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Abstract

:

Taxanes are natural compounds with strong antitumor activity. In this study, we first extracted taxanes from the needles of Taxus cuspidata using ultrasonic (US) extraction, and then assessed the effects of different extraction conditions on the yields of eight target compounds. Response surface methodology (RSM) was further used to optimize the extraction conditions: when the liquid-to-solid ratio was 20.88 times, ultrasonic power was 140.00 W, ultrasonic time was 47.63 min, and ethanol content in solvent was 83.50%, taxane yields reached the maximum value of 354.28 μg/g. Under these conditions, the actual extraction rate of taxanes from the needles was 342.27 μg/g. The scanning electron microscopy (SEM) results indicated that the morphology of the needles, suspension cells, and callus of Taxus cuspidata extracted by ultrasonic wave had changed, the pores of the sections of the needles extracted by ultrasonic wave had become relatively loose, and the pore diameter had obviously increased. The callus and overall structure of the suspension cells extracted by ultrasonic wave were destroyed, forming cell fragments. The components of Taxus cuspidata are complex; the high-performance liquid chromatography (HPLC) method established in this paper is suitable for the rapid and effective separation of taxanes in Taxus cuspidata. We systematically and comprehensively compared the yields of taxanes in needles, callus, and suspension cells of Taxus cuspidata, and the taxane yields were increased by the suspension cell culture.
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1. Introduction


Taxus is an ancient plant group, with 11 species worldwide, distributed in temperate to tropical regions of the northern hemisphere [1,2,3]. Taxus cuspidata is a kind of Taxus plant, which is mainly distributed in the Changbai Mountains (China), Japan, and North Korea. Its stems and leaves contain paclitaxel, which is a valuable secondary metabolite with medical importance [4,5,6,7]. In addition to paclitaxel, Taxus cuspidata contains other taxane diterpenoids [8,9,10], which usually exist in very small quantities in the needles of Taxus species. Moreover, it is difficult to extract and determine taxanes in Taxus cuspidata because of their similar structures, and the efficient detection of taxanes in Taxus cuspidata is therefore of great research significance [11].



Taxus cuspidata is rich in taxane diterpenoids, which have shown strong antitumor activity [12,13]. Among these diterpinoids, paclitaxel is a clinically important antitumor drug, which can be used to treat ovarian cancer, breast cancer, lung cancer, gastrointestinal cancer, bladder cancer, etc. Its unique mechanism of action has attracted the attention of scholars from all over the world, who have conduct extensive and in-depth research on the genus [14,15,16,17,18]. At present, the raw materials for paclitaxel production are mainly derived from the needles of Taxus cuspidata, which is a non-renewable resource with limited supply, resulting in a shortage of raw materials for paclitaxel extraction.



At present, the extraction and separation methods for paclitaxel include solvent extraction, chromatography, chemical synthesis, membrane separation, fermentation and ultrasonic extraction [19,20,21,22,23]. Using ultrasonic technology to strengthen the extraction and separation process can effectively improve the extraction rate, shorten the extraction time, save costs, and improve product quality and yield [24,25,26,27].



Ultrasonic (US) extraction is an important way to influence the structure of suspension cells and promote the synthesis of secondary metabolites through chemical reactions [28,29,30]. Wang et al. used the leaves of a Douglas fir as raw materials and applied an organic solvent ultrasonic extraction method, with high-performance liquid chromatography (HPLC) and standard curve methods for detection and quantitative analysis, respectively. The rapid extraction method and test method for paclitaxel were determined [31]. Using plant cell culture is an important way of determining the source of paclitaxel [32,33]. An increasing number of researchers have studied this and made some progress. Yao et al. established an HPLC method to detect paclitaxel in Taxus cuspidata callus. The results showed that the concentration of paclitaxel in needles was very low, but the concentration in callus was very high [9]. Therefore, plant tissue culture technology is an effective way to obtain paclitaxel. Using Taxus cells cultured in vitro to produce paclitaxel and its synthetic precursors is an important way to expand the source of paclitaxel. This production mode has low production costs, will not damage wild Taxus cuspidata resources, is not limited by external conditions, and can be cultured artificially. Theoretically, it can fundamentally solve the problem of the shortage in Taxus resources.



In the present study, we aimed to establish an efficient method for extracting and detecting taxanes, to determine the best conditions to maximize the extraction efficiency, and to determine and compare the differences in taxane yields from the needles, callus, and suspension cells of Taxus cuspidata. Our data showed that ultrasonic (US) treatment effectively extracted the taxanes from Taxus cuspidata. Process optimization investigations using the Box–Behnken design (BBD), RSM model, and scanning electron microscopy (SEM) analysis were further performed to visually verify the reliability of the US treatment. It was found that taxane yields can be increased by using suspension cell culture.




