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Abstract

:

Hesperetin (HES) is a key biological active ingredient in citrus peels, and is one of the natural flavonoids that attract the attention of researchers due to its numerous therapeutic bioactivities that have been identified in vitro. As a bioenhancer, piperine (PIP) can effectively improve the absorption of insoluble drugs in vivo. In the present study, a cocrystal of HES and PIP was successfully obtained through solution crystallization. The single-crystal structure was illustrated and comprehensive characterization of the cocrystal was conducted. The cocrystal was formed by two drug molecules at a molar ratio of 1:1, which contained O–H–O hydrogen bonds between the carbonyl and ether oxygen of PIP and the phenolic hydroxyl group of HES. In addition, a solubility experiment was performed on powder cocrystal in simulated gastrointestinal fluid, and the result revealed that the cocrystal improves the dissolution behavior of HES compared with that of the pure substance. Furthermore, HES’s bioavailability in the cocrystal was six times higher than that of pristine drugs. These results may provide an efficient oral formulation for HES.
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1. Introduction


Numerous drugs are widely known to have polymorphism which leads to differences in bioavailability and activity indicators. Statistics show that approximately 85% of marketed drugs are crystal products, and most clinical drugs have structural specificity. Therefore, a drug’s crystal structure is a key factor in determining its efficacy [1,2]. Existing research on drugs for polymorphism have focused on polymorphs, solvates, cocrystals, and salt formulation. In the last two decades, pharmaceutical cocrystals have been widely used in academia and industries to optimize the physicochemical properties of a given active pharmaceutical ingredient, such as stability, solubility, dissolution rate, bioavailability, and tabletability, etc. [3,4,5,6,7,8]. Hence, numerous studies on the fundamental aspects and applications of cocrystallization have been published, and several cocrystals are currently on the market or under clinical trial phases, e.g., sacubitril-disodium valsartan-water (EntrestoTM), escitalopram oxalate-oxalic acid (Lexapro®), ertuglifozin-L-pyroglutamic acid and tramadol-celecoxib [9,10,11,12,13]. These indicated that cocrystal formation is an effective method for improving drug’s solubility and oral bioavailability.



HES is the aglycone of hesperidin, and is largely derived from sweet oranges and lemons belonging to the citrus species. The chemical structure of HES is shown in Figure 1 and its IUPAC name is ((S)-2,3-dihydro-5,7-dihydroxy-2-(3-hydroxy-4 methoxy-phenyl)-4H-1-benzopyran-4-one). Similar to most flavonoids, HES is also a natural antioxidant and has anti-inflammatory, anti-atherosclerotic, and anti-diabetic properties [14,15,16,17,18]. Several studies have reported that HES can ameliorates anxiety and depression-like behaviors by enhancing Glo-1 and activating the Nrf2/ARE pathway in the brain of diabetic rats and high glucose cultured SH-SY5Y cells [19]. HES is also regarded as a natural product for the prevention and treatment of cancer [20,21]. Moreover, HES and its derivatives may improve complex central nervous system diseases such as Alzheimer’s disease (AD) [19,22]. However, the clinical development of HES is limited because of poor water solubility. Numerous HES cocrystals with picolinic acid (PICO), nicotinamide (NICO), caffeine (CAFF), and temozolomide (TMZ-HSP) have been reported, the first three cocrystals in aqueous buffer showed maximum concentration of HES to be nearly four to five times higher than the pure substance, and for TMZ-HSP, the maximum solubility of HES was significantly increased by 17.8 (at pH 1.2) and 26.3 (at pH 6.8) times [23,24]. The increase in solubility of the above HES cocrystals is due to the water-soluble coforms. Currently, many other water-soluble components were selected for drugs’ cocrystals, such as nicotinamide, isonicotinamide, theobromine, theophylline, caffeine, betaine, and urea [25,26,27,28,29].



Although solubility is a major limiting factor in hydrophobic drugs’ bioavailability, the efflux of intestinal P-glycoprotein (P-gp), the metabolism of cytochrome P450, and the degradation of drugs by intestinal bacterial enzymes also significantly contribute to reduce drugs’ oral bioavailability [30,31]. Therefore, an integrated strategy that uses a suitable bioenhancer along with poorly soluble drugs to form cocrystals not only can maintain the desired supersaturation but also reduce the efflux of drugs to improve bioavailability. PIP (1-piperoylpiperidine) is an alkaloid (Figure. 1) mainly isolated from the pepper species (Piperaceae family). PIP can inhibit the functional activity of metabolic enzymes, such as CYP3A4, CYP1B1, CYP1B2, and CYP2E1; modulate drug transporters and increase drug absorption through the cell membrane by increasing the vasodilation of the gastrointestinal membrane [32,33]. The literature reported that PIP can drastically enhance the bioavailability of resveratrol (RSV) and curcumin compound when co-administrated [34,35]. In the cocrystal study of RSV and PIP, it was shown that RSV and PIP formed four cocrystals. Considering toxicity of solvent molecules, only RSV-Pip co-1 was utilized for further dissolution and pharmacokinetic experiments. Regrettably, it was found that the solubility of the RSV-Pip co-1 was lower than that of the original RSV, resulting in no improvement in the bioavailability of the cocrystal. This may be due to the fact that the solubility of PIP is low, and the molar ratio of RSV and PIP in the cocrystal is 1:2. After formation of cocrystal, the solubility of RSV is significantly reduced, leading to worse bioavailability [36]. However, for cocrystal of ursolic acid (UA) and PIP (1.5:1), the saturation solubility of UA in cocrystal combination was approximately 7-fold that of crystalline UA in an acid medium and 5.3-fold that of UA in a near neutral medium; the pharmacokinetic study of cocrystal UA in rats exhibited 5.8-fold improvement in AUC0-∞ value compared with the free solution. This enhancement in solubility of cocrystal UA-PIP arose from the hydrogen bond between the two molecules, which destroyed the long-range order of the component, and improvement of solubility helped achieve sufficient concentration in blood. Importantly, the inhibitory effect on P-gp and CYP3A4 induced by PIP, to some extent, was responsible for the prolonged systemic exposure of drugs, thereby increasing the permeability and oral efficacy of the cocrystal UA [37]. In addition, the cocrystal study of PIP and succinic acid can also prove that PIP has hydrogen bond acceptors and it can form cocrystals with molecules with hydrogen bond donor groups [38]. As a natural product, PIP had many advantages compared with other chemical entities, such as low cost due to easy availability of plant material and the extraction and isolation methods of PIP are easy and well known [39]. Most notably, it is safe to use. The current work thus selected PIP as a cocrystal former to prepare a cocrystal with HES to increase bioavailability of HES. One cocrystal of HES and PIP was obtained via multiple methods and characterized comprehensively. The crystal structure was successfully determined by single-crystal X-ray diffraction (SCXRD). The cocrystal’s solubility and bioavailability were also examined to evaluate its pharmaceutical applicability.




