

  chemosensors-12-00047




chemosensors-12-00047







Chemosensors 2024, 12(3), 47; doi:10.3390/chemosensors12030047




Article



Response Surface Modelling of Six Organic Acids from Pinellia ternata (Thunb.) Breit by Ultrasound-Assisted Extraction and Its Determination by High-Performance Liquid Chromatography Coupled to Triple Quadrupole Mass Spectrometry



Lu Wei 1,2,†, Jinxin Li 1,2,†, Jingyi Zhang 1,2, Kaili Qu 1,2, Mingxing Wang 1,2, Tingting Ni 1,2, Yuhuan Miao 1,2, Ming Luo 1,2, Shumin Feng 1,2,* and Dahui Liu 1,2,*





1



School of Pharmacy, Hubei University of Chinese Medicine, Wuhan 430065, China






2



Hubei Shizhen Laboratory, Hubei University of Chinese Medicine, Wuhan 430065, China









*



Correspondence: shumin_f@163.com (S.F.); liudahui@hbtcm.edu.cn (D.L.)






†



These authors contributed equally to this work.









Citation: Wei, L.; Li, J.; Zhang, J.; Qu, K.; Wang, M.; Ni, T.; Miao, Y.; Luo, M.; Feng, S.; Liu, D. Response Surface Modelling of Six Organic Acids from Pinellia ternata (Thunb.) Breit by Ultrasound-Assisted Extraction and Its Determination by High-Performance Liquid Chromatography Coupled to Triple Quadrupole Mass Spectrometry. Chemosensors 2024, 12, 47. https://doi.org/10.3390/chemosensors12030047



Received: 28 January 2024 / Revised: 12 March 2024 / Accepted: 13 March 2024 / Published: 19 March 2024



Abstract

:

Organic acids are a key active component of Pinellia ternata (Thunb.) Breit, and their concentration is closely associated with the quality of P. ternata. Developing an efficient and rapid method for detecting organic acids can offer a valuable technology for real-time assessment of P. ternata quality. In this work, a high-performance liquid chromatography coupled to triple quadrupole mass spectrometry (HPLC-QqQ-MS/MS) approach, combining the optimization of extraction conditions using response surface methodology (RSM), was developed for the simultaneous quantitative analysis of six organic acids in P. ternata. The optimal extraction conditions for organic acids in P. ternata were ultrasonic extraction with a solid–liquid ratio of 1:50, ultrasonic time of 60 min, and extraction temperature of 55 °C. Multiple-reaction monitoring (MRM) scanning was employed for quantification using HPLC-QqQ-MS/MS in negative ionization mode through a single run of 10 min, and the limit of detection (LLOD) and limit of quantification (LLOQ) for organic acids were as low as 0.138 ng/mL and 0.614 ng/mL, respectively. The relative standard deviations (RSDs) of reproducibility, precision, and stability were all lower than 5.0%, and recovery rates were 97.75–107.14%, with RSDs < 5.0%. Finally, this method was successfully applied to determine the investigated organic acids in 12 production regions of P. ternata, revealing significant differences between different production areas. This indicates that the optimized method is suitable for further accurate investigations of organic acids of P. ternata.
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1. Introduction


Pinellia ternata (Thunb.) Breit is a perennial medicinal plant mainly produced in China [1]. Its dry tubers, with important pharmacological activities, have a long medicinal history, such as antitussive, expectorant, anti-inflammation, anti-tumor, and anti-early pregnancy effects [2]. Modern pharmacology is devoted to exploring the main active ingredients of medicinal plants that exert pharmacological activity. The metabolites of P. ternata are complex, mainly containing various types of organic acids (OAs), nucleosides, proteins, alkaloids, and others [3]. Organic acids are a class of compounds responsible for P. ternata’s biological activity, and their content is related to the antitussive effect [4,5], which is one of the important indices for evaluating the quality of P. ternata. Therefore, succinic acid, a typical OA component, was recorded as a quality evaluation indicator in the 2015 Chinese Pharmacopoeia. However, the current methods for determining succinic acid are relatively cumbersome, and efficient methods for determining other organic acid components in P. ternata are still lacking. At present, the commonly used analysis methods for OA content include potentiometric titration, high performance liquid chromatography (HPLC) [6], and gas chromatography (GC) [7]. The potentiometric titration method can only determine the total amount of all acids present but not the separate identification and determination of each acidic compound concentration. Therefore, HPLC is often used for single OA component determination but not many different OAs separately, which are susceptible to matrix interference under this method, resulting in inaccurate qualitative and quantitative results [6]. HPLC-coupled triple quadrupole mass spectrometry (HPLC-QqQ-MS/MS) can simultaneously achieve qualitative and quantitative analysis of target compounds and has been highly praised in the analytical chemistry field in recent years [8]. It has the characteristics of low matrix interference and high sensitivity. The comprehensive application of retention time, parent ion, daughter ion, and multi-reaction monitoring (MRM) instrument conditions can ensure the accuracy of qualitative and quantitative results of target analytes [9], and it is currently recognized as an efficient detection technology. However, a rapid and efficient HPLC-QqQ-MS/MS method for determining six organic acids (OAs) in P. ternata has not yet been explored and established.



