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Abstract

:

A three-component inclusion complex of ascorbyl palmitate (ASCP), urea (UR), and γ-cyclodextrin (γCD) with a molar ratio of 1/12 has been prepared for the first time using the evaporation method (EVP method) and the grinding and mixing method (GM method). Also, we investigated changes in the physicochemical properties of the three-component complexes. The powder X-ray diffraction (PXRD) measurements showed ASCP, UR, and γCD characteristic peaks in the physical mixture (PM) (AU (ASCP/UR = 1/12)/γCD = 1/2). In GM (AU (ASCP/UR = 1/12)/γCD = 1/1), new diffraction peaks were observed around 2θ = 7.5° and 16.6°, while characteristic peaks derived from EVP (ASCP/UR = 1/12) were observed at 2θ = 23.4° and 24.9°. On the other hand, new diffraction peaks at 2θ = 7.4° and 16.6° were observed in GM (1/2). In the differential scanning calorimeter (DSC) measurement, an endothermic peak at around 83 °C was observed in the GM (1/1) sample, which is thought to originate from the phase transition of urea from the hexagonal to the tetragonal form. An endothermic peak around 113.9 °C was also observed for EVP (ASCP/UR = 1/12). However, no characteristic phase transition-derived peak or EVP (ASCP/UR = 1/12)-derived endothermic peak was observed in GM (1/2). Near infrared (NIR) spectroscopy of GM (1/2) showed no shift in the peak derived from the CH group of ASCP. The peaks derived from the NH group of UR shifted to the high and low wavenumber sides at 5032 cm−1 and 5108 cm−1 in EVP (ASCP/UR = 1/12). The peak derived from the OH group of γCD shifted, and the peak derived from the OH group of ASCP broadened at GM (1/2). These results suggest that AU (ASCP/UR = 1/12)/γCD prepared by the mixed grinding method formed inclusion complexes at the molar ratio (1/2).
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1. Introduction


Ascorbic acid (AA), a type of water-soluble vitamin with a lactone ring in its structure, is a potent antioxidant molecule. In vivo, AA eliminates reactive oxygen species through electron transfer and promotes collagen production by activating transcription factors. It is widely used as a dietary supplement and in health foods, cosmetics, and other products [1,2,3]. However, ascorbic acid alone is easily oxidized in aqueous solutions and has low stability under conditions of light, heat, and acids [4]. Recently, various ascorbic acid derivatives have been synthesized to improve the stability of ascorbic acid [5,6]. One such derivative of ascorbic acid is ascorbyl palmitate (ASCP), which is an ester formed between AA and palmitic acid. ASCP has high fat solubility and improved stability against heat and light. It is also used in cosmetics for topical applications because of its antioxidant properties [7].



Urea (UR) is widely used as a main ingredient in pharmaceuticals and cosmetics as a humectant and skin penetration enhancer due to its moisturizing ability, stratum corneum hydrating properties, and keratin cleavage properties [8]. UR is characterized as hydrotropic and dissolves organic compounds in water at highly concentrated amounts [9,10]. Urea could exist in as many as five polymorphs. UR is found in a tetragonal system crystal state, and its hexagonal system crystal state exists as a polymorphic form [11,12,13,14]. The hexagonal system of UR has been reported to improve solubility by forming co-crystals with small molecules such as palmitic acid in its opening [15].



CDs possess a ring structure formed by the α1-4 glucoside bond of glucopyranose and are hydrophilic on the outside of the ring and near the edge, featuring a hydrophobic cavity [16,17,18]. Inclusion complexes are prepared by various methods, such as coprecipitation [19], lyophilization [20], and mixing and pulverization [21]. Furthermore, the formation of inclusion complexes can improve the solubility [22], stability [23], bioavailability [24], and controlled release [25] of the guest compound. The molecules that encapsulate other molecules, such as cyclodextrins, are referred to as hosts, and those that are encapsulated are referred to as guests. Due to this structure, CDs can encapsulate guest molecules, leading to the creation of inclusion complexes. The inclusion and complexation of hydrophobic compounds occur mainly through hydrophobic interactions between the cyclodextrin cavity walls and the guest molecules. In addition, other forces, such as dipole-dipole interactions and van der Waals, can be implicated in the guest binding. CDs can be used to incorporate non-polar molecules with a suitable dimension into the cavity, increasing their water solubility. A study has reported that coprecipitation causes oxethazaine and γCD to form inclusion complexes, thus improving the dissolution of oxethazaine [26].



