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Abstract

:

In the present study, we aimed to determine whether the shelf life of effervescent tablets may be assessed during storage using total directional hemispherical reflectance (THR). We also analyzed selected pharmacopeial parameters of the tablets and used X-ray microtomography to assess the internal structure of the tablets. Two types of effervescent tablets of one commercial product containing magnesium and vitamin B6 (expired and unexpired) were analyzed. In addition, randomly selected unexpired and expired tablets were dried in a vacuum oven for 24 h at 50 °C. The expired effervescent tablets disintegrated in a significantly shorter time than the unexpired tablets (68 s vs. 83 s, p = 0.016). The remaining pharmacopeial parameters did not differ between the two types of tablets. We observed that expired effervescent tablets showed lower mean values of THR in five spectral ranges, which indicates that a greater amount of radiation beam was transmitted into their inner structure than for unexpired tablets. The density of the inner structure assessed on the microtomographic scans differed significantly between all the analyzed tablets (p < 0.001). The highest mean density was observed in the case of the unexpired tablets dried in a vacuum oven (1.273 g/cm3), while the lowest density was observed in the case of the expired tablets (1.261 g/cm3). The expired tablets had a larger pore diameter compared to the unexpired tablets (0.095 mm vs. 0.074 mm, respectively; p = 0.007). Additionally, the percentage of porosity was higher in the expired tablets compared to the unexpired tablets (p < 0.001).
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1. Introduction


Since the oral route of administration of active pharmaceutical ingredients (API) is the most popular, conventional tablets are the most popular pharmaceutical forms. Unfortunately, these forms show slower absorption and, in turn, delayed onset of action; additionally, tablets need to be swallowed, which may be a problem for many patients, especially the elderly and pediatric ones. Effervescent tablets may overcome the disadvantages of traditional tablets [1]. They are used to administer dietary supplements used for prophylactic purposes, as well as analgesics, antipyretics, antacids, betaines, and glucosamines [2,3]. These tablets differ from conventional ones in the composition of their excipients, as they contain substances that disintegrate upon contact with water, resulting in the release of carbon dioxide and API [4]. Most commonly, CO2 is released by the interaction of tartaric or citric acid with alkali metal carbonates or bicarbonates in an aqueous environment [1]. This form allows for large doses of API to be taken and masks its unpleasant taste [5,6,7]. However, the disadvantage of effervescent preparations is their sensitivity to environmental conditions, especially moisture. Hygroscopic ingredients can absorb moisture from the environment, leading to hydrolysis processes, especially when the storage temperature is above 25 °C.



The therapeutic value of a medicinal preparation is ensured, among other things, by its durability, which means that it should be produced, stored, and used under appropriate conditions. Each ingredient in the drug formulation should be selected in such a way as to ensure the stability of the final product. The assessment of the stability of pharmaceutical products is carried out to ensure that appropriate standards of quality, efficacy, and safety of drugs are maintained throughout their shelf life. The guidelines for stability tests are set out by the International Conference on Harmonization (ICH) Stability Q1A-Q1F [8]. These guidelines require conducting organoleptic, physicochemical, and microbiological tests relevant to the stability of the medicinal product.



Currently, new analytical techniques are being sought to allow for the quick and effective detection of unfavorable changes in medicinal products. Previously, several spectroscopic and spectrometric methods were used to evaluate effervescent tablets in the context of their stability [9,10,11]. The API content was analyzed using methods such as near-infrared spectroscopy [9,10] or by ratio spectra-continuous wavelet transform and ratio spectra-derivative spectrophotometry [11]. In turn, the HPLC method was used to quantify the degradants and process-related impurities of effervescent formulations with N-acetyl-L-cysteine [12]. In another study of hydrogen-producing effervescent tablets, the total amount of generated hydrogen and the weight gain of the samples were assessed in a stability test [13]. The change in moisture content, as determined by the dynamic vapor sorption method, was used as a criterion for the stability of the effervescent granulate formulation [13]. Water sorption tests were also used to study the physical stability of effervescent tablets containing benzonidazole complexed with cyclodextrin [14]. The tablets were stored at 25 °C under 0 or 80% relative humidity (RH) in hermetic systems for 7 days. Kadivar et al. [15], in accordance with ICH guidelines, determined the physical stability of imatinib mesylate effervescent floating sustained-release tablets, stored for 6 months at 40 °C and 75% RH, using parameters such as drug content, hardness value, floating behavior, and visual observations of matrix integrity.



