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Paclitaxel is a very important anticancer drug commonly called Taxol®.  

 

We know from previous work (Hoffman, et al., 1998) that Taxol exists in 

filbert, Corylus avellana L. material. Quantification of Taxol in filbert plant 

material is painstaking and hitherto was accomplished by rapidly processing single 

batches in a complicated procedure (Hoffman, et al., 1998), which seemingly 

unavoidably, was accompanied by some degradation. 

 

However for extraction, testing, plant physiological and horticultural purposes 

a simplified method of determining Taxol yield is required. All simplified methods 

tested were found limited by rapid degradation of Taxol. Under these conditions 

not only is the sought product broken down, but we were unable to distinguish 

Taxol precursors from degradation products. Thus it was decided to go back to first 

principles and study the degradation of Taxol in vitro. 



 

 

 Degradation kinetics of Taxol was studied using electrospray ionization mass 

spectrometry (ESIMS) to identify possible Taxol adducts and degradation products.  

 

Our preparation for ESIMS analysis by experimental necessity involved 

various other components. Since some of these components interacted with the 

degradation products, we developed a program to distinguish these putative adducts 

from spurious components found in the system and we were able to plot the pH 

dependence of Taxol degradation in this system at room temperature 

(approximately 25oC). The results of the mass spectrometric analysis of these 

degradants were found dependent on pH and time. 

 

Our results show major degradation at pH 9 and beyond, plus minor 

degradation at pH 5. Two optimum pHs for stability were found at pH 4 and pH 7. 

This data varies slightly from the published results Dordunoo and Burt (1996). Our 

smoother curves define two pHs events in this pH range which to our knowledge, 

have not been reported and our temperature was lower.  

 

We hope that this information will help us extract Taxol more efficiently with 

greater yield from novel plant sources, e.g. hazel (filbert) tree, Corylus avellana L. 

The possibility of Taxol dimer formation in solution and perhaps in vivo can be 

inferred, but not proven, in this work. This dimer, may exist, in dynamic 

equilibrium with parent compound, Taxol.  
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Chapter 1 Introduction 

 

In 1958, the National Cancer Institute (NCI) initiated a program of biological 

screening of extracts taken from a wide variety of natural sources. One of these extracts 

was exhibited marked antitumor activity against a broad range of rodent tumors (Zubrod, 

et al., 1966; Schepartz, 1976; Suffness, 1989). Although the discovery of activity was 

made in 1962, it was not until five years later that two researchers, Wall and Wani, of 

the Research Triangle Institute, North Carolina, isolated the active compound from the 

bark of the Pacific yew tree, Taxus brevifolia. In 1971, Wall and Wani published the 

structure of this promising new anti-cancer compound, a complex poly-oxygenated 

diterpene (Wall, et al., 1971). 

 

Despite its well documented biological activity and definition of structure, very 

little interest was shown in Taxol until 1980 when scientists at the Albert Einstein 

Medical College reported that its mode of action was unique (Horwitz, et al., 1982). 

Until this finding, it was believed that the cytotoxic properties of Taxol were due to its 

ability to destabilize microtubules, which are important structures involved in cell 

division (mitosis). In fact, Taxol was found to induce the assembly of tubulin into 

microtubules, and more importantly, the drug actually stabilizes microtubules to the 

extent that mitosis is disrupted. Such a novel mode of action made Taxol a prototype for 

a new class of anticancer drugs (Horwitz, et al., 1982 and 1992). 

 

Renewed interest in Taxol led to major problems, because many groups wished to 
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conduct clinical trials and large quantities of this material were required, for this and 

medical uses. 

 

The natural source, the Pacific yew tree, Taxus brevifolia, is an environmentally 

protected species and one of the slowest growing trees in the world. Isolation of the 

compound, which is contained in the bark, involves killing the tree, and the quantities 

available are pitifully small. It would take six 100-year old trees to provide enough 

Taxol to treat just one patient. The relatively low toxicity of Taxol made it a leading 

treatment for cancer in the 1990s, providing a non-intrusive alternative to the more 

radical techniques of radiotherapy and surgery. The cost of producing sufficient 

quantities of this new wonder drug is, however, a severely limiting factor.  

 

Most Taxol used clinically is made from related compounds extracted from other 

Taxus species, such as 10-Deacetyl-baccatin III (10-DAB III), in a semi-synthetic 

method (Chauvière, et al., 1981; Senilh, et al., 1984). The sources of these related 

compounds showed significant variation in taxoid content due to epigenetic and 

environmental factors and production is limited by the slow growth of Taxus species 

(Vidensek, et al., 1990; Wheeler, et al., 1992). 

 

         Taxol derived from green hazel stems (Corylus avellena L.) (Hoffman, et al., 

1998), is identical to that from the original yew species, and does not require the 

chemical transformation. This is of significance for generic production since the semi-

synthetic method is under patent protection. In addition, from a production viewpoint, 
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hazel stem material seems very suitable since those trees grow much faster than yew 

trees. 

 

        However, better quantification and more efficient extraction are necessary if 

mature hazel stems are to be used as a source of Taxol. Our first obstacle was Taxol 

degradation. Information on Taxol degradation kinetics at body heat (37oC) has been 

published; however, this data lacks easy applicability to our work, since the temperature 

condition is higher than the condition we want and made necessary to redo this work 

under our conditions. The second obstacle was the rapid extraction necessary for 

economic production extraction. Thus we began to examine these and other parameters 

of extraction. We chose mass spectroscopy for the analysis since this extremely specific 

method requires only very small amounts of Taxol while offering much information on 

degradation products. Our direct use of mass spectroscopy to determine kinetics offers a 

number of advantages, such as speed, precision in product identifications, and simplicity. 

These studies are described in this thesis.   
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Chapter 2 Literature Review 

 
         The approved generic name for the drug is paclitaxel. Taxol  is a registered 

trademark of Bristol-Myers Squibb Company, New York. Taxol is a very useful 

chemotherapeutic agent used primarily for cancer treatment. The chemical compound 

name is tax-11-en-9-one, 5β, 20-epoxy-1, 2α, 4,7β, 10β, 13α-hexahydroxy-4,10-

diacetate-2-benzoate-13(α-phenylhippurate).  

 

 

                                    Figure 2.1 Structure of paclitaxel (Taxol®) 

 

         Taxol is used widely in the treatment of a variety of cancers, including carcinomas 

of the ovary, breast, lung, head and neck, bladder and cervix, melanomas, and AIDS-

related Karposi’s sarcoma (Skeel et al., 1999). It is also now used widely to coat arterial 

stents, devices that keep clogged arteries open, mainly in the heart, so they are not 

blocked by cell re-growth (Chivian, 2002).    

 

         In 1958, Congress directed the National Cancer Institute (NCI) to organize a 

national cancer drug screening program. The plant program assigned contracts for the 
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collection, extraction, and screening of plant extracts (Zubrod, et al., 1966; Schepartz, 

1976; Suffness, 1989). 

 

         The U.S. National Cancer Institute (NCI) initiated a program to screen 35,000 

plant species for anticancer activity in 1958 (Zubrod, et al., 1966; Schepartz, 1976; 

Suffness, 1989). The main concept underlying the research was that diversity in 

morphological characteristics would likely be mirrored by diversity in the types of 

chemicals these plants produce as secondary metabolites, and therefore collection of 

plants from small and/or unusual botanic families with no close affiliations would have 

the best chance of finding chemical variety and with perhaps novel antitumor activity.   