ASCP is stable in the presence of heat and light and retains the antioxidant and melanin inhibitory properties of its precursor, AA. ASCP has high preferential lipid solubility due to the presence of palmitic acid [7]. Urea and ASCP are used in dermatological products to promote hydration and prevent oxidative processes, respectively. The combination of these two molecules is thought to provide synergistic effects on skin. However, through the incorporation of hydrophobic groups in ascorbyl palmitate (ASCP), this ascorbic acid derivative becomes more lipophilic and less soluble with water, limiting the practicality of its applications [27,28]. Organic bases have been employed in the preparation of CD ternary complexes, but none has reported the incorporation of urea [29]. Complexes of ASCP and UR prepared using the evaporation method were found to improve the solubility of ASCP [30]. The improvement of solubility in aqueous solvents by the formation of inclusion complexes of ASCP and γCD using the grinding mixture method has also been reported [31]. However, the feasibility of preparative methods (e.g., pulverization, evaporation) to combine ASCP and UR as an inclusion complex, which is important in dermatology, has not yet been attempted. Furthermore, the fusion mechanism of ASCP and UR into the γCD cavity and the impact of ASCP/UR/γCD formulated ternary systems on the physicochemical properties of ASCP are not yet fully understood.



In this study, we prepared ASCP/UR complexes using our previously established preparation method and then compared them against a ternary complex of ASCP/UR with γCD prepared by pulverization methods. Therefore, we prepared ternary complexes of ASCP/UR with γCD to investigate changes in physicochemical properties such as thermal behavior and intermolecular activities, as well as to improve the solubility of ASCP/UR.




2. Materials and Methods


2.1. Materials


γ-Cyclodextrin (γCD) was procured from Cyclochem Bio Co. (Kobe, Japan). Urea (UR) and ascorbyl palmitate (ASCP) were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan) and Tokyo Chemical Industry Co., Ltd. (Saitama, Japan), respectively (Figure 1). Other chemicals were obtained from FUJIFILM Wako Pure Chemical Corporation.




2.2. Preparation Methods


2.2.1. Preparation of Samples by Physical Mixture (PM)


A physical mixture (PM) was prepared by weighing AU (ASCP/UR) and γCD at certain molar ratios (2/1, 1/1, 2/3, or 1/2) and then mixing with a vortex mixer for 1 min.




2.2.2. Preparation of Samples by the Evaporation Method


The sample was prepared by weighing ASCP and UR at a molar ratio of 1:12 and then mixing using a vortex mixer for 1 min. An evaporated sample (EVP) was prepared by exhaustive evaporation aided by a rotary evaporator. A PM (200 mg) composed of ASCP and UR was dissolved in 20 mL of methanol, the solvent was evaporated at 40 °C, and the resulting concentrated sample was centrifuged at 25 rpm to collect the formed crystals (EVP).




2.2.3. Preparation of Samples by Ground Mixture (GM)


Prepared EVP (ASCP/UR = 1/12) and γCD at different molar ratios (2/1, 1/1, 2/3, or 1/2) were weighed to a total weight of 1 g, filled into an aluminum cell, and ground for 60 min using a vibrating rod mill (CMT TI-500ET, Fukushima, Japan).





2.3. Characterization Methods


2.3.1. Powder X-ray Diffraction (PXRD)


A powder X-ray diffractometer (Miniflex II, Rigaku Corporation, Tokyo, Japan) was utilized to perform the PXRD measurements. PXRD analysis was performed using Ni-filtered CuKα (30 kV, 15 mA) as the X-ray source. PXRD conditions were 2θ = 5–40° scan range at a scan rate of 4°/min. Each powder sample was spread uniformly on a glass plate prior to analysis.