One of the novel, non-invasive methods of analysis of pharmaceutical products is the measurement of their reflectance. Reflectance is a quantity describing the ratio of the light beam reflected from the surface of the tested object to the beam incident on the object. The surface of the analyzed object (e.g., a pharmaceutical formulation) can reflect, scatter, and/or absorb light radiation from the reflectometer. Knowing the amount of light radiation that is scattered or reflected from the tablet, it is possible to determine how much radiation is absorbed by it. Thus, the strength of the influence of the given spectral ranges on the pharmaceutical product can be determined. Except for our recent study [16], the measurement of hemispherical reflectance has not yet been used to evaluate the stability of pharmaceutical products. Earlier, this method was used to analyze counterfeit drugs [17]. Other studies have demonstrated that the analysis of reflectance and transmittance can be used to predict drug content [18], as well as to measure hardness and porosity using the near-infrared diffuse reflectance spectroscopy method [19].



In turn, computer microtomography uses X-rays to analyze the inner structure of the analyzed object. Different objects absorb X-rays differently, which is affected by both the density and thickness of the material they are made of. Thicker and denser materials absorb more radiation. With this method, individual elements can be distinguished in the tested object with an accuracy of 1 µm. In pharmacy, microtomography is able to visualize any structural defects, such as micro-cracks, air bubbles, or delamination [20,21]. Several studies have demonstrated the usefulness of X-ray microtomography in evaluating pharmaceutical products, including modified-release tablets containing pellets with theophylline [22], multiple-unit pellet system (MUPS) tablets [23], as well as mini-tablets with moxidectin [24]. Both hemispherical reflectance and X-ray microtomography have several important advantages, including ease of sample preparation, speed, and saving of test samples.



The present study aimed to determine whether directional hemispherical reflectance allows for the shelf life of effervescent tablets containing magnesium and vitamin B6 to be assessed during storage. In addition, we analyzed selected pharmacopeial parameters that are used to describe tablets as a standard, and we used X-ray microtomography to evaluate the internal structure of the tablets.




2. Methods


2.1. Analyzed Tablets


In the present study, two types of effervescent tablets of one commercial product containing magnesium and vitamin B6 (Zdrovit; Natur Produkt Pharma sp. z o. o., Ostrów Mazowiecka, Poland) were analyzed: one expired (expiration date: 04.2021) and one unexpired (expiration date: March 2024). Three unexpired and three expired tablets were randomly selected and dried in a vacuum drying oven (Model DZ-1BCII, CHEMLAND, Stargard, Poland) at 50 °C for 24 h. The tablets were evaluated visually, and the external appearance was assessed under visible light using an Olympus Tough camera with a Dermlite attachment (Olympus Europa Se & Co. KG, Hamburg, Germany).




2.2. Evaluation of the Effervescent Tablets


Uniformity of weight was assessed according to European Pharmacopoeia’s 10th edition (Ph. Eur. 10); each of the 20 randomly selected tablets in one series was weighed, and the arithmetic mean weight was determined [25]. The hardness, diameter, and thickness of the tablets were determined in the MultiTest50 hardness tester (Pharmatron Dr. Schleuniger, Thun, Switzerland). The friability was determined using a friabilator (Model EF 2W, Electrolab, Navi Mumbai, India) for 4 min at 25 rpm.