        

         In August 1962, botanist Arthur S. Barclay of the USDA collection team was in 

Washington State in the Gifford Pinchot National Forest where he collected samples of 

the Pacific yew (Taxus brevifolia Nutt.Taxaceae), (Persinos, Washington Insight, Sept. 

15, 1990). Voucher samples were prepared and the bulk plant samples were dried and 

shipped to the NCI contract extraction laboratory at the Wisconsin Alumni Research 

Foundation (Suffness, 1995). At the NCI, an extract from the yew was found to exhibit 

marked antitumor activity against a broad range of rodent tumors (Zubrod, et al., 1966; 

Schepartz, 1976; Suffness, 1989). 

 

         The fractionation studies of T. brevifolia bark were made on KB, a cell line 

derived from a human carcinoma of the nasopharynx, commonly used as an assay for 
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antineoplastic agents. The cytotoxicity assay works because there is an excellent 

correlation between KB cytotoxicity and in vivo activity (Wall, et al., 1976). 

 

         The isolation of pure Taxol from the T. brevifolia bark took about two years. Wall 

and Wani (Research Triangle Institute, North Carolina) first presented the isolation at 

the American Chemical Society meeting in Miami Beach, FL, in 1967 (Wall, et al., 

1967). The main paper about the structure, a very complex examination of the molecular 

formula of C47H51NO14 was published by Wani in 1971. The first structure activity data 

was also presented showing that both the Taxol nucleus and the C-13 side chain were 

essential for activity (Wani, et al., 1971).  

 

         Various plant sources were studied to determine which Taxus plant material 

possessed the dual properties of high Taxol content and adequate abundance. The 

USDA collected a number of Taxus species during 1965 and 1966, which included T. 

baccata L. (European yew), T. cuspidata Sieb. and Zucc (Japanese yew), T. globosa 

Schlect. (Mexican yew),  T. floridiana Nutt. (Florida yew),  T. canadensis Marsh. 

(Canadian yew or ground yew).  

 

        The initial assays were done measuring biological activity, particularly cytotoxicity, 

toward KB cells. Those extracts that had substantial activity were then processed by 

Wall’s group at the Research Triangle Institute (Research Triangle Park, North Carolina) 

in order to determine Taxol levels. None of these samples had better levels of activity 

than Pacific yew. For example, the levels of Taxol isolated from T. cuspidata were 
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0.0011% and from T. baccata were 0.0008%. (Suffness, 1995). Taxol is present in the 

bark and other tissues of the Pacific yew at 0.001 to 0.1 percent of the dry weight of the 

plant (Wani, et al., 1971; Witherup, et al., 1990; Kingston, 1991). These data led to the 

conclusion that Pacific yew was the most appropriate source of Taxol. However, this 

raised ecological concerns (see below). 

 

         In 1979, Dr. Susan Horwitz at Albert Einstein Medical College found that Taxol 

induced the assembly of tubulin into microtubules, and more importantly, that the drug 

actually stabilizes them and mitosis is stopped (Horwitz, et al., 1979, 1982, and 1992). 

In addition to Taxus, Taxol has also been discovered in gymnosperms, angiosperms 

(Hoffman, et al., 1998; Boone, et al., 2000), and fungi (Stierle, et al., 1993). Because 

Taxol degrades rapidly during extraction (Jun Zhang this thesis), we postulate that 

Taxol at very low and almost undetectable level may exist in many plants, and possibly 

serve a function in plant regulation (unpublished).  

 

        Toxicology studies with Taxol began in 1980 (NCI, Clinical Brochure, 1983). In 

addition, 10-DAB III, isolated from T. baccata, was identified as readily accessible 

starting material for the semi-synthesis of anticancer taxanes in 1980 (Chauvière, et al., 

1981; Senilh, et al., 1984). 

 

        In 1982, Toxicology studies were completed. Taxol approved by NCI for 

Investigational New Drug Application (INDA) filing (Georg, et al., 1994). INDA was 

approved by the FDA. Phase I clinical trials began in 1984. In 1985, the NCI approved 
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Taxol for phase II clinical trials (Georg, et al., 1994). These trials were successful and 

the project move to clinical stage (see 1993 developments below). 

 

The originally discovered plant source, Pacific yew, is rare, slow growing, and 

endangered; and thus present ecological concerns. Use of this source requires vast 

quantities of raw material because of low yield of Taxol. For example, the commercial 

isolation of 1 kg of Taxol required about 6.7 t of T. brevifolia bark, equivalent to 2000 – 

3000 trees (Hartzell, 1991; Croom, 1995).  

 

        Additionally, this use added to prior forest harvesting processes in the last century 

has destroyed 90% of the yew’s native habitat in the Pacific Northwest (Hartzell, 1991). 

Cutting down more yew trees for bark to produce Taxol would further hasten the decline 

of native populations. Environmental concerns associated with the harvest of Taxus, 

coupled with the increasing demand, have prompted efforts to develop a more 

sustainable source of Taxol (Croom, 1995). 

 

By 1988, Pierre Potier and Andrew Greene had converted natural 10-DAB from T. 

baccata needles to Taxol with a yield of 35% (Denis, et al., 1988) still significantly less 

than needed for an efficient commercial process.  

 

        In 1989, the Holton group patented conversion of 10-DAB III into Taxol in four 

steps via N-acyl beta-lactams, with an 80% overall yield (Holton, et al., 1991, 1992, and 

1993). This increase in yield has made the method commercial viable.  After 1993, the 
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Holton semi-synthetic product displaced the Hauser Chemical Research natural Taxol 

from Pacific yew. 

  

        In 1989, NCI issued a request for applications for a Cooperative Research and 

Development Agreement (CRADA) and selected Bristol-Myers Squibb as the CRADA 

partner (Georg, et al., 1994). This is significant since it is a major step towards general 

medical availability of Taxol. A New Drug Application for paclitaxel, now Taxol®, was 

filed by Bristol-Myers Squibb in July 1992. The FDA approved Taxol for the treatment 

of refractory ovarian cancer in December 1992 (Georg, et al., 1994). In 1993, Taxol 

was marketed by Bristol-Myers Squibb Co. In 1994, Supplemental FDA approval of 

Taxol for the treatment of meta static breast cancer (Georg, et al., 1994). At the present 

time, Taxol is moving toward the generic production. 

 

        Total Synthesis techniques for Taxol were developed by the Holton and Nicolaou 

groups in 1994. However, because of yield and cost considerations, none of these total 

synthesis approaches are commercial viable (Nicolaou, et al., 1994; Holton, et al., 1994). 

 

         The major current source of Taxol and taxoids is semi-synthesis. However, the 

semi-syntheses of Taxol rely on the extraction of advanced taxoids, e.g. 10-DAB III, 

from plant material which: (1) is subject to significant variation in taxoid content due to 

epigenetic and environmental factors, (2) is limited by the slow growth of Taxus species, 

and (3) necessarily involves costly purification of the target metabolite from co-

occurring taxoids (Vidensek, et al., 1990; Wheeler, et al., 1992). 
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         Kinetic studies of Taxol production by suspension cultures of Taxus canadensis 

showed that using semi continuous culture with total cell recycle, Taxol accumulation 

was increased by a factor of 4.0 relative to that in the batch culture during 35 days of 

cultivation (Phisalaphong and Linden, 1999). However, despite intense effort, Taxol 

plant cell cultures have not yet proven to be commercially viable, due to low Taxol 

yields and unstable productivity (Jennewein and Croteau, 2001).  