2. Materials and Methods


2.1. Materials and Reagents


Taxus cuspidata needles (Figure 1a) was plucked from a ten-year-old Taxus cuspidata specimen planted in the experimental field of the College of Biology and Agricultural Engineering, Jilin University (Jilin, China). The needles of Taxus cuspidata were washed and dried at 40 °C to a constant weight. Then, the sample was crushed and sealed, and stored in a dry environment.



Chromatographic-grade acetonitrile and chromatographic-grade methanol were purchased from American Tedia Company (Cincinnati, OH, USA). Ethanol reagents were of analytical grade (Shanghai, China). Zinc sulfate, magnesium sulfate, manganese sulfate, ferrous sulfate, copper sulfate, potassium nitrate, sodium molybdate, sodium dihydrogen phosphate, disodium EDTA, potassium iodide, cobalt chloride, calcium chloride, boric acid, niacin, inositol, glycine, citric acid, α-naphthalene acetic acid, sucrose, vitamin B6, vitamin B1, agar, hydrolyzed milk protein, and mercury chloride, with purity > 98%, were purchased from Sinopharm Group Chemical Reagent Co., Ltd. (Shanghai, China). Paclitaxel, 10-deacetylbaccatin III (10-DAB III), baccatine III, 7-xylogan-10-deacetyltaxol (DXT), docetaxel, 7-epitaxol, cephalomannine, and 10-deacetyltaxol (10-DAT), with purity > 98%, were bought from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). The 2.5% glutaraldehyde solution and PBS buffer were bought from Beijing Leigen Biology Co., Ltd. (Beijing, China).




2.2. Preparation of B5 Culture Medium


The culture medium used in this experiment was B5 culture medium, which was improved by the research group. The mother liquor was prepared with trace elements, organic substances and ferric salts, then stored in a refrigerator at 4 °C. The culture medium can be diluted to a certain proportion during preparation. The components of the improved B5 medium are shown in Table 1.




2.3. Establishment and Culture of Taxus cuspidata Callus


2.3.1. Collection and Pretreatment of Explants


On the morning of the experiment, fresh and well-growing semi-lignified stem tips and stem segments were collected from the Taxus cuspidata experimental field, and soaked in water containing detergent for cleaning. The explants were taken out and washed under running tap water for about 3–4 h to fully wash away the soil, bacteria and detergent. The water on the surface of young stems was absorbed by filter paper and transferred to beakers for later use.




2.3.2. Disinfection of Explants


Young stems of Taxus cuspidata were placed on an ultra-clean workbench. They were soaked 75% alcohol for about 30 s, then taken out and put into sterile water. After removing the residual alcohol from the surface, they were soaked in 0.1% mercuric chloride solution for about 7 min, and then rinsed with sterile water five or six times. The surface moisture was absorbed with sterile filter paper and transferred to beakers for later use.




2.3.3. Inoculation of Explants


The sterilized young stems of Taxus cuspidata were clamped with sterile tweezers, then the leaves on both sides of the stems were cut off with a scalpel. The stems were cut into small segments with a length of about 1–1.5 cm using a scalpel and inserted into the solid culture medium. After inoculation, the culture flask was placed in an artificial climate incubator, and the callus was induced in a dark environment with a humidity of 70 ± 5% and a temperature of 25 ± 1 °C.




2.3.4. Subculture of Callus


After inoculation for 25–30 days, the callus (Figure 1b), which was free from bacterial and fungal infection and in a good growth state, was taken out and directly transplanted into a new B5 solid culture medium. Then, it was placed in an artificial climate incubator and cultured for 23–30 days. After completing the subculture cycle, callus which was in good growth state was selected for subculture. Regular observations were made during this period, with intervention to remove the infection, browning and growth that occurred over time.





2.4. Cell Suspension Culture and Subculture of Taxus cuspidata


The callus of Taxus cuspidata was subcultured eight times to obtain callus with good growth and high taxane yields, and was used as the material of the cell suspension culture. The suspension culture solution was the same as the solid medium, but no agar was added.



The callus was peeled from the explant, placed in a sterile Petri dish, and mashed with sterile tweezers. A total of 0.3 g of callus was weighed, then added to a 100 mL conical flask containing 30 mL of culture solution. This was placed in a constant-temperature shaking incubator for culturing. The culture conditions were as follows: temperature 25 ± 1 °C, rotation speed 120 rpm, in darkness.



