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Abstract


In the present study, an effective method of preparative high-performance liquid chromatography (Prep-HPLC) was established to purify two taxanes in Taxus cuspidata. During the experimental operation, the effects of flow rate, injection volume, and column temperature on the purity of 10-deacetyltaxol (10-DAT) and paclitaxel (PTX) were investigated, and the optimized conditions were as follows: flow rate of 10 mL/min, injection volume of 0.5 mL, and column temperature of 30 °C. Under these conditions, the purity of 10-DAT and PTX reached 95.33% and 99.15%, respectively. The purified products were characterized by scanning electron microscopy (SEM), high-performance liquid chromatography (HPLC), and electrospray ionization-high resolution mass spectrometry (ESI-HRMS). The results demonstrated that preparative HPLC can effectively purify 10-DAT and PTX from Taxus cuspidata with a purity of >95%, which was suitable for the large-scale preparation of 10-DAT and PTX.
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1. Introduction


Taxus belongs to the Taxus genus of Taxaceae [1,2,3,4]. It is mainly distributed in warm and subtropical areas of the northern hemisphere and is an evergreen tree or shrub. It is a national first-class protected plant with a history of 2.5 million years, and it is a natural rare anticancer plant that is endangered in the world [5,6,7,8]. Taxus is known as a “living fossil of plants” and a “national treasure”. Paclitaxel extracted from Taxus is an internationally recognized anticancer drug, with a market price of more than 10 million dollars per kilogram [9,10,11]. The content of paclitaxel can be determined by high-performance liquid chromatography (HPLC) [12,13]. Because of its anticancer effects and unique anticancer mechanism, several countries are competing to carry out resource science, biotransformation, and artificial synthesis, and obtain precursor products [14,15,16].



Taxus cuspidata is a species of Taxus plant [17]. As well as paclitaxel, Taxus cuspidata also contains other taxane diterpenoids [18,19,20,21], such as 10-deacetyltaxol (10-DAT) and cephalomannine. However, Taxus cuspidata has complex components and a low content of taxanes, which makes it difficult to separate and purify [22,23,24]. Furthermore, taxanes are unstable in structure and are easily affected by acidic and alkali conditions and temperature, resulting in isomerization and degradation [25]. In addition, due to the similar structures of taxanes, it is difficult to separate and purify taxanes [26,27]. Therefore, the effective separation and purification of taxanes from Taxus cuspidata have important research significance. Among the purification methods of taxanes, the most commonly used are column chromatography, macroporous resin, molecular imprinting, recrystallization, and chromatography [28,29,30,31,32,33,34,35]. Preparative high-performance liquid chromatography (Prep-HPLC) is a liquid chromatography preparation method that uses a high pressure and large flow liquid conveying system to separate samples with high purity on a high-resolution, large-inner-diameter, and high-load separation column [36,37,38]. The product separated by this method is far superior to that obtained by the traditional preparation method in terms of purity, recovery rate, and separation efficiency, so it is widely used in pharmaceutical research and production [39].



Preparative HPLC (Prep-HPLC) is a physical performance testing instrument used in the fields of biology and chemical engineering. According to the load of the sample to be separated, preparative HPLC can be divided into two types: research and development type, and industrial production type [40]. Research-type preparative HPLC belongs to laboratory-scale preparative separation, with sample sizes from micrograms to grams. The separated samples are generally used for biological activity tests, structure identification, and as standard samples. The economic benefit is not the primary consideration in this kind of chromatography, and the requirements for instruments and devices are not difficult to meet. Any instrument that achieves the desired separation goal can be used [41]. For industrial preparative HPLC, economic benefit is the core factor in the purification process, and the amount of purified samples ranges from kg to ton. These two kinds of preparative HPLC are also quite different in their column design. The design, packing, and operation of chromatographic columns used for experimental-scale preparative separation are basically the same as those of common analytical columns, and their internal diameter is generally 10–50 mm, but the internal diameter of preparative columns used for mass production is usually larger than 50 mm. In order to obtain high-efficiency columns, their column types and structures are different from those of the former, and the requirements for packing and packing technology are higher [42].