 

         In 1998, Dr. Angela Hoffman in collaborations with Dr. Gary Strobel and our 

group found Taxol in hazel (filbert, Corylus  avellana L.) stems and other tissues 

(Hoffman, et al., 1998; Boone, et al., 2000; Susman, 2000; Zheng, 2001).     

 

         Hazel derived Taxol, as that from the original yew species, does not require the 

chemical transformation. This is of significance for generic production since the semi-

synthetic method is under patent protection. In addition, from a production viewpoint, 

hazel seems very suitable since it grows much faster than yew. 

 

However, quantification of Taxol in hazel for production purposes has obstacles 

including potential dimerization (Lorenz, et al., 2002) and degradation (Dordunoo and 

Burt, 1996). This thesis is directed to overcome these obstacles.  
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Chapter 3 - Materials and Methods: 

 

Preparation of standard Taxol solution 

 

         The authentic standard Taxol is from Hauser Chemical Research Inc. (Boulder, 

CO). The stock solution was 0.6 mg Taxol in 1ml methanol. 

 

Preparation of buffer 

    

         The concentration of phosphoric acid solution is 0.1 M. This 0.1M phosphoric acid 

was used, by slow additions, to take a 0.1M NH4H2PO4 solution down to pH 3.0. 

 

         Ammonium hydroxide (NH4OH) solution is 0.1 M. This ammonium hydroxide 

solution was used to raise the pH 3.0, 0.1 M NH4H2PO4 to the selected buffer pH levels 

of 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0.            

 

Degradation of paclitaxel 

 

         Taxol solution 10 µM was prepared with 15 µl Taxol stock, taken with added 

NH4H2PO4/NH4OH buffer to 1ml to generate buffers ranging in pH from 3.0 – 9.0. For 

degradation experiments I took samples at time ~1, 1,800, and 86,400 seconds. Room 

temperature was between 22oC and 25oC. 
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We chose the electrospray ionization mass spectrometry, because the ESIMS 

approach uses small amounts of authentic standard paclitaxel and gives very rapid 

determination from crude extract. These features are essential for our purposes.  

 

The electrospray ionization (ESI, figure 3.1) source consists of a very fine needle 

and a series of skimmers. A sample solution is sprayed into the source chamber to form 

droplets. The droplets carry charges when they exit from the capillary and as the solvent 

vaporizes the droplets disappear leaving highly charged ions. The method is stable at 

very low concentrations. This triple quadrupole mass analyzer (figure 3.2) has many 

advantages, e.g., good reproducibility and low-energy collision-induced dissociation 

(Barofsky, 1999; Herbert and Johnstone, 2003).  

 

We analyzed the samples on a Perkin Elmer Sciex API III+ triple quadrupole ion-

spray spectrometer (manufactured in Ontario, Canada). We use electrospray which is a 

very soft ionization technique in mass spectrometry which imparts minimal energy upon 

ionization. 
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                        Figure 3.1  Electrospray ionization mechanism 

                        Adapted from Ok-Hee Kim, 1996         

 

 

 

                Figure 3.2   Process and function of ionspray triple quadrupole mass     

spectrometer. Adapted from Ok-Hee Kim, 1996        
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                     Figure 3.3 Sample injection into LC-ESIMS System 

                     Adapted from Ok-Hee Kim, 1996 

 

         Solvent A was water with 0.1% TFA (trifluoroacetic acid) and Solvent B was 

acetonitrile with 0.1% TFA. This is a gradient elution. The instrument is cryogenically 

pumped with internal temperatures of 16.65 to 17.46 K, which results in an 8 × 10-6 torr 

vacuum without load on the system and 2-4 × 10-5 torr when the instrument is receiving 

sample. The mass range of the quadrupoles is 1-1000 mass to charge ratio (m/z). After 

sample injection, we increased the B from 10% to 90% over 20min to 60min.  

 

Plant derived products and methods 

 

In our group’s published work (Hoffman et al., 1998) done prior to my arrival, a 

complicated extraction procedure was used. However, for biological experimentation, 
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we needed a simple, less expensive, and yet quantitative extraction method. Thus we 

tried a number of alternative extraction methods. 

 

In the results section we compared the results of several of these extraction 

methods. These results varied in apparent efficiency, and because of degradation of 

Taxol were not satisfactory for quantitative work. Thus we decided to go back to first 

principles and address the degradation process directly. The results of those extraction 

methods are presented in the main section of this thesis. 

   

Preparation for Taxol extraction.  

 

a. The hammer method  

 

 The “hammer” method was described by Daley and Bidwell (1977). The 

stems of Corylus avellana L. cv. Gasaway were collected from the Lewis and 

Brown research farm of OSU at April 5, 2004. Four one cm length pieces of 

mature stem that weighed about 6.0 g, were crushed on a filter paper (No. 4, 

D=5 cm, Whatman, Maidstone, England) which was on a sheet of Teflon® 

(Dupont, Newark, Delaware). Four disks of the stained area of filter paper were 

removed with a paper punch. These disks were placed in a glass tube with 100 ul, 

0.1 M NH4OH/NH4H2PO3 buffer of pH 7 for about 30 seconds. The sample was 

transferred to a plastic centrifuge tube and spun down for 30 seconds at 9,800 G. 
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5 µl of the centrifuged solution was injected into the mass spectrometer. The 

scan range of mass to charge examined was m/z 200 to m/z 1000.  

 

b. The hexane method 

 

The stems of Corylus avellana L. cv. Gasaway were collected from Lewis 

and Brown research farm of OSU at April 9, 2004. Two cm stem sections were 

ground fine enough to pass through a 1mm screen. A 100 g sample of the ground 

material was soaked in 600 ml methanol (HPLC GRADE, Fisher, Fair Lawn, NJ) 

for two days. The material was filtered through a standard semiquantitative filter 

paper (No. 4, D=24 cm, Whatman, Maidstone, England). The fluid was 

evaporated under a nitrogen stream until dry. The accumulated evaporate was 

extracted three times with 15 ml hexane (Mallinckrodt Baker, Inc. Phillipsburg, 

NJ). A separatory funnel was used to collect the aqueous layer; 5 µl of the 

solution was injected into the mass spectrometer. The scan range of mass to 

charge examined was m/z 200 to m/z 1000.  

 

c.    The chloroform method 

 

The stems of Corylus avellana L. cv. Gasaway were collected from Lewis 

and Brown research farm of OSU at April 16, 2004. The samples were cut into two 

cm length and ground to 1mm size. A 100 g sample of the ground material was 

soaked at 600 ml methanol (HPLC GRADE, Fisher, Fair Lawn, NJ) for two days. 
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The samples were then filtered through a filter paper (No. 4, D=24 cm, Whatman, 

Maidstone, England). The fluid was then evaporated under nitrogen stream until dry. 

We extracted the accumulated evaporate three times with 15 ml hexane 

(Mallinckrodt Baker, Inc. Phillipsburg, NJ). We collected the hexane layer. The 

collected solution was washed by adding water and using a separatory funnel. The 

aqueous layer was collected and increased to 25 ml with water. This aqueous 

solution was washed three times with 15 ml of chloroform (Mallinckrodt Baker, Inc. 

