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Abstract

:

This study aimed to evaluate and compare the efficacy of cyclodextrans (CIs) and cyclodextrins (CDs) in improving the water solubility of a poorly water-soluble drug, clofazimine (CFZ). Among the evaluated CIs and CDs, CI-9 exhibited the highest percentage of drug inclusion and the highest solubility. Additionally, CI-9 showed the highest encapsulation efficiency, with a CFZ:CI-9 molar ratio of 0.2:1. SEM analysis indicated successful formation of inclusion complexes CFZ/CI and CFZ/CD, accounting for the rapid dissolution rate of the inclusion complex. Moreover, CFZ in CFZ/CI-9 demonstrated the highest drug release ratio, reaching up to 97%. CFZ/CI complexes were found to be an effective means of protecting the activity of CFZ against various environmental stresses, particularly UV irradiation, compared to free CFZ and CFZ/CD complexes. Overall, the findings provide valuable insights into designing novel drug delivery systems based on the inclusion complexes of CIs and CDs. However, further studies are needed to investigate the effects of these factors on the release properties and pharmacokinetics of encapsulated drugs in vivo, in order to ensure the safety and efficacy of these inclusion complexes. In conclusion, CI-9 is a promising candidate for drug delivery systems, and CFZ/CI complexes could be a potential formulation strategy for the development of stable and effective drug products.
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1. Introduction


Clofazimine (CFZ) is a riminophenazine antibiotic that was first introduced in the 1960s for the treatment of leprosy (Figure 1a) [1]. Since then, its potential has been explored in other mycobacterial infections, such as tuberculosis and Mycobacterium avium complex (MAC) infections, as well as in other conditions, such as certain types of cancer and autoimmune diseases [2,3]. However, its use is associated with several adverse effects, including skin and mucous membrane discoloration, gastrointestinal symptoms, ocular toxicity, and adverse cardiac effects. CFZ works by binding to the bacterial DNA and inhibiting its replication, thereby preventing the growth and spread of Mycobacterium [4]. It also has anti-inflammatory and immunomodulatory effects. CFZ is mainly used in the treatment of leprosy, multidrug-resistant tuberculosis (MDR-TB), and MAC infections [3]. In leprosy, it is used in combination with other antibiotics, such as dapsone and rifampicin, to shorten the duration of treatment and prevent relapse [5].



CFZ has also shown promise in the treatment of non-infectious conditions, such as certain types of cancer and autoimmune diseases, including Behcet’s disease and systemic lupus erythematosus [6,7]. CFZ is a lipophilic drug with a long half-life, and is mainly excreted in feces [8]. However, it is poorly absorbed in the gastrointestinal tract and has variable absorption rates, depending on the formulation and accompanying food intake [2]. CFZ is categorized as a Biopharmaceutics Classification System (BCS) class II drug that exhibits poor solubility (0.210 μg/mL) in aqueous media, posing significant challenges for its formulation and delivery [2]. Several strategies have been explored to improve its solubility, including the use of modified CDs, cosolvents, surfactants, and complexation agents [2,9,10] in order to enhance its bioavailability and therapeutic efficacy. Co-solvents, such as ethanol, propylene glycol, or polyethylene glycol, can increase the solubility of lipophilic drugs by facilitating their partition into the aqueous phase [9]. However, the use of co-solvents is associated with several drawbacks, including toxicity, immunogenicity, and instability. Another approach is the use of surfactants, such as Tween 80 and sodium lauryl sulfate (SLS). Surfactants can improve the solubility of lipophilic drugs by reducing their interfacial tension and increasing their dispersibility. However, surfactants can also cause adverse effects, such as irritation, inflammation, and surfactant-induced lung injury. Complexation agents, including cyclodextrins and solid dispersions, have also been explored for CFZ solubilization [11].



Cyclodextrin (CD), a cyclic oligosaccharide with α-1,4-glycosidic bonds, possesses a unique ability to form inclusion complexes with a wide range of hydrophobic molecules, including drugs, dyes, and flavors (Figure 1b–d) [12]. This ability has made CDs attractive in drug delivery systems, as they can improve the solubility, stability, and bioavailability of drugs [13,14]. One of the most significant benefits of CDs is their entrapment ability, which involves the formation of host–guest complexes that can protect the entrapped molecule from degradation, increase its solubility, and improve its bioavailability. The entrapment ability of CDs is based on their hydrophobic cavity, which allows the hydrophobic guest molecule to fit inside and form a stable complex. The size of the CD cavity and the shape of the guest molecule are critical factors for the entrapment efficiency of CDs. The ability of CDs to form inclusion complexes with hydrophobic molecules is influenced by several factors, such as the concentration of the CD, the pH in the medium, and the temperature. CDs have been widely used in various drug delivery systems, including nanoparticles, microparticles, and hydrogels, due to their excellent entrapment ability. The use of CDs in drug delivery systems can enhance the stability and bioavailability of drugs while reducing their toxicity and side effects [15,16]. Furthermore, the entrapment ability of CDs can be exploited to control drug release by altering the size, concentration, and structure of the CDs. However, previous studies have reported that natural CDs such as α-CD, β-CD, and γ-CD have different properties, where α-CD, compared with β-CD and γ-CD, has a lower encapsulation capacity; β-CD exhibits lower water solubility, and γ-CD is susceptible to digestion [16,17].



Cyclodextran (CI) is a circular oligosaccharide produced from dextran by the action of cycloisomaltooligosaccharide glucanotransferase (CITase) (Figure 1e–g) [18]. In this research, we discuss the unique features of Cis in comparison to CDs, and their potential applications in various industries [19]. Initially, CIs were thought to be useful in generating inclusion complexes similar to CDs, but it was later discovered that CIs possess cariostatic ability in addition to their inclusion complex ability [20]. Unlike CDs, CIs have a flexible structure containing α-1,6-glucosidic linkages, resulting in a 100-fold higher solubility in aqueous solutions. They also have a wider molecular diameter and exhibit better inclusion capability than CDs. CIs are known to increase bioavailability by encapsulating insoluble substances, and to improve the functionality of functional and bioactive ingredients as solubilizing agents [19]. Additionally, CIs inhibit biofilm-forming enzymes, reducing glucan and dextran synthesis, and preventing dental plaque production and periodontal disease [20]. CIs show potential as novel encapsulation agents for hydrophobic pharmaceutical biomaterials, and as alternatives to CD with a lower aqueous solubility.



