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Abstract

:

Astaxanthin is a xanthophyll carotenoid, well known for its potent anti-inflammatory and antioxidant properties, owing to its unsaturated molecular structure. Aquatic plants and animals contain the hydrophobic carotenoid astaxanthin, which is thought to possess a number of advantageous biological traits. However, due to its weak bioavailability and low water solubility, its use as a nutraceutical in food is currently restricted. Cubosomal encapsulation has been considered an effective alternative for improving the bioavailability and solubility of hydrophobic bioactives. The current paper aimed to conquer these issues by encapsulating astaxanthin in lyotropic liquid crystal nano-formulations prepared via the fabrication method. The physicochemical properties of astaxanthin-loaded cubosomes (AST-LC) have also been analyzed, in order to know the morphology of the prepared formulations and their bioavailability in the biological system. The formulation has been tested for particle size, thermal behavior, zeta potential, crystallinity, encapsulation efficiency, and drug-polymer interactions. The observed experimental results showed the particle size and zeta potential of astaxanthin-loaded cubosomes (AST-LC) as 199 ± 0.23 nm −27.4 ± 4.67 mV, with a small polydispersity index (0.283 ± 1.01). The cubic structure and nano-range size of the ideal formulation were verified by a field emission scanning electron microscope (FESEM) and (HRTEM) high-resolution transmission electron microscopic examination. The formulation exhibits a higher encapsulation efficiency with good yield. Results from X-ray diffraction and diffraction scanning calorimetry demonstrated an amorphous state of astaxanthin incorporated into the formulation. Fourier transform infrared spectroscopy (FTIR) analysis of AST-LC showed the absence of astaxanthin main peaks, indicating its complete encapsulation inside the formulation. The drug–excipient interaction was carried out with diffraction scanning calorimetry DSC and FTIR, resulting in no interaction between them. These results offered important details about increasing astaxanthin bioavailability by incorporating it into cubosomes. Furthermore, the astaxanthin loaded into cubosomes has been evaluated for antioxidant potency, compared with astaxanthin extract using 2,2-diphenylpicrylhydrazylassay (DPPH assay).
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1. Introduction


A carotenoid called astaxanthin is present in many marine plants and animals, including algae [1]. Numerous studies have demonstrated the therapeutic benefits of astaxanthin, including its ability to prevent cancer, reduce inflammation, protect skin from UV damage, and slow the progression of age-related macular degeneration [2,3]. Although astaxanthin is a potent antioxidant, its higher lipophilicity and low water solubility has limited its oral bioavailability. Due to its ability to neutralize singlet oxygen, free radicals, and prevent lipid peroxidation in biological membranes, astaxanthin is frequently utilized as a nutritional supplement and cosmetic element [4]. Recently, astaxanthin has gained a lot of attention, owing to its higher antioxidant activity when compared with beta-carotene, vitamin E, and coenzyme Q10 [5,6]. However, its exceptionally low water solubility and poor oral bioavailability limit its use as a nutraceutical in foods, supplements, and other commercial items. Additionally, sometimes a loss in the antioxidant potential occurs due to a chemical breakdown during processing, storage, and digestion. Astaxanthin degrades when exposed to acidic pH conditions, specific enzymes, air, light, and other food components. Researchers’ curiosity has grown as they try to figure out the best way to increase the absorption of astaxanthin in the body. As a result, scientists are creating novel encapsulating technologies to address these problems and to raise astaxanthin’s water solubility, stability, activity, and bioavailability [5].