Paris, Kentucky). Then the chloroform layer was collected for the next step.  

 

   The compounds of interest (putative Taxanes) were partially purified from 

the chloroform solution using water pretreated 12 ml C-18 reverse phase separation 

device (SUPELCO, Supelco Park Bellefonte, PA). The Taxol-containing fraction 

was eluted from the reverse phase with methanol.  

 

 The methanol-soluble material was collected and the solvent evaporated 

with a stream of nitrogen. The recovered extract was dissolved in a small amount of 

methanol and analyzed by MS. The scan range of mass to charge examined was m/z 

200 to m/z 1000.  

 

In each measurement, the m/z of mass to charge ratio molecular fragments 

was determined, and the change in pHs over time, under conditions in the buffers 

described above, was measured. 
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Chapter 4 - Results: 

 

Finding the degradation components of Taxol from the Corylus avellana cv. 

“Gasaway” 

 

Results of previous mass spectroscopy analysis (Hoffman, et al., 1998) of in vivo 

extracts are summarized in figure 4.1. Taxol metabolites, catabolites and adducts were 

found. These results illustrate the challenge of quantitative extraction of Taxol in vivo. 

This challenge has to be met before we can quantify Taxol in plants.  

 

 

Figure 4.1 Mass spectra showing fragmentation pattern of Taxol (Hoffman, et al., 1998) 

 

The rapid extraction methods, such as the hammer method, hexane method and 

chloroform method were not successful because of varying degrees of Taxol 

degradation. In addition, we worried about loss of Taxol in extraction processes. This is 
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the reason we went back to first principles and took a step by step approach to address 

the degradation process formally in vitro. Nevertheless, these initial test extractions 

approaches provided useful information. 

 

Figure 4.2, MS fragmentation pattern from hammer method, clearly illustrates, by 

the ion spectrum collected, how much degradation can occur. Note preponderance of 

low m/z ions, and paucity of higher m/z moeties.   

 

The spectrum from the hammer method does not show peaks at m/z 854, m/z 569, 

m/z 509, and m/z 286. The putative adducts, at m/z 871 ([854+NH4]+) was not found, 

also the peaks at m/z 524 ([509+CH3]+), m/z 572 ([509+H2O]+), and m/z 569 

([509+AcOH]+) were also not found. Adducts of m/z 569, the peaks at m/z 584 

([569+CH3]+), m/z 587 ([569+H2O]+), and m/z 629 ([569+AcOH]+) also were missing. 

The putative adducts of m/z 286, the peaks at m/z 303 ([286+NH4]+), m/z 301 

([286+CH3]+), m/z 304 ([2867+H2O]+), and m/z 346 ([286+AcOH]+) were not detected 

either. Thus, the hammer method is not suitable for finding and quantifying Taxol.   
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        Figure 4.2  The ion spectrum of Corylus avellana L. cv. Gasaway extraction by 

using hammer method. 

 

Figure 4.3 illustrates the ion spectrum derived when the hexane method of 

extraction was used. Fragmentations characteristic of Taxol (Figure 4.1) were not 

observed  

 

MS fragmentation pattern result from hexane method does not include the peaks at 

m/z 854, m/z 569, and m/z 286 but does show signal m/z 509. After considering the 

adducts, the peak at m/z 871 ([854+NH4]+) was not found, also the peaks at m/z 524 

([509+CH3]+), m/z 572 ([509+H2O]+), and m/z 569 ([509+AcOH]+) were also not found. 

For the adducts of m/z 569, the peaks at m/z 584 ([569+CH3]+), m/z 587 ([569+H2O]+), 
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and m/z 629 ([569+AcOH]+) cannot be found either. With regard adducts of m/z 286, 

the peaks at m/z 303 ([286+NH4]+), m/z 301 ([286+CH3]+), m/z 304 ([2867+H2O]+), 

and m/z 346 ([286+AcOH]+) cannot be found. Thus, the hexane method was not found 

suitable for finding and quantifying Taxol. 

 

 

Figure 4.3 The ion spectrum of Corylus avellana L. cv. Gasaway extraction by using 

hexane method. Peak broadening due to narrow m/z range shown 

 

        Figure 4.4 illustrates the ion spectrum produced when the chloroform extraction 

method was used. The peak at m/z 854.2 was detected, it is Taxol. After considering 

adducts, the adduct formation with Taxol at m/z 871.2 was observed. The m/z 871 

signal is attributed to putative adduct of Taxol m/z 854 and NH4
+ m/z 17. This peak may 
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be of considerable significance. Since one could readily postulate that peaks at m/z 854 

and 871 are in some kind of equilibrium. Thus, the chloroform method offers 

considerable improvement when seeking and quantifying Taxol from novel plant 

sources.   

 

 

Figure 4.4 The ion spectrum of Corylus avellana L. cv. Gasaway extraction by using 

Chloroform method. Note apparent ammonium adduct at 871.2 m/z. 

 

Finding the products of degradation of Taxol in vitro 

 

None of the rapid extraction methods, such as the hammer, hexane, and even after 

chloroform methods shown here as examples, were successful. This was because 
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although progress was made, it clear that degradation was occurring during the process 

of extraction. Thus degradation had to be addressed first. Therefore, we went back to 

first principles and took a step by step approach to address the degradation process 

formally in vitro. This approach which provided very useful information is described 

below. 

 

The mass spectroscopy approach to kinetics of Taxol degradation has only been 

used once before for a very different purpose and in a very different way to evaluate 

Taxol breakdown kinetics (Dordunoo and Burt, 1996). Here, we used MS to analyze the 

time course of degradation and the evolution of products to measure rates and 

tentatively identify some of the products of degradation of Taxol. The process is 

complicated by apparent adducts and other chemical moieties generated unavoidably 

from the solution and method used.  

 

In the reaction mix, as well as degradation products, there are adducts of 

degradation products with buffer components such as ammonium ions. Dimers of Taxol 

are also known (Lorenz, et al 2002). The dimers may also degrade to give another 

family of degradation products. To some extent, given the sensitivity of the method and 

not absolute purity of the donated material, low proportions of compounds related and 

unrelated to Taxol are assumed to be present. 

 

We tentatively identified the products by fragmentation patterns generated by 

pneumatically assisted electrospray (ion-spray). The potential of the ion-spray needle 
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was +5,000 V to produce positive ions. We set the potential of the orifice plate voltage 

to the mass analyzer to 70 V to generate collision-induced dissociation spectra. The 

nebulizer gas (air) pressure was 40 psi and the curtain gas (nitrogen) flow was 1 L/min. 

The time intervals for injection of standard Taxol solution are ~1, 1,800, and 86,400 

seconds. 

 

After much trial and error, we found that the most appropriate and facile way to 

calculate rate of degradation was to linearize the data by logarithm transformation. The 

use of this logarithmic transform removes units, this means that as each set of 

measurements is done under same standardized condition sets of rates so derived can be 

compared with another. Roughly analogous examples of this kind of “unit-less” 

measurement of rates are highway slopes. These are expressed as rise/run; in this 

fraction or ratio if the rise is and run are in the same units, they “cancel out” of the 

calculation. Thus, for instance if the rise is 10 and the run is 100 the grade, the rate of 

rise, is 0.1. It does not matter whether the unit used is meters, yards or feet as long as 

same unit is used in the nominator and denominator (divisor) of the ratio (fraction). 

