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	Piperine is included in Class II of the Biopharmaceutical Classification System. Piperine has low solubility in water, resulting in low bioavailability. To improve the physicochemical properties and increase the dissolution rate of piperine, multicomponent crystals were prepared by solvent-drop grinding, using ethanol pa with the addition of nicotinic acid as a coformer. The formation of multicomponent crystals was achieved by varying the mole ratios in the formulas (F): F1 (1:1), F2 (2:1), and F3 (1:2). The multicomponent crystals were characterized by X-ray diffraction (XRD), differential scanning calorimetry (DSC), Fourier-transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), solubility tests, and dissolution profiles using a type II paddle. The XRD patterns showed a decrease in the intensity of the multicomponent crystal formula compared to piperine and the physical mixture. The DSC thermograms showed a decrease in endothermic peaks and enthalpy values. The FTIR spectra confirmed that there was no chemical interaction between piperine and nicotinic acid. SEM analyses showed the formation of new crystal habits. The solubility tests and dissolution profiles showed a significant increase in the amount of solute from the crystalline multicomponent formula compared to intact piperine and the physical mixture. Therefore, the multicomponent piperine-nicotinic acid crystals can improve the physicochemical properties and increase the dissolution rate of piperine.
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Introduction 
                Piperine belongs to Class II of the Biopharmaceutical Classification System (BCS)1 as it has low solubility in water,2 resulting in low bioavailability.3 Water solubility is an important physicochemical parameter that determines aspects of the formulation and drug delivery in a dosage form.4 Approximately 40% to up to 70% of active ingredients developed in the pharmaceutical industry have low water solubility.5,6,7 
Crystal engineering with the formation of multicomponent crystals is one of the techniques used to increase the solubility of piperine.5,8 Multicomponent crystals can change the physicochemical properties of formulations without changing the chemical properties of the drug and can also increase the rate of dissolution.9,10 Multicomponent crystals are formed between the molecules of the drug and cocrystal-forming compounds called coformers. Multicomponent crystals are arranged stoichiometrically in the solid state to create new crystal forms through non-covalent bonds, especially through hydrogen bonds formed between the active ingredient and the coformer to attain superior properties for each active form.10
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The coformer must be selected among generally regarded as safe (GRAS) substances so that it is safe to use.11 Coformers can be excipients or active pharmaceutical ingredients.12 Coformers can be selected through several approaches based on their functional groups, their tendency to form hydrogen bonds, their formation of supramolecular synthones, or the pKa value between the coformer and the active ingredient.13,14  
In this study, the coformer was nicotinic acid, which is also known as niacin or vitamin B3, and is a water-soluble vitamin widely used as an additive in foods and cosmetics.15  Nicotinic acid is often used as a solid pharmaceutical ingredient, which can affect the physicochemical properties of the drug, such as its crystallinity, particle size, particle morphology, and dissolution rate. This ultimately affects the therapeutic effect of the drug.16,17 
Here, we evaluated the effects of the formation of multicomponent crystals of piperine with nicotinic acid on the physicochemical properties, solubility, and dissolution profiles of the obtained drug.
 
Materials and Methods
Materials
The materials used in this study were natural piperine (isolated from Piper nigrum L. at STIFARM Padang), piperine as references (Sigma Aldrich), nicotinic acid (Sigma Aldrich), acetonitrile HPLC grade (Merck), methanol (Merck), and distilled water (PT. Ikapharmindo Putramas).
 
Isolation of piperine from Piper nigrum L.
Black pepper simplicia powder was weighed 300 g and then soxhleted using 900 mL methanol until clear. Soxhletation results were filtered and then evaporated with a vacuum evaporator until only 1/3 part remained. The filtrate formed was added with 20 mL of 10% KOH solution and left for 24 hours. The crystals formed were separated from the solution, and washed with ethyl acetate with the aid of heating. The crystals formed were recrystallized by adding a few drops of hexane. The solution is allowed to form crystals. The crystals formed were separated from the solution, allowed to dry, and stored in a desiccator before use.1
 
Preparation of multicomponent crystals of piperine- nicotinic acid 
Multicomponent crystals of piperine and nicotinic acid were prepared by solvent-drop grinding with 1:1, 2:1, and 1:2 mol ratios (piperine: nicotinic acid). Piperine and nicotinic acid were weighed and crushed in a mortar with the addition of ethanol pro analysis. The mixture was crushed for ± 15 mins until a dry and homogeneous mass was formed. The mixture was stored in a desiccator until characterization.18,19  
 
Preparation of the piperine-nicotinic acid physical mixture
A physical mixture of piperine and nicotinic acid was prepared with a mole ratio of 2:1 (piperine: nicotinic acid). Piperine and nicotinic acid were weighed and homogenized in a mortar. The mass formed was stored in a desiccator until characterization.20 
 
