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Abstract

:

Maltitol (MAL) is a well-known polyol with potential pharmaceutical applications. Unlike other polyols, its utilization as a carrier for solid dispersions (SDs) has not been adequately investigated. This research studied the feasibility of MAL as an SD carrier to enhance the biopharmaceutical properties of a BCS class I/III drug, isoniazid (INH). SDs of INH–MAL were prepared by the fusion method, and physicochemical characteristics were investigated to determine the solid-state habit, solubility and permeation enhancement of INH. Fourier-transform infrared (FT-IR) spectroscopy demonstrated significant peak broadening for the SDs consisting of a higher MAL concentration. Powder X-ray diffraction indicated a decrease in degree of crystallinity with increasing MAL concentration. Hot-stage microscopy (HSM) and scanning electron microscopy (SEM) revealed that INH–MAL molar ratios affect the type of SD prepared via the fusion method. Results from the equilibrium solubility studies indicated significant INH solubility improvement (p < 0.05) with SDs in comparison with the pure drug and physical mixtures. The artificial membrane permeation assay (PAMPA) of INH was positively affected by the presence of MAL. The results of the study indicated the potential for MAL as a carrier in the preparation of SDs for the solubility and/or permeability enhancement of drugs.
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1. Introduction


Isoniazid (INH) (Figure 1a), a first-line anti-tuberculosis drug, is classified as a borderline Biopharmaceutical Classification System (BCS) Class I or III drug [1]. Based on its low permeability (log p = −0.64 at 25 °C) and the effect of excipients such as lactose on the absorption places the drug close to Class III [2,3]. It has been reported that deoxidizing saccharides such as lactose and maltose interact with INH and alter the drug absorption detrimentally [1]. Lactose is one of the very commonly used excipients (~60–70% of formulations) due to its high water solubility and good flow properties [4].



The preparation of drug-containing solid dispersions is one of the most studied strategies to improve drug solubility and dissolution, all in an effort to enhance drug bioavailability after oral administration [5]. Various types of solid dispersions exist, where the drug can exist in an amorphous or crystalline state, either suspended or molecularly mixed in a carrier matrix. This could allow the formation of two-phase or one-phase solid dispersions, and in both instances, the carrier may be either amorphous or crystalline [6,7]. In particular, amorphous solid dispersions have been reported for permeability enhancement of BCS Class II and IV drugs [8,9,10]. As explained by Narula et al. [11], the enhanced permeability can be attributed to the particle size reduction of the drug, which can promote membrane permeation beyond the natural aqueous solubility of the drug. The reduction in particle size substantially increases the solubility and dissolution rate by forming a metastable drug-rich transient phase, which results in increasing the permeability through multiple mechanisms such as the “reservoir” and “shuttle” effects [12]. Further to this, the use of excipients can modulate intestinal metabolism and efflux mechanisms to improve bioavailability [9].



Several authors reported the use of sugar alcohols such as mannitol, sorbitol, and xylitol in the preparation of solid dispersions and their effect on the enhancement of the dissolution rate of poorly soluble drugs. However, only limited studies were reported for their role in the enhancement of permeability. Sugar alcohols, also termed polyols, are monosaccharides (erythritol, xylitol, sorbitol, mannitol) and disaccharides (lactitol, isomalt, maltitol). Currently, there are eight polyols approved by the US FDA, i.e., erythritol, hydrogenated starch hydrolysates, isomalt, lactitol, maltitol, mannitol, sorbitol, and xylitol [13,14]. Polyols are reported to be extremely stable to heat, enzymes, and chemical degradation [15]. The use of polyols is rapidly gaining interest in the formulation of various types of dosage forms, such as liquid oral preparations, lozenges, and tablets, to name but just a few. Polyols are low in caloric content, exhibit high nutritional value, and, most importantly, they are non-carcinogenic [16].



In previous studies, the effect of polyols (xylitol, sorbitol, maltitol, and mannitol) on the permeability of various BCS Class III drugs indicated no change to marginal increase in the permeability [14]. However, mannitol solid dispersions of olanzapine have been reported to enhance the permeability (two- to four-fold) across various biological membranes. The possible mechanisms suggested were the enhanced aqueous solubility due to reduced particle size, solubilization effect of the carrier, formation of a solid solution, change in crystal quality, and surface hydrophobicity of drug particles [17]. These studies indicate the potential use of polyols as permeation enhancers, coupled with solid-state modification of the drugs.