 

To obtain a pH dependence curve of degradation rate for each of the seven pHs 

separately, we take the sum of all peak values (log of machine responses) except the 

original species (Taxol) at each of three different time points. Then we use a simple 

linear regression model of log transformed data for the summed machine responses 

versus time at each pH. The plots takes the form negative log (x) vs negative log (y), 

when x is time in seconds and y is summed machine response.  
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Processing by regression the data for each pH this yields a linear regression line 

where slope is the rate (without units). This simple linear regression model of log 

transformed data generates a slope in which that data approximates a straight line in a 

function of the independent variable (y-axis). 

 

However, these sums of machine responses for each time sampled, includes 

spurious data which must be eliminated by testing each m/z peak found, at that pH. How 

we do this, by optimizing regression fit is described below. 

 

“Such a model has several potential advantages. It can offer a concise summary of 

the mean of the “response” variable as a function of the “explanatory” variable 

through two parameters: the slope and the intercept of the line” (Ramsey, The 

Statistical Sleuth, Second Edition, p174).  

 

 “For a surprisingly large number of data problems this model is appropriate 

(possibly after transformation) and the questions of interest can be conveniently 

reworded in terms of the two parameters. The parameters are estimable even without 

replicate values at each distinct level of the explanatory variable” (Ramsey, The 

Statistical Sleuth, Second Edition, p174). In our analysis, replication is done through 

regression of combination with time measurements. Setting the rate as the independent 

variable (y-axis) and pH value as the dependent variable (x-axis), we take these 

corrected rates at each pH and use LABFit ® to generate a statistically sound best fit. 

This generates our pH curve with its own measures of variance. 
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In this procedure the steps used are: 

 

Rate measurement part A: general procedure: 

 

1. The data is taken separately for each pH value. 

2. Signals at m/z 854 are omitted since it is the parent compound. 

3. The machine response of the peaks found at each of the three time samplings, ~1, 

1,800, and 86,400 seconds respectively are summed separately. 

4. The negatively log transformed times are plotted against the sum of peak 

intensities also in negative logarithm form.  

5. Statistical processing yields a rough linear regression. This linear regression is 

taken as a dimensionless expression of rate. 

6. Then this data must be refined by “data mining” to remove spurious signals. 

 

Rate measurement part B: data refining procedure: 

Procedures: the initial linearized regression has relatively low coefficient of fit (R-

Squared). To refine the data by removing spurious information, and to compensate 

for generation of degradation products, for each time of sampling we test subtract 

successively each peak from the sum of peaks at that time. Then we again calculate 

R-squared and slope. We test subtracted each peak from the summation to find the 

R-Square and slope. The steps for this procedure to refine the data are as follows: 

 

1.   The list of m/z peaks machine responses of each pH is prepared. 
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2. Sequentially from lowest to highest m/z each peak in this list is evaluated for its 

contribution to regression. This is done by test subtracting the value of the 

machine response at this m/z for all three times and testing improvement of fit 

by increase in R-Square of rate regression line while maintaining the negative 

direction of the slop. 

3. The new R-Square is greater than the previous one “peaks” at this m/z is 

removed from calculations. In this case we divide these “rejected” m/z “peaks” 

into two classes. This is done by again subtracting the value of this peak from 

the sum of peaks at all times and again testing fit. If the R-Square fit improves 

without changing the negative direction of the slope on the second time, we 

consider this m/z a putative degradation product. If it does not we consider that 

the peak at this m/z to be a putative spurious peak, that is one that does not have 

a relationship to the degradation process. 

4. The process continues until every m/z peak has been tested, and either removed 

or retained to achieve a maximal R-Square for the regression. 

Rate measurement part C: dividing rejected peaks into putative spurious “peaks” and 

putative reaction products (example). 

 

1. For example, the sum is 651331, 480820, and 394688, respectively at time ~1, 

1,800, and 86,400 seconds at pH 9. 

2. For rejection of the peak at m/z 293 (mass to charge ratio), the resulting R-

Square, 92.20% is larger than the original R-Square, 88.59%, which included  

m/z 290. Thus, we need to subtract this value twice and recalculate twice to 
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decide whether the peak is spurious or a degradation product of Taxol. Example 

results are shown in Table 4.1. 

3. The equation yields two statistical parameters. The intercept measured in the 

same units as the independent variable (relative intensity). The slope equals to 

the rate of change in the mean response per one-unit increase in the independent 

variable at pH 9. The units of the slope are the ratio of the units of the dependent 

variable to be units of the independent variable. Also, from the p-value, there is a 

pattern trend to smaller value as the R-Square is getting larger. 

4.  We leave the relative intensity out (e.g. subtract it) from the sum of peak 

machine response if the R-Square is larger than previous one after the twice 

repeated subtractions. 

5. Keep repeat step 4 till we finish the subtractions. 

6. The peaks we leave out of the summation are potential degradation products of 

Taxol.  

7. We scrutinize those potential degradation products of Taxol and evaluate their 

chemical structure and molecular weight. 
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Table 4.1 Putative degradation products found at pH 9. This data is used as an 

example since many such were found at other pH. Notice how correction for these 

products increases R-square. 

 

Intensity R-Square (%) Equation 

299 83.71 y = 13.0322 - 0.0628032 * Time 

301_1 84.9 y = 13.0331 - 0.064638 * Time 

301_2 86.02 y = 13.034 - 0.0665063 * Time 

290 88.59 y = 13.7089 - 0.00425546 * Time 

293_1 92.20 y = 13.7659 - 0.01046440 * Time 

293_2 95.31 y = 13.6740 - 0.00947045 * Time 
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The rate of degradation 

 

Figure 4.5 illustrates the pH-rate profile of Taxol degradation (maximum rate 

model). This figure shows the ranges of maximum stability to be between pH 3-4 and 

pHs greater than 6 and less than 8. This suggests that the hydrolytic reactions could 

involve neutral or ionic species of Taxol catalyzed by H+, H2O or OH-. Between pH 3-4 

and 6-7, the data showed a slope of nearly, but not quite zero, suggesting spontaneous 

but slow reactions perhaps catalyzed by water molecules at room temperature 

(approximate 25oC). 

 

The highest level of Taxol decomposition in this ammonium buffer was found 

(Figure 4.5) at pH 8-9. Thus in Figure 4.5 the pH-rate profile at max rate clearly show 

the pH of major unstability to be in the range 8-9 and most probably given the apparent 

process involved, extends above pH 9. 
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Modeled pH Dependence of Rate of paclitaxel 
Degradation Optimized to Maximal Rate
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  Figure 4.5   Modeled pH dependence of rate of degradation of Taxol optimized to 

maximal rate. This figure illustrates pH-rate profile for Taxol degradation 

evaluate by Max Rate in buffer at 25oC. Error bars have been omitted for 

clarity; however they are shown in Discussion Figure 5.2. 