2.3.2. Differential Scanning Calorimeter (DSC)


A high-sensitivity differential scanning calorimeter (Thermo Plus Evo, Rigaku Corporation, Tokyo, Japan) was utilized to investigate the thermal transitions of the samples and ternary complexes. Approximately 2 mg of the sample was placed and sealed in an aluminum pan and was subjected to an incremental heating rate of 5 °C/min. The analysis was performed with flow rate of nitrogen gas at 60 mL/min.




2.3.3. Infrared (IR) Absorption Spectrum Measurement


The JASCO FT/IR-410 (Japan Spectroscopy Co., Ltd., Tokyo, Japan) was used to determine the IR absorption spectra using the KBr tablet method. The number of integration times was 16 times, the resolution was 4 cm−1, and the measurement wavenumber range was from 4000 to 400 cm−1. Samples were mixed with potassium bromide (KBr) at a ratio of 1/20 (sample/KBr) by weight and compressed by manual pressing. Background correction was performed using compressed KBr alone.




2.3.4. Near Infrared (NIR) Spectroscopy


NIR spectroscopy measurements were performed using a NIR Flex N-500 spectrometer (Nippon Buchi). Each sample was placed in a sample holder, and the spectra were collected for 8 s in the range of 10,000–4000 cm−1 at 25 °C using a cell with a 1 mm optical path length.




2.3.5. ASCP Solubility Studies


ASCP was added with distilled water to a concentration of 0.1 mg/mL and shaken at 200 rpm for 1 h at 37 °C. After shaking, the resulting suspension was filtered through a 0.45 µm membrane filter. The filtrate was added to 200 µL of 1% DL-homocysteine and derivatized at 40 °C for 15 min. An identical procedure was carried out for PM, EVP, and GM samples. Quantification of ASCP was performed using an HPLC system (Waters, Japan) at a wavelength of 266 nm equipped with an e2795 UV-Vis detector and a packed column (5 µm diameter, 4.6 mm ID × 250 mm; Cosmosil 5C18-AR-II). The sample injection volume was 100 µL and the column temperature was maintained at 40 °C. The mobile phase was a mixture of methanol/acetic acid (85/15; pH 6.5), and the retention time of ASCP was approximately 10 min.






3. Results and Discussion


3.1. Investigation of Intermolecular Interaction in a Mixture of ASCP/UR = 1/12 and γCD


3.1.1. Powder X-ray Diffraction (PXRD) Measurement


Powder diffraction (PXRD) measurements were performed to investigate the crystalline state of the mixture of AU (ASCP/UR = 1/12) and γCD. PXRD patterns of ASCP, UR, EVP AU (ASCP/UR = 1/12), γCD, PM (AU (ASCP/UR = 1/12)/γCD = 1/1, 1/2), and GM (AU (ASCP/UR = 1/12)/γCD = 1/1, 1/2) are shown in Figure 2. It has been reported that the crystalline state of UR changes when it forms a complex with a drug [11]. In general, characteristic diffraction peaks of UR are observed at 2θ = 22.0° and 29.2° in its tetragonal system and at 2θ = 22.9° and 24.5° for URs in its hexagonal system. In PM (1/1) and PM (1/2), the characteristic γCD-derived peaks were observed at 2θ = 6.0° and 12.0°. In addition, characteristic peaks derived from EVP AU (ASCP/UR = 1/12) were observed at 2θ = 23.0° and 24.9°. In GM (1/1), new diffraction peaks were observed around 2θ = 7.5° and 16.6°, while characteristic peaks originating from EVP (ASCP/UR = 1/12) were observed at 2θ = 23.4° and 24.9°. On the other hand, a new diffraction peak at 2θ = 7.4° and 16.6° was observed in the GM (1/2) sample. These results indicate that the new diffraction peak identified in GM (1/2) is consistent with the tetragonal-columnar diffraction peak observed when γCD forms an inclusion complex [32]. The formation of inclusion complexes with CDs due to mechanochemical reactions such as crystallization, solid solution, and phase transition caused by mechanical energy such as friction and compression during the milling process of solid materials reported earlier is consistent with our observation [33,34]. It was inferred that AU (ASCP/UR = 1/12) formed an inclusion complex within the γCD cavity by these methods, resulting in a crystal structure different from that of EVP AU (ASCP/UR = 1/12).




