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Abstract

:

Umifenovir is one of the most often prescribed antiviral medications for the prevention and treatment of COVID-19 and other viral infections. Herein, a UPLC-MS/MS method is developed through using ibrutinib as an internal standard (IS) for quantifying umifenovir in plasma samples. Both umifenovir and the IS were analytically separated on an Acquity BEH C18 column with a total run time of only 2.5 min. At a flow rate of 0.3 mLmin−1, acetonitrile:15 mM ammonium acetate (80:20) was employed as the mobile phase composition. Electrospray ionization in positive mode was used for ionization of the samples. Detection and quantification were performed in multiple reaction monitoring mode with parent-to-daughter ionization of 477.05 → 279.02 and 441.16 → 84.4 for umifenovir and the IS, respectively. The method was validated through following international guidelines for bioanalytical method validation, and all parameters were within the acceptable limits. Moreover, the eco-scale method using AGREE software was used for the evaluation of greenness, and results showed that the method is very environmentally friendly. The validated assay was successfully employed in the bioavailability assessment of a newly developed formulation of kneaded ternary umifenovir/β-cyclodextrin with 1% poloxamer 188 (KDB).
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1. Introduction


Umifenovir is an indole-derivative antiviral molecule, initially approved for the prophylactic treatment of infections caused by influenza A and B and other respiratory viral infections [1]. Its antiviral activity has been also reported against other viruses, e.g., Ebola, Zakia, rhino virus, chikungunya, hepatitis B and C and adenovirus in various in vitro and in vivo studies [2,3,4,5]. It is effective against both enveloped and non-enveloped RNA and DNA viruses, including “severe acute respiratory syndrome coronavirus (SARS-CoV)” and “Middle East respiratory syndrome coronavirus (MERS-CoV)” [1,6]. Since SARS-CoV-2 (commonly known as COVID-19) is about 78% homologous to SARS-CoV and 58% homologous to MERS, a significant increase in research publications focusing on umifenovir has been reported after it was declared a global pandemic on 11 February 2020 [7]. Its antiviral activity against COVID-19 infection has been demonstrated in various in vitro and in vivo studies [8]. Moreover, in clinical trials, umifenovir has been found to accelerate fever recovery and virus clearance of respiratory specimens without any major side effects [9,10]. Therefore, umifenovir is recommended as a potential medication against COVID-19 in the “fifth edition of the China Guidelines for the Diagnosis and Treatment Plan of Novel Coronavirus (2019-nCoV) Infection (Trial Version 5)” issued by the National Health Commission of China [11]. Umifenovir monotherapy, or in combination with other antiviral drugs, is suggested and being used as a potential strategy for the prophylaxis/therapeutic management of COVID-19 infection [12,13]. In addition, umifenovir and its transformation products have been detected up to 1.3 mg kg−1 and 1 μg L−1 in biological sludge and municipal wastewater, respectively, which further proves the high consumption of this drug during the COVID-19 pandemic [14].



Umifenovir is hydrophobic in nature and has poor bioavailability with 40% in humans and only 18.8% in rats [15,16]. In the literature, population-based differences in the excretion of umifenovir have been observed, which highlights the need for a reliable and high-throughput method for its quantitation in biological samples. A thorough literature survey revealed a wide range of analytical procedures, e.g., HPLC-UV detection in rats [16] and human [17] plasma and LC-MS/MS based assays in human plasma samples [18,19] for the determination of umifenovir. The previously reported HPLC method in human plasma [17] exhibited poor sensitivity. Although the sensitivity was improved using the LC-MS/MS method [18,19], the extraction solvents used for sample preparation were tertiary butyl methyl ether (TBME) [17,18] and diethyl ether [19], which are not more environmentally friendly and are hazardous to nature. In one HPLC-UV method, surfactant (Triton X-114)-based sample preparation was used [17], but its sensitivity was very poor (LOQ 80 ngmL−1) and cannot be suitable for a better pharmacokinetic profile. Moreover, the runtime of all reported assays was in the range of 6–25 min, which results in the consumption of more solvent in the mobile phase and cannot be considered a rapid, high-throughput and green method. Therefore, this study was designed to develop a reliable, rapid, efficient and green analytical approach based on the UPLC-MS/MS method for quantifying umifenovir in plasma samples. The developed assay was validated and successfully used for the bioavailability enhancement study of a novel formulation of umifenovir in experimental rats.