There is a variety of approaches that can be employed in pharmaceutical applications for diagnostic and therapeutic purposes, including microencapsulation [7], inclusion into liposomes [8], encapsulation into nanostructured liquid carriers (NLCs) [9], solid lipid nanocarriers (SLNs) [10], carbon nanotubes [11], micelles, polymer nanoparticles, and nano emulsion [12]. A chitosan matrix crosslinked with glutaraldehyde was used by Higuera-Ciapara and his colleagues to microencapsulate astaxanthin with increased stability [13]. The use of chemical crosslinking agents, however, was not safe for daily consumption and the microsized particles did not distribute well in water or increase the efficiency of cellular uptake [14]. Anarjan et al. produced astaxanthin colloidal particles with better cellular absorption than pure astaxanthin to obtain water dispersible astaxanthin [15]. Among them, adding astaxanthin to cubosomes using certain polymers is a promising method for combating the compound’s limited bioavailability. According to studies, cubosomes have led to the improved drug delivery of entrapped drugs at the targeted site and have regulated the drug release, with lessened drug-related side effects [16]



Cubosomes have recently received extensive attention due to the growing interest in the field of pharmaceutical nanotechnology as a potential alternative drug carrier for the targeted delivery of pharmaceutical bioactives such as peptides, antibiotics, antimuscarinic drugs, enzymes, and analgesic delivery. They were more common than other nanocarriers such as liposomes due to their unique qualities, which included stabilizing the loaded molecule, having a larger drug loading capacity, and having a wider range of applications. Cubosomes are unique submicron bicontinuous nanostructured liquid crystalline particles with sizes ranging from 100 to 300 nm. Visually, these are solid, optically isotropic, and thermodynamically stable nanocarriers. In the structure of cubosomes, the bicontinuous lipid bilayers are arranged three dimensionally in a honeycomb shape and two interior aqueous channels provide room for different bioactive components. They have abilities to encapsulate various active molecules of hydrophilic, hydrophobic, and amphiphilic natures, enhancing bioavailability and minimizing side effects.



The ability of cubosomes as nanoparticles to bind hydrophilic, hydrophobic, and amphiphilic pharmaceutical substances is their main advantage. According to the literature, cubosomes have a number of other advantages that make them ideal for use in the development of novel drug carriers. Bioavailability, biocompatibility, bioadhesion, drug molecule defense against hydrolysis, oxidation, protein molecule defense against precipitation, denaturation, surface adsorption, and aggregation are the major outcomes of these lipid-based drug delivery systems. They have moreover demonstrated over a lengthy period of time that they are a reliable delivery mechanism. Patient adherence and their response to these therapies are the major challenges, for them the cubosomes are oriented correctly [17]. Additionally, this product has a long shelf life due to its bioadhesiveness, improved skin penetration, ease of formulation, higher drug carrying capacity, improved stability at any level of dilution, higher stability against breakage, and protection of dangerous pharmaceuticals. It is cost-effective, reliable, biocompatible, and risk-free [18].



Colloidal monoglyceride dispersions can be created utilizing a number of efficient methods, such as emulsification, precipitation, and high-energy fragmentation, although there is a knowledge gap about the cubosome preparation in terms of the formulation elements and process parameters to maximize transition into the cubic phase, with reduced aggregation and improved drug entrapment [19].



Poloxamer 407 was chosen as a polymer for this study because of its biodegradable, biocompatible, and nontoxic properties [20]. However, without the support of research on physicochemical features, the construction of an optimal formulation is insufficient. It is important to carry out a physicochemical characterization of cubosomes to learn how our body responds to these small sized particles, especially because the cubosomes’ fate in the body is largely determined by the surface area and particle size of the nanoparticles. Cubosomes’ absorption, distribution, retention, and elimination are all influenced by the particles’ surface and size, which are crucial in the synthesis. In addition, the structural state of cubosomes significantly affects their solubility and bioavailability to an extent and, to a lesser extent, their bioavailability [20]. In the industry, cubosome characterization is helpful for scaling up. Earlier studies have looked into a variety of cubosomal preparation development techniques; but, to the best of our knowledge, fabrication techniques have received the most attention. As a result, the purpose of the study is to assess the physicochemical characterization of recently developed lipid-based cubosomal formulations that are suggested for oral administration. An evaluation of the entrapment effectiveness, morphology, thermal characteristics, zeta potential, particle size, Fourier transform infrared (FTIR) spectroscopy, and X-ray diffraction (XRD) was carried out [21]. The results of this experimental study will give valuable insight into the physicochemical characterization of astaxanthin-loaded cubosomes developed using a different method to enhance astaxanthin bioavailability.