3.1.2. Differential Scanning Calorimetry (DSC) Measurement


DSC measurements were performed to investigate the thermal properties of EVP AU (ASCP/UR = 1/12) and γCD (Figure 3). UR and the PM (ASCP/UR at a molar ratio of 1/12) had an endothermic peak due to UR at 131 °C and 125 °C. It has been reported that the endothermic peak associated with the crystalline transition of UR from a tetragonal system to a hexagonal system can be observed at temperatures lower than the peak derived from the melting point of urea [30]. In the PM (AU/γCD = 1/1, 1/2) and GM (AU/γCD = 1/1), an endothermic peak was observed at around 83 °C, which is attributed to the phase transition of urea from the hexagonal to the tetragonal system. An endothermic peak at 113.9 °C was also observed for EVP AU (ASCP/UR = 1/12). Interestingly, the characteristic phase transition-derived peak and the EVP (ASCP/UR = 1/12)-derived endothermic peak disappeared in GM (1/2). Generally, an emerging endothermic peak due to drug melting disappears when a drug is encapsulated in CD [30]. This suggests that the disappearance of the endothermic peak of AU (ASCP/UR = 1/12) in GM (AU/γCD = 1/2) may be due to the formation of an inclusion complex between ASCP/UR = 1/12 and γCD. We have assumed that in the formed complex, the ratio between ACSP and UR must stay at 1/12. When the complex of ASCP and UR is dissociated by the ground mixing of AU (ASCP/UR = 1/12) and γCD, the characteristic diffraction peaks of ASCP intact and UR intact should be observed by XRD. However, in GM (AU (ASCP/UR = 1/12)/γCD = 1/2), ASCP intact and UR intact were not confirmed. In addition, no UR-derived endothermic peak is observed in Figure 3h GM (AU (ASC/UR = 1/12)/γCD = 1/2) of the DSC measurement. Thus, we were satisfied that in GM (AU (ASCP/UR = 1/12)/γCD), the stoichiometric ratio of (ASCP/UR = 1/12) was ensured.





3.2. Inclusion of the Molar Ratio of ASCP/UR = 1/12 and γCD


CDs display thermal behavior alterations such as the disappearance or shift of the melting point of the guest molecule due to the formation of inclusion complexes [35,36]. Molecular structure dynamic studies can help predict the decrease in entropy due to changes in the crystal structures of samples examined [37,38,39]. Therefore, calorimetric conversion by DSC measurement was performed to determine the optimum molar ratio of the complex. GM (2/1) had −ΔH = 58.7 J/g, GM (1/1) had −ΔH = 19.5 J/g, GM (2/3) had −ΔH = 11.0 J/g, and GM (1/2) had −ΔH = 0.441 J/g. GM (1/2) was found to be a thermally stable sample (Figure 4). From these results, it can be inferred that the sample with the highest thermal stability was GM (1/2), which is the optimum molar ratio, suggesting the possibility of an inclusion complex formation. It was apparent that decreasing the AU (ASCP/UR) γCD molar ratio (2/1, 1/1, 2/3, or 1/2) resulted in increased thermal stability.




3.3. Examination of the Molecular State in the Solid State


The results of PXRD and DSC analyses suggested the formation of a complex from a mixture of milled materials with a molar ratio of AU (ASCP/UR = 1/12)/γCD = 1/2. We then performed infrared (IR) and near-infrared (NIR) absorption spectroscopy studies to investigate the molecular structure of the complex in its solid states.



