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Abstract

:

The present work aimed to re-assess the bioavailability enhancement potential of fulvic acid (FA). Carbamazepine (CBZ) and peat were used as a model drug and FA source, respectively. Our group has already evaluated the bioavailability enhancement potential of a less commercially viable source of FA, i.e., shilajit. In the present work, the phase solubility of CBZ was analyzed with varying concentrations of peat-sourced FA (2–12% w/v). The prepared complex (CBZ-FA) was characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and differential scanning calorimetry (DSC). Dissolution, pharmacokinetic, and pharmacodynamic studies were also carried out. The results showed the presence of an interaction between the drug and FA within the complex, which led to 98.99 ± 2.0% enhancement in drug solubility. The results also showed 79.23 ± 2.1% dissolution of the complexed drug over 60 min and 69.32 ± 2.2% permeation from the intestinal gut sac over 90 min, which led to a significant enhancement of bioavailability and a reduction in the duration of epileptic seizures. Thus, this study re-authenticates our earlier results and suggests switching the FA source (shilajit to peat) for commercial product development.
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1. Introduction


The solubility of drugs plays an important role in designing a suitable drug delivery system. It is a known fact that the low solubility of a drug leads to low bioavailability, leading to poor performance of the drug delivery system. Carbamazepine (CBZ), an anti-epileptic drug, has variable bioavailability [1]. The drug is marred with poor aqueous solubility, leading to limited bioavailability and poor therapeutic outcomes [2]. Thus, unnecessarily high drug loading might be a significant reason for side effects that add to the patient’s noncompliance issues.



The complexation of drugs with hydrophilic molecules is a widely accepted method of solubility enhancement (e.g., Sporanox® capsule by Janssen Pharmaceutica) [3]. Additionally, there is a continuous dearth of suitable excipients for accentuating the formulation attributes. Synthetic excipients are highly acceptable but are sometimes not feasible to use owing to their high prices and other limitations [4]. Emerging natural substances such as humic acid (HA) and fulvic acid (FA) have been widely explored by researchers as pharmaceutical excipients [5]. FA is a low-molecular-weight compound that shows high permeability to cell membranes, and in conjunction with water, it becomes 100% absorbable to living cells [6]. These attributes not only serve to accentuate the aqueous solubility of poorly soluble drugs but also aid their permeability as well [7]. In most of the reported studies, FA was obtained from a shilajit source, which is a herbo-mineral rock source available in mountainous terrains, such as in the Himalayas [8]. It is one of the oldest known sources of FA in the Indian indigenous system of medicines and in folk systems. The percentage yield of FA from shilajit is very low, which is considered a hurdle to commercial product development since a continuous and cost-effective supply of raw materials is a major requirement [9]. Hence, relying on only shilajit as a source for FA-based pharmaceutical products is a wise choice [10]. As an alternative natural source of FA, peat appears to be the most suitable, as it is abundantly available. Peat is a naturally occurring organic soil formed by a process of incomplete fragmentation and humification of marsh plants [11]. Peat consists of 40% organic matter, namely, polysaccharides, pectins, cellulose, and humic substances [12].



Peat has also been exploited as a prominent source of FA for uses other than pharmaceutical excipients. In peat, FA is abundantly present and formed by the natural decaying process of plant materials [13]. The current work revolves around the exploration of peat-sourced FA as a cheaper raw material and the re-authentication of existing results obtained with shilajit-sourced FA [14]. Hence, this work is an attempt to explore a cheaper raw material in the form of FA to pave the way for its application in the pharmaceutical industry [15]. The newly sourced FA is of comparable quality with better purity and is expected to yield better complexing properties with suitable formulation outcomes. A previous study was carried out by our group to evaluate the use of peat-sourced FA using Ketoconazole as a model drug and showed promising results [16]. In this study, CBZ was used as another model of a drug. Peat-sourced FA was complexed with CBZ, and the complex was evaluated.




2. Materials and Methods


Peat-sourced FA and CBZ were obtained ex gratis from NZ Fulvic Ltd. (Mount Maunganui, New Zealand) and Jubilant life sciences (Noida, India), respectively. Methanol and acetonitrile were purchased from Merck (Kenilworth, NJ, USA). All other chemicals and reagents used in the study were AR grade.