In the last few years, the green analytical chemistry (GAC) concept has emerged as a great scientific interest with the intent of reducing or removing harmful chemicals, reducing energy consumption and minimizing waste production during analytical procedures [20,21,22,23,24]. In order to cope with this issue, numerous metric approaches, e.g., “Analytical Eco-Scale (AES), Red-Green-Blue (RGB), Green Analytical Procedures Index (GAPI), National Environmental Methods Index (NEMI) and Analytical Greenness Metric Approach (AGREE)” have been implemented for the greenness evaluation of various analytical assays [25,26,27,28,29]. Of those, NEMI, RGB, AES, and GAPI are based on a limited number of principles of GAC, whereas “AGREE”, which is a better predictor of the greenness (based on the score of covering all 12 principles of GAC), was used for the greenness assessment.




2. Materials and Methods


The working standards of umifenovir and ibrutinib (used as internal standard; IS) were obtained from “Beijing Mesochem Technology Co. Ltd. Beijing, China”. HPLC grading ethyl acetate, ethanol and acetonitrile were procured from “Fisher Scientific Limited, Leicestershire, UK”. Dimethyl sulphoxide (DMSO) and ammonium acetate (both AR grade) were from “Loba Chemie Pvt. Ltd. Mumbai, India”. All aqueous solution preparation was performed using highly pure deionized water whose source was “Milli-QR Gradient A10R, Millipore, Mosheim Cedex, France”.



2.1. Stock Solution, Calibration Standard (CS) and Quality Control (QC) Sample Preparation


The umifenovir and IS standards were accurately weighted and dissolved in ethanol and DMSO, respectively, to achieve 1 mg mL−1 stock solution. The stock solution of umifenovir was further diluted serially using acetonitrile solvent to achieve eight working CSs of 13.23–6250 ng mL−1. An appropriate amount of these working solutions was further serially spiked into blank plasma samples to achieve plasma CSs of 1.32, 3.78, 12.60, 42.0, 105, 262.5, 437.5 and 625 ng mL−1. A similar procedure was adapted in preparation of three QCs samples at 4, 110 and 550 ng mL−1 concentration; these are named the LQC, MQC and HQC samples, respectively. The IS working solution of 250 ng mL−1 was also prepared through diluting its stock solution in acetonitrile solvent. The prepared stock, working aqueous solutions were placed in a pharmaceutical refrigerator maintained at 4 ± 2 °C. The CS and QC samples, which were spiked in plasma, were placed in a deep refrigerator at 80 ± 5 °C.




2.2. UPLC-MS/MS and Chromatographic Conditions


The method development was performed on a UPLC-MS/MS system comprising of an ACQUITY triple quadrupole detector (TQD) coupled with an “ACQUITY UPLC (H-class) system” (Waters Corporation, Milford, MA, USA). Umifenovir and the IS were separated using the “ACQUITY UPLC BEH C18 column (2.1 × 100; 1.7 m)” with a mobile phase consisting of 15 mM ammonium acetate and acetonitrile in an 80:20 (v/v) ratio and pumped at 0.3 mLmin−1. Temperatures for the column oven and auto-sampler were set at 40 °C and 10 °C, respectively. The total time for one sample injection was only 2.5 min. Electrospray ionization in positive mode was employed for sample ionization, while sample detection and quantification were carried out in multiple reaction monitoring mode. Parent-to-daughter ionization of 477.05 → 279.02 and 441.16 → 84.4 were used for umifenovir and the IS, respectively. The source and desolvation temperature of the sample ionization chamber were fixed to 150 °C and 350 °C, respectively. The optimal nitrogen and argon gas flow rates for desolvation and collision, respectively, were 600 Lh−1 and 0.13 mLmin−1. The cone voltage and collision energy for umifenovir and IS were 30 V and 48 eV and 36 V and 40 eV, respectively, while the capillary voltage was tuned to 0.5 kV. MassLynks and Target-Lynks (version 4.1) software handled the sample acquisition and data processing, respectively.