3.3.1. Infrared (IR) Absorption Spectra


The IR spectra of ASCP, UR, γCD, EVP AU (ASCP/UR = 1/12), PM (AU (ASCP/UR = 1/12)/γCD = 1/1), GM (AU (ASCP/UR = 1/12)/γCD = 1/1), PM (AU (ASCP/UR = 1/12)/γCD = 1/2), GM (AU (ASCP/UR = 1/12)/γCD = 1/2) are shown in Figure 5. In ASCP, a peak derived from the -CH group was observed at 2916 cm−1. The C=O stretching peak of the palmitate side chain from ASCP was observed at 1730 cm−1 and the C=O stretching peaks of the lactone ring were observed at 1685 cm−1 and 1629 cm−1 (Figure 5a). In UR, C-N stretching peaks were observed at 1000 cm−1, C=O group stretching peaks at 1672 cm−1, and N-H stretching peaks at 3437 cm−1, 3342 cm−1, and 3286 cm−1 (Figure 5b). EVP AU (ASCP/UR = 1/12) exhibited shifting peaks originating from HN2 vibrations, C-N stretching vibrations, C=O-based stretching vibrations, and N-H stretching vibrations of UR [31]. No significant peak shifts were observed in PM (AU (ASCP/UR)/γCD = 1/1, 1/2). On the other hand, in GM (AU (ASCP/UR)/γCD = 1/1), the N-H stretching vibration-derived peak from UR observed at 3396 cm−1 while at 3375 cm−1 in EVP AU (ASCP/UR = 1/12) shifted to 3412 cm−1 and 3342 cm−1, while the peak at 3219 cm−1 did not shift (Figure 5c). The peak at 1016 cm−1 derived from the C-N stretching vibration of UR in EVP AU (ASCP/UR = 1/12) shifted to 1022 cm−1. In addition, a peak at 1649 cm−1 derived from the C=O stretching vibration of EVP AU (ASCP/UR = 1/12), shifted to 1666 cm−1 and another peak that did not shift coexisted, suggesting that both the inclusion complex by γCD and the EVP AU (ASCP/UR) complex were both present. Interestingly, in GM (AU (ASCP/UR)/γCD = 1/2), the N-H stretching vibration-derived peaks of UR in EVP (ASCP/UR = 1/12) were shifted to 3305 cm−1 and 3192 cm−1, and the peak at 3219 cm−1 broadened. In EVP (ASCP/UR = 1/12), the C=O stretching peak of UR was shifted to 1656 cm−1. (Figure 5h). The C-N stretching peak was shifted to 1020 cm−1. These results suggest that in GM (AU (ASCP/UR)/γCD = 1/2), the N-H, C-N, and C=O groups in the molecular structure of UR, as well as the OH group from γCD, are involved in hydrogen bonding in the formation of inclusion complexes.