2. Materials and Methods


2.1. Materials


HES (purity ≥ 97%) was obtained from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). PIP (purity ≥ 98%) was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Other reagents were procured from Sigma (Shanghai, China). Deionized water was prepared using the Hitech-K flow water purification system from Hitech Instruments Co., Ltd. (Shanghai, China).




2.2. Methods


2.2.1. Preparation of HES–PIP Cocrystal


In a typical experiment, HES and PIP at 1:1, 2:1, and 1:2 M ratios were dissolved in ethanol. The two solutions were then mixed by closing the bottle and stirring mixture. Solids were found in solution as the solubility decreased in the cocrystal. The solution was stirred continuously for 12 h at room temperature to fully crystalize. The resulting suspension was centrifuged to an isolated solid and then dried under vacuum at 50 °C for 24 h. A large amount of powder samples was achieved, with a yield of approximately 80%.




2.2.2. Single Crystal X-ray Diffraction (SCXRD)


The HES–PIP cocrystal needed to be sufficiently large and robust to be analyzed by SCXRD. The supernatant remained after the powder sample prepared was collected, covered by a parafilm with several small holes, and slowly evaporated at room temperature. Block single HES–PIP cocrystals were obtained after three days. This process was also used to the comprehensively convert the reactants into the desired products without waste.



The SCXRD data on the HES-PIP cocrystal were obtained using a Bruker Smart Apex II CCD diffractometer with Mo–Kα radiation (λ = 0.71073 Å) at 296 K. The structure was solved by direct methods and refined against F2 using SHELXL-97 package [40,41]. All calculations were performed using SHELXTL Ver. 6.10. All figures were drawn using Mercury Ver. 3.3 [42]. The final positional and thermal parameters for the HES–PIP cocrystal are listed in the deposited CIF file, and the CCDD number is 2122688.




2.2.3. Differential Scanning Calorimetry (DSC) and Thermogravimetric (TG)


DSC/DTA-TG STA 449 F5 Jupiter® (NETZCH, Selb, Germany) instrument was used to test the melting point and analyze thermal behaviors of samples. The difference in the material’s crystal structure caused the change in melting point. Approximately 4–6 mg of samples (i.e., HES, PIP, or cocrystal) were placed in an aluminum pan, covered with a lid, and heated from 40 °C to 500 °C at a rate of 10 °C/min, using N2 as purge gas and protect gas at a flow rate of 50 mL/min. The signals of DSC and TG were collected simultaneously.




2.2.4. High Performance Liquid Chromatography (HPLC)


The cocrystal’s content was determined by HPLC using Waters Delta 600 pump and a 2487 UV detector. An amount of 5 mg of cocrystal was accurately weighed and dissolved in methanol. Then 10 uL was taken for detection by HPLC. The mobile phase was a mixture of acetonitrile and water (v:v, 1:1) with a flow rate of 1 mL/min at 37 °C, and the chromatographic column was a DIKMA Diamonsil C18 reverse-phase column (250 mm × 4.6 mm, 5 μm, China). The detection wavelengths were 280 and 343 nm for HES and PIP, respectively.




2.2.5. Powder X-Ray Diffraction (PXRD)


The PXRD measurements of HES, PIP, and the HES–PIP cocrystal were performed using an XRD-6100 powder X-ray diffractometer (Shimadzu Corp., Tokyo, Japan) with Cu-Kα radiation at 30 mA and 40 kV. The XRD patterns of all samples were collected from 2θ° = 4° − 60° with a scan speed of 4°/min at room temperature. The experimental PXRD result was compared with the PXRD patterns calculated from the single-crystal test to confirm the composition of cocrystal.




2.2.6. Fourier Transform Infrared (FT-IR)


FT-IR studies were performed on IRAffinity-1 (SHIMADZU, Kawasaki, Japan) in the range of 4000–500 cm−1 (4 cm−1 resolution, 32 scans) via KBr pellet method. The crystal samples were weighed and ground with KBr at a certain ratio (1:100, w/w) and then compressed into tablets for analysis. The scanning frequency was 32 times, and the resolution was 4 cm−1.




2.2.7. Solubility Experiments


The solubility of the HES–PIP cocrystal in simulated gastrointestinal fluid was measured in the present study following the method described in the literature but slightly modified [24]. The samples were previously milled and sieved (75–150 μm) before examination to reduce the effect of the crystal’s size on its solubility behavior. A specific amount (containing 25 mg of HES) of the HES–PIP cocrystal was weighed and added into a centrifuge tube containing 5 mL dissolving medium, and the suspension was incubated at 37 ± 0.2 °C rotating at 100 rpm. Taking a tube at 0.25 h, 0.5 h, 1 h, 2 h, 4 h, 6 h, 8 h, 12 h, 24 h, and 48 h, the samples were centrifuged at 12,000 rpm for 5 min, and the supernatant was diluted with methanol and analyzed by HPLC. The cocrystal’s solubility at different times was compared with that of raw HES. The solubility experiment was conducted in triplicate. The residual solid in each tube was also analyzed by PXRD.