In addition, extraction is an important step to obtain target compounds of medicinal materials [10]. Selecting the appropriate extraction technology and optimizing relevant process parameters can greatly reduce the time and economic costs of extraction processes [11]. There are many methods for extracting the active ingredients of natural medicines, including solvent extraction (SE) [12], steam distillation (SD) [13], ultrasonic-assisted extraction (UAE) [14], microwave-assisted extraction (MAE) [15], supercritical-fluid extraction (SFE) [16], enzyme hydrolysis (EH) [17], and other methods [18]. Among them, UAE has the advantages of simple extraction, convenient operation, high extraction efficiency, and short extraction time, making it the most commonly used process [19]. Moreover, it has a wide range of extraction adaptability and is suitable for extracting most species of Chinese medicinal materials and various ingredients [20]. However, the extraction efficiency of UAE is affected by many factors such as the solvent, material–liquid ratio, extraction repetition, temperature, and time. Response surface methodology (RSM) provides an excellent solution, serving as a statistical experimental method employed to analyze an empirical model. This model describes the impact of multiple independent variables on one or more dependent variables [21].



The extraction conditions of different materials are different, and selecting the appropriate extraction method can improve the extraction efficiency. We employed the RSM method to compare ultrasonic extraction time, temperature, and solid–liquid ratio to explore the optimal extraction process of organic acids in P. ternata. On this basis, we established a rapid detection and quantitative method utilizing HPLC-QqQ-MS/MS technology for the analysis of six organic acids’ concentrations in P. ternata samples. The method was verified, and LLOD, LLOQ, linearity, precision, and recovery rate were determined. Subsequently, the method was applied to analyze 13 samples from 12 production regions in China. The findings from this study contribute to the enhancement of the precise quantification of organic acid components in P. ternata, providing valuable insights for quality evaluation and exploring the pharmacological activity material basis of P. ternata.




2. Materials and Methods


2.1. Plant Material


After the aboveground part of the plants withered in summer, a total of 13 samples of P. ternata tubers were harvested from 12 production areas. The fresh collected samples were washed of the surface soil, peeled, and dried at 55 °C for 24 h. Then, they were crushed with a grinder and sieved through a 60 mesh sieve. The P. ternata powder sample was stored in a sealed bag and placed in dryer until the experiment. The detailed information for all samples is shown in Table S1.




2.2. Standard Solutions Preparation


To accurately weigh an appropriate amount of cis-aconite acid (≥98%), fumaric acid (≥98%), oxalic acid (≥98%), succinic acid (≥98%), citric acid (≥97%), and malic acid (≥98%) from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China), was dissolve in ultrapure water to obtain the mixed standard working solutions, which contained 7488 ng/mL of oxalic acid, 89,136 ng/mL of citric acid, 12,624 ng/mL of malic acid, 5080 ng/mL of succinic acid, 56,064 ng/mL of cis-aconite acid, and 5792 ng/mL of fumaric acid. All the standard solutions were stored at 4 °C for further analysis.




2.3. Single Factor Ultrasonic Extraction Assay


Precision weighing 0.5 g of P. ternata powder per piece (Sample 6) was conducted to optimize the ultrasonic-assisted extraction method. An experiment involving five factors affecting extraction was performed: extraction solvent (water, 50% methanol, methanol, 50% ethanol, ethanol), ultrasonic repetition (1, 2, 3 times), solid–liquid ratio (1:10, 1:30, 1:50, 1:70, 1:90), ultrasonic time (20, 40, 60, 80, 100 min), and ultrasonic temperature (20, 35, 50, 65, 80 °C). One of the factors was used as a variable, and the other factors were used as quantitative experiments to explore the effects on the total content of six organic acids in P. ternata.




2.4. Experimental Design and Statistical Analysis of Response Surface Methodology


The optimization of ultrasonic-assisted extraction for the total sum of six organic acids from P. ternata was conducted by the response surface method (RSM). The three key independent variables of solid–liquid ratio (A), ultrasonic time (B), and ultrasonic temperature (C) were investigated at three levels (−1, 0, 1), with the sum total yield of six organic acids as response variables (Table 1). A total of 17 different experiment combinations were analyzed using the software Design Expert (V8.0.6.1); detailed experimental designs are presented in Table 2. The experimental data were fitted into a second-order polynomial model, which represented the content of the total organic acids of 6 compounds as a function of the independent variables, as follows:
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where Y represents the predicted response value and β0 is the intercept or regression, βi the linear, βii the quadratic, and βij the interaction coefficients. The parameters were optimized using the desirability function approach to achieve the highest yield of the total six organic acids. All experiments were carried out in triplicate, and the data were expressed as mean ± standard deviation (SD). The data were analyzed using ANOVA, with differences considered significant at a level of p < 0.05. Further, Design-Expert v8.0.6.1 software was used to analyze the results and draw the three-dimensional response surface diagram and contour diagram.