2.3. Disintegration Time and Moisture Content


In vitro disintegration test was carried out for 6 tablets. The analysis was carried out for one tablet at a time in a beaker that contained 200 mL of purified water at 15–25 °C. The disintegration time was measured with a stopwatch. Numerous gas bubbles were emitted at the beginning of disintegration, and when gas was released around each tablet or tablet fragment and no significant tablet agglomerates remained, it was considered disintegrated.



Moisture content was determined using two types of dryers:




	
A moisture analyzer WS-30 (Radwag, Radom, Poland) under the following conditions: for 60 min at 70 °C.



	
A vacuum oven under the following conditions: for 24 h at 50 °C.








Before drying, the tablets were weighed and then placed in the drying device. After drying, the final weight was determined. The weight loss percentage represented the moisture content.




2.4. Analysis of Directional Hemispherical Reflectance


With the use of the SOC-410 Directional Hemispherical Reflectometer (USA), the assessments of THR were performed. The apparatus measures reflectance within seven wavelength bands, including 335–380 nm, 400–540 nm, 480–600 nm, 590–720 nm, 700–1100 nm, 1000–1700 nm, and 1700–2500 nm, i.e., from ultraviolet to near-infrared. The results for THR were obtained for the beam at an angle of 20°. For each tablet analyzed, three measurements were performed.



The calibration coupons (mirror and diffuse) certified by the American National Institute of Standards and Technology (ANIST) were the control group in our study and were used to calibrate the device. The calibration process was repeated after testing every 4 tablets, and each time we obtained the same values of reflectance for the coupons. The repeatability of the results was 99.9%. In addition, we repeated the measurements of the tablets after two weeks and found that the values of reflectance were comparable between the analyses, the difference was less than 2%.



The accuracy of the directional reflectance measurement method using a reflectometer is below ±3% and has been specified by the manufacturer in the entire spectral range for all materials that are not transparent or hemitransparent, and this applies to both electrics and dielectrics.




2.5. X-ray Microtomography Analyses


2.5.1. Density Analysis


X-ray microtomography (Phoenix vǀtomeǀx, GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany) allows for registration of the scans of analyzed tablets.



The tablets were scanned at a voltage of 180 kV. The images were recorded with a resolution of 2024 × 2024 pixels. A total of 2000 scans for each tablet were recorded, with a total scan time of 86 min and an amperage of 100 μA. The smallest possible voxel of 25 μm was established to obtain the maximum image resolution. The microtomographic projections were acquired every 0.18° with a total object rotation of 360°. For image acquisition and image reconstruction, we used the scanner manufacturer’s software, Phoenix Datos|x 2.0.



During the analysis, X-rays are absorbed by the analyzed object in proportion to its density, which is reflected in the microtomographic image by the gray level. We assumed that “bright” pixels represent areas of high density, while “dark” pixels represent areas of low density. A phantom with known density areas (Micro-CT HA Phantom D32) was scanned simultaneously, under the same conditions as effervescent tablets, to establish the grayscale level of the reference density (Figure 1).



The analysis of the average brightness value of pixels for the region of interest (ROI) (Figure 2) was performed with the ImageJ software (ImageJ 1.53a; National Institutes of Health, Madison, WI, USA) with the following command: first “Analyze”, and then “Measure”. This allowed for determining the density vs. mean intensity calibration curve, and, consequently, it became possible to determine the density of any area of the tablet slice.



We analyzed 120 random ROIs from the 20 microtomographic slices of the tablet. Therefore, we evaluated the density of each tablet through 20 of its thickness layers. The selected squares with an average region of interest (ROI) of 3.30 cm2 (calculated by multiplying the area of a single pixel by the number of pixels in the ROI) were marked, and the average brightness was measured.




2.5.2. Diameters of the Pores


To analyze the diameters of the pores exposed on the microtomographic slices, 100 random measurements for each tablet type were made using myVGL 3.1 software (Viewer for Data Processed by Volume Graphics GmbH, Heidelberg, Germany).