The cocrystal’s supersaturation factor (SF) was calculated through the drug supersaturation–time curve following the method presented in a previous study [43], and the calculation formula is as follows:


  SF =     AUC   0.25 − 48    h   (  Cocrystal  )        AUC   0.25 − 48    h   (  Hesperetin  )       



(1)




where SF is the supersaturation factor, AUC0.25–48 h (Cocrystal) is the area under the curve of the cocrystal supersaturation–time profile, and AUC0.25–48 h (Hesperetin) is the area under the curve for a saturated solution.




2.2.8. Bioavailability


Eighteen Sprague–Dawley rats weighing 220–250 g were randomly divided into three groups (n = 6), fasted for 12 h but freely given water before the experiment. The HES, the physical mixture of HES and PIP, and the HES–PIP cocrystal were delivered by gavage at a dose equivalent to 80 mg of the HES/kg body weight of the animal as a suspension in water. Next, 500 µL blood was withdrawn and placed in a centrifuge tube with heparin from the eye sockets of rats at 0.25 h, 0.5 h, 1 h, 2 h, 4 h, 6 h, 8 h, 12 h, 24 h, and 48 h after oral administration. The plasma was separated by centrifugation (4000 rpm, 15 min) and saved at −80 °C until analysis. Next, 100 µL of plasma sample was added into 400 μL of methanol and vortexed for 5 min to fully precipitate the protein [44], then centrifuged at 10,000 rpm for 10 min. The supernatant was then transferred to another tube and evaporated to remove the solvent under a stream of nitrogen. The residual solid was then dissolved in methanol with vortex oscillation for 3 min, and the mixture was centrifuged at 10,000 rpm for 10 min. Finally, the supernatant was analyzed via HPLC method for HES content. PK parameters were obtained on the basis of a model-independent method using DAS 2 program.






3. Results and Discussion


3.1. Cocrystal Screening by DSC


DSC and TG analysis are conventional and useful techniques to determine the thermal behaviors of solid samples. Being the simplest and fastest method for selecting systems that produce cocrystals, the DSC method was thus applied for preliminary screening [45]. In the thermogram (Figure 2a), the melting points of HES and PIP were 232.5 °C and 132.5 °C, respectively. Results revealed that when a physical mixture of HES and PIP at a molar ratio of 1:1 is heated via DSC, two endothermic peaks at 109.5 °C and 145.5 °C and a small exothermic peak at 123.3 °C can be observed. Considering the relationship between a physical mixture’s thermal behavior and cocrystal formation, an exothermic peak associated with cocrystal formation was detected immediately after the occurrence of an endothermic peak when the physical mixture consisting of two components capable of cocrystal formation was heated via DSC [46,47]. The current work thus predicted that HES and PIP will form a cocrystal. This study obtained bulk crystals in the mixed solution of HES and PIP and identified them through DSC. The thermal behavior of all crystals exhibited a single endothermic peak at 152 °C under the three molar ratios, which differ from those of the raw materials (Figure 2a). HLPC was performed to identify the crystal’s composition to rule out the possible interference of recrystallization for individual components. The result showed that the crystal contains HES and PIP, and the molar ratio of HES and PIP is 1:1 after calculation. The cocrystal system of HES–PIP was established successfully on the basis of the above results [48,49]. The TG image showed that HES, PIP, and the HES–PIP cocrystal were free from crystalline water or solvents in the lattice and begin to decompose at approximately 252.5 °C, 267.4 °C, and 254.9 °C, respectively.




3.2. Crystal Structure Analysis


The cocrystals’ structure including supramolecular synthons, crystal-packing details, and the location of hydrogen bonds in the supramolecular synthons can be obtained by vSCXRD analysis [23]. The crystallographic data and refinement details are depicted in Table 1. Fuji et al. [50] reported that the structure of HES is crystallized in the monoclinic space group P21/c with the following unit cell parameters: a = 12.464 (2) Å, b = 16.226 (3) Å, c = 7.102 (1) Å, α = 90°, β = 104.24 (2)°, and γ = 90°. Compared with the crystal structure of HES, the SCXRD analysis of the HES–PIP cocrystal (Figure 3a) revealed that it crystallizes in the P-1 space group of the triclinic system which consists of one molecule of HES and one molecule of PIP in the asymmetric unit (Z = 2). As shown in Table 1, the cell length and cell angle of HES–PIP were a = 10.531 (2) Å, b = 11.879(3) Å, c = 13.363 (1) Å, and α = 105.644 (2)°, β = 111.934 (2)°, and γ = 100.486 (2)°. The information about the cocrystal is provided in Table 2 and Figure 3a. The crystal cell has two HES molecules and two PIP molecules. These molecules contact each other by O–H···O hydrogen bond interaction (O1H1···O8 2.243 Å, O5H5···O7 1.865 Å). This kind of connection forms a head-to-tail combination, creating a ring-shaped 2D structure (Figure 3b). The sheets are then further stacked along the C axis to form a 3D framework (Figure 3c) through the moderate π-π interaction stemming from staggered PIP molecules in two adjacent layers.



A previous study has shown that intramolecular hydrogen bonds exist at O6H6AO4 in the HES’s structure, and an intermolecular hydrogen bond exists between -O5H5 of one molecule and -O6H6A of the other. However, a new connection (O1H1O2 2.220 Å) appeared in the HES–PIP structure. These changes on the crystal structure indicated that HES’s physicochemical properties will be affected due to the formation changes in the of HES–PIP cocrystal’s internal hydrogen bond existence.