2. Materials and Methods


Glyceryl monooleate (GMO) was provided by the Mohini organics Pvt. Ltd. Mumbai as a gift. The polymer poloxamer 407 (Sigma-Aldrich Pvt. Ltd., St. Louis, MO, USA) was provided by the university. The astaxanthin extract (1.4% w/v) was purchased from the SVAgro food, Navi Mumbai, India. The DPPH was purchased form Sigma-Aldrich Pvt. Ltd., St. Louis, MO, USA. However, the remaining solvents, such as DMSO and methanol, were purchased from Loba Chemicals, Maharashtra, India. All the chemicals used were laboratory reagent grade.




3. Preparation Method of Cubosomes


Astaxanthin-loaded cubosomes (AST-LC) were prepared via a top-down approach (fabrication method). Accurately, weight quantities of GMO and poloxamer 407 were mixed in different ratios and melted at 60 °C in a hot water bath until the poloxamer 407 completely dissolved in the GMO. To the above solution, astaxanthin extract was added and mixed well. After that, 10 mL of preheated distilled water was added dropwise gradually to obtain a clear lipid solution by uninterrupted stirring (Figure 1). To ensure homogeneity, the mixture was vortex mixed at room temperature and equilibrated for 48 h. The dispersion appeared as a uniform opaque-colored mixture without any visible sign of aggregation. After 48 h, the entire mixture was subjected to homogenization at 1200 rpm for 2 h at room temperature. The mixture was distributed by mechanical stirring by adding 15 mL of distilled water. The final dispersion was examined under microscope and further lyophilized using lyophilizer stored in a glass vial at room temperature protected from direct sunlight [22].




4. Physicochemical Study of Astaxanthin-Loaded Cubosomes (AST-LC)


4.1. Physicochemical Characterization of Astaxanthin-Loaded Cubosomes


Physicochemical characterization of astaxanthin-loaded cubosomes was performed through encapsulation efficiency (EE), measurement of particle size and their distribution, and zeta potential. The morphology of the astaxanthin-loaded cubosomes was visualized via X-ray diffraction (XRD), high resolution transmission electron microscopy (HRTEM), field emission scanning electron microscopy (FESEM), and diffraction scanning calorimetry (DSC) [23].



4.1.1. Visual Examination


Prepared formulations were visually examined for color, turbidity, homogeneity, and presence of microscopic particles. Well-dispersed samples contained no visible signs of aggregates and contained homogeneous consistency.




4.1.2. Percentage Yield and Entrapment Efficiency


The prepared cubosomes were collected and weighed accurately. The percentage yield was determined by dividing the formulation weight by the total weight of the excipients and extracts [24]. The formula for calculating percentage yield is given in Equation (1).



For the determination of entrapment efficiency, an accurate amount of astaxanthin-loaded cubosomes was dissolved in the PBS pH 7.4 and then kept in an orbital shaker at 100 rpm at 37 °C temperature for 24 h. After mixing the solution, it was centrifuged for 20 min at 4000 rpm. The supernatant was collected and spectrophotometrically measured at 460 nm. Then, working dilutions were made for calibration curve and scanned at the same λmax to determine the drug concentration in the formulation [25]. The entrapment efficiency was calculated using the formula given in Equation (2).


  %   yield :      total   weight   of   cubosomes     total   weight   of   excipients  +  drug    × 100  



(1)






  Entrapment   efficiency :      total   drug   added  −  free   drug     total   drug   added    × 100  



(2)








4.1.3. Determination of Particle Size, Zeta Potential, and Polydispersity Index (PDI)


The zeta sizer nano-series (Zetasizer 2000 HS, M/s Malvern Instruments Limited, Malvern, UK) was used to evaluate the particle size, zeta potential, and PDI of the produced cubosomes [26]. Deionized water was used to dilute the sample in the cuvette, before measurements were taken at 25 °C. When particles move with a Brownian motion, their diffusion is measured by DLS and converted to size and distribution using the Stokes–Einstein relationship. The surface charge of the cubosomal dispersion was measured using the zeta potential method, which also predicts the cubosomes’ in vivo stability. Higher repulsion is produced by the zeta potent ion, showing better stability of the developed dispersion. The bigger size distribution in the particle sample corresponds to PDI, which was determined by the cumulative analysis of the zeta sizer values. After dispersing nanoparticles in distilled water at 25 °C, the zeta potential and particle size were measured in triplicate [27]. The reported value for the mean diameter of the average particle size (n = 3) was stated as SD.