Therefore, to compare the solubilization of CFZ, the physical properties and in vitro release characteristics of natural CI and CD complexes were evaluated to facilitate the application of CFZ complexes with increased solubility.




2. Results and Discussion


2.1. Phase Solubility Test


The efficacy of CFZ inclusion complexes based on CD derivatives has previously been described against two different TB strains (M. avium/M. intracellulare) [2,10,21]. Thus, the use of CIs and CDs to perform a CFZ phase solubility test was considered the first-choice option. The inclusion complexes between CFZ and CIs (CI-7, CI-8, or CI-9) and those between CFZ and CDs (α-CD, β-CD, or γ-CD) were successfully obtained to increase the water solubility of CFZ. CI-9 exhibited the highest percentage of drug inclusion (Figure 2a). This result was unexpected, because in previous studies, other water-insoluble drugs have shown higher affinities for more hydrophobic CDs such as β-CD.



The stability constants (Kα) for complexes formed by CIs and CDs were calculated next to determine which complex provided the highest percentage of recovered CFZ. The CFZ/CI-9 complex exhibited a Kα of 0.2136, with a CFZ:CI-9 molar ratio of 1:5. For comparative purposes, the CE and the molar ratio were also determined for the CFZ/CI and CFZ/CD complexes. Compared to the CI-9, α-CD showed, as expected, a lower Kα, and the CFZ: α-CD molar ratio was 2-fold lower than the corresponding molar ratios obtained with the CFZ/CI complexes. Figure 1a shows the phase solubility curves represented as dissolved drug concentrations against the concentration of CIs and CDs used. CFZ/CI-9 complex had the highest solubility, and no significant differences were detected among CFZ/CI-8, CFZ/CI-7, CFZ/β-CD, and CFZ/γ-CD. The CFZ/α-CD complex exhibited the lowest solubility, and the CFZ:α-CD molar ratio was determined to be 1:10.




2.2. Encapsulation Efficiency


The encapsulation efficiencies (EEs) of the inclusion complexes of CFZ with CIs and CDs ranged from 50.8 ± 4.52% to 91.9 ± 1.44%, revealing significant differences (Figure 2b). The highest EE (91.9%) was obtained with the CFZ/CI-9 complex, with a CFZ:CI-9 molar ratio of 0.2:1, while the lowest EE (50.8%) was observed in the case of the CFZ/α-CD complex, with a CFZ:α-CD molar ratio of 0.01:1. The differences in EE could be attributed to various factors, including the chemical structure and physical properties of the guest molecule, the type of interaction between CFZ and the CIs or CDs, and the procedure used to synthesize the complexes. According to their EEs, the CFZ/CI and CFZ/CD complexes had the following relationship: CFZ/CI-9 > CFZ/CI-8 > CFZ/β-CD > CFZ/CI-7 > CFZ/γ-CD > CFZ/α-CD. The results suggest that there are favorable interactions between CI-9 and molecules with chlorophenyl group and –NH functions. On the other hand, CI-7, α-CD, and γ-CD showed unfavorable interactions with CFZ. These findings are consistent with those reported by de Castro et al., (2020), who investigated EE and clathrate complexes at a molar ratio of 1:7 based on the complexes of CFZ and β-CD derivatives by applying the methods of spray-drying and freeze-drying [10].



Overall, these results indicate that the EEs of inclusion complexes of CFZ with CIs and CDs are influenced by various factors, including the chemical structure of the guest molecule, the type of interaction between the guest and the encapsulation agent, and the method of complex synthesis. The inclusion complex CI-9 showed the highest EE, while α-CD showed the lowest. These findings provide insights into the design and development of novel drug delivery systems based on the inclusion complexes of CIs and CDs. Further studies are needed to investigate the effects of these factors on the release properties and pharmacokinetics of encapsulated drugs in vivo.




2.3. Physical Properties of CFZ/CI and CFZ/CD Complexes


2.3.1. FT-IR Analysis


Figure 3a presents the FT-IR spectra of CFZ, the CFZ/CI complexes, and the CFZ/CD complexes. The FT-IR spectrum of CFZ displayed characteristic peaks, including an N-O stretching frequency at 1500–1550 cm−1, N-H bending at 1625 cm−1, and weak N-H stretching at 2800–3000 cm−1, consistent with previous reports [10]. The FT-IR spectra of pure CIs and CDs showed characteristic peaks at 3316, 2919, 1347, 1132, and 1010 cm−1. The peaks observed at 3316 and 2919 cm−1 were attributed to the O-H stretching vibration in the glucose unit of CIs and CDs. Moreover, strong peaks were detected at 1347, 1132, and 1010 cm−1, which were assigned to the H-O-H, C-O, and C-H stretching modes, respectively. The spectra of the CFZ/CI and CFZ/CD complexes exhibited broader peaks at 1639 cm−1 compared to that of CFZ, suggesting the presence of N-H bending and C-N stretching in CFZ. Due to the amorphous nature of entrapped CFZ, the peak intensity could be reduced or overlapped by major constituents of CIs and CDs. The similarity between the spectra of the CFZ/CI and CFZ/CD complexes indicated the compatibility of all the formulation’s components, consistent with previous studies reporting similarities between the FT-IR spectra of CDs [10]. Hence, FT-IR analysis should be considered in conjunction with other spectroscopic and thermal analyses for an appropriate characterization of the inclusion complexes.