In the pharmaceutical field, mannitol and sorbitol are most frequently used. However, in comparison, maltitol shows potential as an excipient for pharmaceutical applications. Maltitol (Figure 1b), also called 4-O-α-d-glucopyranosyl-d-sorbitol, is highly stable and exhibits good sweetening power with a low caloric value and a lower glycemic index, thereby making this molecule a suitable excipient in the formulation of pediatric and diabetic friendly dosage forms [14,18]. It is the least hygroscopic among all polyols and only absorbs moisture at humidity levels above 80%, showing excellent compressibility, thereby ensuring it is used as a direct compressible excipient in the formulation of tablets [18,19]. In addition to the above, in terms of the laxative effect for which polyols are known, maltitol is the best-tolerated polyol [18]. Despite the favorable physicochemical properties and potential pharmaceutical applications, maltitol is under investigation as a carrier for solid dispersions. This study aimed to explore its role in the development of solid dispersions for the solubility and permeability enhancement of isoniazid.
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Figure 1. Molecular structures of (a) INH and (b) MAL [1,14]. 
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2. Materials and Methods


2.1. Materials


Isoniazid (INH) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Maltitol (MAL) was purchased from Glentham Life Sciences Ltd. (Corsham, UK). Chromatography grade acetonitrile was obtained from Labchem (Johannesburg, South Africa), and ultrapure water with a resistivity of 18.2 MΩ.cm was obtained from an Elga Veolia (High Wycombe, UK) water purification system. For the preparation of aqueous solutions, deionized water was produced by a Nanopure™ Water Purification System (Thermo Scientific, Waltham, MA, USA). All materials were used as provided, and no further purification process was performed.




2.2. Methods


2.2.1. Preparation of Physical Mixtures


The binary physical mixtures (PMs) were prepared by gently grinding the accurately weighed quantities of INH and MAL at different drug-to-sugar molar weight ratios of 3:1, 2:1, 1:1, 1:2, and 1:3 (w/w) (INH–MAL). INH and MAL were geometrically mixed using a mortar and pestle for 2 min to prepare a homogenous mixture. The physical mixtures were subsequently stored in a desiccator until further use.




2.2.2. Preparation of Solid Dispersions


Solid dispersions (SDs) of INH–MAL were prepared by the well-known fusion method. Physical mixtures of the different drug-to-polyol ratios viz. 3:1, 2:1, 1:1, 1:2, and 1:3 (w/w) were placed in a porcelain dish and melted on a heating mantle (Heidolph, Germany) at 170 ± 5 °C. The molten product was subsequently cooled to room temperature (RT). RT cooling was performed by simply leaving the molten product at room temperature (25 °C) until it was solidified. The solidified material was then stored in desiccators for 24 h before pulverization using a mortar pestle.




2.2.3. Physicochemical Characterization of Prepared Solid Dispersions


Differential Scanning Calorimetry (DSC)


INH, MAL, PMs, and prepared SDs were analyzed using a Mettler Toledo DSC3 (Mettler Toledo, Columbus, OH, USA). Approximately 5–10 mg of each sample was weighed into aluminum pans, which were subsequently sealed with a pin-holed aluminum lid. Samples were heated from 30–300 °C at a constant heating rate of 10 °C/min under a continuous flow of nitrogen at 50 mL/min. Analysis of the data was carried out using STARe software, version 17.00 (Mettler Toledo, USA).




Hot-Stage Microscopy (HSM)


Hot-stage microscopy (HSM) was used as a supplementary technique to substantiate the DSC results. Analyses of the pure compounds, as well as PMs and SDs, were performed with a real-time Olympus UC30 (Tokyo, Japan) camera fitted to an Olympus SZX-ILLB200 (Tokyo, Japan) polarized light microscope to which a Linkam THMS600 heating stage equipped with a T95 LinkPad temperature controller (Surrey, UK) was attached. A small quantity of each sample was placed in between two microscope glass slides and heated at a heating rate of 10 °C/min. Photomicrographs were acquired at 40× magnification, and the temperatures at which the micrographs were taken were recorded.




Fourier-Transform Infrared Spectroscopy (FTIR)


FTIR spectra of pure INH, MAL, PMs, and SD formulations were recorded using a Cary 630 FTIR Spectrometer (Agilent Technologies, Santa Clara, CA, USA). The FTIR spectra were obtained in absorbance mode between 650–4000 cm−1 with 16 scans and 4 cm−1 resolution. The spectra were analyzed for change in intensity or absence or shift in the wave numbers of the characteristic peaks to determine any possible interactions between the INH and MAL in the PMs and SDs.




Powder X-ray Diffraction (PXRD)


The crystallinity of pure INH, MAL, PMs, and SD formulations were investigated by qualitative PXRD analysis. The PXRD patterns were recorded using a Bruker D2 Phaser X-ray diffractometer (Bruker, Billerica, USA) using Cu rays (λ = 1.54184 Å) at 30 kV and 30 mA current. Samples were packed onto a zero-background sample holder and analyzed over a range of 4–40°2Ɵ with a step width of 0.0162°/s and a scan speed of 1°/min.