2.5. Method of Application of Different Production Regions on P. ternata


The P. ternata powders from different production regions were accurately weighed at 0.5 g and added to 25 mL of ultrapure water to achieve a solid–liquid ratio of 1:50 (m/v). After ultrasound treatment at 55 °C for 60 min, the supernatant was centrifuged and retained. The residue was added to 25 mL of ultrapure water and extracted again. The supernatants were merged and pass through a 0.22 μm filter membrane twice for measurement according to the established method.




2.6. HPLC-QqQ-MS/MS Analysis


Chromatographic analyses were performed by a 1260 series HPLC system (Agilent Technologies, Santa Clara, CA, USA). Liquid chromatography was performed at 25 °C on an Agilent ZORBAX Eclipse Plus C18 (2.1 mm × 100 mm i.d., 1.8 μm particle size) (Agilent Technologies, USA). The mobile phase consisted of a 0.1% solution of formic acid water (A) and acetonitrile (B). Elution was performed in an isocratic mode with 95% of A for 0–10 min. The flow rate was 0.20 mL/min, and the volume of sample injection was 2 μL.



Mass spectrometry was performed on an Ultivo Triple Quadrupole Mass Spectrometer (Agilent Technologies, USA). An electrospray ionization source was operated in negative ion mode (ESI-). High-purity nitrogen was used as the sheath gas, auxiliary gas, and sweep gas. Other parameters included a drying temperature of 325 °C, flow rate of 8 L/min, atomizing gas pressure of 45 psi, sheath temperature of 350 °C, sheath gas flow rate of 11 L/min, and spray voltage of 3839 V. In addition, multiple-reaction monitoring (MRM) mode was selected for simultaneous detection of six OAs. The results of the fragment ions, corresponding declustering potential (DP), collision energy (CE), and retention time are listed in Table 3.




2.7. Method Validation


According to the chromatographic and mass spectrometry conditions mentioned above, we diluted the mixed standard solution to different ratios and injected into wells it for testing. The peak area value of the standard solution was obtained (n = 6). With the peak area of the OA standard solution as the vertical coordinate and the concentration as the horizontal coordinate, the standard curve was drawn, and the regression equation and linear coefficient were calculated. Limits of detection (LLODs) and limits of quantification (LLOQs) were ascertained according to signal-to-noise (S/N) ratios greater than 3 and 10, respectively.



In addition, the mixed standard solution was injected into 6 wells, and the precision of the method was evaluated according to the relative standard deviation (RSD). The solutions prepared from the same sample were stored at 4 °C for 0, 2, 6, 8, 12, and 24 h to study the stability of the sample. The RSD of six consecutive injections of one sample was used to estimate the reproducibility of the method.



Moreover, precision weighing of 0.5 g of P. ternata powder (taken from sample 6) was performed, followed by the addition of 25 mL of ultrapure water. The mixture underwent ultrasonic extraction at 54 °C for 60 min. After extraction, the solution was filtered to retain the supernatant. The filter residue underwent another extraction process, and the liquid was filtered twice through a 0.22 μm microporous filter membrane. Finally, the content (N) was calculated. Then, an equal amount of standard substance (M) was added to the sub-samples of P. ternata to determine the total content (O) according to the established method. The above experiment was repeated six times, and specific M, N, and O values are shown in Table 4. The formula for the recovery rate of adding samples was as follows: Recovery rate (%) = (O − N)/M × 100.





3. Results


3.1. Optimization of Chromatographic Conditions


Based on commonly used methods for determining organic acids [22], chromatographic conditions were optimized from multiple aspects such as mobile phase, flow rate, column temperature, and injection volume. Because the six organic acids tested were all weak acids, it was necessary to adjust the mobile phase system to weak acid conditions to prevent dissociation of the organic acids.



High abundance [M–H]− dehydrogenation excimer ion peaks were formed by adding 0.1% volume fraction of formic acid to the mobile aqueous phase. Using [M–H]− as the parent ion can obtain high-strength ion fragments and enhance the response value of the target compound. The effects of using methanol-0.1% formic acid water and acetonitrile-0.1% formic acid water as mobile phases on the separation and response values of the target compound were investigated. The results indicated that using acetonitrile-0.1% formic acid water as the mobile phase yields symmetrical peak shapes for the target compound in ESI− mode, with no tailing, blurring, or baseline drift. This composition is preferred. Additionally, we investigated peak time, shape, instrument pressure, and separation at flow rates of 0.1, 0.2, and 0.3 mL/min. At 0.1 mL/min, the analyte peak width increased, and retention time was longer. At 0.3 mL/min, the column pressure approached a critical level, negatively affecting the column. At 0.2 mL/min, the pressure was moderate, response was high, sensitivity was good, and the total peak time shortened to 6 min. After considering various factors, the final flow rate of 0.2 mL/min was chosen as the optimal condition. Furthermore, the influence of column temperature and injection volume on separation efficiency was investigated in the range of 20 °C–45 °C and 1 μL–5 μL, respectively. We found that the impact of column temperature and injection volume on chromatographic peaks was not significant, so the conventional 25 °C and 2 μL was selected for subsequent experiments.




3.2. Establishment of Mass Spectrometry Conditions


The OA standard solution was analyzed by single needle automatic injection, and the mass spectrum parameters were optimized in negative ion mode. Two fragment ions with the highest response and the least interference were selected as qualitative and quantitative ions, and the fragmentation voltage and collision energy were obtained.