3.3.2. Near-Infrared (NIR) Absorption Spectra


PXRD patterns and the results of DSC suggested that GM (AU (ASCP/UR = 1/12)/γCD = 1/2) formed a complex. Although intermolecular interaction between the N-H, C-N, and C=O groups in the molecular structure of UR as well as the OH group from γCD was speculated from FT-IR results, NIR measurement was performed because it was difficult to distinguish the -NH group from the -OH group. Thus, near-infrared (NIR) spectroscopy was performed in order to confirm the molecular interaction between ASCP, UR, and γCD. The NIR spectra of ASCP, UR, EVP AU (ASCP/UR = 1/12), γCD, PM (AU (ASCP/UR = 1/12)/γCD = 1/2), and GM (AU (ASCP/UR = 1/12)/γCD = 1/2) are shown in Figure 6. In ASCP, the peaks derived from the CH group were observed at 5772 cm−1 and 5664 cm−1 (Figure 6b). In the AU (ASCP/UR = 1/12)/γCD = 1/2), the peaks derived from the CH group of ASCP were observed at 5772 cm−1 and 5664 cm−1, and similarly, in GM (1/2), the CH group of ASCP was observed at 5772 cm−1 and 5664 cm−1 [7]. In UR, NH-derived peaks were observed at 5000 cm−1, 5120 cm−1, and 5160 cm−1. In EVP AU (ASCP/UR = 1/12), the NH group-derived peaks in UR shifted to 5032 cm−1 and 5108 cm−1 and the peak at 5160 cm−1 of UR was broadened (Figure 6c). In the PM (AU (ASCP/UR = 1/12)/γCD = 1/2), as well as in the EVP AU (ASCP/UR = 1/12), the NH-derived peak of UR shifted to 5032 cm−1 and 5108 cm−1, and the peak at 5160 cm−1 is broadened. In GM (AU (ASCP/UR = 1/12)/γCD = 1/2), the peak derived from the NH group of UR was broadened around 5072 cm−1. A neat OH group of γCD was observed at 7020 cm−1 (Figure 6a). In AU (ASCP/UR = 1/12)/γCD = 1/2), the OH group originating from γCD was observed at 7020 cm−1 while the OH group derived from ASCP was observed at 7176 cm−1. In GM (AU (ASCP/UR = 1/12)/γCD = 1/2), the peak at 7020 cm−1 derived from the OH group of γCD was observed to shift to 7032 cm−1 [40,41]. The peak at 7176 cm−1 derived from the OH group of ASCP was observed to have broadened. From these results, it can be inferred that the CH group of ASCP is not responsible for the interaction, as no shift was observed in the peak derived from the CH group of ASCP in GM (AU (ASCP/UR = 1/12)/γCD = 1/2). The peak derived from the NH group of UR, which was shifted in EVP AU (ASCP/UR = 1/12), broadened in GM (AU (ASCP/UR = 1/12)/γCD = 1/2), and the peak derived from the OH group of γCD also showed a shift.



These observations deduce that an interaction has occurred between the OH groups in the cavity of γCD and the N-H group in UR. The broadening of the peak derived from the OH group of ASCP in GM (AU (ASCP/UR = 1/12)/γCD = 1/2) suggests that the OH group of γCD in the neighboring complex interacts with the OH group attached to the lactone ring of ASCP, aiding in the formation of the three-component complex. These interactions suggest that AU (ASCP/UR) has been included within the cavity of γCD.





3.4. Solubility Study of ASCP/UR = 1/12 and γCD Complex


The results of solubility studies of ASCP, EVP (ASCP/UR = 1/12), PM (1/2), and GM (1/2) in distilled water are shown in Table 1. Preparative methods described in this study resulted in higher solubility of ASCP in distilled water despite no statistical significance. The solubility of ASCP is increased by 1.2-fold and 1.3-fold when prepared as EVP and PM, respectively. Compared to ASCP alone, GM (1/2) improved the solubility of ASCP by approximately 1.9-fold and by approximately 1.6-fold when compared with EVP (ASCP/UR = 1/12). The solubility enhancement of GM (1/2) observed is related to the formation of an inclusion complex with γCD. This finding may support the use of a similar strategy in formulating ASCP and UR formulations with enhanced skin permeation properties. However, the solubility was lower compared with the solubility of ASCP in GM (ASCP/γCD = 1/2) inclusion complex [26]. We hypothesize that in an aqueous solution, GM (1/2) may behave as a single entity of ASCP/UR = 1/12, liberated from its encapsulation in γCD. In this study, we were surprised that the expected improvement in solubility was not achieved. Although we succeeded in preparing a three-component complex in this study, there was a minimal enhancement in solubility; nevertheless, the results were interesting from the viewpoint of drug–drug–CD molecular interactions in the solid state. Our results reveal the solubility enhancing effect of the UR and γCD ternary-inclusion complexes on ASCP. The effects are considered limited, prompting an exploratory direction with other CDs (e.g., alpha, beta). Urea (UR) has moisturizing properties, hydrates the stratum corneum, has keratin cleavage properties, and is commonly used as a moisturizer, skin permeability enhancer, and solubilizer in pharmaceuticals and cosmetics [8,9]. UR is known to have a hydrotropic effect. Determination of UR degradation in aqueous solvent and appropriate pharmaceutical bases from a ternary-inclusion complex is also an imperative future direction of this research theme. The techniques used for encapsulating a hydrophilic molecule into a cyclodextrin-based metal-organic framework (CD-MOF) have been reported [42]. In the future, it will be interesting to try to adjust the complex using CD-MOF-1, which is derived from γCD, as a new complex.