2.5.3. Percentage Determination of Porosity


Porosity analysis was performed using ImageJ software. The volumes were loaded into the program, and then the images were rotated so that the edge of the tablet base was horizontal or vertical. After performing the “Stacks/Reslice” operation, a circle for analysis with a diameter of about 22 mm was marked. After setting the “Threshold” to the background level, the degree of porosity from the top to the bottom of the tablet was analyzed. The results were obtained as a percentage.





2.6. Statistical Analyses


Data were analyzed statistically using Statistica 13 software (StatSoft, Tulsa, OK, USA). The continuous data (weight, disintegration time, force needed to crush the tablet, hardness factor, brightness of the pixels, tablet’s density, and diameter of the slots) were presented as mean (M) and standard deviation (SD). The normality of the distribution of quantitative data was assessed using the W Shapiro–Wilk test. Mean values of quantitative data between the analyzed subgroups were compared using analysis of variance (ANOVA) when the distribution of data did not differ from the normal distribution or Kruskal–Wallis test when the distribution of quantitative data differed from the normal distribution. In the case of significant differences found by the Kruskal–Wallis test, the Mann–Whitney U test was used for post hoc pairwise comparisons. Spearman’s correlation coefficients were assessed to establish possible correlations between continuous variables. Every result with p ≤ 0.05 turned out to be statistically significant.





3. Results


3.1. Characteristics of the Analyzed Effervescent Tablets


Both unexpired and expired effervescent tablets were cylindrical with flat top and bottom surfaces. In addition, an amount of powder was observed on the surface of both types of tablets (Figure 3A,B), which may suggest high friability. The expired effervescent tablets showed some discoloration, impurities, or cracks. Unexpired and expired tablets that were dried in a vacuum oven at 50 °C for 24 h showed similar features to tablets that were not dried in a vacuum oven (Figure 3C,D).



The dimensions of the tablets, i.e., diameter and thickness, met the Ph.Eur.10 requirements. The analyzed effervescent tablets also showed weight uniformity, which was fully compliant with the pharmacopeial standards. The weight of none of the tablets exceeded the permitted variation of ±5%. Table 1 shows the mean values of weight, thickness, and diameter of the analyzed effervescent tablets.



There were no differences in mean weight, thickness, or diameter between the two analyzed types of effervescent tablets.




3.2. Hardness, Friability, and Disintegration Time of the Effervescent Tablets


The mean values of the parameters typically analyzed for tablets as a dosage form, i.e., hardness factor, force needed to crush the tablet, and disintegration time, are presented in Table 2. We were unable to determine the tablets’ friability because, after a few revolutions of the friabilator’s drum, the tablets broke up into several or a dozen pieces.



We observed that expired effervescent tablets disintegrated in a significantly shorter time than unexpired tablets (68 s vs. 83 s, p = 0.016). Both the mean force needed to crush the tablet and the mean hardness factor were comparable between the tablets without statistical significance. We did not observe a correlation between hardness and disintegration time.



The moisture content in the expired tablets was twofold higher than in the unexpired tablets (0.4% vs. 0.2%), as assessed by a moisture analyzer. When the moisture content was evaluated in a vacuum oven, we found that expired tablets had 0.44% moisture while unexpired tablets had 0.28%. Thus, the results obtained from both analyses were comparable.




3.3. Comparison of Expired and Unexpired Tablets in Terms of THR Value


Mean values of THR were obtained for 24 unexpired tablets and 24 expired tablets within all analyzed spectral bands. For both types of tablets, the mean values of THR were highest in two wavelength ranges of visible light (i.e., 480–600 and 590–720 nm), while the lowest mean value of THR was found in the infrared range (i.e., 1700–2500 nm) (Figure 4). We observed that the mean THR within the ranges of 400–540, 480–600, 590–720, 700–1100, and 1000–1700 nm was significantly higher for the unexpired effervescent tablets than for the expired ones (p < 0.001).



Interestingly, significant differences in mean THR were also observed when the top side of the tablets (i.e., the side of the tablet facing the closure of the package) and the bottom side of the tablets (i.e., the side of the tablet facing the bottom of the package) were compared (p < 0.001).