Scanning Electron Microscopy (SEM)


Scanning electron microscopy (SEM) was used for visualization of surface morphology of pure and SD samples. The experiments were conducted using a scanning electron microscope, where samples were mounted on stainless-steel stubs, sputter coated with carbon (QT150ES, Quorum Technologies, East Sussex, UK), and examined with a Zeiss Supra 55VP Field Emission SEM (Carl Zeiss, Oberkochen, Germany) operating at 1 kV.




INH Content in SDs


An amount equivalent to 100 mg INH was weighed from each resultant SD, dispersed in distilled water, and sonicated for 10 min to achieve a clear solution. Each solution was diluted to 100 mL with distilled water to prepare a stock solution. One milliliter from the stock solution was further diluted to 100 mL with distilled water. A similar procedure was employed to prepare an INH reference standard solution with a concentration of 100 μg/mL.



Subsequently, samples were analyzed using an in-house developed method with high-performance liquid chromatography (HPLC). A Shimadzu (Kyoto, Japan) HPLC system consisting of a pump (model 515), an auto-sampler (ULTRA WISP 715), a UV detector (model 486), and Millennium 32 software was utilized. INH was analyzed at 265 nm using a Phenomenex Luna® C18 reversed-phase column 150 × 4.6 mm and 5 μm particle size (Torrance, CA, USA), at ambient temperature. A mobile phase consisting of acetonitrile and ultrapure water in the ratio of 60:40 (v/v) at a flow rate of 1.0 mL/min and an injection volume of 20 μL injection volume was used. Drug concentration was calculated by using the calibration curve in the range of 10–120 μg/mL with a correlation coefficient (r2) of 0.9946. The INH concentration was measured in triplicate, and the mean ± SD was reported.




Equilibrium Solubility Studies


Solubility studies were carried out on INH, INH–MAL PMs, and the prepared SDs by adding an excess amount of the samples to 5 mL distilled water in 10 mL glass polytop vials. The vials were sealed with Parafilm™ (Bemis, Neenah, WI, USA) and agitated at 100 rpm using a magnetic stirrer bar whilst the temperature of the samples was thermostatically controlled at 37 ± 0.5 °C. For INH, PMs, and SDs, solubility studies were conducted for 24 h. For INH and SDs, samples were collected at time intervals of 3, 6, 9, 12, 15, 30, 60, 120, 240, 480, and 1440 min. Collected samples were filtered through a 0.45 µm PVDF syringe filter into HPLC vials and subsequently analyzed using the described HPLC method. The solubility experiments were conducted in triplicate, and the mean ± SD was reported.




Parallel Artificial Membrane Permeability Assay (PAMPA)


To determine the membrane permeability of INH in combination with MAL, either as a PM or SD, the parallel artificial membrane permeability assay kit PAMPA-096 (BioAssay Systems, Hayward, CA, USA) was used. In this analysis, stock solutions (10 mM) of each INH–MAL combination (PMs and SDs) were prepared in phosphate-buffered saline (PBS) of pH 6.8. Dilutions of the stock solutions were made in PBS to allow permeability test solutions with a concentration of 500 µM. Equilibrium and blank controls were prepared as positive and negative controls, respectively. Following sample preparation, 300 µL PBS was added to each well of the acceptor plate. The addition of samples started with the careful application of 5 µL of 4% w/v lecithin in dodecane solution directly onto the surface of the membranes using a micropipette. Thereafter, 200 µL of each of the 500 µM dilutions of each sample in PBS was added to the donor plates. Similarly, 200 µL of each of the permeability controls was also added to the donor plates. Once all samples were pipetted into the relevant donor compartments, the donor plate was carefully placed into the acceptor plate wells to initiate the permeation process. The PAMPA kit was thereafter transferred to an incubator (Labotec, Johannesburg, South Africa). Incubation was performed at 37 ± 0.5 °C for 24 h, with samples extracted from the PAMPA plate from acceptor wells at 3, 6, 9, 15, 30, 60, 120, 240, 480, 960, and 1440 min. Duplicate acceptor wells were used for each time interval, and once the acceptor solution was removed, the well was not used again. Subsequently, the extracted donor and acceptor solutions were transferred to HPLC vials for analysis. Analyses of the donor solutions, acceptor solutions, equilibrium controls, and blank controls were conducted using the described HPLC method.







3. Results and Discussion


3.1. Solid-State Solubility of MAL–INH in Varying Molar Weight Ratios


This study explored the possibility of preparing INH SDs using MAL as a co-former or carrier. In order to investigate the miscibility of INH with MAL, the PMs prepared in the molar weight ratios of INH–MAL (2:1, 3:1, 1:1, 1:2, and 1:3) were analyzed using DSC. Figure 2 provides an overlay of the DSC thermograms obtained for the individual compounds and the resulting PMs. The observed sharp endothermic melting peaks of INH (174.33 °C) and MAL (153.50 °C) correspond well with those reported in the literature [18,20]. The DSC thermograms observed for PMs show melting point depression for both the INH and MAL and the peak broadening. The melting point for MAL and INH are reduced by ~12 to 13 °C. Such phenomenon can be attributed to drug dissolution and solubility in the carrier [21,22], which can further be attributed to the tendency of the drug to be in an amorphous state [22].