2.1. Phase Solubility Study


The procedure was carried out according to a reported method [17]. Phase solubility studies were carried out by placing an excess amount of CBZ in FA solutions of varying strengths ranging from 2–12% w/v, kept in stoppered glass vials. The suspensions were maintained at room temperature (25 ± 2 °C) and kept on a biological shaker. After 48 h, the suspensions were then passed through a 0.45 µm membrane filter, and the filtrates were suitably diluted and analyzed for CBZ content using UV/Vis spectroscopy at 286 nm [18].




2.2. Preparation of Complex


Phase solubility is a preliminary step in determining the concentration of FA that is most suitable for preparing the complex. The optimum ratio was selected, and the CBZ-FA complex was prepared in a ratio of 1:2. First, the FA solution was prepared by dissolving FA in water using a magnetic stirrer at a speed of 200 rpm. The required quantity of CBZ was then added to prepared FA solution and left for 48 h. The sample was then frozen overnight and lyophilized using 2% w/v sucrose as a cryoprotectant. The obtained mass was powdered using a glass mortar–pestle and passed through 100-mesh sieve [14,19,20].




2.3. High-Performance Liquid Chromatography (HPLC) Analysis of CBZ


The analysis was carried out according to a reported method [21] using RP-HPLC C-18 silica column (Waters, 5-micron, 250 × 4.0 mm).



Aqueous media: A mixture of methanol and water (50:50) was used as the mobile phase. The injection volume, run time, and retention time were 20 µL, 10 min, and 5.96 min, respectively. The wavelength was set at 285.5 nm. The linearity was found in the range of 0.39–50 µg/mL with an R2 value of 0.998.



Plasma: The first step in plasma analysis is the extraction of CBZ from plasma using the liquid–liquid extraction method [22]. The plasma samples were collected and spiked with drug solutions of different concentrations, 0.5–15 µg. The sample was then vortexed for 15 min, followed by the addition of ethyl acetate in a ratio of 1:4, and vortexed again for 10 min. Next, the sample was centrifuged, and the organic layer in the Eppendorf tube was collected and evaporated to dryness under nitrogen gas. The obtained dry residue was dissolved in acetonitrile and analyzed using HPLC. The mobile phase used was a mixture of methanol and water in a ratio of 70:30 with a flow rate of 1 mL/min. The wavelength and run time were 285.5 nm and 10 min, respectively. The retention time was 3.34 min, and the linearity was in the range of 0.1–15 µg/mL with R2 = 0.993.




2.4. Determination of Aqueous Solubility of Solid Complex


The aqueous solubility was determined by placing an excess amount of CBZ-FA complex in 10 mL of distilled water and stirring the solution for 3 d at 150 rpm and 25 ± 2 °C in a mechanical shaker (Grower enterprises, New Delhi, India). The suspensions were then filtered through a 0.22 µ filter, diluted, and analyzed by HPLC.



The solid complex was characterized using the following approaches.




2.5. Differential Scanning Calorimetry (DSC)


CBZ, FA, and complex samples (about 5 mg) were placed and sealed in the DSC pan. A differential scanning calorimeter was used to scan the samples between 20 and 350 °C at a heating rate of 10 °C/min in a nitrogen atmosphere (PerkinElmer Pyris 6 DSC, Waltham, MA, USA).




2.6. Fourier Transform Infrared Spectroscopy (FTIR)


FTIR spectroscopy of the drug, FA, and complex was investigated using the potassium bromide (KBr) pellet process. A properly weighed amount of the sample (5 mg) was mixed with KBr (1:1) and then compressed into a pellet using a hydraulic press. The characteristic spectra were recorded by scanning the pellet between 4500 and 500 cm−1.




2.7. X-ray Diffraction (XRD)


The X-ray diffraction of CBZ, FA, and complex was investigated using an X-ray diffractometer (PW 1830, Phillips, Tokyo, Japan). To reduce orientation effects, the samples (1000 mg) were rotated during data collection. At 35 kV and 30 mA, an XRD pattern was recorded in the range from 2θ = 10 to 70.




2.8. Drug Release Study


For the drug release study, pure CBZ suspension and drug complex equivalent to 5 mg were put in a dialysis bag with a cut-off of 12,000–14,000 Da (Spectra-Por dialysis bag, Sigma Aldrich, St. Louis, MI, USA( Michigan mild western united states) [23]. The bag was then immersed in a dissolution apparatus (USP type II, Hanson Research SRS, Princeton, NJ, USA) containing 900 mL of simulated gastric fluid of pH 1.2 and set at 75 rpm for 60 min at a temperature of 37 ± 2 °C. Aliquots of samples were removed from the dissolution chamber at pre-determined time intervals and analyzed by HPLC. The release kinetics for both complex and pure drugs were calculated for various models [24].