3.4. Analyses Using X-ray Microtomography


3.4.1. Density


The mean densities of the tablets’ inner structure are presented in Table 3.



Overall, a significant difference was observed in the density of the inner structure among all the analyzed tablets. The post hoc analysis revealed significant differences in the following pairs of tablets: unexpired vs. expired (p < 0.001), unexpired vs. unexpired dried in a vacuum oven (p = 0.004), expired vs. unexpired dried in a vacuum oven (p < 0.001), and expired vs. expired dried in a vacuum oven (p < 0.001). No differences were observed when expired tablets dried in a vacuum oven were compared with both unexpired tablets (p = 1.000) and unexpired tablets dried in a vacuum oven (p = 0.071). The highest mean density was observed in the case of unexpired tablets dried in a vacuum oven (1.273 g/cm3), while the lowest density was found in the expired tablets (1.261 g/cm3). Thus, unexpired tablets showed better homogeneity than expired tablets.




3.4.2. Diameter of the Pores


Despite the homogeneity of the inner structure, slices of the three types of effervescent tablets analyzed were also examined. The arrangement of two types of tablets during microtomographic analysis and images from the microtomographic scans showing the surface of the tablets are presented in Figure 5.



We observed that the surface of expired tablets is heterogeneous, with many defects and numerous pores.



The diameters of the exposed pores were also analyzed. Figure 6 presents the mean diameters of the pores observed in the two types of tablets analyzed.



We observed differences in mean pore diameter between the expired and unexpired effervescent tablets. The expired tablets were characterized by a larger pore diameter compared to the unexpired tablets (0.095 mm vs. 0.074 mm, respectively; p = 0.007). In the unexpired tablets, the diameter of the pores correlated negatively with the density of the inner structure; the higher the density, the lower the diameter on average (r = −0.326, p = 0.042).




3.4.3. Percentage Determination of Porosity in the Tested Tablets


The mean percentage of porosity based on the results obtained from individual sections according to the axis of the tablet is presented in Table 4.



The percentage of porosity differed significantly between the tablets (Table 4). The post hoc analysis revealed significant differences in the following pairs of tablets: unexpired vs. expired (p < 0.001), unexpired vs. unexpired dried in a vacuum oven (p = 0.015), unexpired vs. expired dried in a vacuum oven (p = 0.007), expired vs. unexpired dried in a vacuum oven (p < 0.001), and expired vs. expired dried in a vacuum oven (p < 0.001). No difference in porosity was demonstrated when the expired tablets dried in a vacuum oven were compared with the unexpired tablets dried in a vacuum oven.






4. Discussion


The quality of the pharmaceutical product is determined by its physical and chemical properties. Our study evaluated the appearance, diameter, thickness, uniformity of weight, dissolution time, moisture content, as well as mechanical strength of effervescent tablets containing magnesium and vitamin B6. We analyzed both the unexpired and expired types of the selected preparation. Unexpired tablets showed longer disintegration time compared to expired tablets, while, as expected, there were no significant differences in the tablets’ weight, thickness, diameter as well as hardness. The mean total reflectance of the surface and the inner structure of the effervescent tablets using reflectance analysis and X-ray microtomography, respectively also were evaluated, as we assumed that these methods may help in the rapid assessment of the degradation process. We observed that the mean THR was significantly higher within the ranges of 400–540 nm, 480–600, 590–720, 700–1100, and 1000–1700 for the unexpired effervescent tablets compared to the expired tablets. In addition, we observed significant differences in mean THR between the top and bottom sides of the tablets. In general, the bottom sides of the tablets showed higher reflectance, which may indicate that more physicochemical changes occurred during storage on the top sides and thus more light is transmitted into the tablet. This may be linked to the packaging material. Previously, near-infrared spectroscopy (NIR) was used to determine degradation products [26] or the quality parameters of mucoadhesive bi-layer thin-film composites [27]. However, the use of hemispheric directional reflectance is a relatively new idea, and there is not much data on the topic [16,17].