X-ray diffraction (XRD) analysis 
An X-ray diffraction (XRD) apparatus (Philips X’Pert Powder PANanalytical, The Netherlands) using a Cu target metal and Kα filter was used. The voltage was 40 Kv. Radiation of 30 mA was spread over the sample’s crystal region, as measured by a vertical goniometer. The patterns were obtained using 0.04° step widths with detector resolution at diffraction angles between 10° and 45° at room temperature. The diffraction patterns of piperine, nicotinic acid, their physical mixture, and the multicomponent crystals were obtained.18,21 
 
Differential scanning calorimetry analysis (DSC)
Differential scanning calorimetry (DSC) (Setaram DSC 131 Evo, France) analysis was performed. The sample (5 mg) was weighed and heated in an aluminum pan at temperatures of 30–300 °C with a heating rate of approximately 20 °C/min. DSC analyses revealed the melting point patterns of the single compounds, physical mixture, and multicomponent crystals.22
Fourier-transform infrared (FT-IR) spectrophotometry 
Samples were prepared using the disc method and analyzed with an FT-IR spectrophotometer (Perkin Elmer, USA). The samples were ground into a powder with KBr, then transferred to molds, and compressed into discs under vacuum. The absorption spectrum was recorded at wavenumbers of 400–4000 cm-1. The spectra revealed the functional groups of piperine, nicotinic acid, the physical mixture, and the multicomponent crystals.1  
 
Particle surface morphology 
Particle surface morphology was determined by scanning electron microscopy (SEM) (Hitachi FLEXSEM 1000, Japan). The powdered sample was placed in a sample holder made of aluminum and coated with gold with a thickness of 10 nm. The samples were then observed at a 1000× magnification. The voltage was set at 20 kV and the current was 12 Ma.1,21  
 
Solubility of piperine and multicomponent crystals 
The excess amount of intact piperine, the physical mixture, and the multicomponent crystals was put into an Erlenmeyer and 100 mL of distilled water. Then, the Erlenmeyer was shaken (100 rpm) for 24 h at room temperature. After reaching equilibrium, the solution was passed through a Whatman filter paper of 0.45 µm, and was analyzed by high-performance liquid chromatography (HPLC) (Hitachi, Japan). The analysis was performed under optimal conditions to obtain the peak area so that the concentration of dissolved piperine in the aqueous medium could be calculated.20,21 
                
In vitro dissolution rate profile
Dissolution rate profile were carried out using apparatus II (paddle type) (Copley Scientific NE4-COPD, UK). The medium used was distilled water, to which 900 mL of 0.1% sodium lauryl sulfate was added. The temperature was set at 37 ± 0.5°C with a stirring speed of 50 rpm. Once this temperature was reached, a sample containing the equivalent of 50 mg of piperine was poured into the dissolution vessel. A volume of 5 mL of solution was taken at 5, 10, 15, 30, 45, and 60 mins. When pipetting, the solution that had been taken was replaced with the same volume of water at the same temperature. The solution was passed through a 0.45 µm Whatman filter paper and analyzed using HPLC (Hitachi, Japan) to obtain the peak area and calculate the percentage of dissolved substance. The results of the calculations were used to build a dissolution profile curve (i.e., a curve showing the relationship between time and the percent dissolution of piperine).18,22,23  
 
Results and Discussion
Solid State Characteristics of multicomponent crystals and the physical mixture
XRD 
 XRD analysis provides information about the crystal structure and degree of crystallinity of an active pharmaceutical ingredients in the solid state.24 The results of the XRD analysis are presented in Figure 1. The piperine diffractogram shows a very sharp diffraction pattern at 2θ angles of 12.93º, 14.75º, and 19.27º with intensities of 32720.46, 88185, and 72246.1, respectively.1 The diffractogram pattern of nicotinic acid shows a very sharp diffraction pattern at 2θ angles of 15.5626º, 20.4376º, 21.3216º, 24.8966º, 26.0536º, 26.9766º, and 28.0686º, with intensities of 4321.42, 2242.124, 1374.58, 3131.432, 3833.336, 4757,394, and 2989.86, respectively. This indicates that piperine and nicotinic acid are in crystal form.23 
In the diffractogram of the physical mixture and multicomponent crystals (piperine-nicotinic acid), there was a notable decrease in the intensity of the piperine and nicotinic acid interference peaks, which indicate a decreases in the crystallinity of the multicomponent crystal, but there is no formation of the new crystal structure. This decrease in intensity occurred because of a reduction in the particle size of piperine by solvent-drop grinding.25
 
DSC 
Thermal analysis using DSC is useful for detecting changes in the thermodynamic properties of samples exposed to heat. With DSC, thermal events can be detected in the form of glass transitions, crystallization, melting and degradation, and melting energy.26,27,28 In multicomponent formation, DSC can be used for selecting suitable coformers to produce cocrystals with the desired molecule, to detect polymorphic transformations of the drug or coformer, and to detect the formation of new phases such as cocrystals.24
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Figure 1: Diffractogram of (A) piperine, (B) nicotinic acid, (C) the physical mixture (piperine-nicotinic acid (2:1)), and multicomponent crystals (piperine-nicotinic acid): (D) F1 (1:1), (E) F2 (2:1), and (F) F3 (1:2).
 
