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Abstract

:

Metronidazole, ornidazole, tinidazole, and secnidazole are 5-nitroimidazoles. The purpose of this work was to propose a new economical TLC–densitometric method to evaluate the chemical stability of metronidazole, secnidazole, ornidazole, and tinidazole under stress conditions. A forced degradation study was performed on silica gel and aqueous solutions at various pH values; the metronidazole, secnidazole, ornidazole, and tinidazole solutions were prepared in saline and in hydrogen peroxide, respectively. The samples of the 5-nitroimidazoles were heated. TLC analyses were performed on silica gel 60F254 using chloroform–methanol (9:1, v/v) as the mobile phase. As the TLC–densitometric method can effectively separate the metronidazole, secnidazole, ornidazole, and tinidazole from their degradation products which formed as a result of the stress studies, it is considered to can be a good alternative and important tool in the routine quality control and stability testing of metronidazole, secnidazole, ornidazole, and tinidazole in pharmaceutical formulations. The results indicate that the proposed TLC–densitometric method is cost-effective, rapid, specific, accurate, and precise; the TLC–densitometric method also realizes the criterion of the linearity. A major advantage of the proposed method is its low cost and ability to analyze the 5-nitroimidazole which was investigated and all its degradation products simultaneously.
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1. Introduction


The interest in nitroimidazoles began with the isolation of a natural antibiotic, azomycin, from Nocardia mesenterica in the 1950s. Chemically, this compound is in fact a 2-nitroimidazole. Since its discovery, synthetic analogues have been developed, being derivatives of 4-nitro and 5-nitroimidazole, which are now widely used in medicine [1]. The nitro group at position 5 on the imidazole ring is the most common positional isomer. Some examples of this type of drug are metronidazole, ornidazole, tinidazole, secnidazole (Figure 1). These drugs have a bactericidal effect, mainly against anaerobic and microaerophilic bacteria and protozoa. Table 1 summarizes the selected physicochemical properties of metronidazole, secnidazole, ornidazole, and tinidazole [2,3,4,5,6,7].



Durability, i.e., the drug’s stability, refers to the drug substance and the finished drug form and determines the resistance to unfavorable processes occurring during the production, storage under certain conditions and time, as well as during the drug’s transport and distribution. The development of a medicinal substance, taking into account its physicochemical form, is closely related to its physical and chemical stability. These features are the basis for determining the conditions of the technological procedure, the selection of auxiliary agents in the development of drug formulations, and specifying the conditions for their storage. The reasons for the instability of drugs are divided into biological reasons, which include the loss of asepticity, as well as the related chemical changes; physical phenomena, such as the evaporation, sublimation, water sorption, change in consistency, formation of sediments, sedimentation of suspensions, separation of suspensions, separation of emulsions, and mechanical damage; and finally chemical phenomena, such as hydrolysis, oxidation and reduction, and spatial rearrangements. A large number of drugs decompose during storage, causing them to lose their biological activity and medicinal value. They undergo hydrolysis, oxidation, reduction, and racemization. The rate of these processes depends to a large extent on the temperature, pH, and the presence of light. Therefore, it is important to determine the optimal storage conditions for drugs and pharmaceutical active ingredients [8,9,10,11,12,13].



The study of the stability of metronidazole, secnidazole, ornidazole, and tinidazole has been the subject of numerous scientific papers [14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46]. Various analytical techniques were used to analyze the stability of 5-nitroimidazoles: high-performance liquid chromatography (HPLC) [14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32], ultra-performance liquid chromatography (UPLC) [33,34], liquid chromatography with mass spectrometry (LC-MS) [25], liquid chromatography with tandem photo diode array detection and mass spectrometry (LC-PDA-MS) [35], UV-spectrophotometry [23,32,36,37,38,39,40], FT-IR-spectrophotometry [41], thin layer chromatography (TLC) [32,42], TLC–densitometry [23,43,44,45], and calorimeters [23,46]. Metronidazole (two degradation products were found) [43], secnidazole (two degradation products were found) [23], and tinidazole (one degradation product was found) [44] were tested using the TLC technique in conjunction with densitometry. In individual publications, only one of the listed 5-nitroimidazoles was the subject of research. These publications mainly give the amounts of 5-nitroimidazole that remained (not that which was degraded or what percentage was decomposed) under stress conditions. Only in a few publications do the authors indicate to what number of degradation products the tested 5-nitroimidazole is converted [16,21,22,23,24,25,27,29,35,43,44]. In addition, there are no scientific reports in which the stability of metronidazole, secnidazole, ornidazole, and tinidazole was tested under exactly the same stress conditions and using exactly the same research method.



Therefore, the aim of this study was to evaluate the chemical stability of metronidazole, secnidazole, ornidazole, and tinidazole exposed to identical stress conditions which exist during the storage of these drugs and their analysis by using a new TLC method coupled with densitometry. The degradation studies of metronidazole, secnidazole, ornidazole, and tinidazole were assessed by means both TLC–densitometric and spectrodensitometric procedures, which are of rapid and inexpensive. Tee estimation of the effectiveness of the proposed TLC method for the separation of metronidazole, secnidazole, ornidazole, and tinidazole as pharmaceutical active ingredients from their degradation products was performed in this study. The presented results my help to us understand the impact of temperature exposure on the stability of these commonly used active pharmaceutical ingredients through a simple TLC method, without needing complex equipment such as HPLC or something similar.