Expired effervescent tablets were characterized by a lower density compared to unexpired tablets, which may translate into a specific dissolution time that was significantly shorter for expired tablets. The microstructure of the solid form of the drug affects parameters such as mechanical strength, stability, and disintegration time. This microstructure is characterized by the density, size, and shape of particles, the distribution of excipients and APIs, and the size of pores, fissures, and micro-cracks. Thus, the high porosity of the tablet facilitates the penetration of the liquid into the tablet and increases the rate of dissolution. The values of the average pore diameter of the analyzed effervescent tablets were higher for expired tablets than for unexpired ones. The obtained values of the parameters assessed by X-ray computed microtomography were correlated with each other, and we observed that the higher the density, the lower the diameter on average.



The Ph. Eur. 10 defines effervescent tablets as compressed tablets that contain, in addition to the medicinal substance(s), mixtures of acids (e.g., citric or tartaric acid) and sodium carbonates and/or bicarbonates [25]. Increasingly, this form provides a source of vitamins and/or minerals or other substances with nutritional or other physiological effects [2,3]. Earlier, numerous studies presented effervescent tablets as a matrix to obtain medicinal preparations with faster disintegration, higher drug solubilization, and better stability under higher humidity storage conditions. Such formulations can be obtained by modifying their method of preparation or by adding microcapsules and solid dispersions to the formulation [13,14,28,29,30].



In the present study, we used a commercial formulation that contains citric acid and sodium carbonates as acidity regulators; magnesium carbonate, fructose, cyclamates, and saccharin as sweeteners; aroma; vitamin B6; and riboflavin as a dye. Magnesium is one of the essential ions for the functioning of the body and plays a vital role in the functioning of the brain, heart, and skeletal muscles. It is a cofactor involved in more than 600 biochemical reactions, and its deficiency can result in serious dysfunction [31,32]. Decreased levels of magnesium have been shown to be associated with anxiety, depressive disorders, and mood changes [33]. It has been observed that vitamin B6 acts as a cofactor in more than 160 enzyme reactions [34]. A previous experimental study based on a rat model showed that the administration of high doses of vitamin B6 increased magnesium concentration [35]. Sodium bicarbonate, included in the formulation of effervescent tablets, facilitates the disintegration of the tablet and enhances gastric emptying, resulting in the API reaching the site of absorption faster and appearing in the blood in a shorter time [1,36,37,38,39]. In addition, the contact time of the drug with the gastric mucosa and the possibility of its inactivation in an acidic environment are reduced [40]. Many studies have proven significant differences in the pharmacokinetic parameters of API released from an effervescent tablet compared to conventional oral preparations [41,42,43]. Unfortunately, effervescent components are hygroscopic and moisture-labile, and storing tablets at temperatures above 25 °C accelerates the decomposition of bicarbonate into carbonate.



A stable production process allows obtaining a pharmaceutical product that retains its quality characteristics throughout its shelf life. During the production of tablets or other drug forms, data can be obtained using various types of devices used to control and monitor the process. These measurements can be carried out using different methods: “at-line”, “on-line”, and “in-line”. Each manufactured batch of tablets is tested for compliance with the requirements of the specification. Of the entire batches, only randomly selected samples are tested through the most often time-consuming tests. The assessment of the quality of tablets includes the following tests: organoleptic, dimensions, content of medicinal substances and possibly decomposition products, disintegration time, resistance to abrasion and crushing of tablets, and microbiological purity.



The use of spectroscopic techniques may allow obtaining new spatial information about the sample. Particularly noteworthy are modern, non-destructive analytical techniques, including NIR, Raman spectroscopy, X-ray fluorescence, terahertz spectroscopy, and others. Previously, such studies were conducted [11,27,44,45], although they are still not standard procedures. In addition, using these methods, it is possible to control the quality of the samples from a given batch in a non-destructive, non-invasive, fast, and time-saving manner. These methods can also be used during the storage of a pharmaceutical product to gain new knowledge about the degradation processes occurring in the tablet, enabling the data obtained from them to be correlated with data from pharmacopeial tests.