The structure of preparative high-performance liquid chromatography (Prep-HPLC) is the same as that of the analytical type, but the pump flow rate is larger, and the sample volume is larger. Before preparative HPLC, analytical HPLC experiments are often carried out, and the analytical methods are optimized and applied to preparative HPLC. Generally, it takes the following three steps to enlarge and optimize the analytical method to achieve the preparation method: (1) optimizing the selectivity of the analytical method, (2) carrying out excessive sample loading on the analytical column, and (3) enlarging the preparation column. At present, the operating parameters of each process from analysis to control are optimized mainly by the principle of linear amplification [43,44].



Preparative high-performance liquid chromatography (Prep-HPLC) has the characteristics of high speed and efficiency and high purity of the purified products. Adding a white fraction collector after the detector gives the characteristics of a high column efficiency, high flow rate, and short separation time [45,46,47]. It is suitable for the efficient purification and preparation of taxanes.



Wu et al. established a rapid and stable method for the preparation of six isoflavones in Iris tectorum alcohol extract by macroporous resin column chromatography and preparative high-performance liquid chromatography (Prep-HPLC). After separation by macroporous resin, the content of total flavonoids in crude extract increased from 10.60% to 54.20%, and the recovery rate was 75.12%. Subsequently, the extract was purified by preparative high-performance liquid chromatography and identified by analytical high-performance liquid chromatography and mass spectrometry. The purity of the extract was more than 82.2%. The established method could be used to prepare an effective amount of pure isoflavones from iris tectorum [48].



Li et al. used HPD-300 resin combined with preparative HPLC to separate high-purity spinosad from Ziziphus jujuba seeds. After preparative HPLC separation and recrystallization, the purity of spinosad reached over 98% and the recovery rate was 72.6%. This method is effective and suitable for the large-scale preparation of spinosad [49].



Arzanlou et al. established a semi-preparative HPLC method to purify allicin from garlic extract. The results showed that semi-preparative HPLC produced an obvious peak with a retention time of 12.28 min. The purity (≥95%) and biological activity of purified allicin were equivalent to those of standard allicin. This method can be used to purify allicin in large quantities from garlic extract [50].



As far as we know, the structural detection methods of taxanes include mass spectrometry, nuclear magnetic resonance (NMR), and matrix-assisted laser desorption time-of-flight mass spectrometry [51]. Among them, mass spectrometry is an analytical method to measure the charge–mass ratio of ions, which can be used to analyze isotopic composition, organic structure, and elemental composition. Mass spectrometry can provide abundant structural information in one analysis, and the combination of separation technology and mass spectrometry is a breakthrough in the scientific method of separation. Although there are many kinds of drugs determined by HPLC, the qualitative reliability is poor. However, mass spectrometry is accurate and rapid with only a few samples without complicated pretreatment. Mass spectrometry has been widely used in food, biology, environment, biopharmaceuticals, and other fields. It is expected that mass spectrometry will become the most powerful tool for drug detection [52]. Electrospray ionization-high resolution mass spectrometry (ESI-HRMS) is one of the main techniques of mass spectrometry. Its advantages are rapidness, high sensitivity, strong matrix tolerance, etc. It has been applied to detect polyphenols and amino acids in honey [53], novel fentanyl analogs [54], and the speciation distribution of molybdate and halides (Cl, F, and Br) in interaction [55].



This study aimed to establish an efficient purification method of two taxanes from Taxus cuspidata. Our data demonstrated that the orthogonal experimental design verified the reliability of the preparative high-performance liquid chromatography (Prep-HPLC). The purified products were characterized by scanning electron microscopy (SEM), high-performance liquid chromatography (HPLC), and electrospray ionization-high resolution mass spectrometry (ESI-HRMS). The results showed that preparative high-performance liquid chromatography can effectively purify 10-DAT and PTX from Taxus cuspidata with complex components, with a purity of more than 95%.