2.9. Animals


Healthy male albino Wistar rats weighing 180–200 g were selected for the study. Approval for the study was obtained from Animal Ethics Committee, Jamia Hamdard vide protocol no. 1426. The animals were caged in plastic animal cages at 25 ± 2 °C and exposed to a 12 h light/dark cycle. The rats were provided water ad libitum and fed a standard rat chow diet.



2.9.1. Ex Vivo Everted Intestinal Sac Permeation Study


For the intestinal sac permeation study, the first step was the isolation of excised gut sac. The rats were anesthetized using CO2 gas. Their abdomen was then incised at the midline, and a segment of the small intestine was cut and removed. It was then inverted, washed with saline solution, and filled with modified Tyrode solution. The intestinal sac was then placed in a bath containing 100 mL of dissolution medium (modified Tyrode solution) and bubbled with 95% O2 and 5% CO2 at 37 ± 2 °C to maintain simulated conditions. After 2 h, 2 mL of complex solution and pure drug suspension were added to separate intestinal sacs, and the assembly was placed on a magnetic stirrer at 60 rpm. A 1 mL sample was withdrawn from the dissolution medium at different time intervals: 0, 15, 30, 45, 60, 75, and 90 min. The solution was filtered through a 0.45 µm membrane filter and analyzed by HPLC. The cumulative drug permeated vs. time was plotted, and the flux and apparent permeability coefficient values were calculated [25].




2.9.2. Pharmacokinetic Study


The animals fasted overnight before the study. The rats were divided into three groups and dosed accordingly for 7 days:



	
Group I received pure CBZ at a dose of 80 mg/kg p.o.



	
Group II received CBZ-FA complex at a dose equivalent to 80 mg/kg p.o.



	
Group III received normal saline, p.o.






A blood sample was collected from the retro-orbital sinus in EDTA tubes at 0, 1, 2, 3, 4, 6, and 8 h after the last dosing. The plasma was obtained by centrifuging the samples at 2500 rpm for 10 min, and the supernatant was collected [6]. The drug was extracted from plasma as previously explained and analyzed by HPLC for CBZ content.




2.9.3. Pharmacodynamic Study/MES (Maximal Electroshock)-Induced Convulsion


After the pharmacokinetic study, the same set of animals was used for the pharmacodynamic study. The animals were dosed similarly to the pharmacokinetic protocol, 30 min before the induction of MES. A strain was applied using an electro-convulsiometer (Techno India, Lucknow, India) using the following conditions: 150 mA, 0.2 s, and average voltage 200–250 V. The incidence and duration of seizures (tonic-clonic convulsions) were recorded [19].






3. Results


3.1. Phase Solubility Behavior


The results of phase solubility studies are shown in Figure 1. It can be clearly seen that the solubility increased with an increase (up to 4%) in the concentration of FA. Beyond 4%, an insignificant increase in solubility was observed. A plateau can be seen in the graph up to the highest tested FA concentration (12%). Since the maximum solubility was observed using 4% FA, this concentration was selected to prepare the complex for the following studies.




3.2. Characterization of the Complex


The CBZ-FA complex was characterized by the following techniques:



3.2.1. Fourier Transform Infrared Spectroscopy (FTIR)


The FTIR spectra of pure CBZ are shown in Figure 2, which display characteristic peaks at 1593 cm−1 (C=C, C=O aromatic stretching), 1681 cm−1 (0=C-NH2), and 3456 cm−1 (NH stretching). Pure FA displayed major absorption bands in the regions of 1708 cm−1 (C=O stretching, carboxylic acid), 2854 cm−1, 2972 cm−1 (CH- stretching, aliphatic), 3612 cm−1 (aromatic OH stretching), 1303 cm−1 (C–O stretching), and 1099 cm−1 (C–O stretching of polysaccharide). The FTIR spectra exhibited by the complex showed a downward shift in most of the peaks, with O-H stretching at 3417 cm−1, C-H at 2866.22 cm−1, COOH at 1687.71 cm−1, C=C stretching at 1510.26 cm−1, and C-O stretching at 1066–1354 cm−1. Bands for aromatic stretching and –NH stretching were observed at 1687 cm−1 and 3462 cm−1, respectively.