The optimal condition parameters are given in Table 3, and the ion spectra of six compounds’ MS products are shown in Figure 1. These results indicated that the quantitative analysis of six organic acids could be realized by using ESI- and the multi-reaction ion monitoring (MRM) mode of the electric spray ion source.




3.3. Linearity, Limit of Detection, and Limit of Quantification of the Established HPLC-QqQ-MS/MS Method


The method linearity was evaluated by diluting the mixed standard solution with water to obtain appropriate concentrations. Calibration curves for the six organic acids were constructed by plotting the peak areas versus the corresponding injection concentrations, as shown in Table 5. All target analytes exhibited good linear regression in the studied concentration range (R2 > 0.99). For each target component, the limit of detection (LLOD) and limit of quantification (LLOQ) were determined by successive dilution of the standard solution until the signal-to-noise (S/N) ratio of each compound was 3 and 10. As summarized in Table 5, the LLODs of the OAs (1)–(6) were 0.604 ng/mL, 0.138 ng/mL, 0.327 ng/mL, 0.398 ng/mL, 0.284 ng/mL, and 0.194 ng/mL, and the LLOQs were 1.872 ng/mL, 0.614 ng/mL, 0.819 ng/mL, 1.252 ng/mL, 0.724 ng/mL, and 0.408 ng/mL, indicating the high sensitivity of this method for the quantification of the six organic acids in P. ternata extract.




3.4. One-Variable-at-a-Time (OVAT) Experiment


It is particularly important to establish a stable and high extraction rate sample pretreatment method for the detection of OAs in P. ternata. The effects of extraction solvent, extraction repetition, extraction temperature, extraction time, and solid–liquid ratio were analyzed via OVAT experiments to determine the most critical extraction factors and their ranges. Firstly, different extraction solvents of water, 50% and 100% methanol and 50% and 100% ethanol, were used for ultrasonic extraction. The results indicated no significant differences among different treatment groups on the six OAs’ yields (p > 0.05). Considering the feasibility of actual production, ultrapure water was preferred as the extraction solvent (Figure 2A). Secondly, after two ultrasonic repetitions, the content of the OAs tended to stabilize, indicating that the extraction was complete and that two extraction repetitions were preferred (Figure 2B). Then, the ratios of P. ternata to water were set to 1:10, 1:30, 1:50, 1:70, and 1:90 for ultrasonic extraction, which was performed twice to obtain the appropriate material liquid ratio. When the solvent was increased within a certain range, the extraction efficiency of the organic acids continued to increase, reaching a peak at 1:50 (Figure 2C). The effect of temperature on extraction efficiency was investigated in the range of 20 to 80 °C. The results indicated the organic acid content increased first and then decreased, highlighting the optimal extraction conditions at 50 °C for achieving the best extraction efficiency (Figure 2D).



In addition, the samples were extracted with water at 50 °C for 20, 35, 50, 65, and 80 min to screen for the optimal extraction time. The extraction efficiency was observed to peak at 60 min and subsequently showed a slight decrease, possibly attributed to the degradation of the extracted compounds resulting from prolonged extraction repetition (Figure 2E). Ultimately, except for the extraction solvent and extraction repetition, a 1:50 material–liquid ratio, ultrapure water, 50 °C, and 60 min were set as the center points of RSM to determine the optimum extraction conditions for further studies.




3.5. Response Surface Methodology Optimization


The RSM describing the relationship between different variables (solid–liquid ratio, ultrasonic time, and temperature) and response values was established to obtain the best extraction conditions. In the statistical analysis of RSM, 17 assays were performed with varied experimental conditions. The quadratic model’s expressions for the OA’s responses are presented as followed:


YOAs = 19.46 + 2.70A − 0.18B − 0.49C + 0.60AB − 0.14AC + 0.11BC − 3.58A2 − 3.92B2 − 2.30C2











To assess the significance of the fit of the second-order polynomial equation for the experimental data (Table S2), analysis of variance (ANOVA) was employed. The results revealed that the lack of fit was not statistically significant (p > 0.05), while the quadratic regression model was highly significant (p < 0.01). This indicates that the mathematical model used in this study is reliable for computing organic acid contents. The coefficient of variation (CV) was less than 10%, suggesting that the model exhibits good precision and reproducibility. Additionally, the coefficient of determination (R2) and the adjusted determination coefficient (Radj2) were calculated to be 0.9484 and 0.8821, respectively, indicating a high level of accuracy in the model.



Further, Design-Expert V8.0.6.1 software was used for visualization, and the three-dimensional response surface plots and contour diagrams of the interactions between various factors were drawn according to the regression model of the yield of six organic acids in P. ternata (Figure 3). The normal probability distribution of the residual analysis results revealed that the datapoints are basically distributed on a straight line (Figure 4A); the distribution of the residual and predicted values is irregular (Figure 4B); and the predicted and actual values are distributed near a straight line (Figure 4C), signifying the high precision of the established response surface model. The three-dimensional contour map illustrates that the optimal extraction conditions were a solid–liquid ratio of 1:47.17, extraction time of 61.31 min, and temperature of 55.56 °C (Figure 3). Considering practical feasibility in industrial production, the process parameters were adjusted to a solid–liquid ratio of 1:50, an extraction time of 60 min, and a temperature of 55 °C. Under these revised conditions, the total content of the six organic acids in P. ternata was 21.11 mg/g (Table S3), surpassing the values obtained from 17 alternative operation schemes, affirming the optimality of the model screening conditions.