Cell growth (Figure 1c) was observed every three days, and cell fluid was added every seven days. For the next generation, it was necessary to let the triangular flask stand for a period of time, then to suck the cell fluid with a pipette and transfer it to a new triangular flask. Then, a new culture medium was added (the ratio of new and old culture medium was about 1:1); each bottle was 30 mL/100 mL. When the cell growth state under the microscope was observed to be poor, it was necessary to centrifuge the cell fluid, remove the old cell fluid and add new cell fluid. When the cell proliferation met the requirements of the experiment, the experiment was started.




2.5. Ultrasonic Extraction Experiment


The needles of Taxus cuspidata were dried in an oven at 40 °C to constant weight, and then fully ground. The callus was scraped from the explant and dried to a constant weight. After drying and fully grinding the suspension cells of Taxus cuspidata, the dried needles, callus and suspension cells powder of Taxus cuspidata were mixed with the ethanol solution extractant. Then, the parameters including the ultrasonic power and ultrasonic time of the ultrasonic crusher were set according to the experimental scheme. Using this process, taxanes were extracted from Taxus cuspidata powder into an extractant. Finally, the product was collected for centrifugal separation, and the supernatant in the centrifuge tube was poured into a rotary evaporator to be evaporated to dryness. The volume was fixed with methanol, and then filtered with 0.22 μm organic microporous membrane as sample pretreatment solution.




2.6. HPLC Detection of Taxane Yields


According to Loganathan D et al. [34], the yields of each taxane in the extract were quantified by high-performance liquid chromatography (HPLC, UltiMate 3000 Separations Module). The gradient elution procedure was set as follows: Inertsil ODS-3 C18 column (250 mm × 4.6 mm, 5 μm), column temperature 30 °C. The detection wavelength was 227 nm; the flow rate was 0.8 mL/min; the injection volume was 10 μL; the mobile phase A was water and B was acetonitrile. The gradient elution procedure was as follows: at 0–10 min, B increased from 40% to 50%, and at 10–13 min, B increased from 50% to 53%. At 13–25 min, B increased from 53% to 73%, and at 25–30 min, B decreased from 73% to 40% for 10 min.



To generate the mixed standard curve, a total of 10 mg of paclitaxel, 10-DAT, baccatin III, 10-DAB III, DXT, cephalomannine, docetaxel and 7-epitaxol standard were accurately weighed and dissolved in methanol to a constant volume of 10 mL. Then, they were diluted with methanol to prepare solutions with concentrations of 1.25, 6.25, 12.5, 22.5 and 125 μg/mL, respectively. The peak areas of standard solutions with different concentrations were measured by high-performance liquid chromatography at 227 nm, and the high-performance liquid standard curves of eight standards were drawn with the standard concentration as abscissa and the peak area as ordinate.




2.7. Single-Factor Experiment


Because the taxane yields of Taxus cuspidata may be influenced by various factors, single-factor experiments were designed and performed. The experimental ranges of different factors used in this study were as follows: liquid-to-solid ratio = 5–30 times; ultrasonic power = 20–200 W; ultrasonic time = 5–90 min; ethanol content in solvent = 50–100%.




2.8. RSM Experiment


Four factors, liquid-to-solid ratio (X1), ultrasonic power (X2), ultrasonic time (X3) and ethanol content in solvent (X4), were selected as dependent variables in the single-factor experiment, and the taxane yields were used as response values. The Box–Behnken design (BBD) assay was adopted to optimize the four dependent variables on the basis of four factors and three levels. There were 29 sets of experiments, and each set of experiments was repeated three times.



The data-processing system of Design Expert12 was used for data statistics, and curve-fitting was performed using Origin Pro2021 software.



After the extraction conditions of taxanes were optimized, three independent experiments were conducted to compare the difference between the experimental values and the predicted values, to determine the superiority of the prediction model.




2.9. SEM


The microstructure of the residue of Taxus cuspidata needles, callus, and suspension cells before and after ultrasonic treatment was observed by Sigma300 ultra-low-temperature scanning electron microscope (Oberkochen, Germany). For the needles, a small amount of Taxus cuspidata powder was taken before and after ultrasonic extraction, applied to conductive adhesive, and sprayed using gold ion sputtering, before being observed and photographed with the scanning electron microscope. The callus and suspension cells were selected before and after ultrasonic extraction, respectively, and fixed with 2.5% glutaraldehyde at room temperature for 2–4 h. Then, 0.1 mol, pH 7.2 was used, rinsed 3–4 times with PBS buffer and then with deionized water for 30 min. Ethanol concentrations of 30%, 50%, 70%, 80%, 90%, 95% and 100% were used for step-by-step dehydration; each step was 15–20 min. The product was dried with a CO2 critical point dryer, sprayed with gold ion sputtering, and then observed and photographed with a scanning electron microscope.