2. Materials and Methods


2.1. Chemicals and Reagents


Pharmaceutical reference standard of metronidazole, secnidazole, ornidazole, and tinidazole, as well as 2-methyl-5-nitroimidazole, were supplied by Sigma-Aldrich (Saint Louis, MO, USA). Metronidazole and tinidazole were pharmaceutical primary standards with a purity according with the United States Pharmacopeia and European Pharmacopoeia, respectively. Secnidazole and ornidazole were analytical standards with a quality level equal to 100. The hydrogen peroxide (3%) was from Hasco-Lek (Wrocław, Poland). The physiological salt solution (0.9% NaCl) was from Gilbert (Hérouville-Saint-Clair, France). Chloroform, methanol, acetone, ethyl acetate, glacial acetic acid, 0.1 M of solution of HCl, and 0.1 M of solution of NaOH were purchased from POCh (Gliwice, Poland). All of the chemicals and reagents used in this study were of HPLC grade.




2.2. Preparation of Stock and Working Standard Solution


Standard solutions (S1) containing 1 mg·mL−1 of metronidazole, secnidazole, ornidazole, and tinidazole, respectively, were prepared by dissolving 50 mg of metronidazole, secnidazole, ornidazole, and tinidazole, respectively, in 50 mL of methanol. In order to assess the effect of heating (temperature) on the chemical stability of the examined metronidazole, secnidazole, ornidazole, and tinidazole, respectively, the six solutions of metronidazole, secnidazole, ornidazole, and tinidazole (I–VI) prepared in various solvents were used: I—in water at pH = 2.62; II—in water at pH = 5.56; III—in water at pH = 8.21; IV—in hydrogen peroxide (3%); V—in physiological salt (0.9% NaCl); and VI—in methanol. All of the solutions were prepared in the appropriate measuring flasks in an amount of 10 mL by mixing of 5 mL of the standard stock solutions S1 (equivalent to 5 mg of metronidazole, secnidazole, ornidazole, and tinidazole) and 5 mL of the proper solvent. Methanolic solutions of metronidazole, secnidazole, ornidazole, and tinidazole, respectively, (VII) were used in the case of a stability study on silica gel which were prepared by mixing 5 mL of the stock standard solutions (equivalent to 5 mg of metronidazole, secnidazole, ornidazole, and tinidazole) and 5 mL of methanol. Methanolic solutions (VII) of metronidazole, secnidazole, ornidazole, and tinidazole were also used as the reference standard solutions.




2.3. Chromatographic Conditions


Chromatography was performed on aluminum foil plates coated with 0.20 mm layers of silica gel 60F254 (#1.05570, Merck, Germany). Before use, the plates were activated at 120 °C for 20 min. Five microliters of solutions were spotted by the use of a micropipette (Camag, Switzerland) onto chromatographic plates in each case. Three mobile phases: acetone + chloroform + ethyl acetate (4:4:1, v/v/v); chloroform + acetone + glacial acetic acid (7.5:2.5:0.1, v/v/v); and chloroform + methanol (9:1, v/v) were tested. The mobile phase of chloroform: methanol (9:1, v/v) was chosen as the best, and it was finally used in the entire experiment. The chamber was pre-saturated with mobile phase vapors for 30 min at room temperature (20 ± 1 °C). The development distance was approximately 75 mm.




2.4. Stability of Metronidazole, Secnidazole, Ornidazole, and Tinidazole


2.4.1. Effect of Temperature on the Chemical Stability of Metronidazole, Secnidazole, Ornidazole, and Tinidazole on Silica Gel


The standard solutions of metronidazole, secnidazole, ornidazole, and tinidazole were spotted in the amount of 5 μL on chromatographic plates after their activation at 120 °C for 20 min. Next, these plates with spotted compounds were heated at 40 °C, 80 °C, and 120 °C for 24 h. After this time, the standard solutions of metronidazole, secnidazole, ornidazole, and tinidazole were spotted on chromatographic plates near the compounds which were heated. The plates were then developed with mobile phase chloroform: methanol (9:1, v/v). The experiments were performed in six different analyses.




2.4.2. Effect of Temperature on the Chemical Stability of Metronidazole, Secnidazole, Ornidazole, and Tinidazole in Form of Various Solutions


The solutions of metronidazole, secnidazole, ornidazole, and tinidazole prepared in solvents I–VI in volume flasks (10 mL) were heated at 40 °C for 100, 250, 500, and 1000 h. After these times, the solutions were spotted on chromatographic plates and developed in chloroform: methanol (9:1, v/v) was the mobile phase. The experiments were performed in six different analyses.





2.5. Validation of Method


2.5.1. Linearity of Detector Response and Range


The linearity of the TLC method was evaluated by an analysis series of the standard solutions of metronidazole, secnidazole, ornidazole, and tinidazole at the following concentrations: 0.005, 0.010, 0.015, 0.020, 0.025, 0.030, 0.035; 0.040, 0.045, 0.050, 0.06, 0.080, 0.100, 0.120, 0.140, 0.160, 0.180, 0.200, 0.220, 0.240, 0.260, 0.280, and 0.300 mg·mL−1. The solutions (5 μL) were applied to the same plate. The plates were developed using mobile phase chloroform–methanol in a volume composition of 9:1. The calibration plots were developed by plotting the peak area versus the concentration of metronidazole, secnidazole, ornidazole, and tinidazole, respectively.



The experiments were performed in six different analyses.




2.5.2. Accuracy


The accuracy of the TLC method was determined by investigating the recovery percentage of the studied metronidazole, secnidazole, ornidazole, and tinidazole at three concentration levels covering the low, medium, and high regions of the calibration plot by spotting on a chromatographic plate (n = 5 for each concentration level), where n represents the number of analyses. The resulting spots were analyzed by the use of the TLC procedure described above.