2.3.2. X-ray Diffraction Analysis


The complexation of CFZ results in changes in its diffractogram, which can be observed as shifts in signal intensity or peak positions compared to isolated molecules or inclusion complexes, as shown in Figure 3b. The diffractogram of CFZ raw material corresponds to the polymorphic form of the drug (9.2°, 13.4°, 19.8°, and 21.7°), as reported in the Cambridge Structural Database identifier code DAKXUI03 [22]. The XRD patterns of the three CIs revealed characteristic peaks between 2θ = 18.1° to 19.1°, while the three CDs exhibited main peaks at 2θ = 10.4°, 17.8°, 20.6°, and 28.4°. This pattern is associated with the molecular arrangement of the CD, which can form small domains with short-range order. In the CFZ/CI and CFZ/CD inclusion complexes, the absence of an amorphous halo at 9.2°, 13.4°, 19.8°, and 21.7° indicates complex formation through the interaction of CFZ with CIs and CDs. The main amorphous halo of the CFZ/CI complexes ranged from 17.37° to 23.57°, while the CFZ/CD complexes exhibited new peaks at 6.5°, 11.5°, 13.6°, 17.5°, and 19.7°. These results suggest successful encapsulation of CFZ in Cis and CDs, which is consistent with previous studies [10]. To accurately characterize the inclusion complexes, XRD results should be interpreted in combination with thermal and spectroscopic analyses.




2.3.3. DSC Analysis


DSC can be used for the recognition of inclusion complexes. As a guest molecule is embedded into CD cavities, its melting, boiling and sublimation points are either shifted or simply disappear [23]. The DSC of CDs showed a single endothermic peak centered at 115 °C, which is associated with the release of water from the β-CD [24]. Figure 4a shows the DSC of Cis as a single endothermic peak centered at 90 °C, which is associated with the release of water from the Cis. The DSC of CFZ, on the other hand, exhibited a broad endothermic peak with a maximum of 226 °C, which accords with its boiling point (212 °C). Regarding this behavior, it is important to note that the endothermic process begins around 40 °C, which tallies with the high volatility of the active compound. On the other hand, Figure 3a summarizes the different thermograms corresponding to the inclusion complexes of the CFZ/CI and CFZ/CD. The CFZ/CI and CFZ/CD complexes had the same melting peak as the endothermic peak of CFZ, remaining weakly visible at 120 °C, suggesting that CFZ was encapsulated in CIs and CDs. In the inclusion complexes, it was possible to observe a small endothermic peak at 290 °C, evidencing the presence of the CFZ. Therefore, in the same thermogram, it is possible to observe two endothermic peaks, which can be associated with the evaporation of internal and external water molecules bound to CIs and CDs or the elimination of included water molecules with different strengths of interactions with the cyclodextrin [25,26]. Moreover, the thermograms of the inclusion complexes show a complete disappearance of the peak of CFZ, which would indicate molecular encapsulation of the active agent within the cavity of the CIs and CDs, and not merely a physical mixture. This becomes evident when the thermograms of the physical mixture and the inclusion complexes are compared [27,28]. Overall, these results indicate that the active components were protected inside the cavities of the CIs and CDs.




2.3.4. TGA


According to Zhu et al. (2014), TGA is a useful method to investigate alterations in physical and chemical characteristics of materials [29]. In this study, TGA was employed to examine the behavior of CFZ, CFZ/CI complexes, and CFZ/CD complexes (Figure 4b). The CFZ/CI and CFZ/CD complexes exhibited mass loss in three zones. The initial zone below 100 °C exhibited an 8% decrease in mass, which can be attributed to the removal of surface water associated with CIs and CDs. The subsequent process occurred around 200 °C and exhibited a 3% mass loss caused by the evaporation of internal water [30]. Finally, a third process at around 250–550 °C, which is related to the degradation of the CIs and CDs, was observed [31,32]. At this point, the mass was reduced by 81.4%. Furthermore, CFZ demonstrated a distinctive process at 300 °C, leading to a rapid reduction in mass. Conversely, in the TGA of the various encapsulation agents, it was evident that the thermogram associated with the CFZ/CI complex differs significantly from that of the CFZ/CD complex.




2.3.5. Stability Analysis


We evaluated the stability of free CFZ, CFZ/CI complexes, and CFZ/CD complexes under the conditions of UV-induced degradation and FeCl3-induced oxidative degradation to assess the ability of CIs and CDs to protect the drug from environmental stresses. To this end, we measured the amounts of active CFZ in the CFZ/CI and CFZ/CD complexes over a 6 h exposure period (Figure 5a). As a control, we also included free CFZ, CFZ/CI complexes, and CFZ/CD complexes in the analysis. A significant degradation (>40%) of free CFZ was observed during the first hour of UV exposure, followed by consistent degradation of up to ~80% over a 6 h exposure. The stability of CFZ in CFZ/CI and CFZ/CD complexes under photodegradation conditions was slightly higher than that of free CFZ. However, CFZ/CD complexes also exhibited a severe degradation (approximately 70%) after 6 h of exposure. Conversely, the effect of UV irradiation on CFZ in CFZ/CI-9 was largely reduced, with less than 50% of CFZ degraded over the course of the 6 h exposure period.



In order to evaluate the ability of CIs and β-CDs to protect CFZ from oxidative degradation, we used ferric chloride (FeCl3) as an oxidizing agent (Figure 5b). Based on the oxidative degradation analysis, it was found that the rate of decomposition of CFZ was higher in the CFZ/CD complexes compared to the CFZ/CI complexes, indicating that complexation of CFZ with α-CD, and γ-CD is not enough to decrease the stability of CFZ against oxidative stress. Our results suggested that CFZ/CIs, and CFZ/β-CD provide an effective means of protecting the activity of CFZ against various environmental stresses that could take place during manufacturing, processing, storage, and consumption. Therefore, CFZ/CIs could be a potential formulation strategy for the development of stable and effective drug products. However, further studies are required to optimize the formulation and assess the safety and efficacy of the inclusion complexes for therapeutic applications.




2.3.6. SEM Analysis


The morphological disparities between the individual constituents and the inclusion complex were highlighted through SEM images (Figure 6). Pure CFZ (Figure 6a) exhibited a standard state and a rectangular shape with angles. Conversely, significant changes in the morphology and shape of particles were observed in the CFZ/CI and CFZ/CD inclusion complexes (Figure 6b–g). Specifically, the original morphology of the two pure compounds was lost in the complex, while an amorphous powder with a slightly reduced size and no differentiation of the individual components were observed in all complex samples. These findings could potentially account for the observed rapid dissolution rate of the inclusion complex. The alterations in the innate morphology of the individual components suggested successful encapsulation between CFZ and CFZ/CIs and CDs, indicating the successful formation of an inclusion complex.