2.3. Sample Preparation


A plasma sample aliquot of 150 µL was transferred to a 2 mL capacity Eppendorf tube. Then, 15 µL of IS working solution (250 ng mL−1) was spiked into each sample and mixed appropriately through vortexing. After that, 1 mL of ethyl acetate was added to each sample tube, gently vortexed and transferred to cold centrifugation at 4500× g for 10 min. After centrifugation, the top organic layer was carefully transferred to a 1.5 mL Eppendorf tube and placed in a sample concentrator for drying. The leftover residue of the dried sample was reconstituted using neat acetonitrile and 5 µL was injected into the UPLC-MS/MS apparatus for analysis.




2.4. Method Validation


The validation process allows the verification of whether a method is suitable to be used for routine quantitative analysis of the target analyte. The developed assay was validated following “USFDA Guideline for Bioanalytical Method Validation” [30] through evaluating parameters including sensitivity, selectivity, precision, recovery, accuracy, matrix effects, recovery and stability.



2.4.1. Selectivity and Sensitivity


The method selectivity was evaluated to rule out interference from endogenous substances in matrices. It was performed through comparing the analytical signal response of blank plasma with plasma samples spiked at a lower limit of quantification (LLOQ) concentration level. The proposed sample extraction process was used to prepare and analyze six samples of blank plasma (obtained from several animals) and LLOQ spiked plasma. The method can be considered selective if the response of blank plasma samples is ≤20% of the LLOQ samples. The LLOQ (sensitivity), which implies the lowest concentration of analytes in rat plasma, was measured through determining the signal-to-noise (S/N) ratio and its accuracy and precision. For assay acceptance, the S/N should be ≥10, and the deviation from accuracy and precision should be ≤20%.




2.4.2. Assay Linearity and Sensitivity


The linearity of the developed assay was determined via plotting the calibration curve (CC) of eight different CS samples (1.32–625 ng mL−1) in plasma. After UPLC-MS/MS analysis, three consecutive CCs were plotted using the area ratio of analyte/IS versus the nominal concentration of umifenovir.



The CCs were expressed as


y = ax + b,








where y = mean of the peak area ratios of the analyte/IS, a = slope, b = y-intercept and x = analyte concentration.



The best fitting of the CCs was determined using weighing factor optimization of 1/x, 1/x2 and none. The back-calculated concentration for at least 75% of CSs should be within a ±15% deviation of the nominal concentration to accept the analytical run except for LLOQ (±20%). Moreover, the correlation coefficient (r2) needs to be ≥995 for linear curve acceptance.




2.4.3. Accuracy and Precision


The precision and accuracy of the developed assay were determined via evaluation of LLOQ (1.32 ng mL−1) and all three QC levels (4.0, 110 and 550 ng mL−1) in five replicate concentrations for each validation batch. Precision was determined through measuring relative standard deviation (RSD, %), whereas the accuracy was determined via the percent deviation in the concentration as compared to a nominal value. While the inter-day accuracy and precision were determined through analyzing samples on three distinct days, the intra-day precision and accuracy were determined through analyzing samples on the same day. For this assay to be accepted, the precision and accuracy findings must be within the bounds of ≤15% and ±15%, respectively, for each of the three QC concentrations (excluding LLOQ, which falls within the limits of ≤20% and ±20%, respectively).