3. Results


3.1. Drawing of Standard Curve


Figure 2a shows the HPLC diagram for eight taxane standards, and Figure 2b shows the HPLC diagram of the actual extracted samples. Compound 1 was 10-deacetylbaccatin III (10-DAB III), compound 2 was baccatin III, compound 3 was 7-xylogan-10-deacetyltaxol (DXT), compound 4 was 10-deacetyltaxol (10-DAT), compound 5 was docetaxel, compound 6 was cephalomannine, compound 7 was paclitaxel, and compound 8 was 7-epitaxol. We calculated the regression equation of the standard curve for eight taxanes (Table 2), to calculate the taxane yields in needles, callus, and suspension cells. The molecular weight of paclitaxel and 7-epitaxol was the same, at 854.906. Only one carbon bond differed in the structure, but the polarities of the two were quite different. Liquid chromatography was able to separate the two very well. The molecular weights of Baccatin III and 10-DAB III were similar. Among the eight substances, 10-DAB III had the largest polarity, and its peak appeared first using liquid chromatography. DXT has higher molecular weight and polarity than 10-DAT, and the peak in liquid chromatography occurred earlier than 10-DAT. Although the molecular weights of cephalomannine and docetaxel differed by 24.022, the polarities of the two were very similar. It was not easy to separate the two using liquid chromatography, and it is necessary to explore the conditions. The HPLC experimental method used in this paper can separate them well.



In this study, eight taxanes in Taxus cuspidata were separated by high-performance liquid chromatography (HPLC). Taxus cuspidata extract samples were pretreated before injection and filtered through a 0.22 μm microporous membrane to prevent particles in the samples from blocking the pipeline. The solvent used had good solubility; taxanes are easily soluble in organic solvents. The extract selected in this paper was mainly ethanol solution, and the mobile phase was acetonitrile, each of which have good solubility for taxanes. When the sample solution was injected into the injection valve, the sample solution in the injector entered the chromatographic column with the mobile phase. The mobile phase and the stationary phase were both liquid, and the mobile phase and the stationary phase should be mutually immiscible (with different polarities to avoid the loss of stationary liquid). When the sample entered the chromatographic column, solute was distributed between the two phases. The taxanes in the mobile phase passed through the stationary phase, then flowed out of the stationary phase individually, due to the different sizes and strengths of their interactions (adsorption, distribution, exclusion, and affinity) with the stationary phase. As their retention times in the stationary phase were different, the taxanes were well separated. Figure 3 indicates the chemical structures of the eight taxanes.




3.2. Single-Factor Experiments


3.2.1. Liquid-to-Solid Ratio


The liquid-to-solid ratio was one of the main factors affecting the taxane yields obtained by ultrasonic extraction. We evaluated the effect of the liquid-to-solid ratio on the taxane yields. As shown in Figure 4a, the taxane yields first increased and then tended to flatten with an increase in the liquid-to-solid ratio, before reaching their maximum when the liquid-to-solid ratio was 25 times. This may be because, with the increase in liquid-to-solid ratio, the contact between Taxus cuspidata and the ethanol solvent increased, which was beneficial to the dissolution of taxanes [35]. However, when the liquid-to-solid ration increased to 20 times, and then the concentration of extraction solvent increased, the taxane yields were basically stable. Therefore, in this study, the further optimization liquid-to-solid ratio range was 15–25 times. These results are consistent with other reports [36].




3.2.2. Ultrasonic Power


Ultrasonic power was one of the main factors affecting the taxane yields obtained by ultrasonic extraction technology. We evaluated the effect of ultrasonic power on taxane yields; Figure 4b shows that the taxane yields first increased and then decreased with the increase in ultrasonic power, and reached the maximum when the extraction power was 150 W. This is because the extraction included diffusion, infiltration, dissolution, and other processes. The higher the extraction power, the more complete the extraction. However, when the diffusion reached equilibrium, even if the ultrasonic power was increased, the extraction rate no longer increased, and sometimes even decreased. In addition, excessive ultrasonic power may even destroy active ingredients [37]. Therefore, the optimization range of ultrasonic power was 100 W–200 W.