2. Materials and Methods


2.1. Materials and Reagents


Taxus cuspidata needles were plucked from a ten-year-old Taxus cuspidata specimen planted in the experimental field of the College of Biological and Agricultural Engineering, Jilin University (Jilin, China).



Mass-spectrum acetonitrile and mass-spectrum methanol were purchased from American Tedia Company (Cincinnati, OH, USA), ethanol (National Pharmaceutical Group Chemical Reagents Co., Ltd., analytically pure, Beijing, China), and purified water were produced by Hangzhou Wahaha Company (Hangzhou, China). Paclitaxel (PTX) and 10-deacetyltaxol (10-DAT) with purity ≥98% (Shanghai Yuanye Technology Co., Ltd., Shanghai, China) were used.




2.2. Ultrasonic Extraction Experiment


The needles of Taxus cuspidata were dried in an oven at 40 °C to constant weight, fully ground, and then mixed with the extractant of ethanol solution. According to Zhang et al., the liquid-to-solid ratio was 20.88:1 [56]. Then, we set the parameters according to the experimental scheme, including the ultrasonic power and ultrasonic time of the ultrasonic crusher [56]. Under this process, taxanes were extracted from Taxus cuspidata powder into the extractant. Finally, the product was collected for centrifugal separation, the supernatant in the centrifuge tube was poured into a rotary evaporator to be evaporated to dryness, the volume was fixed with methanol, and it was then filtered through a 0.22 μm organic microporous membrane as a sample pretreatment solution. Determination of taxane yields was by HPLC.




2.3. Separation of Taxanes by HPLC


According to Zhang et al. [57], the yields of the two taxanes in the extract were quantified by high-performance liquid chromatography (HPLC, UltiMate 3000 Separations Module, Waltham, MA, USA). 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; mobile phase A was purified water and B was acetonitrile. The gradient elution procedure was as follows: B increased from 40% to 50% at 0–10 min, and B increased from 50% to 53% at 10–13 min. B increased from 53% to 73% at 13–25 min, 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 and 10-DAT standard were accurately weighed and dissolved in methanol to a constant volume of 10 mL. Then, the samples were diluted with methanol to prepare solutions with different concentration gradients. The peak areas of standard solutions with different concentrations were measured by HPLC at 227 nm, and the high-performance liquid standard curves of two standards were drawn with the peak area as the ordinate and the standard concentration as the abscissa. The concentrations of two taxanes were calculated using the calibration curves (the concentration range of the calibration curves was 1.25–125 μg/mL). The total yields of the two main taxanes of Taxus cuspidata were calculated as follows:


Taxane yields = C × V/W








where C (μg/mL) is the total content of two main taxanes, V (mL) is the volume of extraction solution recovered, and W (g) is the weight of Taxus cuspidata.




2.4. Purification Experiment of Preparative HPLC


Preparative HPLC [58] (Hanbon Sci&Tech, Hangzhou, China) was used to collect two taxanes in Taxus cuspidata extract. The gradient elution procedure was set as follows: Hedera ODS-2 C18 column (250 mm × 20 mm, 5 μm, detection wavelength 227 nm). Then, according to the experimental scheme (single-factor and orthogonal experiments scheme), the parameters were set, including flow rate, injection volume, and column temperature. Mobile phase A was purified water and B was acetonitrile. Gradient elution procedure: B increased from 40% to 50% at 0–10 min, and B increased from 50% to 53% at 10–13 min. B increased from 53% to 73% at 13–25 min, and at 25–30 min, B decreased from 73% to 40% for 10 min.


  Taxanes purity =    Taxane   yields   in    T a x u s   c u s p i d a t a   T a x u s   c u s p i d a t a    total   amount      ×   100 %  










   Recovery   rate   of   taxanes  =    Taxane   yields   after   purification     Taxane   yields   before   purification      ×   100 %  












2.5. Single-Factor Experiments


As the two taxanes purity of Taxus cuspidata may be influenced by various factors, single-factor experiments were designed and carried out. The following factors, including flow rate, injection volume, and column temperature, were set according to the purity of the two products. The experimental range of different factors used in this study was: flow rate = 5–15 mL/min, injection volume = 0.5–2.5 mL (the extract concentration of Taxus cuspidata was 20 mg/mL), and column temperature = 20–40 °C.