Figure 3 depicts the HSM micrographs obtained for INH, MAL, and each PM upon melting. It is a well-known fact that drug/co-former solubility or miscibility may be an indication of physical stability of the prepared co-amorphous system or SD [23].



The HSM data confirmed the interpretation of the DSC thermograms, with Figure 3a depicting the onset of INH melting at ~160 °C and complete melting at ~179 °C. The distinct tetragonal columnar particle morphology of crystalline INH was also observed. Figure 3b confirms the onset of melting of MAL at ~150 °C and complete melting at ~159 °C, with the particle morphology of MAL identified to be roughly cubic. For all the PMs, a lower onset of melting was observed, ranging from 138–144 °C. All PMs also exhibited partial miscibility of INH and MAL, which was observed as partial solubilization of the INH crystals in the molten MAL, followed by complete melting of all INH crystals at temperatures ranging from ~162–169 °C for INH–MAL (1:1), INH–MAL (1:2), and INH–MAL (1:3) mixtures. This was noted to be ~10 °C lower than that observed for pure INH. For the PMs consisting of higher INH molar ratios, i.e., INH–MAL (2:1) and INH–MAL (3:1), complete melting and solubilization of INH was observed at 174 °C and 175 °C, respectively. From Figure 2 and Figure 3, it was concluded that INH–MAL combinations show solubility of INH in molten MAL with the onset of melting of the combinations shifting to ~141–147 °C, which is approximately 6–12 °C lower than the melting point of pure MAL. It was further deduced that the higher INH molar ratios resulted in poor miscibility which could have a detrimental effect on the physical stability of potential solid dispersions (SDs). From these results, it was deduced that the preparation of potential INH–MAL SDs via the well-known fusion method could be possible.




3.2. Physicochemical Characterization of INH–MAL SDs Prepared via Heat Fusion


3.2.1. Thermal Analysis


The INH–MAL SDs were prepared by cooling the molten INH–MAL samples at room temperature until solidified. DSC analyses of the prepared INH–MAL SDs (Figure 4) showed varying results, with a glass transition (Tg) visible for INH–MAL (1:1) SD, INH–MAL (1:2) SD, INH–MAL (1:3) SD, and INH–MAL (3:1) SD at 56.00 °C, 49.33 °C, 49.83 °C, and 46.50 °C, respectively. For INH–MAL (2:1) SD, no discernible Tg was observed. Interestingly, a broad exotherm signifying a recrystallization event was observed for INH–MAL (1:1) SD, INH–MAL (2:1) SD, and INH–MAL (3:1) SD, with melting points observed at 86.17 °C, 68.50 °C, and 65.00 °C, respectively. No clear recrystallization thermal event was observed for INH–MAL (1:2) SD and INH–MAL (1:3) SD.



A shift in the peak melting temperature (Tm) was also observed in all the prepared SDs with melting temperatures in the following order: INH–MAL (1:1) SD < INH–MAL (1:2) SD < INH–MAL (1:3) SD < INH–MAL (2:1) SD < INH–MAL (3:1) SD, with the peak melting temperature of INH–MAL (1:1) SD quantified as 130.00 °C versus 154.66 °C for INH–MAL (3:1) SD. Interestingly, although recrystallization of the SDs was observed during sample heating, the observed melting temperatures were still significantly lower in comparison with pure MAL (153.50 °C) and pure INH (174.33 °C), respectively (Figure 2), thereby suggesting a molecular interaction between INH and MAL resulting in the recrystallization of a lower melting point solid-state form consisting of INH–MAL. The recrystallization of the SDs was investigated through HSM, and the resulting micrographs are depicted in Figure 5.



INH–MAL (1:1) SD exhibited a clear amorphous-like habit with no INH or MAL crystals visible post-preparation. Upon visual observation, it was concluded that INH and MAL, through the fusion method, probably formed a co-amorphous solid-state form. During the heating of this prepared SD, the Tg was observed at ~51 °C. This was signified by a loss in the glassy, hard state to a clearly soft, pliable state, identified by the red arrow in Figure 5a. Recrystallization of the INH–MAL (1:1) SD was observed at ~80 °C and was observed as opaque parts in the analyzed sample; however, it was noted that recrystallization did not occur throughout the whole sample and that it remained localized to regions within the overall sample, indicating the possible formation of a two-phase discontinuous solid dispersion. The recrystallized crystals were also noted to be very fine, needle-shaped, and with an almost feathery appearance. The thermal behavior observed for the INH–MAL (1:1) SD compared well with the DSC data reported in Figure 4.