3.3. Powder PXRD Analysis


In this part, the powder sample’s PXRD pattern is compared with the simulated PXRD obtained from the SCXRD analysis, which will also prove whether the material has starting materials or impurities. As shown in Figure 4, the HES–PIP cocrystal (blue line) has diffraction peaks at the 7.65°, 8.82°, 9.52°, 10.32°, 12.12°, 13.62°, 22.42°, 23.44°, and 24.38° positions (2θ) which are absent in HES and PIP. HES exhibits characteristic reflections at 7.24°, 16.90°, 17.64°, 26.18°, and 29.42°. The characteristic peaks of PIP are at 14.70°, 15.96°, 19.54°, 22.52°, 25.81°, and 27.90°. The experimental PXRD pattern is consistent with the simulated one calculated from SCXRD data (green line), confirming the crystalline-phase purity of the achieved powder cocrystal.




3.4. FTIR Analysis


Intermolecular interactions in the HES–PIP cocrystal were completely revealed by the solved crystal structures. This study also attempted to obtain more information about the intermolecular interactions of functional groups involved in the changes in their vibrational frequencies via FTIR spectra analysis (Figure 5). For HES, the characteristic peaks appear at 3500 cm−1 and 1637 cm−1, corresponding to the O–H and C=O stretching vibrations, respectively [51]. PIP’s structure contains several functional groups, such as a benzene ring, C–O, and C–N, forming a long conjugate system with C=C bonds. The characteristic peaks located at 3008 cm−1, 1583 cm−1, 1492 cm−1, and 1446 cm−1 were attributed in the stretching vibration of -CH on the aromatic ring. The C=C and C=O stretching vibrations were observed at 2938 and 1633/1583 cm−1, respectively. For the HES–PIP cocrystal, the C=O stretching vibrations were observed at 1652 and 1622 cm−1, and the –OH stretching was shifted to 3504 cm−1. These red-shifts occurring in the FTIR spectra reflect the hydrogen-bonding modes accompanying cocrystal formation.




3.5. Analysis of the Solubility Analysis


Considering the HES’s poor water solubility, this study attempted to modify its physicochemical properties using cocrystals to improve its hydrophilicity. The result of the equilibrium solubility test on the HES–PIP cocrystal in simulated gastrointestinal fluid at different times are illustrated in Figure 6a,b. The solubility of HES in two buffers increased with time, and the dissolution rate slowed down and reached equilibrium after 12 h. Pure HES has a maximum solubility of 23.13 μg/mL (pH 1.2) and 21.12 μg/mL (pH 6.8). Moreover, the physical mixture of the two compounds could not increase HES’s solubility (pink line in Figure 6a,b). After the formation of the HES–PIP cocrystal, the solubility of HES was effectively increased to 44.89 at 8 h (pH 1.2) and 41.55 μg/mL at 6 h (pH 6.8). HES’s concentration then started dropping but remained steadily close to the levels exhibited by pure HES. The reason for this dissolution behavior was the breakdown of cocrystals to their starting molecules on extended exposure to aqueous medium, which will be further confirmed by the PXRD analysis of the residue. This peculiar effect known as the parachute effect offers a comfortable period window considered sufficient for the cocrystal to be absorbed into the systemic circulation before it releases the active constituent [52]. The degree of supersaturation as a function of time was calculated to further investigate the dissolution behavior of the HES–PIP cocrystal in vitro. The SF was expressed as the ratio of the area under the degree of HES–PIP supersaturation–time profiles up to 48 h (AUC0.25–48 h). The AUC0.25–48 h for a HES-saturated solution was calculated to be 1.35 and 1.69 in simulated gastrointestinal fluid.



The crystalline phases of the remaining materials were also examined after equilibrium solubility experiments (48 h). The result of PXRD is shown in Figure 6c. The remaining solids mainly showed several characteristic peaks of the HES–PIP cocrystal, such as 7.65° and 24.38°, but the characteristic peaks of raw HES and PIP were also present, they are 16.90°, 26.18°, and 19.54°, 25.52°, respectively. This result implies that the HES–PIP molecules decomposed into the original molecules in the dissolution media, and will recrystallize due to poor solubility. This result also explains the change of HES’s dissolution behavior in the HES–PIP cocrystal.




3.6. Bioavailability Analysis


Katherine’s “melting point-based absorption potential” model describes an interesting and potentially useful relationship between the fraction absorbed and a drug’s melting point. Generally, low-melting compounds are more likely to be well absorbed than high-melting compounds. For every 100 °C increase in melting point, the maximum dose increases by 10 times, which will provide at least 50% absorption [53]. In the current work, the melting point of the HES–PIP cocrystal was lower than that of the raw HES, which may provide better absorption in vivo. This result is confirmed by the bioavailability analysis.