 

Figure 4.6 illustrates the pH-rate profile of Taxol degradation (maximal R-Squared 

model). This figure is very similar to results from maximal rate model. Maximum 

stability occurs in the range 3-4 and the pHs greater than 6 and less than 8. The nature of 

the minor peak in degradation rate at pH 5 is not understood. 
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Modeled pH Dependence of Rate of paclitaxel 
Degradation Optimized to Maximal R-Squared

0

0.2

0.4

0.6

0.8

1

1.2

3 4 5 6 7 8 9 10

pH

R
at

e Rate

 

Figure 4.6  Modeled pH dependence of rate of degradation of Taxol optimized to 

maximal  R-Squared. This figure illustrates pH-rate profile for Taxol 

degradation evaluated by Maximal R-Squared in buffer at 250C 

 

This suggests that the hydrolytic reactions would involve neutral or ionic species 

of Taxol catalyzed by H+, H2O or OH-. Between pH 3-4 and 6-7, the data showed a 

slope of nearly, but not quite zero, suggesting spontaneous but slow reactions perhaps 

catalyzed by water molecules. There was a faster rate of Taxol decomposition in 

ammonium buffer at pH 8-9. 

 

Figure 4.7 compares both maximal R-Square and maximal rate calculation and 

shows that these results are extremely similar, but not exactly the same. This finding 
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indicates that both calculations have good fit to each other and that suggests that they 

are ‘real’.   

 

Modeled pH Dependence of Rate of Degradation showing 
Optimization for both Maximal Rate and Maximal R-Squared
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Figure 4.7 Comparison of models of pH dependence of rate. This shows good fit 

degradation models using optimization to maximal rate and maximal R-

Squared at 25oC. For measures of data variance see discussion. 

 

The degradation at different pH 

1. The degradation at pH 3 (see Figure 4.8 and Figure 4.9) 

 

Figure 4.8 illustrates the increase in number of degradants, especially those found 

at m/z ranges of 200 to 700, between time 1 (1 second) and time 2 (1,800 seconds). At 

time 3 (86,400 seconds) no signals except parent ion m/z 854 were resolved in our range 

of detection above m/z 700, and with respect to time 2 there are several apparent cross 
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over point above m/z 500, below which apparent degradation continues. The lesser 

number of degradant signals between m/z 200 to m/z 300 at time 3 in comparison to 

time 2 suggests the presence of an on going degradation process to even smaller 

degradant fractions. Lower levels at time 3, may well reflect the exhaustion of dimer. 

This matter is evaluated in Discussion section. These results suggest a very complex 

process of degradation with multiple events of as yet unknown nature.    
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Figure 4.8 The degradation at pH 3 at room temperature (approximate 25oC). Lower                  

levels at time 3, may well reflect the exhaustion of dimer. This matter is 

evaluated in Discussion section.  
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Figure 4.9 illustrates the diagnostic product ion indicative of the Taxol at m/z 569 

was detected. Product ions characteristic of the Taxol (Hoffman, et al, 1998) was not 

observed at m/z 509. Also, product ions characteristic of the Taxol core were not 

detected at m/z 527 and m/z 587 even after the considering adducts of H2O+.  

 

Based on the minimal degradation observed with the relatively harsh acidic 

conditions, Taxol appears to be quite stable in a pH 3 environment. 
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Figure 4.9   Mass spectral analysis of Taxol fragmentation. Condition was pH 3 at 1,800 

seconds, in ammonium phosphate buffer (0.1 M) at 25oC; orifice voltage setting was 70 

V (m/z indicates mass to charge ratio.) 
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2. The degradation at pH 4 (see Figure 4.10 and Figure 4.11) 

 

Figure 4.10, which illustrates the degradation at time two, showed that more 

degradants were detected at the range 200 to 299 and 400 to 499 than at time one. 

Lower levels at time 3, may well reflect the exhaustion of dimer. This matter is 

evaluated in Discussion section. 

 

Figure 4.11 shows that the diagnostic product ion indicative of the Taxol side 

chain at m/z 286 was not detected. Product ions characteristic of the Taxol were not 

observed at m/z 509 and m/z 569. Also, product ions characteristic of the Taxol were 

not detected at m/z 527 and m/z 587 after the consideration of adduct of H2O+. 

 

Taxol appears to be more stable at pH 4 than at pH 3. The reasons for this are not 

immediately apparent, and may/or may not merely arise from experimental variation. In 

our model as would be expected, the lowest levels of degradation have highest variance 

(lowest R2, see Discussion).  
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Degradation at pH 4
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 Figure 4.10 The degradation at pH 4 at room temperature (approximate 25oC). Lower           

levels at time 3, may well reflect the exhaustion of dimer. This matter is 

evaluated in Discussion section.  
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Figure 4.11   Mass spectral analysis of Taxol fragmentation. Condition was pH 4 at 

1,800 seconds, in ammonium phosphate buffer (0.1 M) at 25oC; orifice 

voltage setting was 70 V (m/z indicates mass to charge ratio.) 
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                 3.  The degradation at pH 5 (see Figure 4.12 and Figure 4.13) 

 

Figure 4.12 illustrates degradation at pH 5. At time one, there are already large 

amounts of 200-299 m/z and 500-599 m/z degradants. Lower levels at time 3, may well 

reflect the exhaustion of dimer. This matter is evaluated in Discussion section.  

 

Figure 4.13 shows that the diagnostic product ion indicative of the Taxol side 

chain at m/z 286 is not detected. Product ion characteristic of the Taxol were not 

observed at m/z 509 but at m/z 569. Also, product ions characteristic of the Taxol were 

not detected at m/z 527 and m/z 587. This provides some information on degradation at 

pH 5. The mechanism of this process is not clearly apparent to the investigator. 

However, the relatively high rate of degradation at this pH may have contributed in 

whole or in part to the many similarities between results at each sampling time.  
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Degradation at pH 5
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Figure 4.12 The degradation at pH 5 at room temperature (approximate 25oC). Lower 

levels at time 3, may well reflect the exhaustion of dimer. This matter is 

evaluated in Discussion section.  
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Figure 4.13 Mass spectral analysis of Taxol fragmentation. Condition was pH 5 at 1,800 

seconds, in ammonium phosphate buffer (0.1 M) at 25oC; orifice voltage 

setting was 70 V (m/z indicates mass to charge ratio.) 
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4. The degradation at pH 6 (see Figure 4.14 and Figure 4.15) 

 

Figure 4.14 illustrates the degradation at time two and time three (86,400 seconds) 

showed that more degradants were detected at the range 200 to 299 at time two and 

range 600 to 699 at time three.  

 

Figure 4.15 shows the diagnostic product ion indicative of the Taxol side chain at 

m/z 286 was not detected. Product ions characteristic of the Taxol were not observed at 

m/z 509 and at m/z 569. Also, product ions characteristic of the Taxol were not detected 

at m/z 527 and m/z 587 even after the consideration of adduct of H2O+. This strongly 

indicates that the parent ion (m/z 854) is more stable at and around pH 6. 
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Degradation at pH 6
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  Figure 4.14 The degradation at pH 6 at room temperature (approximate 25oC). Lower 

levels at time 3, may well reflect the exhaustion of dimer. This matter is 

evaluated in Discussion section.  
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Figure 4.15 Mass spectral analysis of Taxol fragmentation. Condition was pH 6 at 1,800 

seconds, in ammonium phosphate buffer (0.1 M) at 250C; orifice voltage 

setting was 70 V (m/z indicates mass to charge ratio.) 

 

 

 

 

 

 

 

 



49

                   

 

 



50

5. The degradation at pH 7 (see Figure 4.16 and Figure 4.17) 

 

Figure 4.16 illustrates degradation at time two and time three showing that more 

degradants were detected at the range 200 to 299 and 400-499 at time two and range 600 

to 699 at time three. Lower levels at time three, may well reflect the exhaustion of dimer. 