For the INH–MAL (1:2) SD, a Tg was observed at ~60 °C, with very small recrystallized sections forming at ~130 °C, followed by almost immediate melting until complete melting was observed at ~130 °C (Figure 5b). This thermal behavior was significantly different from that observed with the INH–MAL (1:1) ratio SD, and here, it was hypothesized that the INH–MAL (1:2) ratio allows the formation of a single-phase (continuous) solid dispersion. A similar phenomenon was observed for INH–MAL (1:3) SD (Figure 5c), with a distinct Tg observed at ~58 °C. A very small recrystallized section of feathery habit crystals was observed at ~105 °C, followed by melting at 131.2 °C, and complete melting was observed at ~157 °C.



Contrary to these observations, the SDs prepared from the INH–MAL (2:1) and INH–MAL (3:1) PMs, as depicted in Figure 5d,e, showed opaque appearances immediately after preparation, which became more opaque during heating until ~70–80 °C, followed by distinct melting behavior, which correlated well with the melting temperature of pure INH (Figure 2 and Figure 3).




3.2.2. FTIR Analysis


Figure 6 exhibits the FTIR spectra obtained for INH, MAL, and the prepared SDs. The characteristic absorption peaks in the range of 3380–3257 cm−1 signify the O-H stretching and C-H stretching functional groups of the molecular structure of MAL (Figure 1b). In comparison with the prepared SDs, significant peak broadening was observed in this wavenumber range (Figure 6a), which could be an indication of the amorphization of MAL. The absorption peak at 3297 and 3098 cm−1 observed for pure INH is indicative of N-H stretching and C-H stretching (Figure 1a). For INH–MAL (2:1) and INH–MAL (3:1), the absorption peak at 3098 cm−1 was noted to be slightly intensified (Figure 6b), whilst for INH–MAL (1:1), INH–MAL (1:2), and INH–MAL (1:3), this peak disappeared completely, thereby suggesting that INH amorphization occurred in these SDs but not in the two SDs containing a higher molar ratio of INH. The absorption band at 2924 cm−1 (Figure 6c) observed for pure MAL also showed broadening, especially in INH–MAL (1:1), INH–MAL (1:2), and INH–MAL (1:3). The peak broadening signifies the amorphization of MAL. The absorption band at 1735 cm−1 observed for pure INH (Figure 6d), signifying C=O stretching, completely diminished in all the SDs. Hydrogen bonding to a carbonyl group lengthens the C=O bond and, as a result, lowers the absorption frequency. Due to various absorbance bands at lower frequencies than 1735 cm−1, it is not possible to identify to which frequency this vibration shifted. It is, however, hypothesized that due to the observed shift, hydrogen bonding between the hydroxyl group of the MAL and the carbonyl group attached to the primary amine of INH could have occurred. A similar hypothesis was presented for SDs of carbamazepine (CBZ), where intermolecular hydrogen bonding formed between the hydroxyl group of the lactose and the carbonyl group of the CBZ attached to the primary amide [24,25].




3.2.3. PXRD Analysis


The INH PXRD pattern exhibits several characteristic peaks at 2θ between 10 to 50° (peaks at 2θ = 10.2, 12,3, 14.6, 15.9, 16.9, 20.3, 24.3, 25.7, 26.9, 29.1, and 46.1°). The calculated PXRD values from the experiment correspond to the reported work [20]. The calculated values further confirm that it is INH polymorph I [26]. The MAL PXRD showed several peaks of low intensity with three major peaks at 23.47, 28.96, and 33.73°2θ. From PXRD analysis, the INH–MAL (3:1) SD sample, as depicted in Figure 7, showed diffraction peaks at 12.16, 14.52, 15.82, 16.85, 19,79, 24.11, 25.33, 26.13, 27.47, 29.07, 30.76, and 32.39°2Ɵ, which corresponds with the characteristic diffraction peaks observed for pure INH. Although diffused and significantly lower intensity diffraction peaks were observed for the INH–MAL (2:1), it was concluded that these broad diffraction peaks were attributed to INH, suggesting incomplete amorphization of the drug in combination with MAL. The PXRD pattern for the SD prepared in the equimolar ratio resembled a typical amorphous halo. However, a very close look at the diffractogram indicated the presence of one of the INH characteristic peaks (peak at 2θ = 27.6°) at a very low intensity. However, the SDs with higher MAL ratios exhibited completely diffused PXRD diffractograms, with the typical amorphous halo observed for INH–MAL (1:2) and INH–MAL (1:3). It was therefore deduced that higher molar concentrations of MAL facilitate amorphization of both compounds due to the absence of diffraction peak characteristics for both INH and MAL. On the other hand, incomplete amorphization was observed in the SDs containing higher molar ratios of INH. These results are also substantiated by the obtained FTIR results (Figure 6).