3.2.3. Ultrasonic Time


Ultrasonic time was one of the main factors affecting taxane yields obtained by ultrasonic extraction technology. We evaluated the effect of ultrasonic time on the yields of taxanes; Figure 4c shows that the taxane yields first increased and then decreased with the increase in ultrasonic time. When the ultrasonic time increased from 5 min to 45 min, the taxane yields increased slowly, and reached the maximum at 45 min, due to the cavitation and oscillation of the ultrasonic wave, which was beneficial to the dissolution of intracellular substances [38]. However, when the ultrasonic time continued to increase to 90 min, the taxane yields slowly decreased, which may be due to the long time required for ultrasonic shearing, which destroyed the structure of taxanes. Therefore, in this study, the ultrasonic time was further optimized to 30–60 min.




3.2.4. Ethanol Content in Solvent


The ethanol content in solvent was one of the main factors affecting taxane yields obtained by ultrasonic extraction. We evaluated the effect of ultrasonic time on the taxane yields; Figure 4d shows that when ethanol was used as the main extraction solvent, the taxane yields first increased and then decreased with the increase in ethanol content. When the ethanol content in solvent increased from 50% to 90%, the taxane yields clearly increased, and when the content of ethanol in solvent increased from 90% to 100%, the yields gradually decreased. This may be due to the fact that in the plant tissues of Taxus cuspidata, the vacuoles contain comparatively more free taxanes, while in the cell wall, most lignin, taxanes, flavonoids, insoluble polyphenols, and organic acids are combined with protein and polysaccharides. The increase in taxane yields in ethanol solutions with appropriate concentrations was due to the strong destruction of the surface of Taxus cuspidata, making taxanes more soluble and easier to dissolve in solvent after being released from the plant matrix. An appropriate concentration of ethanol was able to enter the cells, whereas high concentrations led to protein denaturation, thus preventing the dissolution of taxanes, resulting in a reduction in extraction rate [39]. To obtain accurate process parameters, the ethanol content in solvent ranged from 60% to 100%, after further optimization by response surface methodology.





3.3. Construction of RSM Model and Conditions Optimization


The response surface data analysis software Design Expert 12 was used to analyze the test data shown in Table 3, and the quadratic polynomial regression equation of the relationship between the taxane yields (Y), liquid-to-solid ratio (X1), ultrasonic power (X2), ultrasonic time (X3), and ethanol content in solvent (X4) was obtained:


Y = 340.38 + 41.34X1 − 2.28X2 + 17.71X3 + 42.35X4 − 9.46X1X2 − 13.13X1X3 − 2.15X1X4

− 11.46X2X3 − 26.03X2X4 − 3.18X3X4 − 37.68X12 − 41.94X22 − 45.55X32 − 37.61X42











The analysis of variance is shown in Table 4. It can be seen from Table 4 that the F-value of the model = 108.61, p < 0.0001, indicating that the model is highly significant. The lack of fit term p = 0.2772 > 0.05. The lack of fit term is not significant, indicating that the regression equation does not demonstrate lack of fit, i.e., there was no significant influence factors other factors except those factors considered in this experiment, and the regression model can fit the true response value. The model-adjusted R2 = 0.9818, while the predicted R2 = 0.9541. The adjusted R2 value and predicted R2 value were high and close, indicating that the regression equation can fully explain this process. The model can be applied to analyze and predict the optimal conditions for the interactions between four single-factor conditions during ultrasonic extraction of the taxane yields in Taxus cuspidata.



The liquid-to-solid ratio, ultrasonic time, and ethanol content in solvent had extremely significant effects on the taxane yields in Taxus cuspidata, while ultrasonic power had no significant effect on the taxane yields in Taxus cuspidata. The influence of factors on the purity of taxanes had a more significant effect. The contribution rate was different, and the order from large to small was X4 > X1 > X3 > X2; the interaction between ultrasonic power and ethanol content in solvent was extremely significant, and the liquid-to-solid ratio and ultrasonic time were more significant. Ultrasonic power and ultrasonic time had more significant interaction, liquid-to-solid ratio and ultrasonic power had a significant interaction, and liquid-to-solid ratio had no significant interaction with ethanol content in solvent, ultrasonic time or ethanol content in solvent. The square term of liquid-to-solid ratio, ultrasonic power, ultrasonic time, and ethanol content in solvent was extremely significant.