4.1.4. Optical Microscopic View of the Cubosomes


Using an electron microscope with a 45× magnification, the produced vesicles were examined for surface morphology. A drop of the dispersion was applied to the glass slide and any excess was drained off using filter paper and let to dry. Then, an optical microscope was used to study the sample to see how the vesicles had formed [28].




4.1.5. Field Emission Electron Microscopy (FESEM)


FESEM was utilized to examine the surface morphology in more detail (S-3400 N, Hitachi, Japan). A drop of the sample was applied to the glass coverslip that was taped to an aluminum stub for the SEM investigation. After about 30 min of air drying, the drop was viewed with a scanning electron microscope [29].




4.1.6. High Resolution Transmission Electron Microscope (HRTEM)


Using a JEM 2100 PLUS JEOL instrument, TEM (transmission electron microscopy) pictures were taken. Samples were made by dropping 10 L of cubosomes onto a copper grid with 10% phosphotungstic acid. The size distribution was figured out by using software to look at an overall TEM image [30].




4.1.7. Diffraction Scanning Calorimetry (DSC)


DSC is one of the calorimetric methods most often used to describe how soluble the drug is and what its physical state is. A differential scanning calorimeter was used to record the thermograms of astaxanthin extract, poloxamer 407, GMO, a physical mixture of all the ingredients, and astaxanthin extract-loaded cubosomes (AST-LC). The samples (5 mg) were heated throughout, from the 30–500 °C range of temperature at a rate of 10° k/min, using alumina as a reference standard under a nitrogen environment after being sealed hermetically in aluminum pans having flat surfaces [31].




4.1.8. Powder X-ray Diffraction


X-ray diffraction is a technique used to characterize the internal structure of the drug substance. This procedure helps to find out changes in the internal structure of the drug substances that may takes place due to an altered environment. An X-ray diffractometer was used to obtain the XRD patterns of astaxanthin extract, polymer, and astaxanthin-loaded cubosomal formulation. Diffractograms were recorded using Cu as the tube anode under the following conditions: current 30 mA, voltage 45 kV, at 0.02° (°2Th), at a counting rate of 0.5 s/step at room temperature, and data collection was carried out from 4 °C to 40 °C [32].




4.1.9. Fourier Transformed Infrared (FTIR) Spectroscopy


The infrared spectrum of drugs or any compound provides the information about functional groups present in the compound. The FTIR of the carotenoid extracts, GMO, poloxamer 407, physical mixture of all, and AST-LC were recorded using an IR spectrophotometer. A total of 2 mg/200 mg KBr of the samples were prepared in a KBr disc with hydrostatic press. The prepared pellets were scanned in the range of 4000–400 cm−1 [28].






5. In Vitro Release and Evaluation of the Release Mechanism


The dialysis method was used to assess the release of AST-LC in a phosphate buffer of pH 7.4 at 37 °C. The 900 mL of phosphate buffer with a pH of 7.4 was added to a flask, along with the 5 mL of cubosomal sample that contained 50 mg of the drug. The flask was then placed in an incubator shaker, rotating at 50 rpm and 37 °C. Periodically, a 5 mL sample was removed and replaced with a phosphate buffer solution in the same volume. The amount of drug release at specific time intervals was calculated using the absorbance obtained when samples were taken out and evaluated by a UV spectrophotometer at 483 nm. In addition, the in vitro drug release was assessed at pH 1.2 for 2 h and at pH 6.8 for 36 h, following the same procedure. Additionally, the formed cubosomes’ drug release kinetics and mechanism were calculated using the Excel add-in DDSolver. To ascertain the drug release behavior from the developed formulations, a variety of release models, including zero-order, first-order, Higuchi, Hixson Crowell, and Korsmeyer–Peppas models, were used [33]. The following mathematical equations of various release models were used:




	
Zero-order model: Q = K0t + Q0



	
First order model: Q = Q0ek1t



	
Higuchi model: Q = kHt1/2



	
Korsmeyer–Peppas model: Q = kKPtn








The rate constants for the release of astaxanthin in the zero-order, first-order, Higuchi, and Korsmeyer–Peppas models, respectively, are k0, k1, kH, and kKP. Q and Q0 denote the amount of astaxanthin released at time points t and 0, respectively. In addition to this, n represents the release exponent, which suggests the process of astaxanthin release. If the value of n= 0.5, that means the drug release follows Fickian diffusion, the value of n between 0.5 and 1.0, the diffusion mechanism is non-Fickian or anomalous, the value of n = 1.0, then Non-Fickian case II diffusion has been followed and for n > 1.0 a non-Fickian super-case II diffusion process has been followed. In order to find the formulations that best fit the release profile, the Akaike index criteria (AIC) were established. The quality of fit was chosen based on the information from the AIC and the regression coefficient [34].




6. Anti-Oxidant Activity


DPPH Radical Scavenging Activity


The scavenging activity against free radicals is being tested in this assay. The decrease in the stable free radical DPPH’s absorbance at 517 nm can be used to assess the scavenging capacity of natural compounds. The reaction between the purple free radical and the scavenger results in the colorless compound 1,1-diphenyl-2-picrylhydrazine [35].



For the DPPH assay, 3 mL of astaxanthin-loaded cubosomes (AST-LC) with concentrations ranging from 20, 40, 80,100, 200, 400, and 800 μg were mixed with 1 mL of 0.1 mM DPPH methanolic solution. The astaxanthin extract in DMSO was adjusted to the same concentration as the AST-LC. Then, the solution was incubated at 37 °C in the dark for 40 min. An amount of 1 mL of DPPH in 3 mL of methanol was used as the control and methanol and DMSO were used as the sample blank for AST-LC and astaxanthin extract, respectively. Using a UV spectrophotometer, the absorbance of the sample and the control was determined at 517 nm [36]. The sample mixture’s low absorbance suggested that it had a strong capacity to scavenge free radicals. The following formula was used to estimate the proportion of DPPH-scavenging activity:


  D P P H   s a c v e n g i n g    %  =    A  c o n t r o l   −  A  s a m p l e      A  c o n t r o l     × 100  













7. Result and Discussion


7.1. Percentage Practical Yield and Entrapment Efficiency


A yield of 87.5% was achieved. Following the separation of the free drug from the cubosomal nano-formulations loaded with the drug, the EE (%) of the astaxanthin-loaded cubosomes was calculated. The obtained EE (%) was 87.6 ± 2.13%, indicating that the majority of the extract was entrapped within the cubosomes. It was speculated that this would happen because astaxanthin is hydrophobic and soluble in GMO and therefore would be trapped in the cubosomes’ hydrophobic channels. All the measurements were carried out in triplicate.




7.2. Particle Size and Polydispersity Index


In general, poloxamer 407 added to the cubosomal dispersion medium resulted in negative charge values of cubosomes due to the interaction between the poloxamer 407 hydroxyl ions and the aqueous medium. The resulted particle size might be due to the presence of the GMO and poloxamer 407. The astaxanthin-loaded cubosomes (AST-LC) had a minimal polydispersity index (0.283 ± 1.01) and an average particle size of 199 ± 0.23 nm, indicating a uniform micelle size. From the previous studies, it is clear that the particle size is mostly affected by the ratio of the drug to the dispersed phase; the particle size increases as the ratio increases. Moreover, this particle size indicated that, during homogenization, the bulk gels were disrupted, resulting in this size of particles. The low concentration of poloxamer 407 was responsible for the obtained particle size. It was stated in various studies that higher zeta potential levels provide enough electric repulsion that prevents particle aggregation. The observations of the zeta potential demonstrate that astaxanthin-loaded cubosomes (AST-LC) contained a negative charge, with mean values ranging from −27.9 to −29.1. (Figure 2 and Figure 3). It was hypothesized that the hydroxy ion of poloxamer 407 interacted with the aqueous medium, causing cubosomes to generally have negative charge values after being added to the cubosomal dispersion medium.