2.6. Orthogonal Experimental Design


Three factors, flow rate (X1), injection volume (X2), and column temperature (X3), were selected as the dependent variables in the single-factor experiments, and the taxanes purity was used for the orthogonal experimental design [59].



The data-processing system of IBM SPSS Statistics 26 was used for data statistics, and curve-fitting was performed using the Origin Pro 2021 software.




2.7. SEM


The microstructures of the two purified products were observed by the Sigma300 ultralow-temperature scanning electron microscope (Oberkochen, Germany). We took a small amount of purified product, dropped it on the silicon wafer, dried it, placed it on the conductive adhesive, sprayed gold by ion sputtering, and observed and took photographs by scanning electron microscopy [60].




2.8. ESI-HRMS


Waters Xevo G3 QTOF electrospray ionization-high resolution mass spectrometry (ESI-HRMS, Milford, MA, USA) was used to identify the purified product [61], and the gradient elution procedure was set as follows: Agilent ZORBAX RRHD SB-C18 column (100 mm × 2.1 mm, 1.8 μm, column temperature 30 °C). The detection wavelength was 227 nm. The constant flow rate was 0.8 mL/min, the injection volume of the sample was 5 μL, mobile phase A was purified water, and B was acetonitrile. Gradient elution procedure: B increased from 40% to 50% at 0–10 min, and B increased from 50% to 53% at 10–13 min. B increased from 53% to 73% at 13–25 min, and at 25–30 min, B decreased from 73% to 40% for 10 min, which was consistent with HPLC. Mass spectrometry electrospray ionization source (ESI), in positive ion mode: mass scanning range: m/z 100–1500; spray voltage: 3500 V; ion source temperature: 350 °C.





3. Results


3.1. Single-Factor Experiments


3.1.1. Effect of Flow Rate on Purity and Recovery of the Two Products


The flow rate was one of the main factors affecting the purification of the two products by preparative high-performance liquid chromatography. We evaluated the effect of the flow rate on the purity and recovery rate of the two products. Flow rates of 5 mL/min, 8 mL/min, 10 mL/min, 12 mL/min, and 15 mL/min were tested. As shown in Figure 1A, after comparing the purity of the two products at different flow rates, we found that when the flow rate was 10 mL/min, the purity and recovery rate of the two products reached the maximum value. Therefore, the best flow rate was 10 mL/min. Increasing the flow rate is a very effective way to improve the yield, because it can shorten the cycle of preparative HPLC. However, when the flow rate increased to more than 10 mL/min, due to the control of the diffusion resistance of the stationary phase, the capacity of the separation column decreased, and the peaks of the components lengthened and overlapped, resulting in a reduction in the separation effectiveness [62]. On the other hand, the increase in flow rate also means the use of more mobile phases, resulting in the waste of reagents. When the flow rate is too low, the separation time can be increased, and it takes 60 min to complete an elution unit (flow rate was 5 mL/min), which means that the preparation efficiency decreases and a lot of reagents are consumed for Prep-HPLC. Therefore, in this study, the further optimized range of flow rate was found to be 8–12 mL/min.




3.1.2. Effect of Injection Volume on Purity and Recovery of the Two Products


The injection volume was one of the main factors affecting the purification of the two products by preparative HPLC. We evaluated the effect of injection volume on the purity and recovery rate of the two products. Injection volumes of 0.5 mL, 1.0 mL, 1.5 mL, 2.0 mL, and 2.5 mL were tested. The results are shown in Figure 1B. The results showed that the purity and recovery rate of the two products were highest when the injection volume was 0.5 mL. This may be because, with the increase in injection volume, the cycle period of preparative high-performance liquid chromatography is prolonged, the peak is widened, and the purity and recovery rate of the two products are reduced. Moreover, if the injection volume increases too much, the peak diffusion will intensify, which will not provide a good separation environment for the chromatographic column, resulting in the reduction or even disappearance of the separation effect [63]. Therefore, in this study, the further optimized range of injection volume was found to be 0.5–1.5 mL.