[image: OEBPS/images/image0004.jpg] 
Figure 2: Thermograms of (A) piperine, (B) nicotinic acid, (C) the physical mixture (piperine-nicotinic acid (2:1)), and multicomponent crystals (piperine-nicotinic acid): (D) F1 (1:1), (E) F2 (2:1), and (F) F3 (1:2).
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Figure 3: FT-IR spectra of (A) piperine, (B) nicotinic acid, (C) physical mixture (piperine-nicotinic acid (2:1)), and multicomponent crystals (piperine-nicotinic acid): (D) F1 (1:1), (E) F2 (2:1), and (F) F3 (1:2).
 
The results of the DSC analyses are presented in Figure 2. The DSC thermograms show an endothermic peak, which indicates that thermal energy is required to melt the samples. On the piperine thermogram, there is a distinctive and sharp endothermic peak with a melting point of 132.579ºC and an enthalpy of 106.481 J/g.1 The nicotinic acid thermogram displays an endothermic peak with a melting point of 238.827 ºC and an enthalpy of 155.508 J/g.23 This indicates that piperine and nicotinic acid are in the form of crystals that require a large amount of energy to melt.24
In the thermogram of the physical mixture of piperine and nicotinic acid, two peaks appeared, corresponding to the endothermic peaks of piperine and nicotinic acid, with a shift in melting point and a decrease in enthalpy. If a binary mixture with a certain heating rate produces two endothermic peaks corresponding to the melting point of each component, the binary mixture is a physical mixture where there is no intermolecular interaction.24 In the multicomponent crystal (piperine-nicotinic acid), the decrease in the melting point and enthalpy of piperine indicates an interaction between piperine and nicotinic acid. The low melting point occurs because the lattice energy decreases, increasing the solubility of piperine. In addition, the lowering of the melting point also indicates that the solid is a eutectic mixture, which is characterized by a single endothermic peak corresponding to the mixture of the drug and coformer. This finding was supported by the XRD results.29
 
 
Figure 4: Micrographs of (A) piperine, (B) nicotinic acid, (C) the physical mixture (piperine-nicotinic acid (2:1)), and multicomponent crystals (piperine-nicotinic acid): (D) F1 (1:1), (E) F2 (2:1), and (F) F3 (1:2) at a 1000× magnification.
 
FT-IR Spectroscopy 
FT-IR spectrophotometry is a technique used to characterize and identify hydrogen bonds and molecular conformations in multicomponent crystals.30 The FTIR spectra show typical peaks at specific wavenumbers that correspond to the molecular structure of piperine and nicotinic acid. The FT-IR spectrum of piperine shows typical transmittance peaks at the aromatic CH functional group at wavenumber 2941 cm-1, aliphatic CH in the methylenedioxy group at wavenumber 2864 cm-1, C=O at wavenumber 1635 cm-1, aromatic C=C at wavenumber 1449 cm-1, and asymmetric =C-O-C at wavenumber 1235 cm-1 in the piperine structure.1,31 The FT-IR spectrum of nicotinic acid produced transmittance peaks, namely those corresponding to the functional group CH at wavenumbers 3070 cm-1 and 2840 cm-1, C=C at wavenumber 1596 cm-1, C=N at wavenumber 1417 cm-1, asymmetric COO- at wavenumber 1710 cm-1, C=O at wavenumber 1323 cm-1, C-N at wavenumber 1302 cm-1, and C-OH at wavenumber 1185 cm-1.23,32
The FTIR spectra of the physical mixture and multicomponent crystals of piperine and nicotinic acid exhibited the characteristic transmittance peaks of piperine and nicotinic acid, thus confirming the presence of both compounds in the formula. The FTIR spectra of the physical mixture and the multicomponent crystals confirm that each compound maintains its structural identity and that there is no chemical interaction between piperine and nicotinic acid. The result of the FTIR spectra analysis are presented in Figure 3 and Table 1.
 