2.4. Drug Release Properties


2.4.1. Drug Release Analysis


The drug release behaviors of CFZ/CI and CFZ/CD composites were analyzed using a dialysis bag (Figure 7a). Six different composites, CFZ/CI-7, CFZ/CI-8, CFZ/CI-9, CFZ/α-CD, CFZ/β-CD, and CFZ/γ-CD, were investigated to assess their drug release properties. CFZ/CI-9 exhibited the highest drug release rates, reaching up to 97%, while CFZ/CI-7 and CFZ/CI-8 showed drug release rates of up to 90%. These findings suggested that CI-9 was the most effective in releasing and transporting CFZ, and that β-CD had a high encapsulation capacity but a reduced drug release rate due to the low solubilization capacity of the encapsulant. On the other hand, CFZ/α-CD demonstrated the lowest drug release rate, which may be related to entrapment efficiency and solubilization properties. These findings were consistent with those reported in previous studies on CFZ composites using β-CD and its derivatives, which exhibited excellent trapping capacity but reduced drug release characteristics [3]. Additionally, CI-7 and CI-8 showed a continuous increase in drug release as the treatment duration increased, with release characteristics similar to those of β-CD, indicating that the solubilizing ability of the aggregate and the bonding force with CFZ had a significant impact on the release characteristics. Furthermore, the drug release characteristics were found to be related to the phase solubility test and entrapment efficiency.




2.4.2. In Vitro Simulated Drug Release Analysis


Encapsulation is a widely used technique to improve the bioavailability and therapeutic efficacy of drugs. In the present study, the release of encapsulated CFZ from CIs and CDs was investigated in a simulated gastrointestinal environment to evaluate the effect of CIs and CDs on drug release kinetics. First, the release of CFZ from CIs and CDs in simulated saliva fluid (SSF, pH 7.0) was determined (Figure 7b), and it was found that the release of CFZ was negligible in SSF due to the protective effect of the encapsulation agents. The protective effect of CIs and CDs against the highly acidic environment of the stomach was also evaluated in simulated gastric fluid (SGF, pH 2.0). The release of CFZ from the CIs in SGF was also negligible, indicating that CIs would provide an effective barrier to protect the encapsulated CFZ against the highly acidic stomach environment. On the other hand, the release characteristics of the CFZ/CD complexes in the simulated stomach increased with time, which was attributed to the decomposition of some CDs and the weakening of the bond between CFZ and CDs. This result suggested that the CDs might not be effective as a protective barrier against the highly acidic environment of the stomach. Subsequently, the CFZ/CI and CFZ/CD complexes were incubated with simulated intestinal fluid (SIF, pH 7.0) to observe the sustainable release of CFZ.



Interestingly, all CIs with CFZ showed sigmoidal release profiles, along with a phase exhibiting a rapid release of CFZ at the early stage of the intestinal environment. The sigmoidal release profile of CFZ/CIs indicated a controlled drug release behavior. In contrast, the CFZ/CD complex exhibited a sigmoidal release profile with the slow release of CFZ in the initial stages in the intestinal environment. The transition of the release behavior from concave–downward to a sigmoidal shape was attributed to the fact that CFZ/CI complexes have a higher degree of crystallinity and a denser matrix compared to those of CFZ/CD complexes. This difference in the structural characteristics prompted drug release in a more diffusion-controlled manner.



Berkland et al., (2002) reported that the degree of crystallinity and the matrix density of the encapsulation agents affect drug release kinetics [33]. The higher degree of crystallinity and the denser matrix of CFZ/CI complexes compared to those of CFZ/CD complexes are consistent with the results of the present study. The structural disruption of CFZ/γ-CD over the course of the digestion reaction was detected using SEM analysis. In addition, the exceptionally low release rates of CFZ/α-CD in the intestinal environment suggested that the low emission characteristics affected the crystallization of CFZ due to the weakening of the bonding structure. On the other hand, CFZ/CI complexes had a stable sigmoidal release profile, suggesting that along with stable delivery, the decomposition of the aggregate did not proceed during the digestion process, and the complex remained water-soluble. The results of this study indicate that the release properties of CFZ/CI and CFZ/CD complexes would provide an effective means of delivering the guest molecules of interest in a more predictable and reproducible manner.






3. Materials and Methods


3.1. Materials and Chemicals


Cyclodextrins (α-CD, β-CD, and γ-CD; CDs), deuterium oxide (D2O), and clofazimine (CFZ) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cyclodextrans (CI-7, CI-8, and CI-9; CIs) were synthesized using CITase in our laboratory [34].




3.2. Preparation of the CFZ/CI and CFZ/CD Complexes


The CFZ/CIs and CFZ/CDs complexes were prepared as described previously with slight modifications [10]. The CFZ/CIs and CFZ/CDs complexes were prepared by adding an excess amount of CFZ to mixtures of ethanol and water (1:1, v/v) containing CIs (CI-7, CI-8, or CI-9) and CDs (α-CD, β-CD, or γ-CD). The samples were subjected to ultrasonic treatment for 30 min twice and stirred continuously at 40 °C for 48 h until equilibrium was reached. The resulting solution was filtered through a 0.45-µm pore-size filter membrane and freeze-dried. All samples used in the experiments were CFZ/CIs and CFZ/CDs that were produced after lyophilization.




3.3. Phase Solubility Test


The method was used to conduct a phase solubility study [35]. Initially, a range of aqueous solutions of 0–10 mM CIs (CI-7, CI-8, or CI-9) and CDs (α-CD, β-CD, or γ-CD) were prepared, followed by the addition of an excess amount of CFZ in 10-mL amber tubes with caps. These suspensions were then treated twice ultrasonically for 30 min, and stirred continuously at room temperature for 48 h until an equilibrium was reached. After filtration through a 0.45-μm membrane filter, the filtrates were diluted and analyzed using a UV spectrophotometer (HIDEX-sense 425-301, Hidex, Turku, Finland) at 495 nm. All experiments were repeated three times. The phase solubility diagram was used to calculate the apparent stability constants (Kα) of the CFZ/CI and CFZ/CD inclusion complexes using Equation (1).