2.5.3. Precision


The precision was evaluated in terms of the repeatability (intra-day) and inter-day precision. The repeatability of the proposed method was determined by the analysis of three replicates of the sample solutions at three concentration levels under the same operating conditions over a short interval of time (the same day). Intermediate (inter-day) precision was determined for three sample solutions at three concentration levels by an analyst who performed the analysis over a period of one week. To determine the precision of the procedure, the concentrations were prepared independently and experiments were performed in three different analyses. The precision was evaluated as the coefficient of variation, CV [%]. The peak areas obtained were used to calculate the mean and CV [%].




2.5.4. Limit of Detection (LOD) and Limit of Quantification (LOQ) Based on the Special Calibration Curve


A specific calibration curves were prepared using samples containing metronidazole, secnidazole, ornidazole, and tinidazole, respectively, in the low range of their concentrations. The limit of detection and quantification were calculated from the equation of the graph of the area obtained spots of 5-nitroimidazole versus the concentration. The formulas used were:


  LOD =   3.3 σ  S   



(1)






  LOQ =   10 σ  S   



(2)




where σ is the standard deviation of the response and S is the slope of the calibration curve.



The experiments were performed in six different analyses.





2.6. Densitometric and Spectrodensitometric Analysis


Densitometric and spectrodensitometric investigations were done using a TLC Scanner 3 (Camag, Muttenz, Switzerland) operated in the absorbance mode and controlled by winCATS 1.4.2 software. Densitometric scanning was performed in a multi-wavelength mode in the range of 200 to 380 nm (precisely at seven wavelengths, i.e., 200 nm, 230 nm, 260 nm, 290 nm, 320 nm, 350 nm, and 380 nm), at wavelength intervals of 30 nm at each step. In the densitograms, each line corresponds to a different wavelength at which the densitometry analysis was performed.




2.7. Statistical Analysis


The statistical evaluation of the obtained results was performed with the use of the computer software Statistica 13.0 (StatSoft, Kraków, Poland). The results are the averages of the six analyzes performed.





3. Results and Discussion


Controlling the chemical stability of a drug substance is an extremely important aspect that allows the drug to work properly. The studies conducted to check the durability of the drugs when exposed to various chemical and physical factors provide valuable information to manufacturers and pharmacists who can warn patients about the dangers of the improper storage or transport of drugs to countries where the average daily temperatures are higher than in the country where the drug is distributed.



3.1. Effect of Temperature on the Chemical Stability of Metronidazole, Secnidazole, Ornidazole, and Tinidazole on Silica Gel


The amounts of metronidazole, secnidazole, ornidazole, and tinidazole that remained after heating on silica gel for 24 h at 40 °C, 80 °C, and 120 °C are compared in Figure 2. On silica gel at 40 °C, all of the tested 5-nitroimidazoles are stable. Metronidazole and secnidazole show a similar stability at 80 °C and 120 °C. The full description of the chromatographic peaks of the examined metronidazole, secnidazole, ornidazole, and tinidazole and their degradation products formed during pharmaceutical active ingredient heating on silica gel at 120 °C for 24 h is presented in Table S1. In the case of metronidazole and secnidazole, it was found that at 120 °C they degrade into two products (Table S1, Figures S1 and S2). The amount of metronidazole remains at 87.54% and secnidazole at 89.02%. Earlier studies also indicated the formation of two degradation products, metronidazole [43] and secnidazole [23].



Ornidazole, which was heated on silica gel at 80 °C, remains less than 60%. It degrades into four products (Figure S3). At 120 °C, the degradation of ornidazole occurs to an even greater extent (Figure 3, Table S1). Ornidazole remains at 26.49% and it degrades into four products. At the same time, the most substance with the value of RF = 0.19, i.e., 40.25% (Figure 3), is formed. Bakshi at al. [29], by HPLC, as well as Santurio et al. [32], by HPLC and TLC, found the presence of two or three degradation products of ornidazole, which was subjected to different stress conditions. It follows that the TLC–densitometric method proposed in this paper enables the separation of a larger amount, i.e., four ornidazole degradation products and three traces.



At 80 °C, tinidazole is relatively stable, and 92.33% of it remains (Figure 2). However, at 120 °C, it further degrades to a single product (Figure 4). Under these conditions, only 43.19% of tinidazole remains (Figure 2, Table S1). The degradation product of tinidazole was identified as 2-methyl-5-nitroimidazoles (Figure 5). These results are consistent with the studies of Vaghela and Rao [24]. Namely, the dry heating of tinidazole at 80 °C for 5 h resulted in a loss of 1.2% of tinidazole. At the same time, 2-methyl-5-nitroimidazole was found as a degradation product of tinidazole [24]. Sneha et al. [34] heated a solid sample at 60 °C for 24 h, which resulted in the thermal decomposition of tinidazole at the level of 0.98%. In contrast, heating a solid sample of tinidazole at 50 °C for 3 months was not significant for the degradation of tinidazole [25].



The new chromatographic conditions were used: the plates precoated with silica gel 60F254 and the mobile phase chloroform–methanol (9:1, v/v) are effective for separating the individual tested 5-nitroimidazole and their degradation products. The densitograms (Figures S1–S3, Figure 3 and Figure 4) show traces (TR) of the potential next degradation products of the tested 5-nitroimidazoles.