3.1.3. Effect of Column Temperature on Purity and Recovery of the Two Products


Column temperature is one of the main factors affecting the purification of the two products by preparative high-performance liquid chromatography. We evaluated the influence of column temperature on the purity and recovery rate of the two products. As shown in Figure 1C, the column temperatures were 20 °C, 25 °C, 30 °C, 35 °C, and 40 °C, and the retention time advanced when the temperature increased. Generally, the column temperature increased by 1 °C and the retention value decreased by 1~2%. The change in retention value can also cause a change in resolution. Theoretically, increasing the temperature is beneficial to improving the column efficiency and resolution, which will change the viscosity of the mobile phase (generally, the column pressure decreases) and the solubility of analytes, thus affecting the retention characteristics and selectivity of some substances. The imbalance of temperature will lead to the distortion of the peak. Therefore, the column temperature plays an important role in the separation process of liquid chromatography. For a stable and reliable separation result, the temperature change in the column cannot be ignored. The advantage of temperature-optimized liquid chromatography is that it is easy to use, and changes to the chromatographic column and mobile phase are not required. It is an effective parameter to change peak spacing and improve separation. In this experiment, when the temperature increased from 20 °C to 30 °C, the purity and recovery rate of the two products gradually increased, and when the temperature was higher than 30 °C, it gradually decreased. In preparative HPLC, the increase in column temperature can speed up the separation process, but the unstable retention time of the sample will increase the difficulty of detection. When the temperature exceeds 30 °C, the resolution may also decrease, resulting in the decrease in purity. On the contrary, when the column temperature is low, the resolution will be improved, but the separation time will be prolonged, because at low temperatures, the increase in viscosity of the mobile phase will prolong the detection time and increase the wear of the pump. At the same time, the relative decrease in solubility caused by low temperatures will lead to the buffer salt crystallizing and blocking the pump, injection valve, pipeline, and chromatographic column, and impurities will be adsorbed on the packing and be difficult to elute, thus affecting the service life of the chromatographic column [64]. Therefore, in this study, the further optimization range of column temperature was found to be 25–35 °C.





3.2. Optimization of Preparation Conditions for Purification of the Two Products by Orthogonal Experimental Design


In the process of purification of the two products by preparative high-performance liquid chromatography, the flow rate, the injection volume, and the column temperature all have a certain influence on the purity of the two products. Therefore, to improve the purity of the two products, the purification conditions of preparative high-performance liquid chromatography were optimized. The flow rate, injection volume, and column temperature in the purification process were selected as the investigation objects, and the purity of the two products was taken as the investigation index. The three-factor and three-level orthogonal experimental design was applied to optimize the purification conditions of preparative high-performance liquid chromatography.



Table 1 shows the design factor level table. X1, X2, and X3 are used to represent the three factors, namely flow rate, injection volume, and column temperature, respectively.



The results of the orthogonal experimental design scheme with three factors and three levels are shown in Table 2. According to the experimental design scheme, three average tests were carried out for each experiment, and then the average value was taken. The purity of product 1 is Yi. The purity of product 2 is yi.



Combining range analysis and variance analysis, the results of the orthogonal experimental design were analyzed, as shown in Table 2 and Table 3. It can be seen from the value of Rj that there was a significant sequence of factors in this experiment. In the process of preparative HPLC purification of product 1, the flow rate was the main factor affecting the purity of product 1, followed by the injection volume, and finally the column temperature. The significance test of the p-value showed that p (X1) = 0.008 < 0.01, which indicated that the influence of flow rate on the purity of product 1 was extremely significant. p (X2) = 0.024 < 0.05, which showed that the influence of the injection volume on the purity of product 1 reached a significant level. Finally, p (X3) = 0.253 > 0.05, which showed that the influence of column temperature on the purity of product 1 did not reach a significant level. At the same time, the analysis showed that the optimal combination of experimental factors was X12X21X32, which indicated that the optimal conditions in the process of purifying product 1 were: the flow rate was 10 mL/min, the injection volume was 0.5 mL, and the column temperature was 30 °C. At this time, the purity of product 1 was highest, reaching 95.33%.