Kα = slope/S0 (1 − slope)



(1)







Here, S0 represents the intrinsic aqueous solubility of CFZ at 25 °C in the absence of CIs and CDs, while the slope is obtained from the straight line in the phase solubility diagram.




3.4. Encapsulation Efficiency (EE)


The CFZ content inside the CIs and CDs was determined by suspending 100 mg of either the CFZ/CI or CFZ/CD complex in 20 mL phosphate buffer for 24 h with constant stirring. Absorbance was measured using a UV/visible spectrophotometer at 495 nm to determine the CFZ content. All experiments were carried out at room temperature. The encapsulation efficiencies of the CFZ/CI and CFZ/CD complexes were calculated using Equation (2).


  E E =    total   amount   of   CFZ    −  free   amount   of   CFZ     total   amount   of   CFZ    × 100    



(2)








3.5. Physical Properties


3.5.1. FT-IR Analysis


The Fourier transform infrared (FT-IR) spectra of the CFZ/CIs and CFZ/CDs complexes were acquired using a PerkinElmer Spectrum 400 spectrophotometer (Waltham, MA, USA). The sample spectra were recorded over the range of 400–4000 cm−1.




3.5.2. X-ray Diffraction


To examine the crystal structure of the CFZ, CFZ/CI complexes, and CFZ/CD complexes, X-ray diffraction (XRD) analysis was conducted using an X-ray diffractometer (X’Pert PRO MPD, PANalytical, Almelo, The Netherlands) equipped with Cu- Kα radiation (λ = 0.154 nm) at 50 kV and 50 mA. The XRD patterns were acquired over a 2θ range of 5–90° at a scan speed of 1° per min.




3.5.3. Differential Scanning Calorimetry (DSC)


The compound’s formation was confirmed by conducting a DSC analysis. Approximately 2 mg of CFZ, CFZ/CI, and CFZ/CD were placed in an aluminum pan and heated from 25 °C to 300 °C at a scanning rate of 10 °C per min, under a nitrogen atmosphere, using a DSC instrument (DSC3, Mettler Toledo, GmbH, Greifensee, Switzerland).




3.5.4. Thermogravimetric Analysis (TGA)


Thermal characterization of the CFZ, CFZ/CI complexes, and CFZ/CD complexes was performed using a thermogravimetric analyzer (TGA2, Mettler Toledo, GmbH, Greifensee, Switzerland) in a N2 atmosphere. The samples were heated from 20 °C to 600 °C at a rate of 10 °C per min.




3.5.5. Stability Test


We induced the photodegradation of the CFZ, CFZ/CI complexes, and CFZ/CD complexes using a UV lamp (F4T5BLB, Sankyo Denki Co. Ltd., Kanagawa, Japan) and measured their stability under chemical oxidation. An aliquot of 100 μL was taken from the test sample at each time point and mixed with 400 μL of 99% DMSO to release encapsulated CFZ from the CFZ/CI and CFZ/CD complexes into the test solution [36]. The samples were positioned at a 10 cm distance from the UV lamp and exposed to a UVA wavelength range of 315–400 nm in dark at room temperature (25 ± 2 °C) for 6 h. The absorbance of the samples was measured at 492 nm using a UV-vis spectrophotometer (HIDEX-sense 425-301, Hidex, Turku, Finland) at 1 h intervals. The stabilities of the free CFZ in DMSO (0.02% w/v) and the CFZ/CI and CFZ/CD complexes in deionized water (0.02%, w/v) against photodegradation were examined as controls.



The stabilities of the CFZ, CFZ/CI complexes, and CFZ/CD complexes under chemical oxidation conditions were also tested, as described previously, with slight modifications [37]. Briefly, 1 mL of sample containing 10 mg of the CFZ, CFZ/CI complex, or CFZ/CD complex was exposed to 100 μM FeCl3 at room temperature with rotation for 6 h. Aliquots (100 μL) were taken from the solution at indicated time points, and the amount of active CFZ in CFZ/CI and CFZ/CD complexes was determined by measuring the absorbance at 495 nm using a UV-vis spectrophotometer (HIDEX-sense 425-301, Hidex, Turku, Finland). The stability of free CFZ in DMSO (0.02% w/v) and CFZ/CI and CFZ/CD complexes in DDW (0.1%, w/v) under chemical oxidation conditions were also tested as a control.




3.5.6. Scanning Electron Microscopy (SEM)


A scanning electron microscope (JSM-IT300, JEOL, Tokyo, Japan) was used to examine the surface morphology of the samples. After washing, each sample was placed on a copper station using a conductive adhesive and subjected to vacuum-drying. Subsequently, the samples were sputter-coated with gold–palladium to enhance their electrical conductivity under low vacuum at a voltage of 20 kV.





3.6. Drug Release Properties


3.6.1. Drug Release


The release properties of CFZ were examined using the dialysis bag method, as described by Popat et al. (2014) [38]. CFZ/CI and CFZ/CD complexes equivalent to 1 mg of CFZ were suspended in 1 mL of 0.1 M phosphate buffer (pH 7.4) with 0.5% sodium lauryl sulfate (SLS) and placed in a dialysis bag with a molecular weight cutoff of 10 kDa. The dialysis bag was then immersed in 9 mL of 0.1 M phosphate buffer with 0.5% SLS at 37 °C with continuous stirring. Samples of 100 µL were withdrawn at specific time intervals and replaced with an equal volume of fresh dissolution medium to maintain the total volume at a constant level. The curcumin content in the samples was measured at 495 nm using a UV-Vis spectrophotometer (HIDEX-sense 425-301), and the concentration of CFZ was determined using a standard curve.




3.6.2. In Vitro Simulated Digestion Release Analysis


Simulated saliva fluid (SSF), simulated gastric fluid (SGF), and simulated intestinal fluid (SIF) were prepared as reported previously with slight modifications [39]. To initiate digestion, 50 mg of CFZ/CI or CFZ/CD complex was placed in a 125 mL flask and stirred continuously in a static model at 37 °C. The samples were subjected to sequential digestion: 10 mL of simulated saliva solution was added, mixed for 5 min, and a 1 mL aliquot was collected. Next, 10 mL of SGJ was added and stirred constantly, and 1 mL aliquots were collected after 30 min and 1 h of incubation. Finally, 10 mL of SIJ was added, mixed constantly, and 1 mL aliquots were collected after 2 and 4 h. All aliquots were centrifuged at 6238× g for 5 min, and the supernatant liquid was filtered through a 0.45 μm membrane filter. The aliquot samples were stored frozen at −80 °C until further analysis. The release of CFZ was determined using a spectrophotometer by measuring the absorbance at 495 nm.