2.4.4. Extraction Recovery (ER) and Matrix Effects (ME)


The percentage of ER (% ER) and the percentage of ME (%ME) of the developed method were determined at 4.0 (LOQ), 110 (MQC) and 550 ng mL−1 (HQC) concentration levels through spiking five replicates into blank plasma samples. The % ER was determined through comparing the peak response of QC samples analyzed via spiking the analyte and IS in blank samples before extraction (pre-extraction) with the response of QC samples spiked after extraction (post-extraction). The % ME, which represents the ion suppression/ion enhancement effects of endogenous and coeluting substances in a matrix, was determined using the pre-column (quantitative method) infusion method. It was evaluated through comparing the mean peak response of the analyte and IS spiked in a blank plasma sample after extraction with the response of the analyte and IS spiked in aqueous samples. For developed method acceptance, the %ME the of the proposed method should be within ±15%.




2.4.5. Stability and Dilution Integrity


The stability of the analyte (umifenovir) in plasma samples was determined at LQC and HQC concentration in order to ensure the reliability of the proposed method in different storage conditions. It was determined in five replicates at different anticipated storage conditions (short-term, freeze–thaw, autosampler and long-term). In short-term stability studies, the QC samples was analyzed by means of keeping them at benchtop in the laboratory for 8 h at ambient temperature before sample preparation. To assess its freeze–thaw stability, the sample underwent three cycles of freezing at −80 °C and thawing at room temperature before processing. The stability of processed samples in the auto-sampler was ascertained through storing the prepared sample in the instrument auto-sampler for 24 h at 10 °C before analysis. The long-term stability was assessed via placing the spiked plasma sample in a deep freezer for three months at − 80 °C prior to analysis. To assure stability, all QC samples were evaluated against CC plots which were obtained through freshly spiking the CS concentration; the results should be limited to within ±15% of the nominal values.



A dilution integrity study was performed to ensure the integrity of those samples which need to be diluted before analysis. For this, the highest CS sample was diluted 2 and 4 times with blank plasma. The samples diluted with plasma were analysed, and their result should be within ±15% of the result of actual concentration for acceptance of the method’s integrity.






3. Results and Discussion


3.1. Method Development


3.1.1. Optimization of Mass Spectroscopy Conditions


During method development, sample tuning was performed using IntelliStart software (version 4.1) to optimize the best possible ionization process of the analyte and IS. A 500 ng mL−1 aqueous solution of umifenovir was directly infused to the TQD detector from the sample infusion inlet system. The method procedure was operated in both positive and negative modes of ionization. The result confirmed that umifenovir is more sensitive in positive mode, which produced the most abundant parent ion peak at m/z [M+H]+ of 477.05. The parent ion produced four daughter ions [M+H]+ at m/z of 251.10, 279.13, 294.30 and 323.27 after fragmentation with argon gas. Among the daughter ions, the [M+H]+ at m/z of 279.13 was most abundant and was selected for MRM transition at 477.05 → 279.13. (Figure 1). Further, IS tuning was also performed using the optimized tuning method of the analyte to produce the maximum intensity of precursor to product ionization.




3.1.2. Optimization of Chromatographic Conditions


Optimization of liquid chromatographic separation was performed with attention to achieving best possible separation of the target analyte and IS in the shortest possible runtime with high sensitivity. Parameters such as selection of mobile phase, composition and flow rate, injection volume of processed samples, column, etc. were systemically optimized. For the selection of the mobile phase, methanol and acetonitrile were tested as organic modifiers in a variety of ratios with buffers made of ammonium acetate, ammonium formate or/and acidic additives with variable strengths such as formic acid and acetic acid. It was apparent that the best sensitivity and peak shape were produced using acetonitrile as the mobile phase in conjunction with 15 mM ammonium acetate (80:20 v/v). Moreover, the flow rate was optimized between 0.20 to 0.35 mL of flow rate in isocratic mode, and it was observed that a flow rate of 0.30 mLmin−1 was best for peak elution with resolution from the matrix pattern of the analyte and IS. During column selection, Acquity BEH and CSH columns were tried with two different length sizes of 150 and 100 mm, having a common diameter (2.1 mm) and particle size (1.7 μm). Of these, the Acquity BEH column of 2.1 × 100 and 1.7 μm produced a well-retained peak and a better elution of analyte and IS in a reasonably short run time (2.5 min/run) with an injection volume of 5 μL compared to other columns. Peak tailing of both analyte and IS with high retention time were observed with the Acquity BEH column of 2.1 × 150 mm size (Figure S1), whereas peak splitting of the analyte with a high-noise IS peak were observed with the Acquity CSH column (Figure S2) of 2.1 × 100 mm size during optimization.