Combining range analysis and variance analysis, the results of the orthogonal experimental design were analyzed, as shown in Table 2 and Table 4. The value of Rj indicates that there was a significant sequence of factors in this experiment. In the process of preparative HPLC purification of product 2, the flow rate was the main factor affecting the purity of product 2, followed by the injection volume, and finally the column temperature. The significance test of the p value showed that p (X1) = 0.005 < 0.01, which indicated that the flow rate had an extremely significant effect on the purity of product 2. p (X2) = 0.014 < 0.05 showed that the influence of injection volume on the purity of product 2 reached a significant level, and p (X3) = 0.478 > 0.05 indicated that the influence of column temperature on the purity of product 2 did not reach a significant level. At the same time, the analysis showed that the best combination of experimental factors was X12X21X32, which indicated that in the process of purifying product 2, the best experimental conditions were as follows: the flow rate was 10 mL/min, the injection volume was 0.5 mL, and the column temperature was 30 °C. At this time, the purity of product 2 was highest, reaching 99.15%.




3.3. Results and Analysis of Optimized Preparative HPLC


Taxanes in Taxus cuspidata are difficult to separate due to their structural similarity. As the mobile phase of preparative high-performance liquid chromatography has a high flow rate, the solvent consumption is high. Therefore, when this method is used to separate and purify substances, the separated substances must have a good separation degree and high purity, and the running time needs to be short to reduce the running cost. In this paper, a C18 column was used, and the material with high polarity came out first. By optimizing the flow rate, injection volume, and column temperature, product 1 and product 2, which are difficult to separate, achieved a good baseline separation (Figure 2). The separation effect was equivalent to that of analytical high-performance liquid chromatography, and the product purity could be guaranteed. As shown in Figure 2, the peak time of product 1 was 15.725 min, and that of product 2 was 20.272 min. The polarity of product 1 was larger than that of product 2. The two products were recovered and detected respectively, including by SEM, HPLC, and ESI-HRMS.




3.4. SEM Analysis of Purified Products


A crystal is a substance formed by the regular periodic repeated arrangement of particles (molecules, atoms, and ions) in three-dimensional space. Macroscopically, crystals have their own unique and symmetrical shapes, such as the cube of salt. Ice is a hexagonal prism, alum is octahedral, etc. The two purified products were used as two kinds of crystals, and their microstructures could be observed by scanning electron microscopy (SEM). Figure 3 shows that product 1 presented an irregular shape with an irregular three-dimensional structure (Figure 3A); the average major diameter of product 1 was about 2 μm. Product 2 showed a long columnar structure (Figure 3B). The average length diameter of product 2 was 8 μm. The smaller the particle radius of the crystal, the stronger the solubility and the lower the melting point. Therefore, the solubility of product 1 was slightly stronger than that of product 2, and its melting point was slightly lower than that of product 2. According to Huayuan net (https://www.chemsrc.com/, accessed on 23 September 2022), the melting point of 10-DAT was 182–184 °C, and that of PTX was 213 °C. This was consistent with the law of crystal length and diameter presented by scanning electron microscopy (SEM).




3.5. HPLC Detection of Purified Products


Figure 4A shows the HPLC diagram of Taxus cuspidata extract. It can be seen from the diagram that the components of Taxus cuspidata extract were complex, in which compound 1 was 10-DAT and compound 2 was paclitaxel (PTX). In Figure 4B, compound a (Figure 4B(a)) was the standard of 10-DAT and compound b (Figure 4B(b)) was the purified product 1. The peak time of the two products was the same, and they were preliminarily judged to be the same substance. In Figure 4C, compound c (Figure 4C(c)) was the standard product of paclitaxel, and compound d (Figure 4C(d)) was the purified product 2. The peak time of the two compounds was the same, and it was preliminarily judged that they were the same substance.




