambers of the diffusion cell. Fresh water and 20% ethanol were stored in receiver chambers heated to 37 degrees Celsius and swirled at 300 revolutions per minute. The donor space housed all formulas. At regular intervals (e.g., 2, 4, 6, 8 h), 0.5 mL of solution was taken from the receiver chamber and analyzed by gas chromatography; adding a new volume of the solution followed this. Each sampling procedure was repeated three times. Cumulative adjustments were used to determine the total amount of medication that penetrated rat skins at each time interval, and these data were then shown as a function of time. The plot’s slope can determine drug penetration rates in a steady state [50] (Table 1).





2.3. Stability Studies


Stability studies focus on drug stability in different conditions, including temperature, humidity, and light. Nanoemulsion stability tests are undertaken only after the formulation has been stored for 24 months in a dispersed and freeze-dried state as the International Council for Harmonization (ICH) recommends. The shelf life of a nanoemulsion formulation was also determined after performing accelerated stability testing (40 °C ± 2 °C and 75% ± 5% RH) along with an intermediate stability study (30 °C ± 2 °C/65% RH ± 5% RH) [61]. The optimized nanoemulsion was stored in airtight glass containers. Parameters, such as globule size, loading, entrapment efficiency, and in vitro drug release profile, assessed by taking samples at regular intervals [62].



2.3.1. Stability Study of Nanoemulsion


It is important to make sure nanoemulsions are appropriately made and stored at appropriate conditions. This can be performed by finding the mechanisms of emulsion instability and stabilization to make nanoemulsions thermodynamically unstable systems that bifurcate over time. By producing a kinetically stable emulsion with surfactants, a well-designed emulsion can keep its original qualities for months or even years after it has been made [41,63]. Nanoemulsion versatility relies on it, as even slight formulation changes over time can severely impact patients. Emulsion stability is a product of electrostatic double-layer repulsion and attractive van der Waal interactions, as proposed by the Derjaguin−Landau−Verwey−Overbeek (DLVO) hypothesis [64]. The estimated stability within 5 nm is calculated by adding the attractive and repulsive forces at given distances, as the two forces are believed to be unrelated (Equation (1)) [65]:


F.T. = F.A. + F.R.



(1)







Colloid stability is maximized when droplets are kept at a safe distance from one another where repulsive forces have a more significant impact on the interaction energy than attractive ones. This instability manifests in four types: Ostwald ripening, coalescence, flocculation, creaming, and sedimentation.




2.3.2. Coalescence


Two or more droplets can coalesce into one giant droplet. When droplets collide and distort, a continuous phase film is created [66]. Moving a continuous phase and surfactant along a film’s surface may regulate the film’s thickness. Rupture occurs when a film’s thickness decreases below a specific value [67]. Thin films are responsible for the Marangoni effect, which explains mass transport across an interface regarding interfacial tension gradients. As the droplets combine, their combined surface area drops, resulting in a decrease in the interfacial and Gibbs energies of the system.




2.3.3. Flocculation


During flocculation, a continuous phase forms a thin film that separates clusters of dispersed, unbroken droplets. The electrostatic repulsion created by the film delays emulsion coalescence, making the film stable; nevertheless, stability against coalescence must be regarded independently from stability against flocculation since emulsions can readily flocculate and then slowly coalesce and vice versa [68].




2.3.4. Creaming and Sedimentation


Emulsion droplets cream and settle when their densities are not the same as those of the scattered and separate phases, respectively. The frequency of droplet interaction is raised during creaming/sedimentation; hence, droplets are more likely to coalesce [69].




2.3.5. Ostwald Ripening


Due to the diffusion of the dispersed phase through the continuous phase, larger droplets form at the expense of smaller droplets during the Ostwald ripening process. These little droplets serve as a source of nutrition for the larger ones. This process is induced by the Kelvin effect, which claims that particles with smaller diameters have superior solubility in solution and decrease the total surface area of the dispersed phase, resulting in a reduction in the Gibbs free energy. By ensuring a monodispersed size distribution of droplets and employing a dispersed phase with very low solubility in the continuous phase, Ostwald ripening can be avoided [70].