3.6. Practical Application of the Optimized Method for Determining OA Content of P. ternata from Different Regions


The established method was used to detect P. ternata samples collected from 12 different regions. The results indicated variations in the organic acid (OA) contents in P. ternata among different regions and also within different varieties from the same region (Table 6). Sample 7 (collected in Tianmen) contained the highest amount of oxalic acid, reaching 1.58 mg/g. The citric acid content in P. ternata from Sample 7 and Sample 10 (collected in Huaihua) both exceeded 16 mg/g. Sample 1 (collected in Huangshan) contained the highest amount of malic acid, at 6.58 mg/g. Cis-aconite content in Sample 6 (collected in Qianjiang) and Sample 10 exceeded 0.84 mg/g. Succinic acid, specified as an indicator component in the 2015 edition of the Chinese Pharmacopoeia, had a content of 2.57 mg/g in Sample 5, significantly higher than in the other samples. Further analysis of the total organic acid contents revealed that the regions centered around Qianjiang, Shiyan, and Tianmen in Hubei Province, as well as the surrounding Hunan and Anhui provinces, had higher levels. As is well known, these areas are considered the daodi production area of P. ternata, and the produced medicinal material is known as “Jing Banxia” due to its good quality. This also confirms the accuracy of the detection method, providing additional evidence of its reliability. Further, our research results provide a theoretical foundation for understanding the influence of climate characteristics and environmental conditions in various regions on the formation of the quality of daodi medicinal materials.




3.7. Precision, Reproducibility, Stability, and Recovery Rates of the Established Ultrasonic Extraction and HPLC-QqQ-MS/MS Methods


As summarized in Table 7, precision is expressed by the relative standard deviation (RSD). Under optimal conditions, the RSDs of the investigated components were less than 1.91%, which was evaluated by analyzing the mixed standard solution six times. The method repeatability and stability were established by analyzing multiple consecutive injections and 24-h interval injections, and the results showed that the RSDs for the investigated components were less than 2.41% and 2.82%, respectively. All compounds met the proposed requirement of RSD ≤ 5%. In addition, the average recovery rates of the six organic acids tested in P. ternata ranged from 97.75 to 107.14%, with RSDs ranging from 1.67% to 4.50%. Above all, these results indicated that the developed method is sensitive and reliable enough to monitor OAs in P. ternata.





4. Discussion


At present, it is difficult for the detection methods for P. ternata to directly reflect the specific contents of its active components [23], especially organic acid contents. In this study, we introduced a new method for determining organic acids using HPLC-QqQ-MS/MS. Differing from the traditional potentiometric titration method employed for total organic acid determination [24], our method simultaneously and accurately measures six organic acids in P. ternata. Compared to the 40-min HPLC method [6], it significantly improved detection efficiency. It is a single-test, multi-evaluation method that’s quick and easy to use, offering substantial application value and potential for determining organic acid components in P. ternata.



The quantitative determination of active components is an effective means of quality control in traditional Chinese medicine, and the extraction of active components is a crucial prerequisite for quantitative analysis [25]. Among various extraction methods, ultrasonic-assisted extraction stands out as the preferred choice due to its simple operation, minimal time requirement, low solvent consumption, and high extraction yield [26]. The optimization of the ultrasonic extraction method for P. ternata organic acids encompassed considerations such as solvent selection, ultrasonic frequency, solid–liquid ratio, ultrasonic temperature, and ultrasonic time. Key factors influencing extraction efficiency were identified as the solid–liquid ratio, ultrasonic temperature, and ultrasonic time. Within a certain range, an increase in the solid–liquid ratio was found to enhance organic acid extraction. However, when the ratio exceeded 1:50, the organic acid yield began to decline (Figure 2C), possibly due to excessive solid–liquid ratio hindering ultrasound-induced cell damage, thereby reducing the degree of cell fragmentation [27]. Increasing the ultrasound temperature was observed to accelerate the dissolution rate of active ingredients, enhancing the extraction rate [28]. Nevertheless, when the ultrasonic temperature exceeded 50 °C, the extraction rate of organic acids from P. ternata decreased (Figure 2D), and studies have pointed out that excessive temperature can destroy structural components [29]. Similar to the ultrasonic time, a prolonged extraction time process can cause organic acids to come into contact with O2, leading to oxidation, polymerization, and other reactions, resulting in a decreased extraction rate [30].