3.2.4. SEM Analysis


In order to gain a better understanding of the particle morphology of the resulting SDs and confirm the amorphous habit as established from PXRD analysis (Figure 7), SEM analysis was conducted. Since only INH–MAL (1:1), INH–MAL (1:2), and INH–MAL (1:3) showed promising indications of formed SDs, it was decided that only these three samples would be investigated further. Figure 8 depicts the observed morphology for INH, which is signified by a tetragonal columnar particle shape, whilst the particle morphology observed for MAL appeared irregularly angular. An SEM micrograph obtained at 500× magnification revealed an irregular, amorphous morphology with particles appearing agglomerated. When the same sample was observed at 1000× magnification, small columnar particles protruding from a smooth amorphous structure were observed. Upon viewing the sample at a higher magnification of 5000×, the definitive tetragonal columnar INH particles were clearly identified as embedded in the amorphous MAL matrix. These observations are in good correlation with the PXRD data (Figure 7), where INH is crystallized in the INH–MAL (1:1) SD matrix, subsequently exhibiting significantly smaller crystallites in comparison with INH raw material. This was apparent from the pure INH particles showing particle size significantly greater than 100 µm, in comparison with the INH particles in the MAL matrix (1:1) showing particles of 2 µm and larger. The SEM micrographs observed for INH–MAL (1:2) SD and INH–MAL (1:3) SD showed complete amorphous morphology, which is in agreement with FTIR (Figure 6) and PXRD data (Figure 7), thus indicating that complete amorphization of INH and MAL is dependent on the molar ratio of the two compounds.




3.2.5. Equilibrium Solubility Testing


INH content in the SDs was found to be close to 100%, ranging between 98.22 ± 0.59 and 101.54 ± 1.54 (%). The equilibrium solubility of INH, when incorporated into INH–MAL PMs and INH–MAL SDs, was investigated and compared with the equilibrium aqueous solubility of pure INH. Table 1 outlines the INH aqueous solubility results. The aqueous solubility of INH improved when combined with MAL in 3:1, 2:1, and 1:1 molar ratios as PMs, but when combined in PMs consisting of higher MAL concentrations (1:2 and 1:3), lower INH solubility was observed. This phenomenon is explained based on the extremely high solubility of MAL in water (175% w/w) [18]; therefore, more MAL solubilizes quicker, thereby saturating the fixed volume used for solubility testing and, thus, affecting INH, with a lower aqueous solubility in comparison with MAL. For all INH–MAL SDs, an increase in INH solubility was observed, with the most significant increase (p = 0.016; p < 0.05) observed with the INH–MAL (1:1) SD.



INH–MAL (1:1) was characterized as a two-phase, discontinuous solid dispersion, whilst INH–MAL (1:2) and INH–MAL (1:3) were characterized as one-phase (molecular), continuous solid dispersions. Based on this, it was hypothesized that the latter two solid dispersions would exhibit the highest aqueous solubility in comparison with INH–MAL (1:1); however, the contrary was observed. The same trend was, however, also observed with the INH–MAL PMs, where an increase in the MAL concentration resulted in a decrease in INH solubility compared to that quantified for the INH–MAL (1:1) SD. This was attributed to the increase in viscosity of the solutions due to an increase in MAL concentration but also based on the higher and quicker solubility of MAL in comparison with INH, as described above. A slight decrease in solubility was observed for all the SDs (Figure 9) after 2 h, indicating possible recrystallization of the INH. To note, samples for INH–MAL (1:3) SD at 1440 min could not be analyzed due to high viscosity and difficulties with filtering the sample. To understand the phenomenon of the decrease in solubility, insoluble residues were collected at the end of the solubility test and analyzed using PXRD.



The solid residues were retrieved by subjecting the solubility samples to centrifugation at 13,000× g RPM for 1 min. Subsequently, supernatants were discarded, and solid residues were dried at ambient temperature and analyzed with PXRD [27]. From the figure depicted below (Figure 10), some of the characteristic peaks of INH could be seen among the residues studied. While the INH–MAL (1:1) SD presented most of the characteristic peaks (peaks at 2θ = 10.4, 12,6, 14.9, 16.1, 17.2, 20.2, 24.6, 25.6, 26.6, 27.6, and 29.3), the 1:2 (peaks at 2θ = 12.0, 14.3, 15.6, 16.7, and 19.8) and 1:3 (peaks at 2θ = 12.6, 15.4, 16.5, and 24.2) SDs also presented some of the characteristic peaks at a very low intensity. These observations confirm the recrystallization of INH during solubility, indicating the sensitivity of these SDs to moisture. Although exposed to a high level of moisture during solubility testing, the recrystallization of INH in the analyzed solubility residues could potentially suggest recrystallization of INH when exposed to high levels of humidity during storage, an aspect that would need further investigation under the International Council for Harmonization (ICH) conditions for stability [28].