2.3.6. Nanoemulsion Stability Enhancement


The DLVO hypothesis postulates that there are two separate mechanisms at work to dampen droplet contact and, in turn, emulsion instability [71]. The first is electrostatic repulsion, which occurs when two drops with the same electric charge collide. The second type, steric stabilization, occurs when a substantial surface layer between droplets creates an essential energy barrier, preventing the droplets from interacting and coalescing. Ionic surfactants stabilize an electrostatic emulsion by attracting counter ions from the solution and generating an electrical double layer [16,66]. The charged surfaces of the emulsion make up the first layer of an electrical double layer followed by a layer of tightly bound counter ions and finally a layer of low-concentration material. When the diffuse layer stops moving in tandem with the emulsion droplets, you have reached the slip plane. The zeta potential, determined by the charge at the slip plane, is a crucial indicator of emulsion stability, with highly positive or negative emulsions being more stable [72]. DLVO theory suggests droplet interaction is necessary for emulsion destabilization, inhibited by the stearic hindrance by increasing surface layer thickness and complexity [73]. Nonionic surfactants with long side chains, pickering particles, and conjugating/coating polymers can all be used to modify the droplet surface in this way [74].





2.4. Formulation Method of Nanoemulsion


Nanoemulsions are challenging to prepare spontaneously due to their nonequilibrium nature [75]. But by providing sufficient energy with mechanical equipment, they can be prepared. Alternatively, spontaneous techniques are used to prepare nanoemulsions. Higher energy is required to formulate the smaller droplets (i.e., sizeable interfacial area) of a nanoemulsion, which the following equation can calculate:


W = ⊗A γ



(2)




where W is the work required to increase the interface;



	
⊗A is the increasing total interfacial area;



	
γ is the interfacial tension.






According to this correlation, increased efforts are required when ⊗A is large (i.e., when the droplet size is tiny or when the interfacial tension is high). Formulations for nanoemulsions can be broken down into two categories, one based on energy consumption and the other on the type of energy used [76]:




	
Low-energy methods;



	
High-energy methods.








2.4.1. Low Energy Methods


The “Low energy” method involves the spontaneous emulsification of nanoemulsions without using any machine or energy. These techniques for creating nanodroplets rely on the physicochemical qualities of the components themselves. To create a uniform liquid at room temperature, a lipophilic phase must be combined with a hydrophilic surfactant, which is then solubilized. After the oily phase’s hydrophilic species (i.e., the surfactants) are solubilized in an aqueous phase, the unmixing of the oil begins, and nanodroplets get produced. In most cases, water alone makes up the aqueous phase. The formation of nanoemulsions can be achieved with minimal energy expenditure through the application of techniques such as phase inversion composition (PIC) and phase inversion temperature (PIT) [77].



Phase Inversion Temperature (PIT)


An essential part of this technique is the phase transition caused by the surfactant’s spontaneous curvature during emulsification. Additionally, characteristics such as temperature can be altered to alter the surfactant’s spontaneous curvature. In the PIT technique, the spontaneous curvature of the surfactant is reversed by adjusting the temperature. A nonionic surfactant dehydrates the polyoxyethylene groups of a polyethoxylated surfactant. This alters the molecular structure of the polyethoxylated surfactant, making it more lipophilic (Figure 4). Due to phase inversion, nanoemulsion is generated [78,79].




Phase Inversion Composition (PIC)


By changing the composition, the PIC method can counteract a surfactant’s spontaneous curvature. A nonionic surfactant dehydrates the polyoxyethylene groups of a polyethoxylated surfactant. The polyethoxylated surfactant’s molecular structure is modified, increasing its lipophilicity. In a process known as phase inversion, nanoemulsion is produced [79]. An example of a component that can be added to a PIC is water followed by an oil-surfactant combination or oil added to the water-surfactant combination. Most nanoemulsions are made using the PIC technique and nonionic polyoxyethylene surfactants. Slowly adding water to the oil phase and increasing the water percentage volume causes the surfactant’s polyoxyethylene chain to hydrate. At the HLB temperature, the surfactant’s hydrophilic and lipophilic properties in the water phase are balanced, and the surfactant’s spontaneous curvature changes to zero, just as it does in the PIT method (Figure 5). During this change, a bi-continuous or lamellar structure is created. When the transition composition is exceeded, the zero-curvature structures of the surfactant layer transform into highly positive-curvature structures as more water is introduced. Curvature transition leads to phase inversion and the subsequent production of nanosized droplets [81,82].