4. Conclusions


In this study, complexation between AU (ASCP/UR) and γCD in the solid state using the mixed grinding method was revealed by PXRD, DSC, IR, and NIR spectroscopic measurements. AU (ASCP/UR)/γCD = 1/2 was confirmed to entrap the ASCP/UR complex within the cavity of γCD. These results suggest that the inclusion complex is formed at the molar ratio (1/2) of AU (ASCP/UR = 1/12)/γCD by the ground mixture method. In this study, we focused on the physicochemical properties during complex formation. In the future, it would be interesting to evaluate the antioxidant test and melanogenesis inhibitory ability of ASCP as indicators of its functionality in the skin.
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Figure 1. Chemical structures of (a) Urea (UR), (b) γ-Cyclodextrin (γCD), (c) ASCP. 
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Figure 2. PXRD patterns of AU (ASCP/UR = 1/12)/γCD systems. (a) ASCP intact, (b) UR intact, (c) EVP AU (ASCP/UR = 1/12), (d) γCD intact, (e) PM (AU (ASC/UR = 1/12)/γCD = 1/1), (f) PM (AU (ASC/UR = 1/12)/γCD = 1/2), (g) GM (AU (ASC/UR = 1/12)/γCD = 1/1), (h) GM (AU (ASC/UR = 1/12)/γCD = 1/2)●: ASCP, ★: UR (tetragonal form), ☆: UR (hexagonal form), ■: γCD, □: γCD (tetragonal-columnar form). 
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Figure 3. DSC curves of AU (ASCP/UR = 1/12)/γCD systems. (a) ASCP intact, (b) UR intact, (c) EVP AU (ASCP/UR = 1/12), (d) γCD intact, (e) PM (AU (ASCP/UR = 1/12)/γCD = 1/1), (f) PM (AU (ASCP/UR = 1/12)/γCD = 1/2), (g) GM (AU (ASCP/UR = 1/12)/γCD = 1/1), (h) GM (AU (ASCP/UR = 1/12)/γCD = 1/2). 
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Figure 4. DSC curves of GM (AU (ASCP/UR)/γCD) systems. (a) GM (2/1), (b) GM (1/1), (c) GM (2/3), (d) GM (1/2). 
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Figure 5. IR Spectra of AU (ASCP/UR = 1/12)/γCD systems. (a) ASCP intact, (b) UR intact, (c) EVP AU (ASCP/UR = 1/12), (d) γCD intact, (e) PM (AU (ASC/UR = 1/12)/γCD = 1/1), (f) PM (AU (ASC/UR = 1/12)/γCD = 1/2), (g) GM (AU (ASC/UR = 1/12)/γCD = 1/1), (h) GM (AU (ASC/UR = 1/12)/γCD = 1/2). 
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Figure 6. Second-derivative NIR absorption spectra for an AU (ASCP/UR = 1/12)/γCD system. (a) 7500–6900 cm−1, (b) 5900–5600 cm−1, (c) 5500–4900 cm−1. 
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Table 1. Solubility of AU (ASCP/UR = 1/12)/γCD systems.
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	Samples
	ASCP (µg/mL)





	ASCP intact
	1.49 ± 0.06



	EVP AU (ASCP/UR = 1/12)
	1.76 ± 0.05



	PM (AU (ASC/UR = 1/12)/γCD = 1/2)
	1.95 ± 0.14



	GM (AU (ASC/UR = 1/12)/γCD = 1/2)
	2.77 ± 0.44



	GM (ASCP/γCD) [26]
	19.6 ± 3.57







Results were expressed as mean ± S.D. (n = 3) at 37 °C.
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