3.3. INH Permeability Testing through Parallel Artificial Membrane Permeation (PAMPA) Assay


Based on the aqueous equilibrium solubility quantified for INH when combined with MAL, either as PMs or SDs, it was considered important to determine the effect that the combinations and SDs could have on INH permeability. The membrane permeation of INH was subsequently determined utilizing the well-known PAMPA assay [29]. Though the permeation enhancement could only be seen after 240 min, the positively affected MAL concentration is higher than INH for both SDs. The SDs improve the passive permeation of INH, with the final Pe value as 9.9 ± 0.37 × 10−6 cm/s for INH–MAL (1:1) SD, 9.2 ± 0.26 × 10−6 cm/s for INH–MAL (1:2) SD, and 7.5 ± 0.18 × 10−6 cm/s for INH–MAL (1:3) SD, in comparison with the INH bulk 5.4 ± 0.07 × 10−6 cm/s (Figure 11). A required recovery of >80% was achieved for all the samples tested, which confirms the reliability of the results, and an acceptable in vitro prediction is obtained [2].



Except for INH–MAL (1:1) PM, the permeation enhancement was found to be significantly higher (p < 0.01) for INH–MAL PMs and SDs of 1:1, 1:2, and 1:3. Interestingly, permeation enhancement by PMs increased with increasing MAL concentration, and though insignificant, an opposite trend was observed for SDs. To note, both PMs and SDs with MAL concentration less than INH showed significantly lower permeability (See Table 2).





4. Conclusions


This study investigated the potential of MAL to be used as an SD carrier for the BCS Class I/III drug, INH. Furthermore, the ability of MAL to enhance drug solubility and, potentially, membrane permeation after oral administration was explored. Thermal analysis showed that PMs of INH and MAL in varying molar ratios possess some level of miscibility. However, the higher the molar ratio of INH, the less compound miscibility was observed. The preparation of SDs using the well-known fusion method followed by cooling of the molten samples to room temperature proved to be successful. During the physicochemical characterization of the prepared SDs, PXRD analyses exhibited the typical amorphous halo that is considered characteristic of co-amorphous solid-state forms. The same conclusion was made during the interpretation of FTIR results, which indicated peak broadening and diminished absorption bands for INH, thereby suggesting that INH and MAL were co-amorphized during the fusion method. DSC analysis substantiated this conclusion; however, both HSM and SEM studies proved that INH was not completely amorphized in all the prepared SDs but rather that through the fusion method, and depending on the MAL concentration, either a one- or two-phase SD could be prepared. Complete amorphization of both INH and MAL was observed in the INH–MAL (1:2) SD and INH–MAL (1:3) SD, but in the INH–MAL (1:1) SD, small crystallites isolated as metastable drug-rich phases were identified. Microscopy revealed that these drug-rich phases consisted of very fine crystallites, thereby positively affecting INH solubility and membrane permeation by having significantly reduced-size drug particles embedded into an amorphous carrier matrix. The information gained from this study could have a mentionable impact on future formulations of INH in which the dose may be reduced based on not only the enhancement of the aqueous solubility but also the membrane permeation thereof when in combination with MAL. Since MAL is considered safe for use in older adults, diabetic patients, and children, its combination with INH could change the formulation options currently available for these vulnerable patient groups.
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Figure 2. An overlay of the DSC thermograms obtained for pure INH, MAL, and the PMs of INH–MAL in the molar ratios of 1:1, 1:2, 1:3, 2:1, and 3:1. 
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Figure 3. Micrographs obtained from HSM analyses of (a) INH, (b) MAL, (c) INH–MAL (1:1), (d) INH–MAL (1:2), (e) INH–MAL (1:3), (f) INH–MAL (2:1), and (g) INH–MAL (3:1). 
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Figure 4. An overlay of the DSC thermograms obtained for the prepared SDs of INH−MAL consisting of varying INH−MAL molar ratios, with * signifying Tg and red lines signifying peak recrystallization temperatures. 
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Figure 5. HSM micrographs obtained for the prepared solid dispersions INH–MAL (1:1) SD, INH–MAL (1:2) SD, INH–MAL (1:3) SD, INH–MAL (2:1) SD, and INH–MAL (3:1) SD during heating at 10 °C/min from ambient temperature until complete melting was observed. 
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Figure 6. An overlay of the FTIR spectra obtained for INH and MAL in comparison with the prepared SDs of INH–MAL consisting of varying INH–MAL molar ratios, with (a) indicating the wavenumber range 3380–3257 cm-1, (b) indicating the characteristic INH absorbance band at 3098 cm−1, (c) signifying the absorption band of MAL at 2924 cm−1, and (d) highlighting the characteristic absorbance peak at 1735 cm-1 for INH. 
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Figure 7. PXRD diffractograms obtained for pure INH, MAL, and the prepared SDs of INH–MAL in the molar ratios of 3:1, 2:1, 1:1, 1:2, and 1:3. 
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Figure 8. SEM micrographs obtained for INH, MAL, INH–MAL (1:1), INH–MAL (1:2), and INH–MAL (1:3). 
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Figure 9. Histogram comparing the equilibrium solubility of INH and INH–MAL SDs (1:1, 1:2, and 1:3) at different sampling points. 
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Figure 10. Overlay of PXRD diffractograms obtained for pure INH and solid residues of INH–MAL SDs post-solubility. 