 

Figure 4.17 indicates that the diagnostic product ion indicative of the Taxol side 

chain at m/z 286 was not detected. Product ion characteristic of the Taxol were not 

observed at m/z 509 and at m/z 569. Product ions characteristic of the Taxol were not 

detected at m/z 527 and m/z 587 even after the consideration of adduct of H2O+. All 

these results can be taken to indicate that the Taxol is most stable at and around pH 7. 
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Degradation at pH 7
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Figure 4.16 The degradation of Taxol at pH 7 at room temperature (approximate 25oC). 

Lower levels at time 3, may well reflect the exhaustion of dimer. This 

matter is evaluated in Discussion section.  
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Figure 4.17 Mass spectral analysis of Taxol fragmentation. Condition was pH 7 at 1,800 

seconds, in ammonium phosphate buffer (0.1 M) at 25oC; orifice voltage 

setting was 70 V (m/z indicates mass to charge ratio.) 
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6. The degradation at pH 8 (see Figure 4.18, Figure 4.19 and Figure 4.20) 

 

Figure 4.18 illustrates that more degradants were detected at the range 200 to 299 

and 400-499 at time twp.  

 

Figure 4.19 shows that, at time two, the diagnostic product ion indicative of the 

Taxol side chain at m/z 286 was not detected. Product ions characteristic of the Taxol 

were observed at m/z 569. Product ions characteristic of the Taxol were not detected at 

m/z 527 and m/z 587 even after the consideration of possible adduct of H2O+.  

 

Figure 4.20 shows that, at time three, the diagnostic product ion indicative of the 

Taxol side chain at m/z 286 was not detected. Product ions characteristic of the Taxol 

were observed at m/z 509 and at m/z 569. Product ions characteristic of the Taxol were 

not detected at m/z 527 and m/z 587 even after the consideration of adduct of H2O+. 

 

         The [M+H-ScH]+ ion (m/z 569) that derives from Taxol by loss of C-13 side chain 

(ScH+) at time two can be seen. Also, both m/z 569 and m/z 509 were detected at time 

three. This indicates that [M+H-ScH-AcOH]+ ion (m/z 509) is obtained by subsequent 

loss of AcOH from [M+H-ScH]+ ion. This site is prone to lose AcOH group after 

expelling the C-13 side chain. In addition, the peak of m/z 509 is also the major product 

ion which was derived from m/z 569. These above mentioned results indicate that the 

loss of AcOH is hindered due to the presence of C-13 side chain. In other words, the 
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expulsion of C-13 side chain takes precedence over the loss of AcOH group. This can be 

taken to suggest that there is a competition between the cleavage of the AcOH group 

and C-13 side chain from the [M+H]+ ion. Thus, under basic conditions, this C-13 side 

chain appears very labile.    
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Figure 4.18 The degradation at pH 8 at room temperature (approximate 25oC). Lower 

levels at time 3, may well reflect the exhaustion of dimer. This matter is 

evaluated in Discussion section.  
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Figure 4.19  Mass spectral analysis of Taxol fragmentation. Condition was pH 8 at 

1,800 seconds, in ammonium phosphate buffer (0.1 M) at 25oC; orifice 

voltage setting was 70 V (m/z indicates mass to charge ratio.) 
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Figure 4.20 Mass spectral analysis of Taxol fragmentation. Condition was pH 8 at    

86,400 seconds, in ammonium phosphate buffer (0.1 M) at 25oC; orifice 

voltage setting was 70 V (m/z indicates mass to charge ratio.) 
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 The degradation at pH 9 (see Figure 4.21, Figure 4.22 and Figure 4.23) 

 

Figure 4.21 illustrates the degradation at time one and time two at pH 9. It showed 

that more degradants were detected at the range 200 to 399 and 500 to 699 at time two 

and range 700 to 799 at time one. Lower levels at time three, may well reflect the 

exhaustion of dimer. This matter is evaluated in Discussion section.  

 

Figure 4.22 shows that at time one, the diagnostic product ion indicative of the 

Taxol side chain at m/z 286 was not detected. Product ions characteristic of Taxol 

degradation were observed at m/z 509 and at m/z 569. Product ions characteristic of 

Taxol degradation were not detected at m/z 527 and m/z 587 even after the 

consideration of adduct of H2O+. 

.  

Figure 4.23 shows that at time two, the diagnostic product ion indicative of the 

Taxol side chain at m/z 286 was not detected. Product ions characteristic of the Taxol 

were not observed at m/z 509 and at m/z 569. Also, product ions characteristic of the 

Taxol were not detected at m/z 527 and m/z 587 even after the consideration of adduct 

of H2O+. These results indicate very rapid degradation of Taxol at pH 9. 

 

Since m/z 569 ion was found at time one, we presume that the side chain (m/z 286) 

was cleaved at position 13 (C-13). Also detected at time one was the ion at m/z 509, 

which indicates that [M+H-ScH-AcOH]+ ion (m/z 509) was obtained by subsequent loss 

 



61

of AcOH (m/z 60) from [M+H-ScH]+ ion (m/z 569). The ion (m/z 569) is prone to lose 

AcOH group after expelling the C-13 side chain. In addition, the peak of m/z 509 is the 

major product ion which was derived from m/z 569. The above mentioned results 

strongly suggest that the presence of C-13 side chain inhibits the loss of AcOH. In other 

words, there is a competition between the cleavage of the AcOH group and C-13 side 

chain from the [M+H]+ ion and the expulsion of C-13 side chain takes precedence over 

the loss of AcOH group.  

 

The fragments at m/z 509 and at m/z 569 cannot be seen at time 2. This result 

suggests that the two ions were further degraded. Since these adducts were not analyzed 

further, we cannot identify exactly the nature of the ions derived from m/z 509. 

However, under these basic conditions, there is clear evidence of rapid degradation.    
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Figure 4.21 The degradation at pH 9 at room temperature (approximate 25oC). Lower 

levels at time 3, may well reflect the exhaustion of dimer. This matter is 

evaluated in Discussion section.  
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Figure 4.22 Mass spectral analysis of Taxol fragmentation. Condition was pH 9 at 

approximately one second, in ammonium phosphate buffer (0.1 M) at 25oC, 

orifice voltage setting was 70 V (m/z indicates mass to charge ratio.) 
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Figure 4.23 Mass spectral analysis of Taxol fragmentation. Conditions were pH 9 and 

1,800 seconds, in ammonium phosphate buffer (0.1 M) at 25oC; orifice 

voltage setting was 70 V (m/z indicates mass to charge ratio.) 
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Chapter 5 – Discussion 

 
The structure of Taxol shown in Figure 2.1 illustrates the ester attachment of the 

Taxol side chain to the tricyclic (baccatin) core as well as the various sites of acetylation 

on the diterpene core. 