As shown in Figure 5, the results showed that the interaction between ultrasonic power (X2) and ethanol content in solvent (X4) was the strongest, the interaction between liquid-to-solid ratio (X1) and ultrasonic time (X3) was more significant, that between ultrasonic power (X2) and ultrasonic time (X3) was more significant, and the interaction between liquid-to-solid ratio (X1) and ultrasonic power (X2) was the weakest. With an increase in the ultrasonic power (X2) and ethanol content in the solvent (X4), the extraction yield first increased and then reduced, in accordance with the single-factor results. Based on the multiple quadratic regression equation, we calculated the optimum experimental conditions of liquid-to-solid ratio, ultrasonic power, ultrasonic time, and ethanol content in solvent, which were as follows: the liquid-to-solid ratio was 20.88 times, ultrasonic power was 140.00 W, ultrasonic time was 47.63 min, and ethanol content in solvent was 83.50%. The taxane yields reached the maximum value of 354.28 μg/g. Under these conditions, the actual extraction rate of taxanes was 342.27 μg/g, which was very close to the predicted extraction rate of 354.28 μg/g. All the data demonstrated that the model is feasible for parameter optimization in the process of taxanes extraction.




3.4. SEM Analysis of Needles, Callus and Suspension Cells of Taxus cuspidata


Figure 6 shows the SEM images of the needles, callus, and suspension cells of Taxus cuspidata before and after ultrasonic extraction. It can be seen from Figure 6 that the pores of the needles of Taxus cuspidata that were not subject to ultrasonic extraction were densely arranged, and the structure was intact (Figure 6a). The pores in the cross-sections of the needles of Taxus cuspidata extracted ultrasonically became relatively loose, and the diameter of the pores became significantly larger (Figure 6b). Taxus cuspidata suspension cells that were not extracted by the ultrasonic method showed various shapes under the scanning electron microscope, including clustered and single cells, and cells that were round, oval, cylindrical, tubular and irregular (Figure 6c). The cell structures of Taxus cuspidata suspension cells extracted ultrasonically were damaged, and cell debris was formed (Figure 6d). Similar sized cell structures could be observed on the surface of Taxus cuspidata callus without ultrasonic extraction, where they mainly existed in the form of cell clusters, predominantly in a columnar structure, making it easier to form embryoid bodies (Figure 6e). The cell structure of Taxus cuspidata callus extracted using an ultrasonic wave was destroyed, forming scattered cell fragments (Figure 6f).




3.5. Determination of Taxane Yields in Needles, Callus and Suspension Cells of Taxus cuspidata


We calculated the taxane yields according to the regression equation of the standard curve (Table 2). Figure 7a is a comparative taxanes diagram describing the callus of Taxus cuspidata from the first generation to the ninth generation. With the increase in passage times, the taxane yields from the callus gradually increased, reaching their maximum value in the 8th passage, and then the taxane yields gradually stabilized. Figure 7b shows a comparative diagram of taxanes in the suspension cells of Taxus cuspidata from the first generation to the sixth generation. With the increase in passage times, taxanes in the suspension cells of Taxus cuspidata gradually increased. When the subculture reached the fifth generation, the taxane yields reached their maximum, and then the taxane yields gradually stabilized or stopped increasing. Therefore, the taxane yields were found to increase after several subcultures, due to the fact that multiple subcultures can increase the yields of the taxanes’ secondary metabolites, which is consistent with the research results obtained by Wang [40].



We selected the highest yield period for taxanes in callus and suspension cells, to compare with the taxane yields from needles. As Figure 7c shows, for the ultrasonic extracts of Taxus cuspidata needles, callus and suspension cells, the highest taxane yields was 660.49 ± 31.91 μg/g in suspension cells. The taxane yields from callus was 451.43 ± 18.53 μg/g. The taxane yields from the needles was only 342.27 ± 15.34 μg/g. Among the three, the yield of 10-DAT in suspension cells was the highest, reaching 194.65 ± 9.57 μg/g, which was 1.08–1.10 times that of callus and 1.70–1.71 times that of needles. The yield of paclitaxel from the suspension cell extract was 154.93 ± 7.53 μg/g, which was 1.15–1.17 times that of callus and 1.59–1.61 times that of needles. The highest yield of Baccatin III from suspension cells was 118.02 ± 5.52 μg/g, which was 2.20–2.22 times that of callus and 4.25–4.27 times that of needles. The highest yield of cephalomannine was 104.54 ± 5.11 μg/g, from suspension cells. This was 3.74–3.75 times that of callus and 4.48–4.51 times that of needles. The yields of 7-epitaxel, docetaxel, 10-DAB III and DXT from suspension cells were relatively small. The results demonstrated that the taxane yields were increased by the Taxus cuspidata cell suspension culture. Previous scholars have confirmed that the suspension cell culture of Taxus cuspidata can produce high levels of paclitaxel [41]. Our research has further improved and supplemented these results: Taxus cuspidata can produce high levels of paclitaxel, as well as other taxanes. Next, we will separate and purify taxanes from these cell extracts, to treat human tumor diseases, which will constitute very meaningful work.