After oral administration and subjection of the samples to a series of tests, the plasma drug concentration–time curves of the pure HES, the HES–PIP cocrystal, and the physical mixture of HES and PIP were plotted (Figure. 7). The Cmax and AUC(0–t) of HES were 0.12 μg/mL and 0.53 µg/mL·h, while the Cmax and AUC(0–t) of the physical mixture were 0.19 μg/mL and 1.17 µg/mL·h, respectively. These results indicate that HES’s oral bioavailability can be drastically improved when co-administrated with PIP. This result is consistent with reports that PIP is a bioenhancer, that is its benefit can help in improving the absorption of insoluble drugs in vivo [54]. As shown in Figure 7 and Table 3, the Cmax and AUC(0–t) of HES–PIP cocrystal were 0.61 μg/mL and 3.23 µg/mL·h. The bioavailability of HES in HES–PIP is significantly higher than that of pure HES by six times. Moreover, the related PK parameters of pure HES, the HES–PIP cocrystal, and the physical mixture were calculated, and the results are presented in Table 3. The t1/2 of free pure HES, the HES–PIP cocrystal, and the physical mixture were 3.01 h, 2.68 h, and 3.26 h, while their MRT(0–t) were 5.86 h, 4.47 h, and 7.86 h, respectively. Compared with pure HES, the higher plasma concentration and bioavailability of HES may be due to the better solubility of the HES–PIP cocrystal, which allows intestinal cells to easily absorb drugs. Meanwhile, PIP can inhibit the efflux of P-glycoprotein on intestinal cells to extend the retention time of a drug in vivo, which is conducive to the absorption of HES. HES cocrystals with picolinic acid, nicotinamide, and caffeine have been reported in previous research [24], and their maximum plasma concentrations were 0.63 μg, 1.15 μg, and 1.27 μg/mL, respectively. The relative bioavailability achieved was nearly 1.6 times for HESP–CAFF and HESP–NICO, 1.36 times for HESP–PICO as compared with that of pure HES, but six times for the HES–PIP cocrystal. Although solubility is lower than these three cocrystals, the HES–PIP cocrystal evidently showed a great advantage in terms of bioavailability due to the presence of PIP as bioenhancer. Therefore, the HES–PIP cocrystal is also expected to be developed into a new HES solid formulation in the future.





4. Conclusions


Following Etter’s rule of best donor–best acceptor pairing of hydrogen bonds, this study prepared HES cocrystals by specifically selecting coformers containing proper functional groups and biological activity. HES–PIP cocrystals were obtained, and their single-crystal structures were analyzed. These cocrystals are connected by hydrogen bonds between HES and PIP with a 1:1 stoichiometric ratio. In addition, the routine physical and chemical properties of the cocrystal were systematically characterized, and the cocrystal’s solubility and bioavailability were evaluated. As expected, the solubility and plasma concentration of the HES–PIP cocrystal significantly increased in comparison with those of pure HES. The formation of the HES–PIP cocrystal also reduced the difference of the dissolution rates between HES and PIP. These results not only provide an alternative formulation for HES but also encourage further cocrystallization trials of PIP with more compounds to be developed as an efficient oral formulation of a drug combination. These cocrystallization trials of PIP will help in overcoming the weaknesses of each parent drug.







Author Contributions


Conceptualization, X.Z. (Xiuhua Zhao) and Y.L.; methodology, Y.L., F.Y., S.W., Q.Y. and X.Z. (Xiaoxue Zhang); software, Y.L.; validation, Y.L., F.Y. and S.W.; writing—original draft preparation, Y.L.; writing—review and editing, X.Z. (Xiuhua Zhao) and Y.L.; project administration, X.Z. (Xiuhua Zhao); funding acquisition, X.Z. (Xiuhua Zhao). All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Excellent Youth Foundation of Heilongjiang Scientific Committee (Grant no. JC2018005), Heilongjiang Touyan Innovation Team Program (Tree Genetics and Breeding Innovation Team), the 111 Project (B20088), and the Fundamental Research Funds for Universities of Heilongjiang Province (Grant No. 2019-KYYWF-1243).




Institutional Review Board Statement


In pharmacokinetic experiments, the animal use and care protocol were reviewed and approved by the Ethics Committee of the Harbin Medical University (approval No. HMUIRB-2008-06). All experiments were conformed to the Guide for Care and Use of Laboratory Animals.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Tiekink, E.; Vittal, J.J. Frontiers in Crystal Engineering; Wiley: Hoboken, NJ, USA, 2006. [Google Scholar]

	



Tawashi, R. Gastrointestinal absorption of two polymorphic forms of aspirin. J. Pharm. Pharmacol. 2011, 21, 701–702. [Google Scholar] [CrossRef]

	



Thakuria, R.; Delori, A.; Jones, W.; Lipert, M.P.; Roy, L.; Rodríguez-Hornedo, N. Pharmaceutical cocrystals and poorly soluble drugs. Int. J. Pharm. 2013, 453, 101–125. [Google Scholar] [CrossRef] [PubMed]

	



Box, K.J.; Comer, J.; Taylor, R.; Karki, S.; Ruiz, R.; Price, R.; Fotaki, N. Small-Scale Assays for Studying Dissolution of Pharmaceutical Cocrystals for Oral Administration. AAPS PharmSciTech 2015, 17, 245–251. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Nanda, A. Pharmaceutical Cocrystals: An Overview. Indian J. Pharm. Sci. 2017, 79, 858–871. [Google Scholar] [CrossRef]

	



Karagianni, A.; Malamatari, M.; Kachrimanis, K. Pharmaceutical Cocrystals: New Solid Phase Modification Approaches for the Formulation of APIs. Pharmaceutics 2018, 10, 18. [Google Scholar] [CrossRef]

	



Sathisaran, I.; Dalvi, S.V. Engineering Cocrystals of Poorly Water-Soluble Drugs to Enhance Dissolution in Aqueous Medium. Pharmaceutics 2018, 10, 108. [Google Scholar] [CrossRef]

	



Roy, P.; Ghosh, A. Progress on cocrystallization of poorly soluble NME’s in the last decade. Crystengcomm 2020, 22, 6958–6974. [Google Scholar] [CrossRef]

	



Kumari, N.; Ghosh, A. Cocrystallization: Cutting Edge Tool for Physicochemical Modulation of Active Pharmaceutical Ingredients. Curr. Pharm. Des. 2020, 26, 4858–4882. [Google Scholar] [CrossRef]

	



Sible, A.M.; Nawarskas, J.J.; Alajajian, D.; Anderson, J.R. Sacubitril/Valsartan A Novel Cardiovascular Combination Agent. Cardiol. Rev. 2016, 24, 41–47. [Google Scholar] [CrossRef] [PubMed]

	