2.4.2. High-Energy Methods


“High energy” nanoemulsions require specialized equipment to manufacture nanodroplets and expand the water/oil interface [83,84]. It typically takes two stages of a high-energy technique to obtain nanoemulsions ready for use: deformation and disruption of micrometric droplets into smaller droplets and surfactant adsorption at their interface (to ensure steric stability).



Stirring at High Shear Using a Rotor/Stator System


This rapid stirring method is propelled by hydrodynamic shear. There are two stages to the emulsification process: Firstly, the high shear stress deforms the droplets, increasing their specific surface area for disruption, and then, second, emulsifiers maintain the new interface. Reynolds numbers represent the shear forces produced by rapid stirring and are used to quantify shear forces. To be more precise, a more significant Reynolds number encourages the production of smaller particles. Nanoemulsions with typical diameters of around 100 nm require shear rates in the 108 s−1 range to produce nanoemulsions [85].




High-Pressure Homogenization (HPH)


High-pressure homogenization is the most used technique for making nanoemulsions (HPH). Cavitation, a robust phenomenon, breaks up oil droplets and creates smaller ones. Significant variations in mean droplet size and particle distributions can also result from changes in other variables, such as homogenization pressure and cycle number. Oil, water, and surfactant or cosurfactant are combined in a high-pressure homogenizer and subjected to high pressure (Figure 6). HPH loses productivity and experiences component deterioration because of high temperatures. Only O/W liquid nanoemulsions with an oil phase concentration of less than 20% should be prepared using HPH. Nanoemulsions with mean droplet sizes of less than 200 nm, such as those with high viscosity or creamy consistency, cannot be effectively formulated using this method [86,87].




Ultrasonication


Due to its low production cost, high energy efficiency, and minimal mixing instrument needs, ultrasonication emulsification is quickly rising in popularity. Ultrasonic emulsification uses an acoustic field to mix two immiscible liquids [88]. Canselier proposes a two-stage technique for ultrasonic-assisted emulsification. The droplets of the dispersed phase rupture into the continuous phase due to interfacial waves and system instability, and then the droplets are further broken up by cavitation near the interface [89]. Cavitation, the rapid generation of vapor bubbles in a liquid at room temperature, and decreased pressure are the primary consequences of ultrasound. Shock waves are produced when the bubbles quickly collapse. As a result, high-velocity liquid jets are produced as the liquid undergoes intense localized turbulence and shear stresses. When a bubble bursts, it causes nearby droplets to scatter, which stimulates emulsion mixing. This technique for preparing nanoemulsions is currently only applicable in the lab due to the small batch sizes required (Figure 7).




Microfluidization


This method utilizes high-powered equipment and abundant energy inputs to create ultrafine emulsions with a surfactant-to-oil ratio (SOR) <0.1. Shear cavitation and impact create an emulsifying environment [91]. A coarse emulsion is created by forcing the water–oil mixture through an inline homogenizer. Finally, a high-pressure positive displacement pump drives the newly created coarse emulsion into a microchannel-lined interaction chamber (3.447 MPa). After passing through an impingement region, an emulsion’s viscous mixture is transformed into very thin submicron or nanosized droplets, leading to a stable nanoemulsion [92]. To create a nanoemulsion, the pressure must be raised to around 700 MPa (Figure 8).







3. Nanoemulsion for Colorectal Cancer Delivery


A large fraction of cancer-related deaths worldwide is caused by colon cancer. Treatment options for colon cancer typically include surgery, herbal remedies, immunotherapy, radiation, and chemotherapy. Since nanotechnology has been proven effective for treating cancer, researchers have concentrated their efforts on this area. The most prevalent types of nanoemulsions for different types of cancer are summarized in Table 2, a summary of some recent nanoemulsions developed and applications for colorectal and other cancer.



Worldwide, colon cancer is responsible for a disproportionate number of cancer deaths. This section classifies the various subtypes of colon cancer, including familial adenomatous polyposis, hereditary nonpolyposis colon cancer, cancer that develops independently, and cancer linked to colitis [94]. Surgery is the primary treatment option for colon cancer; other possibilities include chemotherapy, radiation therapy, immunotherapy, and alternative medicine. However, survival rates due to metastasis and reoccurrence continue to decline for around five years after surgery, suggesting that the tumor is not the primary cause of death [95]. Tomatoes contain lycopene, which possesses several potential health benefits if it were more stable and bioavailable, including protection from chronic diseases, antiproliferation activity against leukemia and colon cancer cells, and the induction of cell cycle arrest in some tumor cells [96,97,98]. In the described research, a nanoemulsion was created using lycopene to address the issue.