We found a few studies analyzing effervescent tablets during storage [12,13,14,15,46,47]. Thoke et al. [46] analyzed effervescent tablets containing alendronate sodium and vitamin D3 and observed no significant change in physiochemical properties after storage at various temperatures and humidity conditions for one month and then for three months. The hardness and solution time of the tablets showed a tendency to be higher after three months of storage, but the changes were insignificant. According to the authors, degradation and changes in the formulation did not occur in these tablets [46]. On the other hand, Neuberger et al. [47] analyzed the degradation of effervescent tablets containing acetylsalicylic acid and ascorbic acid that were stored at 30 °C with varying relative humidity (RH) conditions, i.e., 33%, 52%, and 75%. Using Raman spectroscopy, the authors demonstrated that it is possible to discriminate between non-degraded and degraded effervescent tablets after storage at 52% RH for approx. 24 h [47]. Chayia et al. [48] prepared effervescent tablets with a matrix made of an hydroxypropyl methylcellulose (HPMC) gel layer and an eutectic mixture of ibuprofen (IBU) and poloxamer 407 (P407) as a model drug. The authors demonstrated that effervescence promoted the increase in interconnected porosities, which directly influenced several features of the prepared drug form, including the strength of the gel layer microstructure, the drug release, and the release mechanism.



To the best of the authors’ knowledge, the present study is the first to use the analysis of hemispherical reflectance to evaluate differences in the comparative evaluation of unexpired and expired effervescent tablets. However, the present study has some limitations related to the pilot nature of the research resulting from the small number of tablets measured. In addition, no chemical analysis of the active ingredients was performed. Since chemical degradation may also affect the physical structure of tablets, the data obtained from the proposed techniques should be correlated with data from chemical analyses in the future to confirm the usefulness of these methods in the rapid screening of physical changes occurring in different types of solid oral dosage forms during storage.




5. Conclusions


Based on the reflectance measurements, the expired effervescent tablets containing magnesium and vitamin B6 showed lower mean values of THR in five spectral ranges. This indicates that the radiation beam is transmitted to a greater extent into the inner structure than for unexpired tablets. Furthermore, a negative correlation between the density of the tablet interior and the average size of the pores was reported, indicating that the higher the density, the lower the diameter on average. The microstructure of the tablets, as observed by X-ray computed microtomography, showed that the expired tablets were characterized by a greater diameter of pores and a higher percentage of porosity than the unexpired tablets.



THR analysis is a novel technique that may be used for the rapid identification of physical changes. This technique can be used for routine evaluation of drug forms in the future. Combined with data from microtomographic analyses, it can be an attractive tool for stability screening. The simplified procedure of both methods enables the homogeneity of a matrix of solid dosage forms to be determined.
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Figure 1. Arrangement of the effervescent tablets around the Micro-CT HA Phantom D32 (the 3D image is on the right). 
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Figure 2. Exemplary region of interest (ROI) selected for brightness analysis (approximate area with visible pixels on the right). The number of pixels within the ROI is 5390, and the surface of the pixel is 625 μm2, thus the area of the ROI is approx. 3.330 cm2. 
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Figure 3. Images of the effervescent tablets ((A)—unexpired; (B)—expired; (C)—unexpired tablet dried in a vacuum dryer; (D)—expired tablet dried in a vacuum dryer) under visible light. 
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Figure 4. Mean values of total reflectance for unexpired and expired effervescent tablets containing magnesium and vitamin B6 in seven measured wavelength ranges (n = 24 of each tablet’s type). The standard deviation bars are presented in the chart. The highest SD value was observed in the range of 335–380 nm (0.083 for unexpired tablets and 0.118 for expired tablets). The remaining SDs had a value in the third decimal place, thus they may not be visible on the chart. 
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Figure 5. Arrangement of two types of tablets during microtomographic analysis (A) and images from the microtomographic scans showing the surface of the analyzed types of effervescent tablets: (B) unexpired; (C) expired. 
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Figure 6. Mean diameters of pores observed on the surface of the analyzed tablets evaluated with X-ray microtomography (n = 3 of each tablet’s type). Significant difference is in bold. 