The One-Variable-at-a-Time (OVAT) experiment was used to investigate the optimal range of different extraction conditions. However, this method overlooked the interaction between various factors, hindering a quantitative description of the parameters’ influence on the corresponding results and making it difficult to achieve the best outcome [31]. Based on the single-factor test, the RSM method was employed to design and optimize the extraction process of organic acids from P. ternata. In order of importance, the three factors affecting the total extraction rate of organic acids were the solid–liquid ratio (A) > ultrasonic temperature (C) > ultrasonic time (B). According to the vertex position of the 3D response surface, the optimal extraction process was identified as a solid–liquid ratio of 1:47.17, extraction time of 61.31 min, and temperature of 55.56 °C (Figure 3). Subsequent experiments verified that upon changing the extraction method, the extraction rate reached “21.11 mg/g”, which was higher than that of the other 17 experimental designs (Table S3), affirming the optimality of the model’s screening conditions. Moreover, the extraction method utilized in this study involved simple ultrasonic extraction, whereas other methods described in the literature [32,33,34,35] are more intricate. In our study, the use of ultrapure water as a solvent proved to be more cost-effective, economical, and environmentally friendly compared to the organic solvents mentioned in previous studies. Additionally, the HPLC-QqQ-MS/MS analysis utilized in our study was faster and less time consuming. Considering the extraction method, extraction cost, and analysis time, our study demonstrates significant superiority over methods described in previous studies. Consequently, a highly efficient ultrasonic-assisted extraction method for P. ternata organic acids was successfully established. The established extraction and analysis methods were applied for the quality evaluation of P. ternata resources from different production areas. This study revealed that in terms of the total content of the six organic acids of P. ternate, Huaihua City, Shiyan City, Huangshan City, Tianmen City, and Qianjiang City ranked as the top five among the 12 different producing areas. It is worth noting that the succinic acid content of P. ternata in Qianjiang City, Hubei Province, was as high as 2.57 mg/g, which is the highest among the 12 producing areas. Additionally, the P. ternata collected in Baoding City, Hebei Province, had the lowest total content of the following organic acids: malic, citric, fumaric, and succinic acids. This finding aligns with the reported good quality of the daodi-producing area [36], further validating the reliability of the method established in this study. Finally, the extraction and analysis methods were fully verified by analyzing the LLOD, LLOQ, linear relationship, precision, repeatability, stability, and sample recovery. As depicted in Table 5, the R2 values of the six organic acids were all higher than 0.99, indicating a strong linear relationship within a defined range. The RSD values of accuracy, repeatability, stability, and recovery rate were all below 5% (Table 6), demonstrating the accuracy, reliability, sensitivity, and reproducibility of our method. The method proved suitable for the determination of the six organic acids in P. ternata. In summary, this method is highly suitable for the extraction and detection of organic acid components in P. ternata and can be effectively applied in the quality evaluation of P. ternata.




5. Conclusions


In our study, an efficient approach was established and validated for quantifying six organic acids in P. ternata within a short separation time of 10 min by HPLC-QqQ-MS/MS. The method exhibited excellent linearity, sensitivity, and accuracy, accompanied by outstanding advantages such as its rapidity and efficiency. In addition, the ultrasonic-assisted extraction of organic acids was optimized by the response surface method with three variables and three levels. The results showed that the optimal extraction conditions were as follows: a solid–liquid ratio of 1:50, an extraction time of 60 min, and a temperature of 55 °C. The further determination of organic acids in P. ternata from different regions highlights the practical utility of this extraction and quantitative method in quality evaluations.
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Figure 1. The six compounds’ MS product ion spectra. (A) Oxalic acid, (B) cis-aconite acid, (C) citric acid, (D) fumaric acid, (E) malic acid, (F) succinic acid. The green area represents the area quantified by integration, and the yellow area is not integrated. 
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Figure 2. The total content of six organic acids was examined by a single factor. (A) Extraction solvent. (B) Extraction repetition. (C) Solid-liquid ratio. (D) Extraction temperature. (E) Extraction time. Treatments with the same letter are not significantly different from each other at an alpha level of 0.05 (LSD post hoc test). 
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Figure 3. Response surface plots of the combined effects of the factors and the response variable (total yield of six organic acids) in 3D and 2D. (A,D) Extraction temperature and extraction time. (B,E) Extraction time and solid–liquid ratio. (C,F) Extraction temperature and solid–liquid ratio. (A–F): The change from blue to red in the figure indicates that the extracted organic acid content goes from low to high. The red dots represent the positions of the surrounding and central points. 
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Figure 4. RSM model with tested variables. (A) The normal probability distribution of the residual. (B) The distribution of the residual and predicted values. (C) The residual and predicted value. (A–C): Different colored squares in the figure represent the 17 runs in RSM. 
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Table 1. Level of the tested parameter for RSM design.
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Independent Variables

	
Range and Level




	
−1

	
0

	
1






	
A

	
Solid–liquid ratio

	
1:10

	
1:50

	
1:80




	
B

	
Ultrasonic time (min)

	
20

	
60

	
100




	
C

	
Ultrasonic temperature (°C)

	
20

	
50

	
80











 





Table 2. Extraction conditions of each treatment group in RSM optimization experiment.
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	Solid–Liquid Ratio (g/mL)
	Extraction Time (min)
	Extraction Temperature (°C)