 

The electrospray LC-MS approach utilized in these studies is an extremely “soft” 

(e.g. gentle) ionization process. It produces primarily pseudo-molecular ions (M+H)+ or 

(M+NH4)+ ions, thus providing definitive molecular mass information. Due to the lack 

of either an acidic or basic functional group, taxanes generally produce ammoniated 

molecular ions (M+NH4)+ when ammonium ions are present in the mobile phase. We 

note that ammonium ions would be expected to be present in plant extracts. The 

difference between the molecular mass of Taxol and the degradant is indicative of the 

sub structural differences between the compounds. For example, comparison of the 

molecular mass difference between Taxol (MW 853 which corresponds to m/z 854) and 

the degradant at MW 810 demonstrates a molecular mass difference of 42 Dalton, which 

is commonly indicative of an acetyl substructure in taxanes. The observed molecular 

masses of the degradants are consistent with the methyl ester of the Taxol side chain, 

baccatin III (Taxol core, m/z 586), deacetylated Taxol (m/z 811), and an isomer of 

Taxol (m/z 854). It is notable that baccatin III is the common precursor of clinical Taxol 

® prepared semi-synthetically. 

 

The dimerization phenomenon of Taxol was investigated by others (Lorenz, et al., 

2002). Both the Taxol monomer and the Taxol dimer show a preference for the sodium 
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adduct, even with the abundance of available protons in the low pH solutions (Lorenz, et 

al., 2002). In the presence of NH4
+, this salidated ion predominates, except when at 

neutral pH. Thus, around pH 7, the ammonium-bound dimer is observed (Lorenz, et al., 

2002).  

 

By using the electronspray triple quadrupole approach, the monomer/dimer ratio is 

9.27±1.87 under the 80% acetonitrile/20% ammonium acetate acetic acid buffer pH 7.09 

(Lorenz, et al., 2002). Our results showed that the slowest degradation rate was around 

pH 7. Thus, this might well be caused by low monomer/dimer ratio.  

 

Based on the structure of Taxol (Figure 2.1), a favorable chemical process with 

basic conditions would involve hydrolysis of the ester linkages. In fact, information 

obtained during LC-MS studies of the base induced degradants indicates molecular 

masses consistent with the hydrolyzed side chain and core. 

 

Due to the high sensitivity of mass spectrometry and the ready identifiability of 

ionized fragments, implementation of LC-MS profiling methods was found to be 

particularly advantageous for the rapid characterization of impurities and low level 

degradants. 

 

In our model as would be expected, the lowest levels of degradation have highest 

variance (lowest R2,   Table 5.1).  
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Note that the error bars are much reduced when the totality of the data is 

considered in Labfit® calculations (See figure 5.1 below). 

 

Since chloroform solutions are less polar, and thus less supportive of ion 

interaction, it seems that the chloroform method might be improved for successful use 

as an in vivo analysis method. However, we clearly have not yet achieved this. 

 

The kinetic data methodology we developed is more complete than that of 

Dordunoo and Burt (1996). It is clear: 

 

1. The Taxol in vivo extract must be carefully controlled since the saddle of 

stability or lower level of degradation between pH 5 and above pH 7 must 

be carefully maintained during extraction. The putative presence of dimers, 

can readily explain the diminished fragments at time 3 (see Figures 4.4, 

4.6, 4.8, 4.10, 4.12, 4.14, and 4.17).  

 

2. Buffers bring their own problems since they may interact with Taxol to 

form adducts. Thus it is recommended that for future extractions that this 

be done in the presence of chemicals that form stable adducts. However  

 

3. Thus, a practical rapid extraction procedure based upon chloroform 

extraction plus the added adduct forming moeties may well offer practical 
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use. However, the scope of such biological and horticulture studies goes 

beyond the level of a single master degree program. 

 

With the approach taken in this thesis, we can make cogent and statistically valid 

conclusions since: 

 

1. We are dealing with physical manifestations which inherently are far less   

variable than biological data. 

 

2.  Each data point represents three time samplings and each time sampling 

represents many (50-100) mass to charge ration (m/z) peaks.  

 

3. Each m/z peak represents accumulations of many collisions of the charged 

particles with the mass detector. To imagine the number of molecular involved, 

consider Avogadro’s number, it is 6.02×1023. Thus, if we only have a pico 

mole of m/z, the collisions involved would be 6.02×1011.  

 

4. we are able to calculate strong statistical measures of probability using curve      

fitting procedure (Curve Fit) which rely on the totality of data points. 

    

This especially if the methods used are different as in our case (Criddle, circa 1974, 

personal communication).  
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        For instance, Dordunoo and Burt (1996) used a different kinetic analysis apparently 

for medical purposes since it was done at 37oC. The figure 5.2 shows the pH-rate profile 

from the Dordunoo and Burt work. However, we are seeking extraction applications at 

room temperature (~25oC). Even so both data are quite comparable, especially when one 

considers that the Dordunoo and Burt clearly show an inflection point indicating 

multiple optimum for degradation. Thus, it is reasonable (e.g. Daley, 1990) to infer from 

their data that Dordunoo and Burt also describe two pHs degradation optimum in the 

range we studied (Figures 5.1, 5.2, and 5.3). The fact Dordunoo and Burt used a 

different method at a different temperature (37oC vs 25 oC, Dordunoo and Burt, 1996) 

further strengthens our arguments. Thus these studies complement our own. 
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                                   Figure 5.1 pH-rate profile at 25oC (our data). 

 

 

pH Rate (Slope) Largest R-Squared 
   3       0.058             29.89 
   4       0.026               4.99 
   5       0.122             80.00 
   6       0.030             29.89 
   7       0.016               1.47 
   8       0.892             95.04 
   9       1.040             99.90 

 

 

 

      Table 5.1 Maximal rates and maximal R-Squared at different pH 
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Figure 5.2 pH-rate profile at 37oC. Adapted from Dordunoo and Burt (1996)  
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Figure 5.3 Modeled pH Dependence of Rate of Degradation showing the curves of pH-

rate profile for Taxol degradation from both Dordunoo and Burt (1996) at 

37oC and ours at 25oC. 
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Chapter 6 – Conclusion 

 

Mass spectroscopy studies show that extraction of Taxol, depends on pH and the 

formation of ammonium ion and other adducts and dimers. It is highly probable that 

Taxol exists in plants as an ammonium ion dimer with a little more than twice the 

expected molecular weight. The array of Taxol adducts and degradation products found 

is most complex and theoretically interesting. 

 

Our results show major degradation of Taxol at pH 8-9 and beyond, plus minor 

degradation at pH 5. Two optima pH for stability are found at pH 4 and pH 7. This data 

varies slightly but not significantly from that of Dordunoo and Burt (1996). We attribute 

these small differences between our results and those of Dordunoo and Burt to the 

temperature difference and the greater refinement of our fitted data. We note that our 

smoother curve define a novel pH event that can be inferred, but is not previous 

specifically noted (Dordunoo and Burt, 1996). 

 

This study also suggests a mode of action of Taxol in plants. In this suggested 

mode of action, warmer temperatures contribute to lower levels of this putative 

metabolite. This growth is less inhibited in growing seasons. Noctural drops in pH or 

seasonal rises in pH on crop maturation could also be explained in a similar manner. 

 

From all this data a hypothesis for biological action of Taxol in plants, and many 

leads for successful extraction have been developed. In this hypothesis, Taxol functions 
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to control cell division and thus growth in many, if not all, plants, and the breakdown of 

Taxol at environmental summer temperatures.  

 

On the practical side the extraction of Taxol from filberts is favored by chloroform 

extraction but will require stabilization of product. Stabilization by product dimerization 

using ammonium ion, and pH control seem most useful. 

 

We expect that this information will contribute to develop methods for Taxol 

extraction from Corylus avellana L. plant material. 
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