3.7. Statistical Analysis


The experiments were conducted in triplicate (n = 3), and the data obtained were subjected to statistical analysis using SPSS version 23.0 (SPSS Inc., Chicago, IL, USA). A one-way analysis of variance was performed followed by Duncan’s multiple range test. Differences with p values lower than 0.05 were considered significant.





4. Conclusions


This study aimed to compare the efficacy of CFZ inclusion complexes (CIs and CDs) in increasing the water solubility of CFZ. CFZ is a poorly water-soluble drug; thus, its formulation requires the use of an effective drug delivery system. We found that CI-9 had the highest percentage of drug inclusion and provided the highest solubility among the CIs and CDs evaluated. Additionally, CI-9 showed the highest EE, with a CFZ:CI-9 molar ratio of 0.2:1. In contrast, α-CD showed the lowest EE and a molar ratio of CFZ that was 2-fold lower compared with those of the CIs. Our findings indicated that the EE of the inclusion complexes of CFZ with CIs and CDs was influenced by several factors, including the chemical structure of the guest molecule, the type of interaction between the guest and the encapsulation agent, and the method of complex synthesis. CI-9 provided the most significant advantage over the other CIs and CDs, indicating that CI-9 could potentially be a promising compound for drug delivery systems, based on the inclusion complexes of CIs and CDs. However, further studies are required to investigate the effects of these factors on the release properties and pharmacokinetics of encapsulated drugs in vivo. We also evaluated the stability and drug release properties of CFZ in CIs and CDs. The results showed that CFZ/CI complexes provide an effective means of protecting the activity of CFZ against various environmental stresses, particularly UV irradiation, compared to free CFZ and CFZ/CD complexes. Moreover, CFZ in the CFZ/CI-9 complex exhibited the highest drug release ratios, reaching up to 97%, while the CFZ/α-CD complex showed the least favorable drug release properties. SEM analysis also suggested that CFZ/CIs and CDs were successful in forming inclusion complexes, potentially accounting for the observed rapid dissolution rate of the inclusion complex. In conclusion, CFZ/CI complexes could be a potential formulation strategy for the development of stable and effective drug products. Our findings provide insight into the design of novel drug delivery systems based on the inclusion complexes of CIs and CDs. However, further studies are needed to optimize their formulation and to assess the safety and efficacy of these inclusion complexes for therapeutic applications. The results of this study indicate that CI-9 provided the most significant advantage over other CIs and CDs in terms of drug solubility and encapsulation efficiency, making it a promising candidate for drug delivery systems. Nevertheless, the release properties and pharmacokinetics of encapsulated drugs in vivo should be investigated further to ensure the safety and efficacy of these inclusion complexes.







Author Contributions


Conceptualization, Y.-M.K.; Investigation, S.-J.H.; Supervision, Y.-M.K.; Visualization, S.-J.H.; Writing—original draft, S.-J.H.; Writing—review and editing, Y.-M.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (no. NRF-2021R1I1A3050348).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding authors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kornberg, H.L.; Krebs, H.A. A New Series of Phenazines (Rimino-Compounds) with High Antituberculosis Activity. Gr. Nat. Publ. 1957, 180, 756–757. [Google Scholar]

	



Salem, I.I.; Steffan, G.; Düzgünes, N. Efficacy of Clofazimine-Modified Cyclodextrin against Mycobacterium avium Complex in Human Macrophages. Int. J. Pharm. 2003, 260, 105–114. [Google Scholar] [CrossRef] [PubMed]

	



Valetti, S.; Xia, X.; Costa-Gouveia, J.; Brodin, P.; Bernet-Camard, M.F.; Andersson, M.; Feiler, A. Clofazimine Encapsulation in Nanoporous Silica Particles for the Oral Treatment of Antibiotic-Resistant Mycobacterium tuberculosis Infections. Nanomedicine 2017, 12, 831–844. [Google Scholar] [CrossRef] [PubMed]

	



Nasiri, M.J.; Calcagno, T.; Hosseini, S.S.; Hematian, A. Role of Clofazimine in Treatment of Mycobacterium avium Complex. Front. Med. 2021, 8, 638306. [Google Scholar] [CrossRef] [PubMed]

	



Ellard, G.A.; Pannikar, V.K.; Jesudasan, K.; Christian, M. Clofazimine and Dapsone Compliance in Leprosy. Lepr. Rev. 1988, 59, 205–213. [Google Scholar] [CrossRef]

	



Medeiros Bezerra, E.L.; Pereira Vilar, M.J.; Da Trindade Neto, P.B.; Sato, E.I. Double-Blind, Randomized, Controlled Clinical Trial of Clofazimine Compared with Chloroquine in Patients with Systemic Lupus Erythematosus. Arthritis Rheum. 2005, 52, 3073–3078. [Google Scholar] [CrossRef]

	



Salmaninejad, A.; Gowhari, A.; Hosseini, S.; Aslani, S.; Yousefi, M.; Bahrami, T.; Ebrahimi, M.; Nesaei, A.; Zal, M. Genetics and Immunodysfunction Underlying Behçet’s Disease and Immunomodulant Treatment Approaches. J. Immunotoxicol. 2017, 14, 137–151. [Google Scholar] [CrossRef]

	



Gopal, M.; Padayatchi, N.; Metcalfe, J.Z.; O’Donnell, M.R. Systematic Review of Clofazimine for the Treatment of Drug-Resistant Tuberculosis. Int. J. Tuberc. Lung Dis. 2013, 17, 1001–1007. [Google Scholar] [CrossRef]

	



Chen, W.; Cheng, C.; Lee, B.; Clemens, D.L.; Huang, W.; Horwitz, M.A.; Zink, I. Facile Strategy Enabling Both High Loading and High Release Amounts of the Water-Insoluble Drug Clofazimine Using Mesoporous Silica Nanoparticles. ACS Appl. Mater. Interfaces 2018, 10, 31870–31881. [Google Scholar] [CrossRef]