3.2. Effect of Temperature on the Chemical Stability of Metronidazole, Secnidazole, Ornidazole, and Tinidazole in Form of Various Solutions


3.2.1. Stability of Metronidazole in Solutions


The stability study of metronidazole in solutions heated at 40 °C showed the stability of the test compound in solution I at pH = 2.62, solution II at pH = 5.56, and solution III at pH = 8.21 for 1000 h (Figure 6, Table S2). There is information in the scientific literature that supports these results. According to Wang and Yeh [15], metronidazole is stable in the pH range of 3.1–9.9, and they indicated pH = 5.6 as the environment with a maximum stability. Similarly, the stability of metronidazole benzoate after 30 min in 1M HCl, 1M NaOH, and heating at 50 °C for 30 min was also demonstrated [36]. Chandra et al. [46] concluded that the metronidazole was found to be most stable between pH 4 and 6. In the case of solution V containing saline (0.9% NaCl) and solution VI containing methanol as a solvent, no degradation of metronidazole was found under the conditions used for 1000 h. In a solution containing 3% H2O2 (hydrogen peroxide, solution IV), the decomposition products of metronidazole after heating at 40 °C for 100 h, 250 h, 500 h, and 1000 h were noted. The percentage of metronidazole that degraded was 5.66%, 7.34%, 13.56%, and 26.10%, respectively. After heating solution IV for 1000 h, the presence of five degradation products of metronidazole and two traces was noted (Figure 7).



The RF value of metronidazole identified by the standard was in the range of 0.36–0.39 for all of the heated solutions. Starek et al. [43] using TLC found the presence of two unidentified degradation products in the heated alkaline solution of metronidazole. Verma et al. [16] using HPLC found five degradation products in a sample of metronidazole in hydrogen peroxide after 48 h, which is consistent with the results obtained in this work. Chen et al. [35] in a sample of metronidazole after photodegradation, using the LC-PDA-MS technique, also found the presence of five of its degradation products. Therefore, the proposed TLC–densitometry method is selective in relation to the analysis of metronidazole.




3.2.2. Stability of Secnidazole in Solutions


Figure 8 shows a comparison of the area of secnidazole chromatographic bands, obtained as a result of heating solutions I–VI at 40 °C for 100, 250, 500, and 1000 h. Secnidazole in water at pH = 5.56, in water at pH = 8.21, in saline, and in methanol is not degraded (Figure 8, Table S3). Secnidazole in water at pH = 2.62 is stable up to 250 h of heating. After 500 and 1000 h of heating this solution, a loss of secnidazole is observed. After 1000 h of heating secnidazole at 40 °C, it was found that 96.26% of secnidazole remained and one degradation product was formed (Table S3). These results are consistent with research by Jain et al. [20]. Secnidazole in 5 N HCl after 24 h at 60 °C causes its degradation, as a result of which, 98.25% of secnidazole remains [20]. Goncalves et al. [22] also showed the presence of one secnidazole degradation product using the HPLC method.



The addition of hydrogen peroxide to the methanolic solution of secnidazole (solution IV) accelerates the degradation of secnidazole. The amount of secnidazole decreases with an increasing heating time (Figure 8), and the share of its degradation products increases. After 1000 h of heating secnidazole in the presence of hydrogen peroxide, 73.25% of secnidazole and four degradation products and three traces remained (Figure 9). The degradation product with an RF value of 0.37 was identified as 2-methyl-5-nitroimidazoles (Figure 5). Jain et al. [20] also found a loss of about 3% of secnidazole in hydrogen peroxide. Bakshi and Singh [21] concluded that secnidazole is stable in 3% H2O2 for 6 h at room temperature. However, almost 70–75% of the drug degradation was observed on an exposure to 30% H2O2 for 48 h. Two very small degradation products were observed. This showed that the drug was degraded in oxidative conditions to non-chromophoric compounds [21].




3.2.3. Stability of Ornidazole in Solutions


The stability results, the amount of ornidazole remaining in the tested solutions after heating, are presented in Figure 10. After 100 and 250 h of heating, ornidazole is stable in solutions I (pH = 2.62) and IV (3% H2O2). In the remaining solutions, ornidazole is degraded. The smallest amount of ornidazole after 100 h of heating remains in solution III at pH = 8.21. This result is confirmed in the literature. Santurio et al. [32] confirmed that the alkaline environment has a very large impact on the degradation of ornidazole. This drug degrades at pH >6 to form two major degradation products, namely epoxide and diol. The latter is formed from the epoxide by opening its ring and attaching any nucleophile [32,47]. Heating solution III for 250 and 500 h does not result in the further loss of ornidazole. It is only after 1000 h of heating that the ornidazole content decreases to about 80% and two degradation products appear on the densitogram (Table S4, Figure S4).



Ornidazole degrades in all solutions after 500 h of heating. However, after 1000 h of heating, most ornidazole (94.87%) remains in solution I (pH = 2.56). One product of its degradation and two traces are visible on the densitogram (Table S4, Figure S5). Hizarcioglu et al. [47] showed that ornidazole under extremely acidic conditions or during the long-term exposure to a moderately acidic environment loses its structure and thus the properties characteristic of nitroimidazoles.



After 1000 h of heating, the least amount of ornidazole (77%) remains in solution II at pH = 5.56 and then three degradation products and three traces are visible on the densitogram (Figure 11). In the remaining solutions IV (3% H2O2), V (saline), and VI (methanol solution) after 1000 h of heating, about 83–89% of ornidazole remains. In solutions IV and V, ornidazole degrades to three products (Figures S6 and S7), and in the methanol solution to two degradation products (Figure S8). Bakshi et al. [29] using the HPLC method also reported two or three degradation products of ornidazole. The stability of ornidazole against oxidizing agents has already been studied in the scientific literature. During a 24 h exposure to H2O2 at room temperature, the ornidazole content in the solution decreased by 8% [29]. The degradation of ornidazole increased to 53% in 30% hydrogen peroxide [29]. At room temperature and in the environment of 0.9% NaCl, ornidazole is stable for over 300 h for 2 weeks [47]. On the other hand, ornidazole shows the greatest stability in an acidic environment (solution I). This result is consistent with the results reported by numerous authors in the literature and scientific publications [32,47].