4. Conclusions


A high-performance liquid chromatography (HPLC) method was established for the determination of taxanes in Taxus cuspidata, and the ultrasonic extraction process for taxanes was optimized by response surface methodology (RSM). The highest taxane yields could be obtained when the liquid-to-solid ratio was 20.88 times, the ultrasonic power was 140.00 W, the ultrasonic time was 47.63 min, and the ethanol content in solvent was 83.50%. We systematically compared the yields of eight taxanes from the needles, callus and suspension cells. The total amount of taxanes in suspension cells was 1.92–1.94 times that of the yield in needles and 1.45–1.47 times that of the yield in callus. Our data showed that ultrasonic (US) treatment can efficiently extract taxanes from Taxus cuspidata, and that the taxane yields were enhanced by suspension cell culture. This suspension cell culture method will not cause the destruction of wild Taxus cuspidata resources, and is economical and sustainable, offering benefits for environmental protection.
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Figure 1. Growth state diagram of (a) needles, (b) callus, and (c) suspension cells of Taxus cuspidata. 
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Figure 2. High-performance liquid chromatogram (HPLC) of the eight taxanes: (a) standard substance, (b) real sample of extract. 
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Figure 3. Chemical structures of the eight taxanes. 
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Figure 4. Effects of (a) liquid-to-solid ratio, (b) ultrasonic power, (c) ultrasonic time, (d) ethanol content in solvent on extraction yields of the eight main taxanes in Taxus cuspidata (p < 0.05). 
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Figure 5. Interaction diagrams of various factors: (a) ultrasonic power and ethanol content in solvent, (b) liquid-to-solid ratio and ultrasonic time, (c) ultrasonic power and ultrasonic time, (d) liquid-to-solid ratio and ultrasonic power. 
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Figure 6. SEM images of Taxus cuspidata needles, callus and suspension cells: (a) Taxus cuspidata needles, (b) the needles of Taxus cuspidata after ultrasonic extraction, (c) suspending cells, (d) suspension cells after ultrasonic extraction, (e) callus, (f) callus after ultrasonic extraction. 
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Figure 7. Comparison of taxane yields in the needles, callus, and suspension cell extracts of Taxus cuspidata: (a) the effect of different subculture cycles of callus on taxane yields, (b) the effect of different subculture cycles of suspension cells on taxane yields, (c) comparative graph of taxane yields in needles, callus, and suspension cells (p < 0.05). 
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Table 1. B5 solid medium composition.
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	Medium Composition
	Dosage (mg/L)
	Medium Composition
	Dosage (mg/L)





	Vitamin B1
	20
	NaH2PO4·H2O
	150



	Vitamin B6
	3
	(NH4)2SO4
	134



	Inositol
	200
	MgSO4·7H2O
	500



	Niacin
	2
	ZnSO4·7H2O
	2



	Glycine
	2
	MnSO4·H2O
	10



	Hydrolyzed milk protein
	500
	FeSO4·7H2O
	27.8



	Agar
	7000
	Na2EDTA
	37.3



	Sucrose
	20,000
	H3PO3
	3



	α-Naphthalene Acetic Acid
	2
	KI
	0.75



	KNO3
	3000
	CuSO4·5H2O
	0.025



	CaCl2·2H2O
	150
	CoCl2·6H2O
	0.025



	Na2MoO4·2H2O
	0.25
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Table 2. Regression equation, linear range, structural formula, and molecular weight of measured compounds.
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	Order
	Compounds
	Regression Equation
	R2
	Linear Range (μg/mL)
	Molecular Formula
	Molecular Weight





	1
	10-DAB III
	Y = 0.1805X − 0.1085
	0.9999
	1.25–125
	C29H36O10
	544.590



	2
	Baccatin III
	Y = 0.1607X − 0.0991
	0.9998
	1.25–125
	C31H38O11
	586.627



	3
	DXT
	Y = 0.1218X − 0.0793
	0.9999
	1.25–125
	C50H57NO17
	943.984



	4
	10-DAT
	Y = 0.2195X − 0.1441
	0.9999
	1.25–125
	C45H49NO13
	811.870



	5
	Docetaxel
	Y = 0.124X + 0.0486
	0.9999
	1.25–125
	C43H53NO14
	807.879



	6
	Cephalomannine
	Y = 0.2259X − 0.1266
	0.9999
	1.25–125
	C45H53NO14
	831.901



	7
	Paclitaxel
	Y = 0.27X − 0.1652
	0.9999
	1.25–125
	C47H51NO14
	853.906



	8
	7-Epitaxol
	Y = 0.2141X − 0.1053
	0.9999
	1.25–125
	C47H51NO14
	853.906
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Table 3. Experimental design and results of Box–Behnken design (BBD).
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	Run
	X1
	X2
	X3
	X4
	Taxane Yields (μg/g)