	1
	100
	60
	55



	2
	100
	60
	55



	3
	100
	100
	80



	4
	150
	60
	30



	5
	150
	60
	80



	6
	100
	20
	30



	7
	150
	100
	55



	8
	100
	60
	55



	9
	50
	60
	30



	10
	50
	100
	55



	11
	150
	20
	55



	12
	100
	20
	80



	13
	50
	60
	80



	14
	100
	60
	55



	15
	50
	20
	55



	16
	100
	60
	55



	17
	100
	100
	30










 





Table 3. The MS/MS molecular formula (MF), molecular weight (MW), fragment ions, declustering potential (DP), collision energy (CE), and retention time (tR) of 6 targeted components.
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Compound

	
Structural Formula

	
MF

	
MW

	
Precursor Ion/(m/z)

	
DP/V

	
Product Ion/(m/z)

	
CE/eV

	
tR/min






	
Malic acid
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C4H6O5

	
134.09

	
133.1

	
−67

	
115.1

	
9

	
1.685




	
71.2

	
13




	
Succinic acid
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C4H6O4

	
118.09

	
117.1

	
−62

	
73.1

	
9

	
3.277




	
99.1

	
5




	
Citric acid
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C6H8O7

	
192.13

	
191.1

	
−72

	
111.1

	
9

	
2.612




	
87.1

	
17




	
Cis-aconite acid
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C6H6O6

	
174.11

	
173.1

	
−60

	
85

	
9

	
2.782




	
129.1

	
5




	
Fumaric acid
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C4H4O4

	
116.07

	
115.1

	
−48

	
71.1

	
1

	
2.982




	
32.1

	
13




	
Oxalic acid
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H2C2O4

	
90.3

	
89

	
−48

	
61

	
5

	
1.289




	
45











 





Table 4. Analysis of recovery results of six organic acids in P. ternata.
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Organic Acid Species

	
Number

	
N: Sample Content/mg

	
M: Add the Amount of Standard/mg

	
O: Detected Content/mg

	
Recovery/%

	
Average Recovery/%

	
RSD/%






	
Malic acid

	
1

	
4.37

	
4.42

	
8.83

	
100.90

	
98.91

	
2.95




	
2

	
4.39

	
8.85

	
100.90




	
3

	
4.38

	
8.73

	
98.42




	
4

	
4.34

	
8.63

	
97.06




	
5

	
4.35

	
8.65

	
97.29




	
6

	
4.29

	
8.92

	
104.75




	
Oxalic acid

	
1

	
0.95

	
0.98

	
1.97

	
104.08

	
107.14

	
4.41




	
2

	
0.91

	
1.99

	
110.20




	
3

	
0.96

	
2.03

	
109.18




	
4

	
0.99

	
2.03

	
106.12




	
5

	
0.91

	
1.95

	
106.12




	
6

	
0.92

	
2.07

	
117.35




	
Citric acid

	
1

	
13.75

	
13.75

	
27.63

	
100.95

	
101.50

	
1.67




	
2

	
13.73

	
27.75

	
101.96




	
3

	
13.74

	
27.66

	
101.24




	
4

	
12.96

	
26.92

	
101.53




	
5

	
13.64

	
27.64

	
101.82




	
6

	
13.76

	
27.16

	
97.45




	
Cis-aconite acid

	
1

	
0.84

	
0.8

	
1.63

	
98.75

	
97.75

	
3.91




	
2

	
0.83

	
1.59

	
95.00




	
3

	
0.82

	
1.65

	
103.75




	
4

	
0.85

	
1.62

	
96.25




	
5

	
0.82

	
1.58

	
95.00




	
6

	
0.79

	
1.61

	
102.50




	
Cis-aconite acid

	
1

	
0.48

	
0.45

	
0.96

	
106.67

	
103.56

	
4.50




	
2

	
0.44

	
0.90

	
102.22




	
3

	
0.43

	
0.91

	
106.67




	
4

	
0.44

	
0.88

	
97.78




	
5

	
0.49

	
0.96

	
104.44




	
6

	
0.46

	
0.89

	
95.56




	
Succinic acid

	
1

	
0.63

	
0.63

	
1.24

	
96.83

	
97.78

	
2.39




	
2

	
0.61

	
1.22

	
96.83




	
3

	
0.65

	
1.27

	
98.41




	
4

	
0.59

	
1.21

	
98.41




	
5

	
0.64

	
1.26

	
98.41




	
6

	
0.57

	
1.22

	
103.17








(Notes: The ultrasonic extraction method and HPLC-QqQ-MS/MS were verified by sample addition and recovery).