3.2.4. Stability of Tinidazole in Solutions


Figure 12 shows a comparison of the areas of the chromatographic bands of tinidazole, obtained as a result of heating solutions I–VI at 40 °C for 100, 250, 500, and 1000 h. Solution I of tinidazole (in water at pH = 2.62) is stable throughout the heating period (Table S5). After 100 h of heating tinidazole in solutions II–VI, a comparable degradation of tinidazole occurs at the level of 5–9%, of which it is the highest in a solution with 3% hydrogen peroxide. However, after 1000 h of heating (Table S5), among the solutions in which tinidazole is degraded, it is in solution IV that the most tinidazole remains (Figure 12, Table S5). The gradual degradation of tinidazole proceeds evenly in solutions IV and VI. On the other hand, in solutions II, III, and V, after 500 h of heating, a more rapid than previously observed decrease in the area of the bands for tinidazole is observed. The results presented in the form of a graph (Figure 12) showing the areas of tinidazole bands in various solutions after heating them for 1000 h at 40 °C (Table S5) indicate that the addition of water at pH = 5.56, water at pH = 8.21, and saline lead to degradation of tinidazole at a comparable level. The areas of the tinidazole bands obtained are in the range of 57–65%. After 1000 h of heating, the lowest content of tinidazole (about 57%) (Table S5) was found in the solution with the addition of water at pH = 5.56 (II) (Figure 13). Under these conditions, four degradation products of tinidazole and three traces are observed in the densitogram. One of them with RF ≈ 0.34 was identified as 2-methyl-5-nitroimidazole. Vaghela and Rao [24] showed by HPLC that tinidazole can be degraded to two or three products depending on the stress conditions. Figures S9–S12 show the densitograms of tinidazole, which in solutions III (water at pH = 8.21), IV (3% H2O2), V (in physiological salt, 0.9% NaCl), and VI (in methanol) was heated at 40 °C for a period of 1000 h, respectively. In the densitograms of tinidazole from solutions III, V, and VI, one degradation product is observed in addition to tinidazole (Figures S9, S11 and S12). On the other hand, on the densitogram (Figure S10) of tinidazole in hydrogen peroxide, three degradation products are observed. In all these solutions, with the exception of hydrogen peroxide, the degradation product of tinidazole with an RF value of 0.34–0.38 was identified as 2-methyl-5-nitroimidazole. Bakshi and Singh stated, using HPLC and LC-MS methods [25], that tinidazole degrades to four products [48].





3.3. Comparison of the Obtained Degradation Products of Metronidazole, Secnidazole, Ornidazole and Tinidazole with Literature Data


The performed investigations showed that all tested 5-nitroimidazoles are subject to degradation. The number of degradation products depends on the stress conditions, i.e., the temperature (40 °C, 80 °C, and 120 °C) of heating 5-nitroimodazoles on silica gel and the solvent used and the time of the heating solutions of 5-nitroimidazoles (solutions from I to VI) at 40 °C. Table 2 contains information on the maximum number of degradation products of the tested 5-nitroimidazoles, which were detected in this work using the TLC–densitometric method, and the maximum number of degradation products of 5-nitroimidazoles found under stress conditions by other researchers who used various analytical techniques in their studies. Table 2 also contains information on the identification of the resulting 5-nitroimidazole degradation products. The chromatographic conditions used in this work allowed for the separation of more degradation products of metronidazole, secnidazole, ornidazole, and tinidazole than the stability studies of these compounds using the TLC technique described so far in the scientific literature (Table 2). In addition, the TLC conditions elaborated in this work allow for the detection of the same number of degradation products of metronidazole and a greater number of degradation products of secnidazole, ornidazole, and tinidazole than in the case of the analyzes carried out using the technique, e.g., HPLC. Traces are visible in the densitograms (Figures S1–S3, Figure 3, Figure 4, Figure 7, Figure 9 and Figure 11, Figures S4–S8, Figure 13, Figures S10 and S11). It is possible that even after heating for a longer period of time, there would be enough of them to be measurable with a densitometer which could contribute to the detection of even more of the degradation products of 5-nitroimidazoles.



The data presented in Table 2 indicate that one or two degradation products were identified in samples of 5-nitroimidazoles subjected to stress conditions. However, using the TLC technique, only secnidazole degradation products have been identified so far [23]. In this manuscript, 2-methyl-5-nitroimidazole was identified as the degradation product of secnidazole and tinidazole using the TLC–densitometric method. Bakshi and Singh [48] reported that metronidazole can be degraded to simple compounds like ammonia and acetic acid; secnidazole and tinidazole can be degraded to 2-methyl-5-nitroimidazole; and ornidazole can be degraded to ornidazole epoxide and ornidazole diol. Tinidazole can also be converted to the 4-nitro isomer of tinidazole and to non-chromophoric compounds, invisible in the UV chromatogram [25].



The presented results may help us to understand the impact of a temperature exposure on the stability of 5-nitroimidazoles (metronidazole, secnidazole, ornidazole, and tinidazole) through a simple TLC method, without needing complex equipment such as HPLC or similar.