Additionally, gold nanoparticles could be encased in a nanoemulsion formulation (AN). Rather than merely serving as a medication carrier, AN could also comprise cell receptor ligands to facilitate precise cell targeting [79]. Combining lycopene-derived molecules with liposomes, polymeric substances, or other lipid-based assemblies can mitigate this effect [99]. In this formulation, Tween 80® serves as the emulsifier, oil containing lycopene is the oil phase, and an aqueous AN solution is the water phase. The HT-29 human colon cancer cell line is suitable for its application. The formulation’s effectiveness was demonstrated by testing the effects of AN alone, lycopene alone, and combining the two on a cell line [100]. Using a nanoemulsion preparation method, the author of this study investigated the anticancer and apoptotic effects of S. aromaticum L. bud essential oil (SABE) on human HT-29 colon cancer cells. Apoptosis (Cas3 overexpression and higher SubG1 peaks) and cell death (reduced HT-29 viability) were seen in response to a wavelength of 131.2 nm in this study [97]. In a phase inversion process, Sabna Kotta created a nanoemulsion of resveratrol (low energy technique). Grapes, berries, and other fruits contain resveratrol, a polyphenolic phytoalexin. Human colorectal cancer cell lines (HCT-166) were employed to test the antiproliferative effects of a resveratrol nanoemulsion. The research also showed that nanoemulsion had a concentration-dependent killing effect on HCT-166 colon cancer cells [101].



The author investigated the Lycium barbarum L. plant’s carotenoid extracts. Nine carotenoids, including neoxanthin, all-trans-zeaxanthin and its cis-isomers, all-trans—cryptoxanthin), all-trans—carotene and its cis-isomers, were analyzed by high-performance liquid chromatography-mass spectrometry with the highest extraction yield achieved using a solvent system of hexane–ethanol–acetone (1:1:1); the IC50 values for inhibiting the development of HT-29 colon cancer cells were reported to be 4.5 and 4.9 µg mL−1 for carotenoid extracts and their nanoemulsion, respectively. G2/M phase arrest was caused by the extract and nanoemulsion, which also raised p53 and p21 expression and lowered CDK2, CDK1, cyclin A, and cyclin B expression [102].



The Spirulina platensis microalgae were used to prepare cerium oxide nanoparticles (CeO2-NPs) by Seyedeh and Asoodeh. Additionally, the ultrasonic emulsification process created nanoemulsions (CeO2-NE) by encapsulating cerium oxide nanoparticles (CeO2-NPs) inside nanoporous polymer shells. Quantitative PCR analysis of apoptotic and antioxidant-related gene expression in HT-29 cells treated with CeO2-NE revealed that CeO2-NE had a more potent effect on anticancer activities. Apoptosis was validated by finding overexpressed caspase-3, caspase-8, and caspase-9 in CeO2-NE. A correlation was found between the overexpression of superoxide dismutase and the redox potential of CeO2-NE in HT-29 colon cells [103].



To test the cytotoxic activity of Carum carvi oil nanoemulsions (CCONE), the researchers used the MTT assay on human HT29 colon cells. They found that increasing the nanoemulsion (CCONE) concentration significantly elevated caspase3 gene expression. These data demonstrate that CCONE promotes apoptosis in human colon cancer cells with minimal toxicity. However, further research is required both in vivo and in vitro [104].



Due to its serious adverse effects, oxaliplatin (Oxa) has had a limited therapeutic role in the management of colon cancer. Many distinct mutational patterns of p53 are seen in colon cancer, affecting the effectiveness of chemotherapeutic drugs such as Oxa. For this reason, it is crucial to discover an alternate therapeutic strategy that mitigates the side effects of Oxa but also enhances its efficacy in the fight against colon malignancies. In this study, Al-Otaibi and Al-Motwaa created a nanoemulsion of Teucrium polium L. essential oil (TPO-NANO). They tested its efficacy in treating colon cancer cells that differed in their sensitivity to the chemotherapeutic agent oxaliplatin based on their p53 status (HCT116 wild-type and HT-29 mutant-type). According to results from an anticancer screen, Oxa+TPO-NANO inhibited the development of both p53 wild-type HCT116 and p53 mutant-type HT-29 colon cancer cells and generated more morphological changes and apoptotic cell death than did Oxa-NS alone. Put another way, the essential oil nanoemulsion of Teucrium polium L. has a synergistic anticancer impact [105].