3.2.2. Differential Scanning Colorimetry (DSC)


A single sharp exothermic peak at 193.221 °C was prominent in the DSC spectra of CBZ, which suggests extreme crystallinity of the samples (Figure 3). The peak of FA was also exothermic and observed at 223.257 °C. When the peaks of both components were compared with those of the CBZ-FA complex, it was found that only a single small broad peak at 222.326 °C was present, almost corresponding to the peak of FA [26]. Additionally, the CBZ peak was absent in the thermogram, which may indicate a loss of crystallinity due to the physical interaction between the two components. A substantial increase in the melting point of CBZ in the complex can be correlated to the less ordered structure. The enthalpy value of the developed complex was found to be 2554.73 j/g, which lay between the values of FA and CBZ, 3567.080 j/g and 570.843 j/g, respectively.




3.2.3. X-ray Diffraction (XRD)


The XRD spectra of the pure CBZ exhibited numerous closely packed sharp peaks in a 2ϴ range of 14°–35°; more specifically, peaks with high intensity were at 13°, 15°, 19°, 24°, and 27°, which indicates a crystalline nature (Figure 4). The spectra of the complex, when compared to CBZ, revealed only a few peaks of lower intensity [27]. Sharp peaks that were obvious in the pure CBZ thermogram were almost absent in the complex, which may indicate the loss of crystallinity after interaction with FA. An interesting observation was the presence of sharp and high-intensity peaks in FA spectra. These peaks were also prominent in the CBZ complex thermogram. The XRD spectra of shilajit-derived FA from earlier reports did not show any crystalline pattern. The most probable explanation is the presence of minerals, as seen in the certificate of analysis (CoA).




3.2.4. Determination of Saturation Aqueous Solubility of Solid Complex


The saturation solubility of CBZ at 25 ± 2 °C was found to be 148.08 µg/mL, which increased to 294.65 µg/mL upon complexation with FA, demonstrating a 98.99 ± 2.0% increase.




3.2.5. CBZ Release Profile from the Developed Complex


The CBZ release study showed that approximately ~39% of the pure drug was released in 60 min, whereas for the complexed drug, ~79% release was observed in 60 min, as shown in Figure 5. Thus, a better release profile for the complexed drug was observed. From the kinetics of drug release, the regression coefficient was found to be the maximum for the Higuchi model (Table 1) for both the pure drug and the complex, suggesting that the release followed the diffusion mechanism.




3.2.6. Ex Vivo Everted Intestinal Gut Sac Permeation Study for CBZ-FA Complex


The permeation of the complexed CBZ across the gut sac was greatly enhanced when compared to CBZ suspension in water. As shown in Figure 6, 48 ± 2.5% release of CBZ was observed, whereas the value increased to 69 ± 2.7% for the complexed drug [28]. The flux value was calculated and found to be 18.33 µg/min and 14.59 µg/min for the complex and the pure drug, respectively. The permeability was also enhanced by the complex vs. the pure drug, as shown by their respective apparent permeability coefficient values of 9.16 × 10−3 and 7.29 × 10−3 [29].




3.2.7. Pharmacokinetics of Carbamazepine


The plasma drug concentrations were plotted (Figure 7) at various time intervals, and the pharmacokinetic parameters, such as maximum plasma drug concentration (Cmax), time to reach maximum plasma drug concentration (Tmax), and area under the plasma concentration–time curve (AUC), were calculated [21]. The various values obtained from the non-compartmental pharmacokinetic model are shown in Table 2.




3.2.8. MES (Maximal Electroshock Seizure)-Induced Convulsion


The incidence and duration of seizures were noted and recorded, as shown in Table 3. The seizure duration shown by the control group was longer as compared to the drug-receiving groups. When the seizure durations in groups I and II were compared, it was noted that the duration was reduced to a value that is almost half of the group I value.






4. Discussion


The poor solubility of CBZ has been a burgeoning problem hindering efficient delivery. In general, Biopharmaceutics Classification System (BCS) Class II and Class IV drugs are associated with this issue. Therefore, we planned this work with the aim to enhance the aqueous solubility of CBZ using complexation with novel peat-sourced FA. In our previous work, we used shilajit FA to enhance the solubility of CBZ [30].



Peat-sourced FA is comparatively cheaper than shilajit-sourced FA [31]. Therefore, using peat-sourced FA could lead to a potential favorable alternative to shilajit-sourced FA. The study started with phase solubility determination, which helped us to select an adequate concentration of FA required to solubilize the maximum amount of CBZ. The optimum concentration was found to be 4% w/v FA solution. When we compared the phase solubility diagrams of peat FA with shilajit FA, it was observed that the maximum solubility was 1.5% w/v [13].