3.4. Validation of Method


3.4.1. Specificity


The obtained densitograms indicate that the chromatographic conditions used allow for the separation of potential impurities from metronidazole, secnidazole, ornidazole, and tinidazole, respectively. The chromatographic conditions used allowed for the separation of more of the degradation products of metronidazole, secnidazole, ornidazole, and tinidazole than the stability studies of these compounds described using the TLC technique so far in the scientific literature (Table 2) [23,43,44,45]. Namely, the chromatographic analysis of the degraded metronidazole samples enables the identification of five of the unknown degradation products of metronidazole; the secnidazole, ornidazole, and tinidazole samples enable the identification of the four degradation products of secnidazole, ornidazole, and tinidazole, respectively. 2-Methyl-5-nitroimidazole was identified in secnidazole and tinidazole samples. The specificity of the method is confirmed by the compatibility of the spectra of the 5-nitroimidazole standards with the spectra of the 5-nitroimidazoles after the stress test in various solutions and was heated at 40 °C for 1000 h (Figures S13–S16).




3.4.2. Accuracy


The accuracy of the method was evaluated by the measurement of the recovery. Metronidazole, secnidazole, ornidazole, and tinidazole content quantitative recoveries of 98.2% ÷ 99.4%, 98.8% ÷ 101.8%, 98.9% ÷ 101.3%, 97.6% ÷ 102.3% were obtained (Table 3). The low coefficient of variation values (CV < 3%) are indicative of the accuracy of the method.




3.4.3. Range


The method was found to be linear for metronidazole in the concentration range of 0.20–0.90 μg·spot−1 (n = 10) and for secnidazole, ornidazole, and tinidazole in the concentration range of 0.20–1.00 μg·spot−1 (n = 12). The regression data shown in Table 3 reveal a good linear relationship over the concentration range studied.




3.4.4. Precision


The precision of the method was studied as the repeatability and intermediate of the system at three different concentrations of metronidazole, secnidazole, ornidazole, and tinidazole, respectively. The results from these experiments, expressed as the coefficients of variation (CV, %) of the, respectively, response factors (a relationship between the peak area and concentration of 5-nitroimidazole investigated), are presented in Table 3. Because the CV for the repeatability and intermediate were <3% the method was precise.




3.4.5. Limit of Detection (LOD) and Limit of Quantification (LOQ) Based on the Calibration Curve


Under the experimental conditions used, the lowest amounts of metronidazole, secnidazole, ornidazole, and tinidazole that could be detected as the LOD were 0.052, 0.063, 0.055, and 0.058 μg·spot−1, respectively. The limits of quantification (LOQ) of metronidazole, secnidazole, ornidazole, and tinidazole were 0.159, 0.190, 0.165, and 0.174 μg·spot−1, respectively. This indicates that the developed method is sensitive.






4. Conclusions


The TLC method combined with densitometry and spectrodensitometry developed in this work can be used as a very good tool for the estimation of the chemical stability of metronidazole, secnidazole, ornidazole, and tinidazole under different stress conditions. The results obtained in this study may be helpful in quality control as well as stability testing of the new pharmaceutical formulations containing metronidazole, secnidazole, ornidazole, and tinidazole as well as also in the degradation study of the metronidazole, secnidazole, ornidazole, and tinidazole residuals present in waste water. All tested 5-nitroimidazoles are stable when heated on chromatographic plates covered with silica gel at 40 °C for 24 h. However, at 80 °C and 120 °C, they degrade. Ornidazole degrades the most at 120 °C; four products of its degradation are formed. Metronidazole and secnidazole were stable for 1000 h of heating at 40 °C in aqueous solutions with pH = 2.62, pH = 5.56, pH = 8.21, saline, and methanol. In hydrogen peroxide, metronidazole and secnidazole degrade to five products and four products, respectively. Ornidazole is degraded in all solutions. The largest loss of ornidazole (23%) was found in water with pH = 5.56; three degradation products of ornidazole are formed. Meanwhile, only two ornidazole degradation products were detected in the neutral solution of ornidazole analyzed by HPLC [29]. Tinidazole is stable in an aqueous solution at pH = 2.62. In other solutions, tinidazole is degraded. Tinidazole is the most degraded in aqueous solution at pH = 5.56. Four degradation products are then formed. 2-Methyl-5-nitroimidazole as a degradation product with an RF value of 0.34–0.38 was identified in a solution of secnidazole dissolved in hydrogen peroxide and in solutions of tinidazole: aqueous with pH = 5.56, pH = 8.21, in a saline solution, and in a methanol solution of tinidazole. The chromatographic conditions used allowed for the separation of more of the degradation products of metronidazole, secnidazole, ornidazole, and tinidazole than the TLC stability studies of these compounds described so far [23,43,44,45]. Therefore, the results indicate that proposed TLC–densitometric method is cost-effective, rapid, specific, accurate, and precise. The TLC–densitometric method also realizes the criterion of the linearity in the required range of the metronidazole, secnidazole, ornidazole, and tinidazole concentrations. The presented results may help us to understand the impact of a temperature exposure on the stability of these commonly used active pharmaceutical ingredients through a simple method, without needing complex equipment such as HPLC or similar.
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Figure 1. Structural formulas of metronidazole, secnidazole, ornidazole, and tinidazole. 
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Figure 2. The comparison of means area (±SD) (%) of chromatographic bands obtained of metronidazole (M), secnidazole (S), ornidazole (O), and tinidazole (T) which were heated on silica gel at 40 °C, 80 °C, and 120 °C for 24 h and developed in the chloroform–methanol (9:1, v/v) as the mobile phase, where SD is the standard deviation. 
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Figure 3. TLC-UV densitograms recorded in the multi wavelength from 200 to 380 nm (at wavelength intervals of 30 nm at each step) of ornidazole heated on silica gel at 120 °C for 24 which was next separating using chloroform–methanol (9:1, v/v) as mobile phase, where O is ornidazole, PO1, PO2, PO3, and PO4 are the degradation products of ornidazole, and TR is the traces. 
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Figure 4. TLC-UV densitograms recorded in the multi wavelength from 200 to 380 nm (at wavelength intervals of 30 nm at each step) of tinidazole heated on silica gel at 120 °C for 24 which was next separating using chloroform–methanol (9:1, v/v) as mobile phase, where: T is tinidazole, PT1 is the degradation product of tinidazole identified as 2-methyl-5-nitroimidazole, and TR is the traces. 
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Figure 5. Structural formula of 2-methyl-5-nitroimidazole. 
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Figure 6. The comparison of means area (±SD) (in %) of chromatographic bands obtained from metronidazole (M) in different solvents (I—in water at pH = 2.62; II—in water at pH = 5.56; III—in water at pH = 8.21; IV—in hydrogen peroxide (3%); V—in physiological salt (0.9% NaCl); and VI—in methanol) which were heated at 40 °C during 100, 250, 500, and 1000 h, where SD is the standard deviation. 
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Figure 7. TLC-UV densitograms recorded in the multi wavelength from 200 to 380 nm (at wavelength intervals of 30 nm at each step) of metronidazole in hydrogen peroxide (3%) solution, which after heating at 40 °C for 1000 h was separated on silica gel using a mobile phase chloroform–methanol (9:1, v/v), where M is metronidazole, PM1, PM2, PM3, PM4, and PM5 are the degradation products of metronidazole, and TR is the traces. 
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Figure 8. The comparison of means area (±SD) (in %) of chromatographic bands obtained from secnidazole (S) in different solvents (I—in water at pH = 2.62; II—in water at pH = 5.56; III—in water at pH = 8.21; IV—in hydrogen peroxide (3%); V—in physiological salt (0.9% NaCl); and VI—in methanol) which were heated at 40 °C for 100, 250, 500, and 1000 h, where SD is the standard deviation. 
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Figure 9. TLC-UV densitograms recorded in the multi wavelength from 200 to 380 nm (at wavelength intervals of 30 nm at each step) of secnidazole in hydrogen peroxide (3%) solution, which after heating at 40 °C for 1000 h was separated on silica gel using a mobile phase chloroform–methanol (9:1, v/v), where S is secnidazole, PS1, PS2, PS3, and PS4 are the degradation products of secnidazole, and TR is the traces; PS2 was identified as 2-methyl-5-nitroimidazole. 