The antitumor activity of the combination formulas of DOX and SIM, either loaded in water (DOX-SIM-Solution) or nanoemulsions (N.E.s) (DOX-SIM-NE), was evaluated in a Swiss albino mouse model of Ehrlich ascites carcinoma. The study showed that incorporating SIM into the DOX-loaded-NE formulation remarkably improved its efficiency and reduced adverse effects [106]. Moreover, resiquimod-fortified nanoemulsion demonstrated significant antitumor immunity by TLR7/8 and TLR9 activations with induced PD-L1 upregulation in tumors. In addition, a pronounced immunostimulatory effect against polarized macrophage cells treated with test and control nanoemulsions was displayed (Figure 9) [107]. Another safety evaluation of quercetin nanoemulsions on Wistar rat’s organ histopathology, including the liver, spleen, kidney, heart, and brain, indicated insignificant signs of atrophy, hyperplasia, necrosis, or inflammations (Figure 10) [108]. The recent patents on nanoemulsions for cancer treatment are tabulated in Table 3.
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Table 2. Summary of some recent nanoemulsions developed and applications for colorectal and other cancer.
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	Nanoemulsion Constituents
	Active Compound
	Production Technique
	Type of Cancer
	References





	Carotenoid; nanoemulsions; CapryolTM 90; Transcutol®HP; Tween 80
	Carotenoid extract from Lycium barbarism
	Ultrasonication method
	Colon cancer
	[100]



	Nanoemulsions carrying gold nanoparticles Tween 80
	Lycopene
	Ultrasonication method
	Colon cancer
	[102]



	Transcutol-HP (surfactant), IPA (cosurfactant), water (aqueous phase), and castor oil (oil phase)
	5-Fluorouracil (5-FU)
	Oil phase titration method (PIT)
	Colon cancer (HT-29)
	[109]



	Tween 80 (T80) and propylene glycol (P.G.) as surfactant and cosurfactant
	Teucrium polium L. essential oil
	High-pressure homogenization method
	Colon cancer HCT116 wild-type and HT-29 mutant-type
	[105]



	Capryol 90, Surfactant (Tween 20) m andcosurfactant (PEG 400)
	Resveratrol
	Phase inversion composition
	Colorectal cancer
	[110]



	DSPE-PEG2000
	Irinotecan
	Phase inversion composition
	Colorectal cancer
	[111]



	Salvia (SAL) essential oil
	Ifosfamide
	Oil phase titration method (PIT)
	Colorectal cancer
	[112]



	Tween 80 as a surfactant, tocopheryl polyethylene glycol 1000 succinate (TPGS) as a cosurfactant, and Kollisolv MCT 70 as the oil phase
	Curcumin
	Oil phase titration method (PIT)
	Pituitary and colon cancer
	[113]



	Anethole (57.9%), terpinolene (13.8%), G-terpinene (8.1%), myrcene (6.8%), hexyl butyrate (5.2%), octylbu-tanoate (4.5%), and octyl acetate (3.7%)
	Heracleum persicum
	Phase inversion composition
	Breast cancer
	[114]



	linalyl acetate, limonene, and α-terpineol
	Citrus aurantium L.
	Phase inversion composition
	Human lung (A549 cells)
	[115]
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	Year
	Patented Nanoemulsion
	Patent No.
	Used for
	References





	2019
	An oil-in-water nanoemulsion (N.E.) drug delivery that encapsulates omega-3 polyunsaturated fatty acid (PUFA)-taxoid
	US10206875
	Anticancer
	[116]



	2021
	A nanoemulsion consisting of an oil phase, a surfactant, and an aqueous component and an aqueous phase containing a water-soluble active ingredient, a polysaccharide, and hyaluronic acid
	US11103600
	Anticancer
	[117]



	2022
	A nanoemulsion prepared using oxysterol or oxysterol-like compound
	US11332494
	Anticancer
	[118]



	2022
	A water-in-oil nanoemulsion containing an oil phase ingredient, a surfactant, and an aqueous phase ingredient which includes a cancer cell fluorescence-inducing substance and a polysaccharide that targets cancer cells, and it is dispersed in water to remove the oil phase ingredient, resulting in the formation of the nanocarrier, which also contains the aqueous phase ingredient
	US11298428
	Anticancer
	[119]