7.3. Microscopic View of the Cubosomes


The prepared formulation has been examined under optical microscope to confirm vesicle formation, as shown in Figure 4.




7.4. FESEM of Astaxanthin-Loaded Cubosome (AST-LC)


The size and surface appearance of the astaxanthin-loaded cubosomes (AST-LC) were examined using the FESEM. On a copper grid, the cubosomal dispersion was positioned in the appropriate slot. The SEM (Hitachi, Tokyo, Japan: Model: SU8010 SERIES) was used to take the photomicrographs for determining the size and surface of cubosomes. According to the photomicrographs obtained, the AST-LC were identified as having a smoother surface and a cubical shape (Figure 4).




7.5. High Resolution Transmission Electron Microscopy (HRTEM)


The cubic nanostructures in the formulation sample were visible due to the high TEM magnification power [37]. The cubic nanoparticles with the typical cubosome structure are shown in Figure 4. TEM images of astaxanthin-loaded cubosomes (AST-LC) showed the irregular distribution of hexagonal- to cubic-shaped discrete particles. The particles are isolated from each other, ensuring their stability.




7.6. Diffraction Scanning Calorimetry Thermogram


Figure 5 shows the DSC thermograms of astaxanthin (Figure 5a), GMO (Figure 5b), poloxamer407 (Figure 5c), physical mixture of drug and excipients (Figure 5d), and astaxanthin-loaded cubosomes (Figure 5e). The DSC thermogram of the astaxanthin exhibited a distinct characteristic endothermic peak at 220 °C, corresponding to its melting point, reflecting the crystalline state of the drug. The DSC thermogram of the GMO showed an endothermic peak at 37 °C, while that of poloxamer 407 showed an endothermic peak at 57 °C. The physical mixture of astaxanthin, GMO, and poloxamer 407 exhibited all the peaks of the excipients as well as the drug, indicating no signs of interaction. The AST-LC did not show a drug peak. However, a peak corresponding with the polymer peak is present, confirming the complete incorporation of astaxanthin into the nanostructures. These results revealed that the astaxanthin, when incorporated into the cubosomal nanoparticles, may be in the amorphous form or it may be molecularly dispersed inside the cubic nanostructure.




7.7. Powder X-ray Diffraction


To verify the physical state of astaxanthin (Figure 6a), poloxamer 407 (Figure 6b), and astaxanthin incorporated into cubosomes (Figure 6c), X-ray diffraction was used. Poloxamer 407 displayed two distinct peaks at 19.3 and 23.3 nm, demonstrating the crystal structure of the compound. In addition, the crystalline structure of astaxanthin was revealed from the diffractogram of astaxanthin extract, which showed many distinctive intensity reflection peaks between 10 and 50° (2 = 16.3, 18.2, 20.5, 22.7, 23.5, 25.5, 31.9, and 32.2°), although in the astaxanthin-loaded cubosomes’ X-ray diffraction pattern these distinctive peaks vanished (AST-LC), reflecting the incorporation of the drug into the cubosomes. This supports earlier DSC study findings and suggests that the astaxanthin was molecularly distributed, or in its amorphous form, when encapsulated into the cubosomes.




7.8. Fourier Transformed Infrared (FTIR) Spectroscopy


The FTIR of the astaxanthin extract (Figure 7a), GMO (Figure 7b), poloxamer 407 (Figure 7c), physical mixture (Figure 7d), and AST-LC (Figure 7e) was given. The astaxanthin extract displayed –OH stretch at 3157.36 cm−1, –C–H stretch at 2933.56 cm−1, –C=O stretch at 1592.29 cm−1, and R2–C=C–R at 597.30 cm−1. The characteristic peak, i.e., the C–H stretch aliphatic peak of poloxamer 407, was obtained at 2887 cm−1. Other peaks, such as O–H bend and C–O stretch were found at 1343.42 cm−1 and 1110.62 cm−1, respectively. Additionally, GMO showed absorption peaks at 1739.78 cm−1 for C=O stretch, 2853 cm−1 for C–H stretch, 3380.75 cm−1 for O–H stretch, 1460 cm−1 for O–H bending, and 2922.68 cm−1 for C–H stretch of alkene. The FTIR of the physical mixture did not show any extra peaks, except the drug and excipients, revealing an absence of any interaction between them. Likewise, the spectra of drug-loaded cubosomes showed a complete disappearance of the characteristic peak of astaxanthin, revealing its incorporation into the cubosomes, supporting the results of DSC and XRD.