Figure 9. TLC-UV densitograms recorded in the multi wavelength from 200 to 380 nm (at wavelength intervals of 30 nm at each step) of secnidazole in hydrogen peroxide (3%) solution, which after heating at 40 °C for 1000 h was separated on silica gel using a mobile phase chloroform–methanol (9:1, v/v), where S is secnidazole, PS1, PS2, PS3, and PS4 are the degradation products of secnidazole, and TR is the traces; PS2 was identified as 2-methyl-5-nitroimidazole.



[image: Processes 11 00170 g009]







[image: Processes 11 00170 g010 550] 





Figure 10. The comparison of means area (±SD) (in %) of chromatographic bands obtained from ornidazole (O) in different solvents (I—in water at pH = 2.62; II—in water at pH = 5.56; III—in water at pH = 8.21; IV—in hydrogen peroxide (3%); V—in physiological salt (0.9% NaCl); and VI—in methanol) which were heated at 40 °C during 100, 250, 500, and 1000 h, where SD is the standard deviation. 
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Figure 11. TLC-UV densitograms recorded in the multi wavelength from 200 to 380 nm (at wavelength intervals of 30 nm at each step) of ornidazole in water at pH = 5.56 solution, which after heating at 40 °C for 1000 h was separated on silica gel using a mobile phase chloroform–methanol (9:1, v/v), where O is ornidazole, PO1, PO2, and PO3 are the degradation products of ornidazole, and TR is the traces. 
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Figure 12. The comparison of means area (±SD) (in %) of chromatographic bands obtained from tinidazole (T) in different solvents (I—in water at pH = 2.62; II—in water at pH = 5.56; III—in water at pH = 8.21; IV—in hydrogen peroxide (3%); V—in physiological salt (0.9% NaCl); and VI—in methanol) which were heated at 40 °C for 100, 250, 500, and 1000 h, where SD is the standard deviation. 
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Figure 13. TLC-UV densitograms recorded in the multi wavelength from 200 to 380 nm (at wavelength intervals of 30 nm at each step) of tinidazole in water at pH = 5.56 solution (II), which after heating at 40 °C for 1000 h was separated on silica gel using a mobile phase chloroform–methanol (9:1, v/v), where T is tinidazole, PT1, PT2, PT3, and PT4 are the degradation products of tinidazole, and TR is the traces; PT3 was identified as 2-methyl-5-nitroimidazole. 
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Table 1. Selected physicochemical properties of metronidazole, secnidazole, ornidazole, and tinidazole [2,3,4,5,6,7].
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	Physicochemical Property
	Metronidazole
	Secnidazole
	Ornidazole
	Tinidazole





	Empirical formula
	C6H9N3O3
	C7H11N3O3
	C7H10ClN3O3
	C8H13N3O4S



	Molecular mass
	171.154 g/mol
	185.183 g/mol
	219.63 g/mol
	247.272 g/mol



	Melting point
	160 °C
	76.0 °C
	77.5 °C
	127–128 °C



	Solubility in water
	5.92 mg/mL
	4.88 mg/mL
	3.34 mg/mL
	3.03 mg/mL



	pKa (strongest acidic)
	15.41
	15.16
	13.89
	-



	pKa (strongest basic)
	3.03
	3.08
	3.08
	3.28



	logPexp
	−0.02
	0.22
	0.59
	−0.35



	AlogPs
	−0.15
	0.25
	0.37
	−0.41



	AC logP
	−0.19
	0.21
	0.39
	−0.20



	milogP
	−0.47
	−0.10
	0.12
	−0.06



	AlogP
	−0.34
	0.04
	0.36
	0.15



	MlogP
	0.44
	0.80
	1.13
	1.00



	XlogP2
	−0.14
	0.32
	0.66
	0.74



	XlogP3
	−0.02
	0.22
	0.60
	−0.36
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Table 2. Maximum number of degradation products of metronidazole, secnidazole, ornidazole, and tinidazole detected by various analytical techniques.
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5-Nitroimidazole