	2022
	The O/W nanoemulsion that contains 8–12% w/v essential oil, 1–5% w/v polysorbate 80 surfactants, 2–6% w/v glyceryl citrate/lactate/linoleate/oleate co-surfactant, and 1–5% w/v glycerol monocaprylate, type I, wherein a ratio of the surfactant and cosurfactant to essential oil is from 1:1.1 to 1:1.6
	US11364199
	Transdermal delivery
	[120]



	2022
	Ionic liquid-based nanoemulsion consisting of hydrophobic ionic liquid comprises a dication comprising two monocationic groups linked by a bridging group wherein the bridging group provides an at least partially hydrophobic character
	US11464738
	Hydrophobic drug delivery
	[121]



	2022
	An oil-in-water nanoemulsion that contains clobetasol, one or more oil components, one or more surfactants, and one or more pharmaceutically acceptable excipients or carriers, as well as a continuous aqueous phase and dispersed oil droplets
	US10857160
	Prophylaxis or treatment of inflammatory diseases or conditions
	[122]



	2022
	A fluorocarbon nanoemulsion prepared by using perfluorohexane and one or more surfactants selected from perfluoro-n-hexyl-oligo ethylene oxy-alcohols
	US11304899
	For enhanced oxygen delivery
	[123]



	2022
	An oil-in-water emulsion consisting of an internal oil phase includes lauric oil, an external aqueous phase (water or glycerol), and surfactants, preferably anionic surfactants, amphoteric surfactants
	US11266580
	
	[124]



	2022
	An aqueous, transparent nanoemulsion composition includes at least two different bilayer water-core liposome components and at least one monolayer surfactant-bound particle component
	US11304900
	For delivering oil- and water-soluble components of a vitamin supplement
	[125]



	2022
	An injection fluid nanoemulsion is prepared by dispersing the oil phase in an aqueous phase, and the formed oil nanodroplets that have a diameter of from 20–1000 nanometers and dispersion of the oil phase in the aqueous phase stabilized by surfactant and nonsuperparamagnetic magnetic nanoparticles encapsulated in the formed oil nanodroplets
	US11506049
	-
	[126]



	2022
	The nanoemulsion composition consists of a lipid nanoparticle with an inorganic nanoparticle-based hydrophobic core
	US11534497
	For delivering RNA
	[127]



	2022
	A nanoemulsion composition comprising nanoemulsion particles that contain a hydrophobic core (mixture of liquid oil and one or more inorganic nanoparticles or

one or more lipids, such as a cationic lipid) with one or more surfactants and a bioactive agent complexed with the nanoemulsion particles
	US11376335
	For delivering RNA
	[128]











4. Ongoing Clinical Trials on Nanoemulsions for Cancer Therapy


Nanoemulsions can be an excellent alternative to other anticancer medication to ensure better cancer treatment. There are just a few trials reported on nanoemulsions. In an ongoing clinical experiment, nanoemulsions have been employed for photodynamic treatment on superficial basal carcinoma cells. Three photosensitizers were compared using a randomized, prospective, double-blind approach (phase 2). Methyl aminolevulinate (MAL/Metvix®), hexyl amino levulinate (HAL/Hexvix®), and aminolevulinic acid nanoemulsion (BF-200 ALA/Ameluz®) was used to treat basal cell carcinomas.



Curcumin has been extensively researched for cancer, as was previously mentioned. Curcumin is a naturally occurring polyphenolic substance isolated from the rhizomes of Curcuma longa. It exhibits various biological properties, including antioxidant and anti-inflammatory properties [129]. No clinical study specifically designed to treat cancer has been conducted yet. Instead, a randomized, double-blinded phase one controlled research trial (ClinicalTrial.gov ID: NCT03865992) evaluated curcumin-loaded nanoemulsions.



Curcumin nanoemulsions have been the subject of a second clinical trial reported to treat obese women at a high risk of breast cancer (ClinicalTrial.gov ID: NCT01975363). It was a randomized pilot trial that examined the safety, tolerability, and compliance of various doses (50 or 100 mg) of nanoemulsion curcumin in overweight women with a greater chance of developing breast cancer. Curcumin’s anti-inflammatory properties in breast tissue and fat can reduce breast cancer risk (Table 4) [130].