	1
	20.00
	150.00
	45.00
	80.00
	343.537



	2
	20.00
	100.00
	45.00
	60.00
	193.494



	3
	20.00
	200.00
	60.00
	80.00
	249.139



	4
	25.00
	150.00
	45.00
	100.00
	349.785



	5
	20.00
	150.00
	30.00
	100.00
	284.831



	6
	20.00
	200.00
	45.00
	100.00
	269.831



	7
	25.00
	150.00
	60.00
	80.00
	303.128



	8
	20.00
	150.00
	60.00
	60.00
	239.811



	9
	15.00
	150.00
	45.00
	60.00
	178.533



	10
	20.00
	150.00
	45.00
	80.00
	339.437



	11
	20.00
	150.00
	60.00
	100.00
	314.728



	12
	20.00
	150.00
	45.00
	80.00
	346.372



	13
	15.00
	200.00
	45.00
	80.00
	235.761



	14
	20.00
	100.00
	45.00
	100.00
	327.823



	15
	20.00
	200.00
	30.00
	80.00
	241.681



	16
	15.00
	150.00
	45.00
	100.00
	273.363



	17
	20.00
	100.00
	60.00
	80.00
	289.482



	18
	15.00
	150.00
	30.00
	80.00
	178.617



	19
	20.00
	150.00
	45.00
	80.00
	340.933



	20
	20.00
	150.00
	30.00
	60.00
	197.179



	21
	25.00
	200.00
	45.00
	80.00
	299.256



	22
	20.00
	150.00
	45.00
	80.00
	331.621



	23
	15.00
	100.00
	45.00
	80.00
	207.189



	24
	15.00
	150.00
	60.00
	80.00
	244.472



	25
	20.00
	200.00
	45.00
	60.00
	239.605



	26
	25.00
	100.00
	45.00
	80.00
	308.517



	27
	25.00
	150.00
	30.00
	80.00
	289.781



	28
	20.00
	100.00
	30.00
	80.00
	236.182



	29
	25.00
	150.00
	45.00
	60.00
	263.575
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Table 4. ANOVA of regression model.






Table 4. ANOVA of regression model.














	Source of Variation
	Sum of Squares
	Degree of Freedom
	Mean Square
	F-Value
	p-Value
	Significance





	Model
	77,956.23
	14
	5568.30
	108.61
	<0.0001
	***



	X1
	20,510.18
	1
	20,510.18
	400.06
	<0.0001
	***



	X2
	62.63
	1
	62.63
	1.22
	0.2877
	



	X3
	3762.63
	1
	3762.63
	73.39
	<0.0001
	***



	X4
	21,519.22
	1
	21,519.22
	419.74
	<0.0001
	***



	X1X2
	357.83
	1
	357.83
	6.98
	0.0193
	*



	X1X3
	689.27
	1
	689.27
	13.44
	0.0025
	**



	X1X4
	18.58
	1
	18.58
	0.36
	0.5568
	



	X2X3
	525.37
	1
	525.37
	10.25
	0.0064
	**



	X2X4
	2709.36
	1
	2709.36
	52.85
	<0.0001
	***



	X3X4
	40.55
	1
	40.55
	0.79
	0.3889
	



	X12
	9210.87
	1
	9210.87
	179.66
	<0.0001
	***



	X22
	11,406.84
	1
	11,406.84
	222.49
	<0.0001
	***



	X32
	13,458.92
	1
	13,458.92
	262.52
	<0.0001
	***



	X42
	9175.40
	1
	9175.40
	178.97
	<0.0001
	***



	Residual
	717.75
	14
	51.27
	
	
	



	Lack of fit
	593.97
	10
	59.40
	1.92
	0.2772
	



	Pure error
	123.79
	4
	30.95
	
	
	



	Total
	78,673.98
	28
	
	
	
	







Note: p ≤ 0.0001 is extremely significant, as indicated by ***; p ≤ 0.01 is more significant, indicated by **; p ≤ 0.05 is significant, as indicated by *.
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