	
Analytical Technique 1/

Conditions

	
Maximum Number of Degradation Products

	
Identification of Degradation Products

	
Ref






	
Metronidazole

	
HPLC

Phenyl column

Propylene carbonate + methanol, 90:10, v/v

	
5

	
1 product was identified as

4-nitroimidazole

	
[16]




	
LC-PDA-MS

LC-2030C plus column oven

Solvent A: 0.05 mol/L KH2PO4 in water

Solvent B: methanol

	
5

	
1 product was identified as

2-(2-hydroxy ethyl)-5-methyl-1,2,4-oxadiazole-3-carboxamide

	
[35]




	
TLC–densitometric

silica gel 60F254

ethyl acetate + methanol + ammonia 25%, 15:5:0.5, v/v/v

	
2

	
No

	
[43]




	
TLC–densitometric

silica gel 60F254

chloroform + methanol, 9:1, v/v

	
5

	
No

	
In this work




	
Secnidazole

	
HPLC

C-18 column

Water + methanol, 85:15, v/v

	
2 (acidic sample heated)

3 (acidic sample photodegradated)

	
No

	
[21]




	
First derivative spectrophotometric

	
2

	
2-methyl-5-nitroimidazole,

hydroxyl propanol

	
[23]




	
HPLC

C-18 column

Water + methanol, 70:30, v/v

	
2




	
TLC

silica gel 60F254

ethyl acetate

	
2




	
TLC–densitometric

silica gel 60F254

chloroform + methanol, 9:1, v/v

	
4

	
1 product was identified as

2-methyl-5-nitroimidazole

	
In this work




	
Ornidazole

	
HPLC

C-18 column

Water + acetonitrile, 86:14, v/v

	
3

	
2 products were identified as

epoxide and diol

	
[29]




	
HPLC

RP18 column

Phosphate buffer + methanol, 70:30, v/v

	
3

	
2 products were identified as

2-methyl-5-nitroimidazole and diol

	
[30]




	
TLC–densitometric

silica gel 60F254

chloroform + methanol, 9:1, v/v

	
4

	
No

	
In this work




	
Tinidazole

	
HPLC

RP18 column

Solvent A: buffer pH = 3.0

Solvent B: buffer pH = 3.0 + acetonitrile, 20:80, v/v

	
3

	
1 product was identified as

2-methyl-5-nitroimidazole

	
[24]




	
HPLC and LC-MS

C18 column

Water + acetonitrile, 86:14, v/v

	
4

	
2 products were identified as

2-methyl-5-nitroimidazole,

4-nitro isomer of tinidazole

	
[25]




	
HPTLC–densitometric

silica gel 60GF254

toluene + ethyl acetate+ methanol + triethyl amine, 5.5:1.0:1:0:0.1, v/v

	
1

	
No

	
[44]




	
TLC–densitometric

silica gel 60F254

chloroform + methanol, 9:1, v/v

	
4

	
1 product was identified as

2-methyl-5-nitroimidazole

	
In this work








1 HPLC—high performance liquid chromatography; LC-PDA-MS—liquid chromatography with tandem photo diode array detection and mass spectrometry; TLC—thin layer chromatography; LC-MS—liquid chromatography with mass spectrometry; and HPTLC—high performance thin layer chromatography.
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Table 3. Method validation results.
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	Parameter
	Metronidazole
	Secnidazole
	Ornidazole
	Tinidazole





	Linearity range (μg/spot)
	0.20 ÷ 0.90
	0.20 ÷ 1.00
	0.20 ÷ 1.00
	0.20 ÷ 1.00



	Slope (a ± Sa)
	6604.1 (±52.8)
	5895 (±88.9)
	7325.1 (±118.9)
	8351.2 (±21.3)



	Intercept (b± Sb)
	134.8 (±38.9)
	112.4 (±56.9)
	188.1 (±61.1)
	121.3 (±38.3)



	Correlation coefficent, R
	0.993
	0.996
	0.997
	0.999



	LOD (μg/spot)
	0.052
	0.063
	0.055
	0.058



	LOQ (μg/spot)
	0.159
	0.190
	0.165
	0.174



	Precision, CV [%]
	
	
	
	



	 Repeatability
	1.17% ÷ 1.87%
	1.97% ÷ 2.33%
	1.88% ÷ 2.18%
	1.45% ÷ 2.05%



	 Intermediate
	1.35% ÷ 1.99%
	2.11% ÷ 2.73%
	2.08% ÷ 2.71%
	1.69% ÷ 2.26%



	Recovery levels (%)
	
	
	
	



	 80%
	R = 98.2%, CV = 1.3%
	R = 101.8%, CV = 0.8%
	R = 99.1%, CV = 1.8%
	R = 97.6%, CV = 0.7%



	 100%
	R = 99.2%, CV = 0.9%
	R = 98.8%, CV = 1.7%
	R = 98.9%, CV = 1.2%
	R = 102.3%, CV = 1.4%



	 120%
	R = 99.4%, CV = 1.4%
	R = 99.1%, CV = 1.9%
	R = 101.3%, CV = 2.2%
	R = 98.7%, CV = 1.9%
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