7.9. In Vitro Release Study


The release kinetics of the encapsulated drugs in a nanoparticle are a crucial factor for evaluating the successful development of the nanoparticle formulations. At pH 1.2, a 12.32% drug release in 2 h was obtained, while at pH 6.8, a 35.24% drug release was noted within 6 h, and a 97.34 ± 4.32% drug release within 36 h. The initial burst release from the cubosomes occurred within the first 2 h, followed by a steady release pattern for the following 36 h. This biphasic release pattern had clinical significance, since the first assertive drug release resulted in a quick commencement of action, whereas the extended gradual drug release caused the drug delivery over a long time period. The persistent drug release behavior may be attributable to drug diffusion through the water channels within the cubic structures, whereas the initial drug release might be due to the absorption of the drug on the cubic surface, resulting in an immediate release of the drug to the matrix. The tortuosity and the narrow pore size of the inner aqueous nanochannels of the cubic nanoparticles were responsible and contributed to the slowing down of the release of the drug.



When astaxanthin-loaded cubosome (AST-LC) dispersions were subjected to in vitro drug release conditions, they demonstrated a sustained release profile with a cumulative drug release ranging around 99.7 ± 1.43% over 36 h of study (Figure 8a). The linear regression analysis with zero-order, first-order, Higuchi, Hixson-Crowell, and Korsmeyer–Peppas models were used to check the release kinetics of the designed cubosomes’ preparation (Figure 8, Table 1). The results shown in the table were determined to best fit the Higuchi model (R2 = 0.94) and the Korsmeyer–Peppas model with the linear regression r2 value; the release exponent (n) was found to be 0.77 (n = 0.5 < n < 1.0), indicating that the drug release followed a non-Fickian or anomalous diffusion process. Cubosomes, which are discrete, submicron-, or nanostructured particles created by fragmenting cubic phase gels, have a large specific surface area that increases the likelihood that astaxanthin will diffuse from the lipid bilayers and cause a sustained release. The particle size and the three-dimensional cubic structure of the cubosomes, which provide a huge surface area, are some factors responsible for the sustained and complete drug release over time.




7.10. DPPH Radical Scavenging Activity


The antioxidant activity was measured using the DPPH radical scavenging activity assay. After reacting with a free radical quencher, the DPPH radical changed from its deep violet color in the solution to a colorless or pale yellow. The basis of the DPPH assay method is the conversion of DPPH in an alcoholic solution to DPPHH in the presence of an antioxidant that donates hydrogen.



The DPPH activity of AST-LC was measured and, as expected, the scavenging activity was improved with an increase in concentration to some extent (100 µg/mL) because of the prooxidant effect exerted by the carotenoids. The prooxidant effect of the astaxanthin might be due to the increased concentration of the same when encapsulated in the cubosomes. The decrease of antioxidant activity of AST with the concentration increase might be due to aggregation of the carotenoid. Astaxanthin is a xanthophyll carotenoid, well known for its ability to form J- or H-aggregates in the presence of water and even in lipid membranes. EPR-spin trapping experiments have shown that such aggregation results in the decrease in antioxidant activity of AST and other xanthophyll carotenoids. For astaxanthin extract, RSA% for 57.81 ± 5.42% was observed. However, when incorporated into cubosomes, the RSA% was significantly increased up to a concentration and found to be 76.18 ± 4.32%, as shown in Figure 9.