	



De Castro, R.R.; Todaro, V.; da Silva, L.C.R.P.; Simon, A.; do Carmo, F.A.; de Sousa, V.P.; Rodrigues, C.R.; Sarmento, B.; Healy, A.M.; Cabral, L.M. Development of Inhaled Formulation of Modified Clofazimine as an Alternative to Treatment of Tuberculosis: Clofazimine Inhaled Formulation for Tuberculosis. J. Drug Deliv. Sci. Technol. 2020, 58, 101805. [Google Scholar] [CrossRef]

	



Schwinté, P.; Ramphul, M.; Darcy, R.; O’Sullivan, J.F. Amphiphilic Cyclodextrin Complexation of Clofazimine. J. Incl. Phenom. 2003, 47, 109–112. [Google Scholar] [CrossRef]

	



Poulson, B.G.; Alsulami, Q.A.; Sharfalddin, A.; El Agammy, E.F.; Mouffouk, F.; Emwas, A.-H.; Jaremko, L.; Jaremko, M. Cyclodextrins: Structural, Chemical, and Physical Properties, and Applications. Polysaccharides 2021, 3, 1. [Google Scholar] [CrossRef]

	



Haimhoffer, Á.; Rusznyák, Á.; Réti-Nagy, K.; Vasvári, G.; Váradi, J.; Vecsernyés, M.; Bácskay, I.; Fehér, P.; Ujhelyi, Z.; Fenyvesi, F. Cyclodextrins in Drug Delivery Systems and Their Effects on Biological Barriers. Sci. Pharm. 2019, 87, 33. [Google Scholar] [CrossRef]

	



Vyas, A.; Saraf, S.; Saraf, S. Cyclodextrin Based Novel Drug Delivery Systems. J. Incl. Phenom. Macrocycl. Chem. 2008, 62, 23–42. [Google Scholar] [CrossRef]

	



Szejtli, J. Introduction and General Overview of Cyclodextrin Chemistry. Chem. Rev. 1998, 98, 1743–1753. [Google Scholar] [CrossRef] [PubMed]

	



Jansook, P.; Ogawa, N.; Loftsson, T. Cyclodextrins: Structure, Physicochemical Properties and Pharmaceutical Applications. Int. J. Pharm. 2018, 535, 272–284. [Google Scholar] [CrossRef]

	



Harangi, J.; Béke, G.; Harangi, M.; Mótyán, J.A. The Digestable Parent Cyclodextrin. J. Incl. Phenom. Macrocycl. Chem. 2012, 73, 335–339. [Google Scholar] [CrossRef]

	



Oguma, T.; Horiuchi, T.; Kobayashi, M. Novel Cyclic Dextrins, Cycloisomaltooligosaccharides, from Bacillus sp. T-3040 Culture. Biosci. Biotechnol. Biochem. 1993, 57, 1225–1227. [Google Scholar] [CrossRef]

	



Oguma, T.; Kawamoto, H. Production of Cyclodextran and Its Application. Trends Glycosci. Glycotechnol. 2003, 15, 91–99. [Google Scholar] [CrossRef]

	



Kobayashi, M.; Funane, K.; Oguma, T. Inhibition of Dextran and Mutan Synthesis by Cycloisomaltooligosaccharides. Biosci. Biotechnol. Biochem. 1995, 59, 1861–1865. [Google Scholar] [CrossRef]

	



Salem, I.I.; Düzgünes, N. Efficacies of Cyclodextrin-Complexed and Liposome-Encapsulated Clarithromycin against Mycobacterium Avium Complex Infection in Human Macrophages. Int. J. Pharm. 2003, 250, 403–414. [Google Scholar] [CrossRef] [PubMed]

	



Groom, C.R.; Bruno, I.J.; Lightfoot, M.P.; Ward, S.C. The Cambridge Structural Database. Acta Crystallogr. Sect. B Struct. Sci. Cryst. Eng. Mater. 2016, 72, 171–179. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.-S. Study of Flavonoid/Hydroxypropyl-β-Cyclodextrin Inclusion Complexes by UV-Vis, FT-IR, DSC, and X-Ray Diffraction Analysis. Prev. Nutr. Food Sci. 2020, 25, 440–448. [Google Scholar] [CrossRef] [PubMed]

	



Catenacci, L.; Sorrenti, M.; Bonferoni, M.C.; Hunt, L.; Caira, M.R. Inclusion of the Phytoalexin Trans-Resveratrol in Native Cyclodextrins a Thermal, Spectroscopic, and X-ray Structural Study. Molecules 2020, 25, 998. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Jin, Z.; Xu, X. Gamma-Cyclodextrin on Enhancement of Water Solubility and Store Stability of Nystatin. J. Incl. Phenom. Macrocycl. Chem. 2014, 78, 145–150. [Google Scholar] [CrossRef]

	



Winkler, R.G.; Fioravanti, S.; Ciccotti, G.; Margheritis, C.; Villa, M. Hydration of β-Cyclodextrin: A Molecular Dynamics Simulation Study. J. Comput. Aided. Mol. Des. 2000, 14, 659–667. [Google Scholar] [CrossRef]

	



Abarca, R.L.; Rodríguez, F.J.; Guarda, A.; Galotto, M.J.; Bruna, J.E. Characterization of Beta-Cyclodextrin Inclusion Complexes Containing an Essential Oil Component. Food Chem. 2016, 196, 968–975. [Google Scholar] [CrossRef]

	



Hill, L.E.; Gomes, C.; Taylor, T.M. Characterization of Beta-Cyclodextrin Inclusion Complexes Containing Essential Oils (Trans-Cinnamaldehyde, Eugenol, Cinnamon Bark, and Clove Bud Extracts) for Antimicrobial Delivery Applications. LWT 2013, 51, 86–93. [Google Scholar] [CrossRef]

	



Zhu, G.; Xiao, Z.; Zhou, R.; Zhu, Y. Study of Production and Pyrolysis Characteristics of Sweet Orange Flavor-β-Cyclodextrin Inclusion Complex. Carbohydr. Polym. 2014, 105, 75–80. [Google Scholar] [CrossRef]