Figure 10. Overlay of PXRD diffractograms obtained for pure INH and solid residues of INH–MAL SDs post-solubility.



[image: Crystals 13 01568 g010]







[image: Crystals 13 01568 g011] 





Figure 11. Effective permeability (Pe) of INH in comparison with INH permeation from INH–MAL PMs and INH–MAL SDs. 
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Table 1. Summary of equilibrium solubility of INH in combination with MAL in varying molecular ratios and the equilibrium solubility of the prepared INH–MAL SDs at 37 ± 0.5 °C.
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	Sample
	Equilibrium Solubility ± SD 1 (mg/mL)
	Solubility Increase (%)





	INH
	146.1 ± 2.4
	-



	INH–MAL (3:1) PM
	149.7 ± 2.9
	2.4



	INH–MAL (3:1) SD
	163.8 ± 4.3
	12.1



	INH–MAL (2:1) PM
	155.3 ± 3.6
	6.3



	INH–MAL (2:1) SD
	188.6 ± 2.7
	29.1



	INH–MAL (1:1) PM
	155.9 ± 4.1
	6.7



	INH–MAL (1:1) SD
	345.9 ± 1.1
	136.8



	INH–MAL (1:2) PM
	136.1 ± 3.9
	-



	INH–MAL (1:2) SD
	252.2 ± 1.3
	72.6



	INH–MAL (1:3) PM
	135.5 ± 3.8
	-



	INH–MAL (1:3) SD
	221.9 ± 3.0
	51.9







1 SD denotes standard deviation.













 





Table 2. Mean Pe values of INH and INH–MAL PMs and SDs with varying molar ratios.






Table 2. Mean Pe values of INH and INH–MAL PMs and SDs with varying molar ratios.





	Sample
	Mean Pe ± S.D

at 480 min

(10−6 cm/s)
	Mean Pe ± S.D

at 960 min

(10−6 cm/s)
	Mean Pe ± S.D

at 1440 min

(10−6 cm/s)
	p-Value
	Recovery (%)





	INH
	3.8 ± 2.16
	5.5 ± 0.07
	5.4 ± 0.07
	-
	80.0 ± 1.37



	INH–MAL (1:1) PM
	5.0 ± 0.09
	4.9 ± 0.74
	5.9 ± 0.01
	0.28
	95.0 ± 0.71



	INH–MAL (1:1) SD
	7.1 ± 0.26
	9.7 ± 2.26
	9.9 ± 0.37
	0.001
	93.7 ± 0.71



	INH–MAL (1:2) PM
	4.5 ± 0.08
	8.1 ± 1.53
	8.2 ± 0.01
	0.002
	88.1 ± 0.77



	INH–MAL (1:2) SD
	5.3 ± 1.94
	9.4 ± 0.40
	9.2 ± 0.26
	0.001
	91.1 ± 0.70



	INH–MAL (1:3) PM
	2.1 ± 0.39
	7.1 ± 1.59
	9.7 ± 0.28
	0.001
	83.4 ±1.28



	INH–MAL (1:3) SD
	4.6 ± 1.80
	7.5 ± 1.05
	7.5 ± 0.18
	0.007
	83.5 ± 0.62



	INH–MAL (2:1) PM
	2.1 ± 0.25
	5.3 ± 0.25
	3.6 ± 0.09
	0.011
	82.1 ± 0.45



	INH–MAL (2:1) SD
	1.1 ± 0.11
	3.2 ± 0.99
	3.1 ± 0.01
	0.004
	100.9 ± 0.33



	INH–MAL (3:1) PM
	1.0 ± 0.48
	3.2 ± 0.50
	2.4 ± 0.02
	0.002
	80.9 ± 0.30



	INH–MAL (3:1) SD
	1.0 ± 1.01
	2.8 ± 0.99
	1.9 ± 0.38
	0.002
	83.0 ± 0.19
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