Kaduk, J.A.; Gindhart, A.M.; Blanton, T.N. Powder X-ray diffraction of escitalopram oxalate oxalic acid hydrate, (C20H21FN2O)2(C2O4)(H2C2O4)(H2O)0.16. Powder Diffr. 2021, 36, 68–69. [Google Scholar] [CrossRef]

	



Videla, S.; Lahjou, M.; Vaqué, A.; Sust, M.; Encabo, M.; Soler, L.; Sans, A.; Sicard, E.; Gascón, N.; Encina, G.; et al. Single-dose pharmacokinetics of co-crystal of tramadol-celecoxib: Results of a four-way randomized open-label phase I clinical trial in healthy subjects. Br. J. Clin. Pharmacol. 2017, 83, 2718–2728. [Google Scholar] [CrossRef] [PubMed]

	



Gascon, N.; Almansa, C.; Merlos, M.; Vela, J.M.; Encina, G.; Morte, A.; Smith, K.; Plata-Salamán, C. Co-crystal of tramadol-celecoxib: Preclinical and clinical evaluation of a novel analgesic. Expert Opin. Investig. Drugs 2019, 28, 399–409. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Zou, D.; Chen, X.; Wu, H.; Xu, D. Hesperetin inhibits foam cell formation and promotes cholesterol efflux in THP-1-derived macrophages by activating LXR alpha signal in an AMPK-dependent manner. J. Physiol. Biochem. 2021, 77, 405–417. [Google Scholar] [CrossRef] [PubMed]

	



Khan, M.S.; Rehman, T.; Ismael, M.A.; AlAjmi, M.F.; Alruwaished, G.I.; Alokail, M.S.; Khan, M.R. Bioflavonoid (Hesperidin) Restrains Protein Oxidation and Advanced Glycation End Product Formation by Targeting AGEs and Glycolytic Enzymes. Cell Biochem. Biophys. 2021, 79, 833–844. [Google Scholar] [CrossRef] [PubMed]

	



Liu, P.; Li, J.; Liu, M.; Zhang, M.; Xue, Y.; Zhang, Y.; Han, X.; Jing, X.; Chu, L. Hesperetin modulates the Sirt1/Nrf2 signaling pathway in counteracting myocardial ischemia through suppression of oxidative stress, inflammation, and apoptosis. Biomed. Pharmacother. 2021, 139, 111552. [Google Scholar] [CrossRef]

	



Teng, J.; Li, J.; Zhao, Y.; Wang, M. Hesperetin, A dietary flavonoid, inhibits AGEs-induced oxidative stress and inflammation in RAW264.7 cells. J. Funct. Foods 2021, 81, 104480. [Google Scholar] [CrossRef]

	



Wang, S.-W.; Sheng, H.; Bai, Y.; Weng, Y.; Fan, X.; Zheng, F.; Fu, J.; Zhang, F. Inhibition of histone acetyltransferase by naringenin and hesperetin suppresses Txnip expression and protects pancreatic beta cells in diabetic mice. Phytomedicine 2021, 88, 153454. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, X.; Zhang, Y.; Zhang, M.; Chen, Y.; Liu, Y. Hesperetin ameliorates diabetes-associated anxiety and depression-like behaviors in rats via activating Nrf2/ARE pathway. Metab. Brain Dis. 2021, 36, 1969–1983. [Google Scholar] [CrossRef]

	



Wang, J.; Li, Q.; Chen, Z.; Qi, X.; Wu, X.; Di, G.; Fan, J.; Guo, C. Improved bioavailability and anticancer efficacy of Hesperetin on breast cancer via a self-assembled rebau-dioside A nanomicelles system. Toxicol. Appl. Pharmacol. 2021, 419, 115511. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, L.; Gu, W.; Kui, F.; Gao, F.; Niu, Y.; Li, W.; Zhang, Y.; Guo, L.; Wang, J.; Guo, Z.; et al. The mechanism and candidate compounds of aged citrus peel (chenpi) preventing chronic obstructive pulmonary disease and its progression to lung cancer. Food Nutr. Res. 2021, 65. [Google Scholar] [CrossRef] [PubMed]

	



Babylon, L.; Grewal, R.; Stahr, P.-L.; Eckert, R.; Keck, C.; Eckert, G. Hesperetin Nanocrystals Improve Mitochondrial Function in a Cell Model of Early Alzheimer Disease. Antioxidants 2021, 10, 1003. [Google Scholar] [CrossRef]

	



Wang, J.; Dai, X.; Dai, X.; Lu, T.; Chen, J. Temozolomide-Hesperetin Drug-Drug Cocrystal with Optimized Performance in Stability, Dissolution, and Tabletability. Cryst. Growth Des. 2021, 21, 838–846. [Google Scholar] [CrossRef]

	



Chadha, K.; Karan, M.; Bhalla, Y.; Chadha, R.; Khullar, S.; Mandal, S.; Vasisht, K. Cocrystals of Hesperetin: Structural, Pharmacokinetic, and Pharmacodynamic Evaluation. Cryst. Growth Des. 2017, 17, 2386–2405. [Google Scholar] [CrossRef]

	



Emami, S.; Siahi-Shadbad, M.; Adibkia, K.; Barzegar-Jalali, M. Recent advances in improving oral drug bioavailability by cocrystals. BioImpacts 2018, 8, 305–320. [Google Scholar] [CrossRef]

	



Srivastava, D.; Kaur, C.D. Multicomponent Pharmaceutical Cocrystals: A Novel Approach for Combination Therapy. Mini-Rev. Med. Chem. 2018, 18, 1160–1167. [Google Scholar] [CrossRef]

	



Erxleben, A. Cocrystal Applications in Drug Delivery. Pharmaceutics 2020, 12, 834. [Google Scholar] [CrossRef]

	