Nanoemulsions can be an excellent alternative to other anticancer medication to ensure better cancer treatment. There are just a few trials reported on nanoemulsions. In an ongoing clinical experiment, nanoemulsions have been employed for photodynamic treatment on superficial basal carcinoma cells.




5. Limitations and Challenges of Nanoemulsions


5.1. Nanoemulsion Stability


In the new approaches, such as in the gas and oil sectors, nanoemulsions still require lab- and pilot-scale research to fully understand the relationship between the chemical composition and properties of nanoemulsions. There will be phase separation in nanoemulsions since they are kinetically stable (although slowly). When used in long-term field applications, this destabilization may occur during on-site storage, ground transportation, or even on-site transportation in the reservoir. It is currently unclear how extreme reservoir conditions, such as high temperature, high salinity, and complex chemical interactions, affect the stability of nanoemulsions. Ex situ research could, on the one hand, explain the phase separation mechanisms of nanoemulsions in reservoir-like circumstances and investigate desirable strategies [130].




5.2. Economic Concerns about Nanoemulsion


To overcome economic concerns, we must consider two elements: (1) nanoemulsion manufacturing and (2) required facilities. To create a nanoemulsion in large quantities, many different chemicals are required. These compounds include polymers, surfactants, and solvents. Similar to other high-energy techniques, emulsification relies on intense heat or pressure to break up the interfaces and spread the droplets. Secondly, a wide range of facilities and equipment are required in nanoemulsion formulation, which may significantly increase the cost, particularly when large-scale mixing and homogenization processes require special equipment, which also affects the formulation cost.



Herbal bioactives have gained popularity worldwide for their variety of health benefits. However, limitations remain, such as low solubility, permeability, and bioavailability. A total of 40% of the active principle molecules made using high-throughput methods are poorly soluble. These provide significant challenges to formulating suitable herbal remedies for health treatment. Research into novel carriers for the transport of herbal bioactive components is required to obtain the optimal blood concentration level in the body [132,133].





6. Future Perspective


The scientific community’s interest in nanoemulsions has been prompted by their potential uses in the healthcare, food, agricultural, and cosmetics industries. In the food and pesticide sectors, they can carry phytochemicals and other bioactive components. Through size reduction, encapsulation, and stability, nanocarrier manufacturing aims to enhance the pharmacokinetics and absorption of marginally accessible herbal bioactives. Improved therapeutic efficacy at the target site can only be achieved with a high drug delivery level. The main rate-limiting factors for biomembrane permeability in the case of herbal bioactives are sizable molecular size and lipid solubilization. Overcoming the membrane with an enhanced pharmacokinetic profile is a significant challenge in producing herbal medicines. Nanocarriers made of oils or lipids could be the solution to these issues. They can increase solubility, permeability, and gastrointestinal tract (GIT) absorption, minimize the effect of food on the absorption rate of highly lipophilic substances, and boost bioavailability.



Nanoemulsions can be utilized to deliver allopathic and plant-derived medicines, which have been demonstrated on numerous platforms for use in pharmaceuticals. Compared to other delivery techniques, it has a higher encapsulation effectiveness, which may be beneficial for dissolving hydrophobic moieties and other weakly soluble molecules. Future perspectives on herbal medication delivery using nanoemulsions include numerous application types, including vaccination, protein and peptide drug targeting, topical, transdermal, ophthalmic, and oral. This method could benefit the delivery of nutritional supplements for various health benefits. With the help of nanoemulsions, the drug therapeutic levels can be maintained by a prolonged and sustained release action.




7. Conclusions


Nanoemulsions are a novel and potentially practical approach to treating cancer. One of the primary issues with cancer therapy pharmaceuticals is that the body poorly absorbs them, but using a hydrophobic core permits the encapsulation of lipophilic drugs, providing a solution to this issue. Emulsifying agents and GRAS excipients allows for developing a reliable and secure substitute. Due to their small particle size, they can remain in circulation for a considerable time. Nanoemulsions have an advantage over conventional drug carriers because they can be engineered to selectively target tumor cells while avoiding the development of acquired resistance. Since the failure of most anticancer medications is mainly attributable to their significant toxicity to healthy cells/tissues or even to the cancer cells’ discovery of mechanisms to resist treatment, this is an important development in cancer therapy. The ERP effect, prevalent in tumor tissues, is exploited for passive targeted delivery.