3.1.3. Optimization of Sample Preparation Method


The main objective of optimizing the sample preparation method is to achieve high recovery and low matrix effects of the method and more selectivity. Initially, the analyte and IS were extracted from plasma samples via the protein precipitation method using methanol and acetonitrile individually and in combination. The results of the protein precipitation method were not satisfactory as high ion suppression with poor recovery of the analyte was observed. Therefore, using n-hexane, ethyl acetate and 1-butanol as the extracting agents, liquid–liquid extraction was tested. Herein, diethyl ether and TBME were not chosen as they were already reported with previous methods and are not environmentally benign solvents. The results with ethyl acetate were the most acceptable ion in terms of both recovery and matrix effects, so it was selected for the sample extraction procedure. The comparative recoveries and matrix effects data for the other tried solvents are presented in Figure S3 of the Supplementary Materials.





3.2. Method Validation


3.2.1. Selectivity and Sensitivity


In selectivity studies, no endogenous interferences were observed at the retention time of umifenovir and the IS in six different samples of blank plasma compared to LLOQ samples. This result indicates that the developed method is selective and specific for the quantitative analysis of umifenovir in plasma samples.



The LLOQ of the method was identified as 1.32 ng mL−1 whose S/N ratio value was ≥10. Moreover, precision and accuracy of the back-calculated concentration were found to be within the limit of ≤20% and ±20, respectively. The LLOQ was adequate for assessing the pharmacokinetics of umifenovir in rats using this approach. Figure 2 presents an MRM chromatogram of umifenovir and the IS in blank plasma (a) and plasma spiked at LLOQ level (b).




3.2.2. Linearity of the Method


The developed method showed excellent linearity in the concentration range of 1.32–625 ng mL−1 in rat plasma. The concentration–response relationship showed best fitting through using a 1/x2 weighted regression model. Mean correlation coefficients of r2 ≥ 0.995 were obtained for all the CCs. The equations of the CC for mean standard curve were y = 0.0275 x + 0.1565, where y is the analyte/IS peak area ratio and x is the analyte nominal concentration. All of the CS back-calculated results were within 15% of the nominal value.




3.2.3. Precision and Accuracy


The precision and accuracy data for the developed method are presented in Table 1. While the intra- and inter-day accuracy were in the ranges of 90.5–105.8% and 87.8–108.9%, respectively, the intra- and inter-day precision (RSD, %) were determined to be ≤9.65% and ≤11.21%, respectively. All these value were within the acceptable limit and, therefore, the developed method could be accurate and reliable for the quantitative determination of umifenovir in real plasma samples.




3.2.4. Recovery and Matrix Effects


The % ER and % ME evaluated using LQC, MQC and HQC are presented in Table 2. Overall, the mean % ER of umifenovir was 80.60% with a % RSD value of 4.83% using ethyl acetate as an extracting agent. Moreover, the result is consistent, precise and concentration-independent among the range of QCs. A slight ion suppression effect was observed in the matrix effect evaluation of umifenovir in all three QCs with a % RSD of ≤5%. The mean % ME for umifenovir was 94.11%, whereas for IS, it was 89.08%. Overall, the results confirmed that this value is insignificant and under the level recommended in the guidelines (±15%).




3.2.5. Stability and Dilution Integrity


The stability of umifenovir in spiked plasma after putting them at different anticipated storage conditions (short-term, freeze–thaw, auto-sampler and long-term) and integrity results of diluted samples are presented in Table 3. The precision value reported in the form of %RSD was ≤9.34%, whereas the accuracy of the projected concentration of umifenovir achieved following various stability conditions was in the range of 86.3–109.4%. The results indicate that the analyte remained stable in plasma samples, which may ensure the reliability of the results obtained in routine analysis of actual samples. The acceptable dilution integrity results also ensure the integrity of the results of those samples which need to be diluted before analysis.