3.6. ESI-HRMS Detection of Preparative High-Performance Liquid Chromatography Products


As shown in Figure 5, the accurate mass-to-charge ratio of target molecular ions was 834.30775 in ESI-HRMS positive ion mode. Compared with the standard spectrum library, the theoretical value of C45H49NO13 was 834.3204, and the relative error was only 0.01265 (p < 0.05). Therefore, in the positive ion mode, the molecular formula of the mass spectrum peak m/z 834.30775 should be C45H49NO13, and the substance was 10-deacetyltaxol (10-DAT) in combination with the experimental conditions.



As shown in Figure 6, the accurate mass-to-charge ratio of the target molecular ions was 876.31773 in ESI-HRMS positive ion mode. Compared with the standard spectrum library, the theoretical value of C47H51NO14 was 876.3310, and the relative error was only 0.01327 (p < 0.05). Therefore, in the positive ion mode, the molecular formula of the mass spectrum peak m/z 876.31773 should be C47H51NO14. Combined with the experimental conditions, the substance was paclitaxel (PTX).



In recent years, researchers have conducted a lot of research on the purification of taxanes. Fang et al. established the method for the separation and purification of taxane diterpenoids compound 10-deacetylbaccatin III (10-DAB III). 10-DAB III was refined by using column chromatography and recrystallization, and the proportion of chromatography liquid was determined using the content of impurities; the amount of chloroform was selected at the first recrystallization; the amounts of acetone and n-hexane at the second recrystallization and the temperature and time of recrystallization were selected using purity and yield as indexes. Under the optimum conditions, the purity of the purified sample was 99.34% and the yield was 83.50%. This technology had a good purification effect on the purification of 10-DAB III [65]. Lee et al. also carried out experimental research on the purification of paclitaxel. First, they evaluated the effects of crude extract purity and pure paclitaxel content on the fractional precipitation behavior (purity, yield, fractional precipitation time, and precipitation shape and size) to improve the purification efficiency of paclitaxel. With the increase in crude extract purity and pure paclitaxel content, the yield and purity of paclitaxel increased, and the precipitation time and size decreased. In addition, they found that regardless of the purity of the crude extract, the maximum content of pure paclitaxel in fractional precipitation was 0.45-0.51% (w/v) [66]. Liang et al. separated and purified six taxanes from Taxus chinensis cell culture extract by high-speed countercurrent chromatography. The crude cell culture extract was first treated with Al2O3 column chromatography and then divided into two parts: fraction 1 and fraction 2. The purity of six taxanes obtained by purification was more than 93% [67].



In the present study, preparative high-performance liquid chromatography (Prep-HPLC) was used to purify two taxanes in Taxus cuspidata. This method has the advantages of rapidness, high efficiency, high separation efficiency, and good analysis accuracy. Moreover, the chromatographic column can be used repeatedly, and the product with high purity can be obtained.





4. Conclusions


An efficient purification method of taxanes from Taxus cuspidata was established. Our data showed that preparative HPLC is an effective method to purify two taxanes in Taxus cuspidata. When the flow rate was 10 mL/min, the injection volume was 0.5 mL, and the column temperature was 30 °C, the purity of the two taxanes reached the maximum. Two products with peak times of 15.725 min and 20.272 min were collected. ESI-HRMS identified that product 1 was 10-deacetyltaxol (10-DAT) with a purity of 95.33% and product 2 was paclitaxel (PTX) with a purity of 99.15%. The purified products were characterized by scanning electron microscopy (SEM), high-performance liquid chromatography (HPLC), and electrospray ionization-high resolution mass spectrometry (ESI-HRMS). The results showed that preparative HPLC could effectively purify 10-DAT and PTX from Taxus cuspidata with complex components. This method was effective and is suitable for the large-scale preparation of 10-DAT and PTX.
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Figure 1. The effects of flow rate, injection volume, and column temperature on the purity and recovery rate of the two products (p < 0.05), subfigures representation legend. 
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Figure 2. Preparative HPLC of Taxus cuspidata extract. 
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Figure 3. SEM images of (A) product 1 and (B) product 2. 
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Figure 4. HPLC detection charts of (A) Taxus cuspidata extract (compound 1 was 10-DAT and compound 2 was PTX), (B) 10-DAT standard (a) and product 1 (b), and (C) PTX standard (c) and product 2 (d). 
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Figure 5. Electrospray ionization-high resolution mass spectrometry (ESI-HRMS) of product 1. 
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Figure 6. Electrospray ionization-high resolution mass spectrometry (ESI-HRMS) of product 2. 
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Table 1. Test factor level table.