	



Giordano, F.; Novak, C.; Moyano, J.R. Thermal Analysis of Cyclodextrins and Their Inclusion Compounds. Thermochim. Acta 2001, 380, 123–151. [Google Scholar] [CrossRef]

	



Trotta, F.; Zanetti, M.; Camino, G. Thermal Degradation of Cyclodextrins. Polym. Degrad. Stab. 2000, 69, 373–379. [Google Scholar] [CrossRef]

	



Zarif, M.S.; Afidah, A.R.; Abdullah, J.M.; Shariza, A.R. Physicochemical Characterization of Vancomycin and Its Complexes with β-Cyclodextrin. Biomed. Res. 2012, 23, 513–520. [Google Scholar]

	



Berkland, C.; King, M.; Cox, A.; Kim, K.; Pack, D.W. Precise Control of PLG Microsphere Size Provides Enhanced Control of Drug Release Rate. J. Control. Release 2002, 82, 137–147. [Google Scholar] [CrossRef] [PubMed]

	



Hong, S.J.; Park, B.R.; Lee, H.N.; Jang, D.E.; Kang, H.J.; Ameer, K.; Kim, S.J.; Kim, Y.M. Carbohydrate-Binding Module of Cycloisomaltooligosaccharide Glucanotransferase from Thermoanaerobacter thermocopriae Improves Its Cyclodextran Production. Enzyme Microb. Technol. 2022, 157, 110023. [Google Scholar] [CrossRef] [PubMed]

	



Mader, W.J.; Higuchi, T. Phase Solubility Analysis. CRC Crit. Rev. Anal. Chem. 1970, 1, 193–215. [Google Scholar] [CrossRef]

	



Letona, C.A.M.; Luo, K.; Jeong, K.B.; Adra, H.J.; Park, C.S.; Kim, Y.R. Effect of Lecithin on the Spontaneous Crystallization of Enzymatically Synthesized Short-Chain Amylose Molecules into Spherical Microparticles. Polymers 2019, 11, 264. [Google Scholar] [CrossRef]

	



Kim, J.Y.; Seo, T.R.; Lim, S.T. Preparation of Aqueous Dispersion of β-Carotene Nano-Composites through Complex Formation with Starch Dextrin. Food Hydrocoll. 2013, 33, 256–263. [Google Scholar] [CrossRef]

	



Popat, A.; Karmakar, S.; Jambhrunkar, S.; Xu, C.; Yu, C. Curcumin-Cyclodextrin Encapsulated Chitosan Nanoconjugates with Enhanced Solubility and Cell Cytotoxicity. Colloids Surf. B Biointerfaces 2014, 117, 520–527. [Google Scholar] [CrossRef]

	



Brodkorb, A.; Egger, L.; Alminger, M.; Alvito, P.; Assunção, R.; Ballance, S.; Bohn, T.; Bourlieu-Lacanal, C.; Boutrou, R.; Carrière, F.; et al. INFOGEST Static in vitro Simulation of Gastrointestinal Food Digestion. Nat. Protoc. 2019, 14, 991–1014. [Google Scholar] [CrossRef]








[image: Ijms 24 08808 g001 550] 





Figure 1. Chemical structure of CFZ, CDs, and CIs. CFZ, clofazimine; CI, cyclodextran; CD, cyclodextrin. (a) CFZ, (b) α-CD, (c) β-CD, (d) γ-CD, (e) CI-7, (f) CI-8, and (g) CI-9. 
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Figure 2. (a) Phase solubility test results and (b) encapsulation efficiencies of CFZ/CI complexes, and CFZ/CD complexes. CFZ, clofazimine; CI, cyclodextran; CD, cyclodextrin. The CIs and CDs analyzed were CI-7, CI-8, CI-9, α-CD, β-CD, and γ-CD. 






Figure 2. (a) Phase solubility test results and (b) encapsulation efficiencies of CFZ/CI complexes, and CFZ/CD complexes. CFZ, clofazimine; CI, cyclodextran; CD, cyclodextrin. The CIs and CDs analyzed were CI-7, CI-8, CI-9, α-CD, β-CD, and γ-CD.



[image: Ijms 24 08808 g002]







[image: Ijms 24 08808 g003 550] 





Figure 3. (a) FT-IR spectra and (b) X-ray diffractograms of CFZ, CFZ/CI complexes and CFZ/CD complexes. CFZ, clofazimine; CI, cyclodextran; CD, cyclodextrin. The CIs and CDs analyzed were CI-7, CI-8, CI-9, α-CD, β-CD, and γ-CD. 
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Figure 4. (a) Differential scanning calorimetry curve and (b) thermogravimetric analysis of CFZ, CFZ/CI complexes, and CFZ/CD complexes. CFZ, clofazimine; CI, cyclodextran; CD, cyclodextrin. The CIs and CDs analyzed were CI-7, CI-8, CI-9, α-CD, β-CD, and γ-CD. 
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Figure 5. (a) Photodegradation and (b) chemical oxidation stability analyses of CFZ, CFZ/CI complexes, and CFZ/CD complexes. CFZ, clofazimine; CI, cyclodextran; CD, cyclodextrin. The CIs and CDs analyzed were CI-7, CI-8, CI-9, α-CD, β-CD, and γ-CD. 
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Figure 6. Scanning electron micrographs of CFZ, CFZ/CI complexes, and CFZ/CD complexes. (a) CFZ. (b) CFZ/CI-7. (c) CFZ/CI-8. (d) CFZ/CI-9. (e) CFZ/α-CD. (f) CFZ/β-CD. (g) CFZ/γ-CD. 
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Figure 7. (a) Drug release properties and (b) in vitro simulated drug release properties of CFZ/CI and CFZ/CD complexes. CFZ, clofazimine; CI, cyclodextran; CD, cyclodextrin. The CIs analyzed were CI-7, CI-8, and CI-9; the CDs, α-CD, β-CD, and γ-CD. (i) oral phase (SSF, 5 min, pH 7.0), (ii) gastric phase (SGF, 2 h, pH 2.0), and (iii) intestinal phase (SIF, 2 h, pH 7.0). 
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