Guo, M.; Sun, X.; Chen, J.; Cai, T. Pharmaceutical cocrystals: A review of preparations, physicochemical properties and applications. Acta Pharm. Sin. B 2021, 11, 2537–2564. [Google Scholar] [CrossRef]

	



Wong, S.N.; Chen, Y.C.S.; Xuan, B.; Sun, C.C.; Chow, S.F. Cocrystal engineering of pharmaceutical solids: Therapeutic potential and challenges. CrystEngComm 2021, 23, 7005–7038. [Google Scholar] [CrossRef]

	



Peterson, B.; Weyers, M.; Steenekamp, J.H.; Steyn, J.D.; Gouws, C.; Hamman, J.H. Drug Bioavailability Enhancing Agents of Natural Origin (Bioenhancers) that Modulate Drug Membrane Permeation and Pre-Systemic Metabolism. Pharmaceutics 2019, 11, 33. [Google Scholar] [CrossRef]

	



Nguyen, J.T.; Tian, D.; Tanna, R.S.; Hadi, D.L.; Bansal, S.; Calamia, J.C.; Arian, C.M.; Shireman, L.M.; Molnár, B.; Horváth, M.; et al. Assessing Transporter-Mediated Natural Product-Drug Interactions Via In vitro—In Vivo Extrapolation: Clinical Evaluation with a Probe Cocktail. Clin. Pharmacol. Ther. 2020, 109, 1342–1352. [Google Scholar] [CrossRef] [PubMed]

	



Ashour, E.A.; Majumdar, S.; Alsheteli, A.; Alshehri, S.; Alsulays, B.; Feng, X.; Gryczke, A.; Kolter, K.; Langley, N.; Repka, M.A. Hot melt extrusion as an approach to improve solubility, permeability and oral absorption of a psychoactive natural product, piperine. J. Pharm. Pharmacol. 2016, 68, 989–998. [Google Scholar] [CrossRef]

	



Lee, S.H.; Kim, H.Y.; Back, S.Y.; Han, H.-K. Piperine-mediated drug interactions and formulation strategy for piperine: Recent advances and future perspectives. Expert Opin. Drug Metab. Toxicol. 2017, 14, 43–57. [Google Scholar] [CrossRef]

	



Slika, L.; Moubarak, A.; Borjac, J.; Baydoun, E.; Patra, D. Preparation of curcumin-poly (allyl amine) hydrochloride based nanocapsules: Piperine in nanocapsules accelerates encapsulation and release of curcumin and effectiveness against colon cancer cells. Mater. Sci. Eng. C 2019, 109, 110550. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, J.J.; Nihal, M.; Siddiqui, I.A.; Scarlett, C.O.; Bailey, H.H.; Mukhtar, H.; Ahmad, N. Enhancing the bioavailability of resveratrol by combining it with piperine. Mol. Nutr. Food Res. 2011, 55, 1169–1176. [Google Scholar] [CrossRef]

	



He, H.; Zhang, Q.; Wang, J.-R.; Mei, X. Structure, Physicochemical properties and pharmacokinetics of resveratrol and piperine cocrystals. CrystEngComm 2017, 19, 6154–6163. [Google Scholar] [CrossRef]

	



Yu, D.; Kan, Z.; Shan, F.; Zang, J.; Zhou, J. Triple Strategies to Improve Oral Bioavailability by Fabricating Coamorphous Forms of Ursolic Acid with Piperine: Enhancing Water-Solubility, Permeability, and Inhibiting Cytochrome P450 Isozymes. Mol. Pharm. 2020, 17, 4443–4462. [Google Scholar] [CrossRef] [PubMed]

	



Zaini, E.; Afriyani, A.; Fitriani, L.; Ismed, F.; Horikawa, A.; Uekusa, H. Improved Solubility and Dissolution Rates in Novel Multicomponent Crystals of Piperine with Succinic Acid. Sci. Pharm. 2020, 88, 21. [Google Scholar] [CrossRef]

	



Ribeiro, T.; Freire-De-Lima, L.; Previato, J.O.; Previato, L.M.; Heise, N.; de Lima, M.E.F. Toxic effects of natural piperine and its derivatives on epimastigotes and amastigotes of Trypanosoma cruzi. Bioorg. Med. Chem. Lett. 2004, 14, 3555–3558. [Google Scholar] [CrossRef] [PubMed]

	



Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C 2015, 71, 3–8. [Google Scholar]

	



Guzei, I.A. An idealized molecular geometry library for refinement of poorly behaved molecular fragments with constraints. J. Appl. Crystallogr. 2014, 47, 806–809. [Google Scholar] [CrossRef]

	



Spek, A.L. Structure validation in chemical crystallography. Acta Crystallogr. Sect. D-Struct. Biol. 2009, 65, 148–155. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, C.; Gong, S.; Ding, J.; Yu, M.; Ahmad, E.; Feng, Y.; Gan, Y. Supersaturated polymeric micelles for oral silybin delivery: The role of the Soluplus–PVPVA complex. Acta Pharm. Sin. B 2018, 9, 107–117. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.-T.; Chen, J.-A.; Hsu, C.; Su, N.-W. Microbial Phosphorylation Product of Hesperetin by Bacillus subtilis BCRC 80517 Improves Oral Bioavailability in Rats. J. Agric. Food Chem. 2021, 69, 10184–10193. [Google Scholar] [CrossRef]

	



Vasilev, N.A.; Surov, A.O.; Voronin, A.P.; Drozd, K.V.; Perlovich, G.L. Novel cocrystals of itraconazole: Insights from phase diagrams, formation thermodynamics and solubility. Int. J. Pharm. 2021, 599, 120441. [Google Scholar] [CrossRef]

	