The case studies shown here show the various approaches to designing nanoemulsions for therapeutic use across various cancer types. These benefits would be for naught if the manufacturing process and the metabolism of the medicine and excipients were not adequately studied. These two factors are the primary stumbling blocks in nanoemulsion research and development. To formulate such a medicine, see it through all the necessary clinical studies, and get it approved, researchers will need to think outside the box and explore every possible option for making anticancer drugs that are both effective and safe. Given that cancer is a multifactorial disease responsible for a substantial proportion of deaths and that no entirely viable medication has been discovered to date, the creation of this formulation is crucial in cancer therapy.
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Figure 1. Droplet size distribution of empty and curcumin-loaded nanoemulsions fabricated using low energy O/W nanoemulsion techniques adapted from [37]. 
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Figure 2. Mean globule size of xanthone (A,B) and anthocyanin (C,D) nanoemulsions using transmission electron microscopy [47]. 
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Figure 3. Mean globule size of essential oil encapsulated chitosan nanoemulsions using scan electron microscopy (A,B) and atomic force microscopy (C,D) [48]. 
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Figure 4. The image shows the formation of nanoemulsion by the phase inversion temperature technique (adapted with permission from [80]). 
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Figure 5. Schematic representation of the formation of nano-emulsions by the PIC method (A) W/O emulsion, (B) Bicontinuous microemulsion, (C) O/W nano-emulsion (Adapted with permission [79]). 
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Figure 6. High-pressure homogenization technique showing the formation of nanoemulsion (a) electric motor-driven high-pressure homogenizer, and (b) Diacell® Z-type nozzle (unit in mm) (adapted with permission from [86]). 
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Figure 7. Image shows the formation of nanoemulsion by ultrasonication method (adapted with permission from [90]). 
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Figure 8. Formulation of nanoemulsion by micro fluidification technique (adapted with permission [93]). 
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Figure 9. Bright-field image of macrophage untreated (A), control nanoemulsions (B), free resiquimod (C), SD-101 a TLR9 agonist containing cytidine-phospho-guanosine dinucleotides (D), resiquimod fortified nanoemulsions (E), and the combined effect of resiquimod fortified nanoemulsions with SD-101 (F) after 12 h (adapted with permission from [107]). 
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Figure 10. Safety evaluation of quercetin nanoemulsions on Wistar rat’s organ histopathology (H and E hematoxylin and eosin sections), including (a) liver, (b) kidney, and (c) spleen (adapted with permission from [108]). 
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Table 1. Physical and chemical characterization of nanoemulsions.
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	Parameter
	Techniques/Method
	Reference





	Phase behavior study
	Self-emulsification method
	[51]



	Droplet size and polydispersity index
	Photon correlation spectroscopy (PCS)
	[52]



	Zeta potential
	Zeta sizer
	[53]



	Viscosity
	Viscometer
	[54]



	Conductivity and dielectric measurement
	Conductivity meter
	[55]



	Drug and excipient interactions
	Fourier-transform infrared spectroscopy (FTIR)
	[56]



	Morphological study
	Transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
	[57,58]



	In vitro drug release
	USP dissolution equipment II
	[59]



	In vitro skin permeation
	Keshary-Chien diffusion cell
	[60]
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Table 4. Ongoing clinical trials in nanoemulsions [131] *.
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	ClinicalTrial.Gov ID
	Active Compound
	Nanoemulsion Constituents
	Sponsor and Collaborators
	Description
	Status





	NCT02367547
	Aminolevulinic Acid
	Soy phosphatidyl-choline; propylene glycol
	Joint Authority for Päijät-Häme Social and Health Care.

Tampere University

University of Jyvaskyla.
	Superficial basal cell cancer’s photodynamic therapy.
	Active,

not recruiting



	NCT01975363
	Curcumin
	Data not found
	Ohio State University Comprehensive Cancer Center.
	Curcumin nanoparticles to modulate pro-inflammatory.

Biomarkers in plasma and breast adipose tissue.
	Active,

not recruiting



	NCT03865992
	Curcumin
	Data not available
	City of Hope Medical Center.

National Cancer Institute (NCI).
	Oral curcumin nanoemulsion for treating joint pain in breast cancer survivors caused by using aromatase inhibitors.
	Recruiting







* https://clinicaltrials.gov, accessed on 10 February 2023.
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