8. Conclusions


As an antioxidant, antiinflammatory, and antiapoptotic agent, astaxanthin has demonstrated a wide range of therapeutic actions. Although astaxanthin is effective in vitro and in vivo, its insolubility has prevented it from being used therapeutically. As a result, some recent research on various paradigms has shown an increased efficacy and bioavailability of astaxanthin. We were able to maneuver around this problem by integrating astaxanthin into a lipid-based nano-formulation and increasing its stability and solubility. This study concentrated on examining the physicochemical properties of astaxanthin-loaded cubosomes using various techniques. The results of the AST-LC formulation showed a particle size of 199 ± 0.23 nm, a modest polydispersity index of (0.283 ± 1.01), and −27.4 ± 4.67 mV zeta potential. By using FESEM and HRTEM, the cubic morphology of the formulation was further validated. In terms of yield and entrapment efficiency, the figures were 87.5% ± 1.08% and 87.6 ± 2.13%, respectively (n = 3). Furthermore, the astaxanthin becomes confined in an amorphous state, according to a DSC thermograph and an XRD spectrum of the cubosomes containing astaxanthin. Moreover, the absence of astaxanthin characteristic peaks in the FTIR results indeed confirmed the incorporation of the same within the cubosomes. In the DPPH assay, the AST-LC formulation (76.18 ± 4.32%) was found to possess significantly improved antioxidant potential compared with the pure astaxanthin extract (57.81 ± 5.42%). The findings of these investigations imply that the encapsulation of the astaxanthin extract into a lipid-based formulation may be able to improve astaxanthin bioavailability and antioxidant activities.
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Figure 1. Illustration of fabrication method (top-down approach). 
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Figure 2. Particle size of AST-LC (a) Z-Average (d.nm): 199.2 and PdI: 0.29; (b) Z-Average (d.nm): 198.0 and PdI: 0.287; (c) Z-Average (d.nm): 189.5 and PdI: 0.27. The vertical axis denotes intensity in %. PdI—polydispersity index. 
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Figure 3. Zeta-potential of AST-LC: (a) −29.1; (b) −28.9; (c) −27.9. The vertical axis denotes total counts per seconds. 
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Figure 4. Morphology of AST-LC. (a) Optical microscopic view of AST-LC, (b,c) FESEM images of AST-LC, (d,e) HRTEM images of AST-LC. 
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Figure 5. Diffraction-scanning calorimetry (DSC). (a) Astaxanthin extract; (b) glyceryl monooleate (GMO); (c) poloxamer 407; (d) physical mixture of astaxanthin, GMO, and poloxamer 407; (e) astaxanthin-loaded cubosomes. 
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Figure 6. XRD spectra of (a) astaxanthin extract, (b) poloxamer 407, and (c) astaxanthin-loaded cubosomes (AST-LC). 
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Figure 7. Fourier transformed infrared (FTIR) spectroscopy of. (a) Astaxanthin extract; (b) GMO; (c) poloxamer 407; (d) physical mixture of astaxanthin extract, GMO, and poloxamer 407; (e) astaxanthin-loaded cubosomes (AST-LC). 
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Figure 8. Showing % CDR and graphs of pharmacokinetic parameters. (a) % CDR of drug from AST-LC with respect to time; (b) zero-order kinetics; (c) first-order kinetics (d) Higuchi kinetics; (e) Korsmeyer–Peppas model; (f) Hixson–Crowell model. 
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Figure 9. Showing RSA% of astaxanthin extract and BC-LC. 






Figure 9. Showing RSA% of astaxanthin extract and BC-LC.



[image: Crystals 13 00142 g009]







[image: Table] 





Table 1. In vitro release parameters of different release models.
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Formulation

	
Zero-Order

	
First-Order

	
Higuchi

	
Korsmeyer–Peppas

	
Hixon–Crowell






	
AST-LC

	
r2

	
k0

	
r2

	
k1

	
r2

	
kH

	
r2

	
n

	
kKP

	
r2

	
kHC




	
0.777

	
2.538

	
0.9364

	
−0.060

	
0.9479

	
18.462

	
0.8013

	
0.77

	
1.0215

	
0.9449

	
−0.103
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