 





Table 5. Linear equation, linear range, lower limit of detection (LLOD), and lower limit of quantitation (LLOQ) of six organic acids.
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	Compound
	Linear Equation
	R2
	Linear Range (ng/mL)
	LLOD (ng/mL)
	LLOQ (ng/mL)





	Oxalic acid
	Y = 0.06188X + 7.774199
	R2 = 0.9991
	1.872–7488
	0.604
	1.872



	Malic acid
	Y = 1.422647X + 123.057655
	R2 = 0.9946
	0.614–12624
	0.138
	0.614



	Citric acid
	Y = 2.357504X − 46.699725
	R2 = 0.9998
	0.819–89136
	0.327
	0.819



	Cis-aconite acid
	Y = 1.098471X − 153.403601
	R2 = 0.9923
	1.252–56064
	0.398
	1.252



	Fumaric acid
	Y = 0.725715X + 4.070693
	R2 = 0.9998
	0.724–5792
	0.284
	0.724



	Succinic acid
	Y = 2.157399X + 2.342711
	R2 = 0.9998
	0.508–5080
	0.194
	0.508










 





Table 6. The content of six organic acids in P. ternata from different regions (n = 3).
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	Region
	Malic Acid (mg/g)
	Oxalic Acid (mg/g)
	Citric Acid (mg/g)
	Cis-Aconite Acid

(mg/g)
	Fumaric Acid (mg/g)
	Succinic Acid (mg/g)
	Total Acid (mg/g)





	1
	Huangshan City, Anhui Province
	6.58 ± 0.19
	0.49 ± 0.02
	14.56 ± 0.47
	0.74 ± 0.03
	0.52 ± 0.01
	0.54 ± 0.01
	23.42 ± 0.63



	2
	Chongqing City
	2.36 ± 0.36
	0.45 ± 0.02
	7.68 ± 0.35
	0.29 ± 0.04
	0.40 ± 0.01
	0.55 ± 0.03
	11.56 ± 0.37



	3
	Xinyang City, Henan Province
	4.40 ± 0.28
	1.12 ± 0.05
	14.67 ± 0.33
	0.51 ± 0.04
	0.50 ± 0.01
	0.45 ± 0.03
	21.65 ± 0.28



	4
	Baoding City, Hebei Province
	1.36 ± 0.13
	0.82 ± 0.06
	3.50 ± 0.12
	0.11 ± 0.01
	0.13 ± 0.01
	0.26 ± 0.01
	6.18 ± 0.11



	5
	Qianjiang City, Hubei Province
	3.39 ± 0.21
	0.56 ± 0.04
	15.44 ± 1.16
	0.27 ± 0.01
	0.33 ± 0.01
	2.57 ± 0.03
	22.55 ± 1.26



	6
	Qianjiang City, Hubei Province
	4.47 ± 0.35
	0.95 ± 0.05
	13.75 ± 0.34
	0.84 ± 0.04
	0.48 ± 0.01
	0.63 ± 0.01
	21.11 ± 0.54



	7
	Tianmen City, Hubei Province
	4.07 ± 0.23
	1.58 ± 0.29
	16.65 ± 0.55
	0.78 ± 0.01
	0.44 ± 0.02
	0.57 ± 0.02
	24.09 ± 0.42



	8
	Yichang City, Hubei Province
	4.26 ± 0.41
	0.85 ± 0.11
	12.61 ± 0.23
	0.72 ± 0.05
	0.52 ± 0.03
	0.49 ± 0.01
	19.45 ± 0.65



	9
	Shiyan City, Hubei Province
	5.47 ± 0.28
	0.24 ± 0.02
	15.89 ± 0.11
	0.66 ± 0.01
	0.45 ± 0.01
	0.76 ± 0.01
	23.47 ± 0.29



	10
	Huaihua City, Hunan Province
	4.90 ± 0.05
	1.01 ± 0.07
	16.84 ± 0.37
	0.84 ± 0.05
	0.56 ± 0.01
	0.78 ± 0.01
	24.93 ± 0.53



	11
	Yingtan City, Jiangxi Province
	3.28 ± 0.23
	0.21 ± 0.01
	9.33 ± 0.42
	0.47 ± 0.01
	0.21 ± 0.01
	0.95 ± 0.02
	14.45 ± 0.68



	12
	Shangluo City, Shanxi Province
	2.10 ± 0.03
	0.36 ± 0.02
	4.35 ± 0.09
	0.19 ± 0.01
	0.19 ± 0.01
	0.76 ± 0.02
	7.95 ± 0.12



	13
	Wenshan Prefecture, Yunnan Province
	3.47 ± 0.10
	0.92 ± 0.05
	11.55 ± 0.32
	0.52 ± 0.01
	0.44 ± 0.01
	0.51 ± 0.01
	17.40 ± 0.60










 





Table 7. Repeatability, precision, stability, and recovery rate of 6 organic acids by ultrasonic extraction and HPLC-QqQ-MS/MS (n = 6).
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Compound

	
Repeatability RSD (%)

	
Precision RSD (%)

	
Stability RSD (%)

	
Recovery




	
Average Recovery Rate (%)

	
RSD (%)






	
Oxalic acid

	
1.66

	
1.91

	
1.92

	
98.91

	
2.95




	
Malic acid

	
1.75

	
0.89

	
1.33

	
107.14

	
4.41




	
Citric acid

	
2.28

	
1.2

	
1.3

	
101.5

	
1.67




	
Cis-aconite acid

	
2.36

	
1.07

	
2.65

	
97.75

	
3.91




	
Fumaric acid

	
2.41

	
1

	
2.27

	
103.56

	
4.5




	
Succinic acid

	
1.68

	
1.05

	
2.82

	
97.78

	
2.39
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