3.3. Greenness Assessment Using AGREE


The developed method’s greenness was evaluated using AGREE software, which covers all 12 GAC factors [27]. The analytical eco-scales for the various GAC principles are given weights ranging from 0.0 to 1.0 in this tool. The weights are represented as a circle with twelve parameters and a range of colors from dark green to red. Figure 3 shows the eco-scale profile for this method, while the analytical greenness report sheet with individual scores for each of the 12 criteria is shown in the Supplementary Materials (Table S1). The score was found to be 0.77 based on the many aspects of the approach, reflecting the method’s greenness (the greener the method, the closer the score is to 1.0). Eco-scale values between 0.75 and 1.00 show that the environmental friendliness of the analytical process is excellent. As a result, this assay can be regarded as the best green approach for measuring umifenovir in plasma samples.




3.4. Literature Comparison of the Method


A comparison of this method with previously reported assays is presented in Table 4. Compared to all previously reported methods, this method offers a short runtime (only 2.5 min) and is suitable for high-throughput analysis. Herein, the organic modifiers (acetonitrile) used for separation are the same as previously reported methods, but due to short run time and low flow rate (0.3 mL min−1), it will definitely result in low consumption of acetonitrile in large numbers of sample analysis. Although the sample preparation method for all methods, including this one, was liquid–liquid extraction, the extracting agent used in this method was ethyl acetate, which is more environmentally friendly than TBME and diethyl ether. Moreover, the extraction solvent used here (1 mL) was also lower than the previously reported 3 mL [19] and 5 mL [17] of previous methods. Although this amount was lower (0.6 mL) in one method [18], the used solvent is more toxic in comparison to this method. In addition, the sensitivity of this reported method is comparable to previously reported assays.




3.5. Application in Pharmacokinetic Study of Novel Formulations in Rats


The validated method was successfully applied in a comparative pharmacokinetic study to evaluate the bioavailability of a newly developed formulation of kneaded ternary umifenovir/β-cyclodextrin with 1% poloxamer 188 (KDB) in rats [31]. The animal research protocol was approved by the “Bioethical Research Committee (Approval number: BERC-003-03-21), Prince Sattam Bin Abdulaziz University Alkharj, Saudi Arabia”. In the pharmacokinetic results, Cmax and AUC0-∞ values obtained through the administration of 20 mg kg−1 of a normal suspension of umifenovir in rats were 387 ngmL−1 and 1838 ng.h/mL, respectively, which was comparable to the results obtained in healthy human volunteers after oral administration of two formulations of 200 mg tablets (Cmax 417.4 & 414.8 ng/mL; AUC0-∞, 2285.4 & 2215.2 ng. hmL−1) [32]. The relative bioavailability of the optimized KDB formulation was 2.17-fold higher than the normal suspension. The comparative pharmacokinetic profiles of KDB and normal suspension in rats are presented in Figure 4.





4. Conclusions


In this study, a fast, precise and sensitive UPLC-MS/MS method was developed for the quantitative analysis of umifenovir in plasma samples. Validation was performed following standard international guidelines, and results of all parameters were within the acceptable limits. This method has been already successfully applied in a previously reported bioavailability enhancement study. Based on a greenness evaluation using AGREE, the developed UPLC-MS/MS technique is environmentally friendly in comparison to previously reported methods, and it could be more suitable for the routine analysis of the targeted analyte without affecting the environment.
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Figure 1. Parent (MS) to daughter ion (MS/MS) spectra of umifenovir. 
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Figure 2. The representative MRM chromatogram of umifenovir and IS in blank plasma (a) and plasma spiked at LLOQ concentration (b). 
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Figure 3. The eco-scale profile of proposed method generated using AGREE software. 
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Figure 4. Comparative plasma concertation time profiles via oral administration of 20 mg/kg of umifenovir normal suspension (NSP) and new KDB formulation in rats (n = 6 each). (This figure is reproduced from an earlier figure published under an open-access Creative Common CC BY license [31]). 
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Table 1. Summarized view of intra- and inter-batch precision and accuracy data for umifenovir in rat plasma in five replicates.
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Concentration (ng mL−1)