Table 1. Test factor level table.





	Factor Level
	X1

Flow Rate (mL/min)
	X2

Injection Volume (mL)
	X3

Column Temperature (°C)





	1
	8
	0.5
	25



	2
	10
	1.0
	30



	3
	12
	1.5
	35










 





Table 2. Range analysis of the effects of table flow rate, injection volume, and column temperature on the purity of the two products.






Table 2. Range analysis of the effects of table flow rate, injection volume, and column temperature on the purity of the two products.





	
Run

	
X1

	
X2

	
X3

	
Yi (%)

	
yi (%)






	
1

	
3

	
3

	
1

	
85.79

	
87.28




	
2

	
1

	
2

	
3

	
92.43

	
93.37




	
3

	
3

	
1

	
3

	
90.05

	
91.26




	
4

	
1

	
3

	
2

	
90.58

	
90.48




	
5

	
2

	
3

	
3

	
92.61

	
94.31




	
6

	
3

	
2

	
2

	
89.35

	
90.92




	
7

	
2

	
2

	
1

	
94.17

	
98.67




	
8

	
2

	
1

	
2

	
95.33

	
99.15




	
9

	
1

	
1

	
1

	
92.96

	
93.64




	
    Y -    j1

	
91.99

	
92.78

	
90.97

	
X1 > X2 > X3




	
    Y -    j2

	
94.04

	
91.98

	
91.75




	
    Y -    j3

	
88.40

	
89.66

	
91.70




	
Rj

	
5.64

	
3.12

	
0.78




	
    y -    j1

	
92.50

	
94.68

	
93.20

	
X1 > X2 > X3




	
    y -    j2

	
97.38

	
94.32

	
93.52




	
    y -    j3

	
89.82

	
90.69

	
92.98




	
Rj

	
7.56

	
3.99

	
0.54











 





Table 3. Variance analysis of effects of table flow rate, injection volume, and column temperature on the purity of product 1.
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	Source of Variation
	Sum of Squares
	Degree of Freedom
	Mean Square
	F-Value
	p-Value





	X1
	48.910
	2
	24.455
	127.452
	0.008



	X2
	15.767
	2
	7.883
	41.086
	0.024



	X3
	1.135
	2
	0.567
	2.957
	0.253



	Pure error
	0.384
	2
	0.192
	
	



	Total
	75,374.362
	9
	
	
	







Note: p < 0.01 indicates that the factors had an extremely significant influence on the test results, and p < 0.05 indicates a significant influence.













 





Table 4. Variance analysis of effects of the table flow rate, injection volume, and column temperature on the purity of product 2.






Table 4. Variance analysis of effects of the table flow rate, injection volume, and column temperature on the purity of product 2.













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





	X1
	88.082
	2
	44.041
	219.681
	0.005



	X2
	29.256
	2
	14.628
	72.965
	0.014



	X3
	0.437
	2
	0.219
	1.091
	0.478



	Pure error
	0.401
	2
	0.200
	
	



	Total
	78,346.537
	9
	
	
	







Note: p < 0.01 indicates that the factors had an extremely significant influence on the test results, and p < 0.05 indicated significant influence.
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