Particle surface morphology 
The SEM micrographs revealing the particle surface morphology of the samples with a magnification of 1000× are presented in Figure 4. The morphology of piperine exhibits the shape of a crystal rod with an irregular surface. The surface morphology of nicotinic acid particles shows an aggregate shape with an irregular surface.23   The surface morphology of the physical mixture shows the presence of nicotinic acid particles on the surface of the piperine particles. The surface morphology of the multicomponent crystals (F1, F2, and F3) shows an irregular shape with an uneven surface and a decrease in the size distribution of the powder particles.
Table 1: Functional groups of piperine, nicotinic acid, the physical mixture (piperine-nicotinic acid (2:1)), and multicomponent crystals (piperine-nicotinic acid): F1 (1:1), F2 (2:1), and F3 (1:2).
 
	Functional groups
	Wavenumber (cm-1)

	Piperine
	Nicotinic acid
	Physical mixture
	F1 (1:1)
	F2 (2:1)
	F3 (1:2)

	Aromatic CH
	2941
	 
	2942
	2941
	2941
	2941

	Aliphatic CH
	2863
	 
	2864
	2863
	2864
	2864

	C=O
	1634
	 
	1636
	1634
	1635
	1634

	Aromatic C=C
	1449
	 
	1449
	1449
	1449
	1449

	=C-O-C
	1253
	 
	1254
	1253
	1254
	1253

	C-H
	 
	3070
	3011
	3010
	3011
	3072

	COO-
	 
	1708
	1714
	1711
	1723
	1711

	C=C
	 
	1596
	1587
	1584
	1584
	1584

	C=N
	 
	1417
	1434
	1435
	1434
	1419

	C=O
	 
	1323
	1323
	1324
	1324
	1324

	C-N
	 
	1301
	1306
	1303
	1305
	1303

	C-OH
	 
	1186
	1194
	1194
	1194
	1194


 
 
 
 
Figure 5: Solubility of (A) piperine, (B) the physical mixture (piperine-nicotinic acid (2:1)), and multicomponent crystals (piperine-nicotinic acid): (C) F1 (1:1), (D) F2 (2:1), and (E) F3 (1:2). 
 
 
Figure 6: Dissolution curves of (A) piperine, (B) the physical mixture (piperine-nicotinic acid (2:1)), and multicomponent crystals (piperine-nicotinic acid): (C) F1 (1:1), (D) F2 (2:1), and (E) F3 (1:2).
 
Solubility tests of piperine, the physical mixture, and multicomponent crystals 
The solubility tests showed a significant increase in the solubility of the multicomponent crystal formula compared to the physical mixture. The concentration of solute (piperine) was 4.057 ± 0.013 in the dissolved piperine, 7.798 ± 0.028 in the physical mixture, 9.231 ± 0.072 in the F1 multicomponent crystal, 12.286 ± 0.241 in F2, and 8.741 ± 0.156 in F3. Compared to intact piperine, the F2 multicomponent crystal showed the highest solubility increase (3.028 times) compared to F1 (2.275 times), F3 (2.154 times), and the physical mixture (1.922 times). Figure 5 shows the results of the solubility tests. 
 
In vitro dissolution rate profile
The dissolution test was carried out using apparatus II (paddle type) with a stirring speed of 50 rpm. The medium used was water containing 900 mL of 0.1% sodium lauryl sulfate at a temperature of 37 ± 0.5 °C. The results of the piperine dissolution test of the physical mixture and multicomponent crystals are displayed in Figure 6. At 60 mins, 4.222 ± 0.205 of piperine, 15.709 ± 0.573 of the physical mixture, 24.129 ± 0.096 of the F1 multicomponent crystal, 25.000 ± 0.124 of F2, and 23.328 ± 0.670 of F3 dissolved. The dissolution results showed that there was a significant increase in the percentage of dissolved substance from the multicomponent crystals compared to piperine and the physical mixture. F2 showed the highest dissolution profile with an increase of 5.924 times, followed by F1 (5.718 times), F3 (5.528 times), and the physical mixture (3.723 times) compared to piperine. The local solubilization effect induced by nicotinic acid in the diffusion layer around the piperine particles was responsible for the notable increase in the dissolution rate of piperine from the multicomponent crystals. This phenomenon increase piperine solubility in the dissolving medium, resulting in quicker dissolution rate. Furthermore, the rise in dissolution rate might be related to changes in the eutectic mixture’s thermodynamic characteristics, such as high free energy, greater molecular mobility and weaker intermolecular interaction.28,29  
 
Conclusion
Based on the physicochemical characteristics revealed by XRD, DSC, FT-IR, and SEM analyses, we can conclude that the piperine formulation with nicotinic acid as a coformer generates multicomponent crystals by solvent-drop grinding. The solubility tests revealed a significant increase in the concentration of dissolved piperine from multicomponent crystal formulas compared to intact piperine and the physical mixture. The dissolution profile showed increased percent dissolution of the crystalline multicomponent formula compared to piperine. Therefore, the preparation of multicomponent crystals of piperine-nicotinic acid can improve the physicochemical properties and increase the dissolution rate of piperine
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