	
Intra-Day (n = 5)

	
Inter-Day (n = 15)




	

	
Mean ± SD (ng mL−1)

	
Precision RSD (%)

	
Accuracy (%)

	
Mean ± SD (ng mL−1)

	
Precision RSD (%)

	
Accuracy (%)






	
1.32

	
1.39 ± 0.06

	
4.62

	
105.8

	
1.44 ± 0.16

	
11.21

	
108.9




	
4.0

	
3.91 ± 0.23

	
5.88

	
97.8

	
3.74 ± 0.32

	
8.49

	
93.5




	
110

	
113 ± 10.10

	
9.65

	
102.7

	
116 ± 8.32

	
7.14

	
105.9




	
555

	
498 ± 7.92

	
1.59

	
90.5

	
483 ± 25.5

	
5.29

	
87.8
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Table 2. Recovery and matrix effect data of umifenovir in rat plasma.
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conc. (ng mL−1)

	
% ER

	
% ME




	
% Mean ± SD

	
% RSD

	
%Mean ± SD

	
% RSD






	
Umifenovir

	
4.0

	
83.97 ± 8.50

	
13.70

	
93.56 ± 3.99

	
4.27




	

	
110

	
81.54 ± 5.19

	
6.37

	
97.04 ± 3.20

	
3.29




	

	
550

	
76.35 ± 6.43

	
8.42

	
91.73 ± 3.48

	
3.79




	

	
average

	
80.60 ± 3.89

	
4.83

	
94.11 ± 2.70

	
2.87




	
IS

	
25

	
84.56 ± 6.26

	
7.43

	
89.08 ± 5.43

	
6.09
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Table 3. Stability and dilution integrity data of umifenovir in rat plasma (n = 5).
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Stability

	
Nominal Concentration (ng mL−1) (n = 6)

	
Precision (RSD, %)

	
Accuracy




	
(%)






	
Short-term (8 h)

	

	

	




	

	
4

	
7.86

	
104.6




	

	
550

	
3.25

	
97.7




	
Freeze–thaw (three cycles)

	

	

	




	

	
4

	
2.93

	
108.9




	

	
550

	
5.20

	
93.2




	
Auto-sampler (24 h)

	

	

	




	

	
4

	
5.53

	
109.4




	

	
550

	
7.19

	
97.8




	
3 months at −80 °C

	

	

	




	

	
4

	
8.05

	
91.6




	

	
550

	
9.34

	
86.3




	
Dilution integrity

	
2 times

	
6.76

	
107.6




	

	
4 times

	
8.64

	
102.4
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Table 4. Literature comparison of previously reported methods.
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Method

	
Extraction Solvent (Volume)

	
Calibration Range (ng mL−1)

	
Run Time

	
Application

	
Reference




	
(min)






	
HPLC-MS/MS

	
TBME

	
0.5–500

	
6

	
H1N1 influenza virus-infected patients

	
[18]




	
(0.6 mL)




	
HPLC-U/V

	
surfactant Triton X-114 (1 mL)

	
80–20,000

	
10

	
Pharmacokinetic study in rats

	
[16]




	
LC-ESI-MS/MS

	
Diethyl ether (3 mL)

	
1–1000

	
6

	
Healthy men volunteers

	
[19]




	
HPLC-UV

	
TBME

	
5–10,000

	
25

	
Healthy men volunteers

	
[17]




	
(5 mL)




	
This method

	
Ethyl acetate

	
1.32–625

	
2.5

	
Pharmacokinetic study in rats

	
-




	
(1 mL)
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