The CoA of peat-derived FA indicates the presence of some elements (Ca, P, Mn, Mg, K, Na, etc.). These elements are organic in nature and are not removed owing to their health benefits in dietary supplements. However, it should be noted that the presence of these elements can adversely affect the complexation capacity of FA. In the commercial-scale extraction of FA, heavy metals and earth-material-related impurities are minimized. Hence, we can expect a further enhancement of the solubility profile of FA in an industrial-scale study. Next, the complex was characterized for physico-chemical attributes using DSC, FTIR, and XRD. Our previous study showed that simple mixing is sufficient for physical interaction between the different functional groups [30]. The shifting and disappearance of peaks strongly indicate that complexation has occurred.



Significantly enhanced drug release was observed for the peat-derived FA-CBZ complex (79%); however, when compared to the shilajit-derived FA-CBZ complex, ~81% drug release was observed in 60 min. Here again, better drug release can be expected after the impurities in peat-sourced FA are removed. [29]. When we compare the permeation profile of the shilajit-based FA complex with that of the peat-sourced FA complex, a ~3.7 times enhancement can be seen in the former as compared to only 1.25 times. Again, we reiterate that once the impurities are removed, better permeation is expected.



Finally, the therapeutic effectiveness of the prepared complex was tested by carrying out pharmacokinetic and pharmacodynamic studies. Since the drug does not undergo hepatic metabolism, enhancing the solubility will improve the bioavailability. From these studies, it is clear that the complexed drug exhibited better performance when compared to the pure drug, as evident by 1.17 times enhanced bioavailability. Hence, we were successful in enhancing the solubility of CBZ by preparing a complex with peat FA. Nonetheless, the presence of mineral impurities obstructed our objective to some extent, and therefore, we had to use an excess amount of FA to solubilize a small amount of the drug. This can lead to a need for larger doses of the CBZ-FA complex, which can be inconvenient to patients. Consequently, there is a need to purify the FA sample so that better yield and minimum impurities can be obtained, which will ultimately improve the bioavailability and performance of the delivery system.




5. Conclusions


From the study, it can be concluded that the CBZ-FA complex successfully enhanced the solubility of CBZ, and hence, peat-sourced FA can be used for solubility enhancement. This observation was supported by in vivo testing, which strengthened our claim. Therefore, the complexation of CBZ with FA could be used for oral drug delivery, but further studies are needed to test the clinical efficacy.
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Figure 1. Phase solubility diagram of FA and CBZ at room temperature (25 ± 2 °C). 
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Figure 2. FTIR overlay spectra of FA (A), CBZ (B), and CBZ-FA complex (C). 
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Figure 3. Overlay of DSC thermograms of (A) CBZ, (B) FA, and (C) CBZ-FA complex. 
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Figure 4. Overlay of X-ray diffractograms of A (FA), B (CBZ), and C (CBZ-FA complex). 
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Figure 5. Comparative release profile of the pure drug (FA) and the complexed drug (CBZ-FA) in simulated gastric fluid, pH 1.2 at 37 ± 2 °C. 
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Figure 6. Ex vivo permeation profile of the pure drug and the complexed drug across the rat intestinal sac. 
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Figure 7. The plasma concentration–time curve of the pure drug (80 mg/kg p.o.) and complexed drug (equivalent to 80 mg/kg CBZ) administered in rats. 
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Table 1. Kinetics of in vitro release.
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	Models
	R2 Value





	Zero order
	0.883



	First order
	0.874



	Korsmeyer–Peppas
	0.932



	Higuchi
	0.984
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Table 2. The in vivo pharmacokinetic parameters of pure CBZ and complexed CBZ following oral administration in rats.
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	Parameters
	Group I (Pure Drug)
	Group II (Complexed Drug)





	Cmax (μg/mL)
	2.9935 ± 0.006
	3.80 ± 0.1



	Tmax (h)
	2.0 ± 0.0
	2 ± 0.0



	AUC0–t (μg/mL ∗ h)
	12.94 ± 0.06
	15.8 ± 0.04



	AUC0–∞ (μg/mL ∗ h)
	13.66 ± 0.081
	16.08 ± 0.05
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Table 3. In vivo anticonvulsant activity of CBZ and complexed CBZ in Wistar rats.
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	Parameter
	Group I (Pure Drug)
	Group II (Complexed Drug)
	Group III (Control)





	Duration of seizures (n = 6)
	49.4 ± 2 s
	25 ± 4 s
	2.48 ± 0.3 min
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