Figure 6. Mean diameters of pores observed on the surface of the analyzed tablets evaluated with X-ray microtomography (n = 3 of each tablet’s type). Significant difference is in bold.



[image: Applsci 13 03171 g006]







[image: Table] 





Table 1. Parameters of the analyzed effervescent tablets.
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	Type of Effervescent Tablet
	Weight (g)

N = 20

M ± SD
	Thickness (mm)

N = 10

M ± SD
	Diameter (mm)

N = 10

M ± SD





	Unexpired
	4.014 ± 0.06
	5.69 ± 0.06
	25.19 ± 0.04



	Expired
	4.009 ± 0.05
	5.71 ± 0.05
	25.18 ± 0.04



	p
	0.833
	0.552
	0.879







M—mean; SD—standard deviation.
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Table 2. Pharmacopeial parameters of both types of effervescent tablets, including hardness factor, force needed to crush the tablet, and disintegration time.
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	Type of Effervescent Tablet
	Force Needed to Crush the Tablet (N) N = 10, M ± SD
	Hardness Factor (N/m2)

N = 10 M ± SD
	Disintegration Time (s)

N = 6 M ± SD





	Unexpired
	129.38 ± 13.24
	9.12 × 105 ± 9.38 × 104
	82.67 ± 2.73



	Expired
	138.72 ± 10.00
	9.60 × 105 ± 6.73 × 104
	68.17 ± 11.92



	p
	0.243
	0.403
	0.016







M—mean; SD—standard deviation. Significant difference is in bold.
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Table 3. The mean density of the inner structure of the analyzed effervescent tablets.
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	Type of Tablet
	Density (g/cm3) N = 3, M ± SD





	Unexpired
	1.268 ± 0.010



	Expired
	1.261 ± 0.009



	Unexpired tablets dried in a vacuum oven at 50 °C for 24 h
	1.273 ± 0.009



	Expired tablets dried in a vacuum oven at 50 °C for 24 h
	1.269 ± 0.009



	p
	<0.001







M—mean; SD—standard deviation; h—hours. Significant difference is in bold.
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Table 4. Mean percentage porosity in the analyzed effervescent tablets.
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	Type of Tablet
	Porosity (%) N = 3, M ± SD





	Unexpired
	0.0042 ± 0.010



	Expired
	0.0140 ± 0.015



	Unexpired tablets dried in a vacuum oven at 50 °C for 24 h
	0.0060 ± 0.013



	Expired tablets dried in a vacuum oven at 50 °C for 24 h
	0.0057 ± 0.014



	p
	<0.001







M—mean; SD—standard deviation; h—hours. Significant difference is in bold.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
- 2.5 mm






nav.xhtml


  applsci-13-03171


  
    		
      applsci-13-03171
    


  




  





media/file2.png





media/file5.jpg
L) ()





media/file3.jpg





media/file1.jpg





media/file7.jpg
&

—=—expired

—e— unexpired

&

& &

.
&
& & L A

Ranges of wavelenght beam [nm]






media/file10.png
C - y (TSI S S mm
s s | BHEENGTTD





media/file12.png
Mean diameter of the pores[mm]

0.15

0.1

0.05

vee
AP
i s
o, o

Unexpired Expired
Types of the effervescent tablets





media/file9.jpg





media/file0.png





media/file8.png
1.05

—a— expired
—e— unexpired

T, ST SRR, ST, ST, N,
X K v 1 g o
© © ©o ©o o o

['n°e] 2ouelda}jas |e10] uesn

0.95

Ranges of wavelenght beam [nm]





media/file11.jpg
203 g °
[ww]saiod aya jo 2rWep uLIW

Expired

Types of the effervescent tablets

Unexpired





media/file6.png