Yamashita, H.; Hirakura, Y.; Yuda, M.; Teramura, T.; Terada, K. Detection of Cocrystal Formation Based on Binary Phase Diagrams Using Thermal Analysis. Pharm. Res. 2012, 30, 70–80. [Google Scholar] [CrossRef] [PubMed]

	



Ervasti, T.; Aaltonen, J.; Ketolainen, J. Theophylline–nicotinamide cocrystal formation in physical mixture during storage. Int. J. Pharm. 2015, 486, 121–130. [Google Scholar] [CrossRef]

	



Hsu, P.-C.; Lin, H.-L.; Wang, S.-L.; Lin, S.-Y. Solid-state thermal behavior and stability studies of theophylline–citric acid cocrystals prepared by neat cogrinding or thermal treatment. J. Solid State Chem. 2012, 192, 238–245. [Google Scholar] [CrossRef]

	



Liu, M.; Hong, C.; Yao, Y.; Shen, H.; Ji, G.; Li, G.; Xie, Y. Development of a pharmaceutical cocrystal with solution crystallization technology: Preparation, characterization, and evaluation of myricetin-proline cocrystals. Eur. J. Pharm. Biopharm. 2016, 107, 151–159. [Google Scholar] [CrossRef]

	



Fujii, S.; Yamagata, Y.; Jin, G.-Z.; Tomita, K.-I. Novel Molecular Conformation of (R,S)-Hesperetin in Anhydrous Crystal. Chem. Pharm. Bull. 1994, 42, 1143–1145. [Google Scholar] [CrossRef]

	



Unsalan, O.; Erdogdu, Y.; Gulluoglu, M.T. FT-Raman and FT-IR spectral and quantum chemical studies on some flavonoid derivatives: Baicalein and Naringenin. J. Raman Spectrosc. 2009, 40, 562–570. [Google Scholar] [CrossRef]

	



Bavishi, D.D.; Borkhataria, C.H. Borkhataria, Spring and parachute: How cocrystals enhance solubility. Prog. Cryst. Growth Charact. Mater. 2016, 62, 1–8. [Google Scholar] [CrossRef]

	



Chu, K.A.; Yalkowsky, S.H. An interesting relationship between drug absorption and melting point. Int. J. Pharm. 2009, 373, 24–40. [Google Scholar] [CrossRef] [PubMed]

	



Singh, D.V.; Godbole, M.M.; Misra, K. A plausible explanation for enhanced bioavailability of P-gp substrates in presence of piperine: Simulation for next generation of P-gp inhibitors. J. Mol. Model. 2012, 19, 227–238. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 14 00094 g001 550] 





Figure 1. Chemical structures of HES and PIP. 
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Figure 2. DSC (a) and TG (b) curves of HES–PIP system. 
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Figure 3. (a) Cell packing, (b) 2D and (c) 3D hydrogen-bonded frameworks of HES–PIP. H-bonds are represented by dashed lines. 
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Figure 4. Comparison of experimental and calculated PXRD patterns of HES–PIP cocrystal, HES, PIP. 
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Figure 5. FTIR spectra of HES–PIP cocrystal, HES and PIP. 
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Figure 6. Equilibrium solubility of HES, HES in HES–PIP in simulated gastrointestinal juice (a, pH = 1.2), (b, pH = 6.8), and PXRD patterns after 48 h solubility test (c). The same color of symbol (*) represents the characteristic peak of the same substance. 
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Figure 7. Pharmacokinetic profile of HES, HES–PIP, and the physical mixture of HES and PIP. 
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Table 1. Crystallographic Data and Structure Refinement Parameters for the HES–PIP Cocrystals.
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	Compound
	HSP–PIP





	Chemical formula
	C33H33NO9



	Formula weight
	587.60



	Crystal size (mm)
	0.14 × 0.12 × 0.10



	Temperature (K)
	296 (2)



	Radiation (Å)
	0.71073



	Crystal system
	Triclinic



	Space group
	P −1



	a (Å)
	10.531 (2)



	b (Å)
	11.879 (3)



	c (Å)
	13.363 (3)



	α (°)
	105.644 (2)



	β (°)
	111.934 (2)



	γ (°)
	100.486 (2)



	V (Å3)
	1416.4 (5)



	Z
	2



	ρ(calc) (g/cm3)
	1.378



	F (000)
	620



	absorp.coeff. (mm−1)
	0.101



	θ range (deg)
	2.86 to 25.02



	reflns collected
	(Rint = 0.0143)



	indep. reflns
	4983



	Refns obs. [I > 2σ(I)]
	4331



	data/restr/paras
	4983/0/392



	GOF
	1.024



	R1/wR2 [I > 2σ(I)]
	0.0405/0.1079



	R1/wR2 (all data)
	0.0462/0.1071



	larg peak and hole (e/Å3)
	0.421/−0.265
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Table 2. Hydrogen-Bonding Distances and Angles for the HES–PIP.
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	Hydrogen Bond
	H-A (Å)
	D-A (Å)
	<D-H-A (Deg)
	Symmetry Code





	O1H1O2
	2.220
	2.667
	114.55
	



	O1H1O8
	2.243
	2.845
	130.52
	x − 2, y − 1, z − 1



	O5H5O7
	1.865
	2.679
	171.75
	−x + 1, −y + 2, −z + 1



	O6H6AO4
	1.870
	2.600
	147.63
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Table 3. Main pharmacokinetic parameters of free HES, HES–PIP cocrystal, and HES + PIP (physical mixture) in vivo (n = 6).
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	Parameters
	HES
	HES–PIP
	HES + PIP





	Cmax (µg/mL)
	0.12
	0.61
	0.19



	Tmax (h)
	0.5
	1
	1



	AUC(0–t) (µg/mL*h)
	0.53
	3.23
	1.17



	t1/2 (h)
	3.01
	2.68
	3.26



	MRT(0–t) (h)
	5.86
	4.47
	7.86
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